
Metal-Oxygen Batteries
Redox mediators and electrode characterization

Dissertation

zur
Erlangung des Doktorgrades (Dr. rer. nat.)

der
Mathematisch-Naturwissenschaftlichen Fakultät

der
Rheinischen Friedrich-Wilhelms-Universität Bonn

vorgelegt von
Pawel Peter Bawol
aus Oppeln, Polen

Bonn 2020





Angefertigt mit Genehmigung der Mathematisch-Naturwissenschaftlichen Fakultät
der

Rheinischen Friedrich-Wilhelms-Universität Bonn

Promotionskommission

Betreuer/Erstgutachter: Prof. Dr. Helmut Baltruschat

Zweitgutachterin: Prof. Dr. Barbara Kirchner

Tag der mündlichen Prüfung: 03.12.2020

Erscheinungsjahr: 2021





Lashing out the action, returning the reaction
Weak are ripped and torn away

Hypnotizing power, crushing all that cower
Battery is here to stay

Smashing through the boundaries
Lunacy has found me

Cannot kill the battery [...]

Metallica
Battery - Master Of Puppets
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Abstract

In this study some new findings on metal-oxygen batteries are presented. Tackling cli-
mate change requires a transition from the use of fossil fuels as energy sources to renewable
energies. This is associated with the need to store electricity for different applications. Espe-
cially for the use in cars the current Li-ion technology cannot guarantee comparable ranges
of the car as fossil fuels allow. In addition, the circumstances surrounding the mining of
cobalt and lithium for Li-ion technology are questionable. Therefore, research on new bat-
tery technologies is necessary and metal-oxygen batteries appear to be the most promising
candidate with respect to the higher energy densities compared to Li-ion technology.

The results published prior to this study have shown some difficulties in Li-O2 tech-
nology regarding the storage of the discharge product Li2O2 on the cathode surface, the
stability of the electrolyte against reactive oxygen species and the kinetics during battery
charging. Redox mediators for the oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) as an additive to the electrolyte can help to solve these problems. Never-
theless, the redox mediators, mostly organic molecules, are also exposed to the reactive
oxygen species and it has to be checked if the redox mediators are stable. Therefore, a
new electrochemical cell for differential electrochemical mass spectrometry (DEMS) was
developed. This cell has a high electrode surface to the electrolyte volume and is therefore
comparable to battery architectures. Additionally, high sensitivities for the O2 signal in the
mass spectrometer could be achieved. Thus it was possible to demonstrate that the redox
mediators for the OER N,N,N’,N’-tetramethyl-p-phenylenediamine (TMPD) and tetrathi-
afulvalene (TTF) known from the Li-O2 literature also undergo side reactions in the OER.
Furthermore, the kinetics of the oxidation of Li2O2 by a redox mediator was investigated
and a model was derived. It was shown that the electron transfer from Li2O2 to the oxi-
dized redox mediator can be understood by an outer sphere mechanism. Furthermore, it
could be shown that an increase of the mediator concentration in the electrolyte leads to
a shift of the potential of the OER through the mediator to more negative potentials. This
finding is especially interesting for practical purpose as it shows that the charging voltage
of the Li-O2 battery could be lowered by increasing the redox mediator concentration.

The kinetics of ORR by the redox mediator 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ)
was extensively studied using DEMS and rotating ring disc electrode (RRDE). For this pur-
pose a variation of the solvent (dimethyl sulfoxide and tetraglyme) as well as variations
of the conducting salt concentration and the cation of the conducting salt were performed.
It was shown that the ORR mediated by DBBQ is faster if the interaction of the cation of
the electrolyte and the reduced DBBQ increases. These investigations were supported by
kinetic modelling of the experiments with a finite difference algorithm. Additionally, by
increasing this interaction, the ORR potential can be shifted to higher electrode potentials.
This was explained by the thermodynamic potential shift of the DBBQ reduction due to
a higher ion pair formation with increasing cation concentration. In general this finding
could help to increase the discharge voltage of the metal-O2 battery. Further experiments
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also showed the effectiveness of DBBQ as a redox mediator in Ca2+ and Mg2+ containing
DMSO.

Special attention was paid to the investigation of ORR and OER in Ca2+ containing
DMSO. There are almost no fundamental investigations published and only one first study
has revealed a high reversibility of the OER charge to the ORR charge compared to other
metal O2 systems. Thus, we were able to prove by mass spectrometry that the superoxide
formed in the ORR disproportionates to peroxide and oxygen in the presence of Ca2+ in
the electrolyte. Carbonates as well as volatile organic compounds were detected as by-
products. This observation is consistent with the recently reported proportionate formation
of singlet oxygen during the disproportionation of superoxide. Due to its reactivity, the
formed singlet oxygen is considered responsible for a large part of the side reactions in
metal-O2 batteries. Furthermore, the electrocatalysts Au and Pt were investigated after
ORR using photoelectron spectroscopy (XPS). It was found that although a large part of the
ORR products are soluble in the Ca2+ containing electrolyte, a thin layer is deposited on the
electrode surface. This consists of decomposition products of the electrolyte on the surface,
Ca-peroxide and Ca-superoxide in deeper layers and a thin layer of Ca-oxide directly in
front of the electrode. If the potential of the electrode is cycled into the OER, this layer can
be oxidized again to O2 and Ca2+. Based on further investigations with the RRDE, a model
of the ORR in the Ca2+ containing DMSO can be discussed. In this model, a transition from
peroxide formation to superoxide formation during ORR is attributed to a poisoning of the
electrocatalyst by calcium oxide or strongly adsorbed calcium peroxide.

Furthermore, the Mg deposition on Pt and the Mg insertion into a Sb electrode is in-
vestigated using XPS. As electrolyte system a mixture of MgCl2 and AlCl3 in tetraglyme
was used (MACC electrolyte). It could be shown that an irreversible Al deposition occurs
both during the deposition of Mg and during the insertion of Mg. In addition, the sur-
faces accumulate with Cl-containing species. The importance of Cl in metal deposition is
discussed. The electrochemical fabrication of Sb electrodes is also investigated with XPS.
It has been shown that these electrodes oxidize to Sb2O3 by air contact. In the insertion
process, a reduction of Sb2O3 takes place which proves that the insertion material is Sb and
not Sb2O3.

This study also describes the construction of new electrochemical cells and the design of
a sample transfer system between the electrochemical experiment and the XPS apparatus.
Furthermore, this study provides a new experimental technique for the determination of
diffusion coefficients and solubility of gases in liquids by time-resolved tracking of the mass
signal of the gas through a thin liquid film by a mass spectrometer. The collection of these
data is essential for the optimization of metal-O2 batteries in the case of oxygen, as well as
for kinetic studies of the ORR.
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1

Introduction

This thesis addresses different questions from the research on metal-O2 batteries. Therefore,
this chapter shall give a short motivation for the relevance of research on new battery technolo-
gies. The technology of non-aqueous metal-air-batteries is explained. Furthermore, challenges
for the development of this technology caused by side reactions of reactive oxygen species
are explained. Since a large part of this thesis deals with the use of redox mediators for the
oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER), a short literature
review on this topic was also written. At the end of this chapter the objectives for this thesis
are formulated.

This is followed by a short introduction to the used experimental methods and finite differ-
ence simulation of electrochemical experiments.

The main part of this thesis consists of manuscripts, most of them published in peer re-
viewed journals. Each manuscript is a separate chapter. At the beginning of each manuscript,
a short introduction to the topic under investigation is given.

1.1 | Motivation

Climate change is nowadays a topic of public interest. The "Fridays for Future" initiative [1],
launched by Greta Thunberg, has attracted a lot of media attention in recent years. The Euro-
pean elections in 2019 have shown that climate policy is an important issue for German vot-
ers at the European level, as the party "Die Grünen", which focuses on climate policy issues,
achieved the second best result. Looking at German climate policy, the reactor catastrophe
in Fukushima in 2011 is probably responsible for the fact that climate policy issues became
the focus of political attention. As a result, chancellor Merkel announced the exit from nuclear
energy. The Paris Climate Agreement of December 2015 [2] also shows that climate policy is be-
coming global policy. As an outcome it declares that the global temperature rise in this century
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1. Introduction 1.1. Motivation

should be well below two degrees Celsius. Nowadays a correlation between the mean temper-
ature on earth and the CO2 content in the atmosphere is regarded as proven [3–5]. Therefore,
an "Energiewende"1 is necessary to meet the Paris climate goals of 2015. This means in partic-
ular that fossil fuels, such as coal, petrol or oil, must be dispensed within energy generation
and vehicles in the long term, as this will save CO2 emissions. Furthermore, the Paris Climate
Conference decided on a complete abandonment of fossil fuels until 2050. Looking at the CO2

savings for Germany, it has been shown that a significant reduction in CO2 emissions was not
observed until 2018. Recent evaluations show that the emission values aimed at by the German
government for the year 2020 will probably be reached [6]. The reason for this is the corona
crisis prevailing at the time of writing this thesis and the mild winter 2019/2020.

The achievement of the climate targets is linked to the necessity of storing electrical power.
Electrochemistry can make a considerable contribution to the development of new electro-
chemical energy storage systems. Electrochemical energy storage devices have long since be-
come part of our everyday life. The Li-ion battery is present in mobile phones, laptops and
electric cars. It was first sold commercially in 1991 by Sony [7]. However, a lot of research was
necessary until the market launch. In this context, the work of John B. Goodenough, M. Stanley
Whittingham and Akira Yoshino, who were awarded the Nobel Prize in Chemistry in 2019 for
the development of the lithium-ion battery, deserves special mention. In 1976 M. Stanley Whit-
tingham succeeded in designing the first rechargeable Li-ion battery based with a Li anode and
a TiS2 cathode [8]. John B. Goodenough recognized the superiority of CoO2 over TiS2 as a cath-
ode material, since higher voltages (4-5 V vs. Li+|Li) could be achieved and was able to publish
the first electrochemical studies on this in 1980 [9]. Both CoO2 and TiS2 act as carriers for Li
ions, which are incorporated into the material when the battery is discharged. One obstacle still
had to be overcome before the product could be launched on the market: The use of metallic
lithium as an anode had to be prevented, as the safety issues arising from the reactivity of Li
metal were not acceptable. Akira Yoshino was able to avoid this safety risk by using carbon-
based anode materials. In the following years, the energy density of Li-ion batteries could be
increased by optimizing the individual battery components (electrolyte, electrodes, structure
of the battery, ...). Nevertheless, even newer battery technologies use cobalt compounds as
cathode material. Cobalt is mainly mined in the Congo, where child labor and generally inhu-
mane mining conditions occur [10]. In addition, cobalt mining can lead to acidic mine water in
the mines, according to a report by the United Nations Human Settlements Programme [11].
Li mining can also cause damage to the environment, as it is mainly mined from salt lakes in
Chile, Argentina and Bolivia. The mining is connected with a large water consumption, which
results in a sinking of the groundwater level in these dry regions [12]. The necessity of a cobalt-

1"Energiewende" is a german word, whose direct translation is "energy turnaround". It refers to the shift from
fossil fuels as energy source to renewable energies and the associated infrastructural changes.
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containing cathode is no longer given if oxygen reduction or sulfur reduction is introduced
as the cathode reaction. This approach can be used to motivate Li-O2 battery or Li-S battery.
A further advantage is the higher theoretical energy density compared to Li-ion technology.
Battery systems with higher energy densities than the Li-ion battery are indispensable for the
development of new electric cars in order to achieve travel distances comparable to those of
cars powered by fossil fuels. Furthermore, the substitution of Li by other alkali metals and al-
kaline earth metals is still conceivable. This would have the advantage of opening up different
mining areas - also in Germany.

In general, it is advantageous to develop different energy storage technologies (not only
chemical ones) in order to make optimum use of the different energy storage requirements that
the "Energiewende" brings with it.

1.2 | Non-Aqueous Metal-Air-Batteries

Combining a metal anode with an oxygen cathode to obtain an electrochemical energy storage
device is not a new concept. In 1878 the previously developed Zn battery (Leclanché cell)
could be modified by a porous Pt/C cathode [13, 14]. This is the birth of the primary Zn-
air battery. Commercialization did not occur until 1933 due to technical difficulties [15]. In
general, primary metal-air cells based on aqueous electrolytes are nowadays used in hearing
aids and for military and maritime purposes [14]. The representatives are Zn-air, Mg-air and
Al-air cells. Since elements with a significantly lower standard electrode potential than the
Standard Hydrogen Electrode (SHE) are used as anode materials, corrosion of the anode occurs
in the aqueous electrolyte. Organic chemistry has produced a large number of molecules whose
reductive stability is higher than that of water. Therefore, secondary Li-ion batteries are based
on organic electrolytes. Nevertheless, it turns out that even these electrolytes do not withstand
the strong reductive environment of a Li-ion battery. The electrolytes decompose. However,
a layer of decomposition products can be formed on the electrodes by a suitable choice of
electrolyte or by the use of additives. This solid electrolyte interphase (SEI) is Li+ permeable,
allowing the electrochemical reactions at the anode and cathode to be maintained [16, 17]. The
development of metal-air batteries is mainly driven by the need to develop battery systems
with energy densities greater than those of Li-ion batteries. In a first simple analysis there are
two main reasons for the choice of chemical properties to design a high energy density battery:

1. A high charge carrier capacity of the anode and cathode materials, which is resulting in
a high charge density of the battery.

2. A high voltage difference between the anode and cathode reaction

3
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For the first issue, the density of the charge carriers of the anode and cathode materials is
crucial. If one takes the metals as a starting point, the choice are Li, Na, Mg, K, Ca or Al. On
the basis of these elements, the second point must now be considered. Thus fluorine would be
the most attractive candidate. Due to the complications resulting from the high reactivity of
fluorine, this idea can be rejected. The next two elements would then be oxygen and sulphur,
which explains the interest in metal-O2 and metal-S batteries.

The discussion will continue with metal-O2 batteries. If one wants to calculate the theoreti-
cal energy density, the cathode reaction and the anode reaction must be taken into account. For
the anode it is assumed in the first step that it consists of the pure metal. Thus the following
reaction can be formulated for the metal anode consisting out of the metal M:2

M −−→ Mn+ + ne− (1.1)

The oxygen reaction in the presence of the different cations was studied in a variety of non-
aqueous electrolytes. It was shown that in contrast to the aqueous electrolyte, the ORR stops
after the second reduction step. Thus the main products are superoxide and peroxide:

O2 + e− −−→ O ·−
2 (1.2)

O ·−
2 + e− −−→ O 2−

2 (1.3)

Another reaction pathway that can result in the formation of peroxide is the disproportionate
of the formed superoxide:

2 O ·−
2 −−→ O 2−

2 + O2 (1.4)

With the help of the standard enthalpies of formation of the different superoxides and perox-
ides, the theoretical specific energy can be calculated. The values are shown in Wh/kg in Figure
1.1. Also shown is the theoretical operating voltage of the battery in respect to the a metal an-
ode. This shows that if it is assumed that peroxide is the main product of battery discharge,
the Li-O2, Mg-O2 and Ca-O2 batteries achieve the highest theoretical specific energy densities.
But what specific energy is currently achieved by the Li-ion technology? The current batteries
installed in Tesla electric cars have a specific energy of 250-270 Wh/kg [18, 19]. Therefore a
comparison with commercial batteries shows that metal-air batteries can achieve significantly
higher energy densities, which is essential for the driving range of the car. However, to calcu-
late a realistic specific energy, the other components of the battery that contribute to the weight
of the battery must be taken into account. These are for example the electrolyte, separators,
current collectors, the battery housing etc. If, for example, the theoretical specific energy of the

2The following reactions are formulated for the discharge of the battery. For the construction of a secondary
battery it is necessary that the back reactions in the charging cycle are also possible.
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Figure 1.1: Theoretical specific energy of different metal-O2 batteries based on superoxides and perox-
ides as discharge products. The standard potentials are given with respect to the corresponding metal
of the superoxide/peroxide. Based on these potentials the theoretical specific energy (in Wh/kg) with
respect to the mass of the product is displayed in brackets. To our knowledge no thermodynamic data
is available for the O2/Mg(O2)2 system.

battery installed by Tesla is calculated in analogy to the values shown in Figure 1.1, a value
of ≈ 1032 Wh/kg is otained.3 This example shows that the technical implementation of the
battery results in a reduction of the theoretical specific energy density.

To illustrate which components in a metal-O2 battery can contribute to its weight, this is
to be explained by using an example from Li-O2 cells. Figure 1.2 shows a schematic structure
of the individual components. This structure was was developed in the "LiBaLu"-project sup-
ported by the German Federal Ministry of Education and Research [22]. Parts of this thesis
were supported by this project. In general, different architectures of a Li-O2 battery have been
proposed [23, 24].

The structure in Figure 1.2 consists of the following components (from top to bottom): The
gas diffusion layer is used to ensure a barrier-free transport of O2 to the cathode. It can for
example consist of a textile fleece. In addition, electrolyte leakage must be prevented here (for
example by a porous PTFE membrane). The cathode itself needs to have a porous structure as
well, since the transport of oxygen through the electrolyte to the cathode surface has to take
place here. In general, the pores of the cathode are partly filled with the electrolyte. If a special

3This value was calculated based on the used cathode material LiNi0.8Co0.15Al0.05O2. For this material a theo-
retical capacity of 279 mAh/g at an average discharge voltage of 3.7 V vs. Li+|Li [20, 21] is achieved.
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O2

Cu current collector

Li anode

Polymeric interlayer

Glass membrane

Porous cathode filled with electrolyte

Gas diffusion layer

Figure 1.2: Schematic respresentation of the components of the Li-O2 battery. This design was developed
in the "LiBaLu"-project funded by the German Federal Ministry of Education and Research [22].

electrocatalyst is needed to catalyze the ORR and OER, it can be attached as particles to the
porous cathode (usually fabricated out of carbon). In general, a large electrode surface area,
as achieved by the porous cathode structure, is desirable. This is because the ORR product
(Li2O2) is an electrical insulator and is deposited on the electrode surface [25–30]. The surface
covered with Li2O2 can therefore no longer contribute to ORR, which means that the high sur-
face area of the cathode can prevent the electrode surface from being completely deactivated.
Furthermore, a separation of the Li anode by a glass membrane and a polymeric interlayer
is necessary. The necessity is that a diffusion of O2 to the Li anode must be avoided, other-
wise the Li anode will decompose. The polymeric interlayer can prevent dendrite formation
during Li plating while charging the battery. This phenomenon is a safety risk as it can lead
to internal short circuits in the battery [31].4 In addition, a glass membrane was found to be
necessary because the electrolyte used in the LiBaLu framework is based on dimethyl sulfox-
ide (DMSO) which dissolves the common polymeric interlayers. Both the polymeric interlayer
and the glass membrane must have a good Li+ conductivity to be able to handle high current
densities output from the battery. The Li anode is additionally contacted with a Cu current
collector. Additional weight would also be generated by the battery housing. Furthermore,
previous studies have shown that CO2 must be removed from the air before it can be fed into
the Li-O2 battery as otherwise Li2CO3 is forming between CO2 and Li2O2 [33]. This would
require additional equipment to process the air, which must be considered in the calculation of
the energy density of the battery system.

4The Samsung Galaxy Note 7 mobile phone is a prominent example for this. In 2016, pictures were broadcast in
the media in which this mobile phone "exploded". One possible cause is the dendrite formation and the resulting
short circuit in the battery [32].

6



1. Introduction 1.3. Redox Mediators

1.3 | Redox Mediators

A popular additive for the electrolyte in metal-O2 batteries are redox mediators. Redox me-
diators are organic molecules, halides or transition metal complexes that are dissolved in the
electrolyte. They are electrochemically active in the potential window of the ORR or OER and
support the product formation in the ORR or the dissolution of the ORR products in the OER.
Since most studies with redox mediators have been performed on the Li-O2 system, the con-
cepts and functioning principle of redox mediators will be explained based on Li-O2 cells.

In the absence of a redox mediator in the electrolyte, the oxygen dissolved in the electrolyte
must be transported to the electrode surface. There it is reduced to Li2O2, the main product
of ORR in the Li-O2 battery (see Figure 1.3). Since Li2O2 is insoluble, it is deposited on the
electrode surface. A disadvantage is that Li2O2 is a wide band gap insulator [25–30]. Thus,
the cathode surface of the Li-O2 cell becomes electronically passivated, causing the ORR to
cease. Investigations on model electrodes of Bondue et al. showed that the 1-2 monolayers of
Li2O2 on the electrode surface are sufficient to force a complete blockage of the electrode [26].
However, to meet the energy density requirements of the Li-O2 technology, a larger storage of
Li2O2 within the battery is necessary. A more effective storage of Li2O2 has been achieved by
the addition of trace amounts of H2O, acids or by using solvents as DMSO [34–36]. There the
growth of Li2O2 often occurs in toroidal structures [36–40]. The greatest effect on the discharge
capacity of the Li-O2 has been observed when a redox mediator is added to the electrolyte. Thus
ethylviologen [41, 42], phthalocyanines [43], polyoxometalates [44] and benzoquinones [45–48]
have been proposed as redox mediators in Li-O2 cells. The redox mediator RMR is reduced to
RM−R at the electrode (see Figure 1.3 (b)). RM−R diffuses into the electrolyte where it can reduce
O2 to Li2O2 which can grow on crystallization centers in the battery. This regenerates RMR

and can initiate again an ORR cycle. The molecule 2,5-di-tert-butyl-1,4-benzoquinone DBBQ
showed an additional catalytic effect, whereby the ORR potential could be shifted positively
[46]. Especially the mechanism of this molecule is discussed in detail in chapter 6. It has been
shown that the use of a redox mediator for the ORR increases the discharge capacity by a factor
of 100 compared to the same cell without mediator [46].

High overvoltages and slow kinetics were observed for the oxidation of Li2O2 [49]. Addi-
tionally, the ratio of the OER charge to the ORR charge is low. One reason for this is probably
the poor electrical contact between the Li2O2 particles and the electrode surface. The heteroge-
neous oxidation of Li2O2 can only occur at the contact areas between the Li2O2 and the elec-
trode. Therefore, some of the Li2O2 can remain unoxidized in the electrolyte volume in front of
the cathode after the OER potential has been applied to the cathode. This process is shown in
Figure 1.4 (a). The contact between the Li2O2 particles and the electrode surface is particularly
poor if a mediator for ORR was previously used, because the Li2O2 deposition can take place
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Figure 1.3: Illustration of the ORR mediated by a redox mediator RMR (b) in comparison without a
redox mediator (a). The impact on the Li2O2-growth is shown.

on nucleation centers within the battery and the Li2O2 particles formed have thus poor or no
electrical contact with the electrode.5 To overcome this problem, mobile redox mediators RMO

are also used for the OER. Among others tetrathiafulvalen [50, 51] , TEMPO [52] and halides
[53–57] have been suggested as redox mediators for the OER. These are oxidized to RM+

O at the
electrode surface and then diffuse to the Li2O2 particles to oxidize them. This regenerates RMO

and can initiate an OER cycle. As a result more Li2O2 can be oxidized than without RMO. The
mechanism of the electron transfer from Li2O2 to RM+

O (inner sphere vs. outer sphere) is the
subject of current research [58–60].

Most controversial are the results concerning the OER redox mediator LiI. It could be shown
that it is possible to have more than 900 cycles with a Li-O2 battery when LiI is used as OER
mediator with a lower overvoltage during charging than without LiI [53]. This result is sup-
ported by other publications where similar observations have been made [61, 62]. However,
further studies have shown that in a LiI containing Li-O2 cell with residual water in the elec-
trolyte LiOH can form [54, 55]. Therefore the relevance of the use of LiI as a redox mediator
depends on whether LiOH can be reversibly oxidized or not. In recent studies it is noted that
the oxidation of LiOH is possible [63].

In the meantime, the first studies on the simultaneous use of an ORR and OER redox me-
diator have been published [64–66]. It was shown that the principle of using two mediators
compared to a cell without mediators increases the cycling stability.

In the many studies published on redox mediators and their use in metal-O2 batteries, the
desired effects could be observed in the first cycles of the battery. Only a few long-term exper-
iments have been published on this topic. In general, the use of redox mediators depends on
their chemical stability in the metal-O2 cell. This is also one subject of research in this thesis

5The same effect is resulting if Li2O2 is mainly generated by the disproportionation of the superoxide anions
(see reaction 1.4)
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Figure 1.4: Illustration of the ORR mediated by a redox mediator RMO (b) in comparison without a
redox mediator (a). The red circles in (a) are representing the contact areas between the electrode and
the Li2O2 particles. The impact on the dissolution of Li2O2 is shown.

(see chapter 4). Therefore the reactive oxygen species of the metal O2 cell will be discussed in
the following chapter.

1.4 | Reactive Oxygen Species

Reactive oxygen species in metal-O2 batteries are mainly superoxide and singlet oxygen. A
historical overview of research on metal-O2 batteries is at this point interesting, which shows
that the discovery of these problems took more than 20 years of research.

The first work of Abraham and Jinang in 1996 on Li-O2 batteries was done in ethylene
carbonate (EC) based electrolytes [67]. Carbonate based electrolytes were probably chosen be-
cause they have been used in many applications on Li-ion batteries and have good formation
properties of an SEI [68, 69]. This would ensure the reversibility of lithium plating stripping on
the anode side of the Li-O2 cell. After this publication it was very long silent around the Li-O2

battery. Again the interest in the Li-O2 batteries increased around the year 2010. It is conceiv-
able that, on the one hand, publications from the well known Bruce group [70–72] attracted
attention to the topic, on the other hand, interest in battery research increased due to its impor-
tance for climate policy issues (as described in chapter 1.1). In addition IBM started the Battery
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500 project in 2009 focusing on the development of the Li-O2 battery for the use in electric ve-
hicles [73]. Thus, a large number of publications appeared dealing with the Li-O2 battery - all
on carbonate-based electrolytes [70, 71, 74–81]. These studies have shown that the Li-O2 tech-
nology can provide higher energy densities than Li-ion batteries. However, these studies have
widely shown that the Li-O2 cells have a worse long-term performance as well as higher volt-
age difference between the charge and discharge cycle. At this point, there was a shift in the
approach of research on metal-air batteries. Thus, fundamental electrochemical research ap-
proaches (in situ analytical methods combined with electrochemical experiments) found their
way into metal-air battery research in order to characterize the reaction and especially the side
reactions and thus optimize this battery technology. This approach has been the subject of a
series of publications in 2011, dealing with the characterization of the decomposition products
of carbonate-based electrolytes. For example, Li2CO3, C3H6(OCO2Li)2, CH3CO2Li, HCO2Li,
CO2 and H2O were characterized using DEMS [82], XPS [83], Raman spectroscopy [82, 83],
FTIR spectroscopy [83–86], NMR [84, 85], SERS [84] and XRD [85–87]. The origin of these de-
composition products was traced back to the nucleophilicity of O ·−

2 . Freunberger et al. then
postulated a reaction mechanism for the decomposition of propylene carbonate (PC) by O ·−

2

as shown in Figure 1.5 [84].

⋅O2
-Li+

⋅-

Li+

- 0.5 O2

e- , Li+, CO2O2

Figure 1.5: Decomposition mechanism of PC by O ·−
2 as pusblished by Freunberger et al. [84].

At this point it is worth mentioning that already in 1991 Aurbach et al. were able to show
with the help of cyclic voltammetry that the redox-couple (O2/O ·−

2 ) is irreversible in an elec-
trolyte based on PC [88]. Furthermore, in this work the problem of a nucleophilic attack of O ·−

2

on PC has already been mentioned.
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After it was discovered that the carbonate based electrolytes are not suitable for use in a Li-
O2 battery, research on more suitable solvents started. Ethers, DMSO, acetonitrile, ionic liquids
and hydrate melt were investigated for their properties as electrolyte in Li-O2 batteries [89–95].
In parallel, the oxygen reduction in the presence of different cations was investigated [96–102].
In addition, extensive quantum chemical screenings were performed on the activation bar-
rier of a nucleophilic attack by O ·−

2 on the solvent [103–108]. Experimentally, decomposition
products of the numerous electrolytes under investigation were also discovered. However, the
experimental observations did not yield a consistent picture with the quantum chemical calcu-
lations. Electrolytes which showed a high activation barrier for a nucleophilic attack of O ·−

2 in
the quantum mechanical calculation, showed a poor performance in the experiment. A further
contradiction concerning the reactivity of O ·−

2 becomes apparent when the reversibility of the
redox pair (O2/O ·−

2 ) in K+ and TBA+ (tetrabutylammonium) containing DMSO is considered.
Here a reversible redox pair is observed [109, 110]. In the presence of Li+, however, DEMS
measurements showed that the reversibility is only 50% [26, 58, 111]. Thus, an explanation
regarding reactivity of O ·−

2 , as in the case of carbonate based electrolyte, is not valid for all sol-
vent classes. Already in 2011 Hassoun et al. postulated the possibility that during the oxidation
of Li2O2 the electronically excited singlet O2 can be formed [112].

With the help of molecular orbital theory the electronic structures of O2 can be clarified.
The molecular orbital diagrams are shown in Figure 1.6.

If one follows Pauli’s exclusion principle and Hunds’s rules when filling up the molecu-
lar orbitals, the ground state of O2 is the tripplet state 3Σ−g . This also illustrates the diradical
character of the ground state of O2. Thus the singlet states 1∆g and 1Σ+

g of O2 are electronic
excitation of 3Σ−g . The excitation energies are ∆H(3Σ−g → 1∆g) = 94 kJ mol−1 and ∆H(3Σ−g →
1Σ+

g ) = 157 kJ mol−1 [114]. In an electrochemical experiment one would thus observe the for-
mation of 1∆g O2 0.5 V above the formation of 3Σ−g O2 during the oxidation of peroxides. With
the help of electron paramagnetic resonance spectrocopy (EPR), this could also be confirmed
experimentally in 2016 by Wandt et al. [115].6 The term symbol 1∆g O2 is written as 1O2 in the
following.

The findings of Wandt et al. were followed by a series of further investigations on the 1O2

evolution in metal-O2 [116–122]. For instance 1O2 could be detected directly in the battery by
the 1270 nm emission during decay into the tripplet state [116]. Furthermore, the formation
of 1O2 in Na-O2 cells could be observed during the oxidation of NaO2 [119]. One of the most
important findings has only recently been made. Freunberger and coworkers have identified
the disproportionation of O ·−

2 as a new reaction pathway for the formation of 1O2 [118]. In

6The detection was carried out with the spin-trap approach: The molecule 4-oxo-TEMP (2,2,6,6-tetramethyl-
4-piperidone) is transformed by 1O2 into the stable radical TEMPO (4- oxo-2,2,6,6-tetramethyl-1-piperidinyloxy)
which has a characteristic EPR spectrum.
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Figure 1.6: Molecular orbital digramms of the triplet ground state 3Σ−g of O2 and its excites singlet states
1∆g and 1Σ+

g . Taken from [113].

this case 1O2 is formed as a proportion of the overall O2 evolution as described in the following
reaction equation:

2 O ·−
2 −−→ O 2−

2 + x · 3O2 + (1−x) · 1O2 (1.5)

It was observed that the amount of 1O2 increases with decreasing Lewis acidity of the cation. At
the same time the tendency of the superoxide to disproportionate decreases. Thus, especially
high 1O2 contents( ≈ 10-20%) were observed with mixtures of Li+ and a soft cation like TBA+.
The authors of [118] were able to explain this observation by quantum chemical calculations
of the reaction free energy profiles. Furthermore, a correlation between the formed CO 2−

3 , a
well-known side product in metal O2 batteries, and the formed 1O2 could be found. In general,
these studies have shown why 1O2 is also formed during the ORR, since the disproportionation
of superoxide plays an important role here [103, 123, 124].

1O2 undergoes completely different chemical reactions than 3O2. For example, in organic
chemistry [4+2]-cycloadditions, [2+2]-cycloadditions, ene-reactions, the oxidation of thioethers
to sulfoxides and the formation of organometallic dioxygen complexes are known [125]. The
[2+2]-cycloaddition is responsible for the deactivation of the redox mediator TTF, as was also
postulated in the publication in chapter 4 and which could be proven in 2019 by Kwak et
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al. [120]. The product is a cyclic TTF peroxide which fragments into two 1,3-dithiol-2-one
molecules (as shown in 1.7) [126].

Figure 1.7: Deactivation of TTF by singlet oxygen.

In summary it can be said that one of the key steps in the development of a nonaqueous
metal-O2 battery is to increase the reversibility of cathode reactions. Thus, side reactions trig-
gered by reactive oxygen species must be reduced. The current state of research shows that this
can be achieved mainly by suppressing the 1O2 production. For this purpose, first concepts,
such as the introduction of 1O2 quenchers have already been outlined [116, 121]. However, this
is the current state of research and the long-term stability of the cells has to be proven.
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1.5 | Objectives for this thesis

This thesis deals with questions from the field of metal-O2 battery research. For some of these
projects it was necessary to develop new electrochemical cells or to modify experimental setups
with the workshops of the Institute of Physical and Theoretical Chemistry of the University of
Bonn:

� The Thin-Layer DEMS cell already constructed in my master thesis [127] has to be op-
timized regarding the current distribution, because in the CVs with redox systems with
two successive electron transfers, the peak heights in the CVs did not meet the expecta-
tion. The modified cell can be seen in chapter 4.

� To determine the solubility of O2 and the diffusion coefficient of O2 in the electrolyte
we developed a measuring cell for combination with mass spectrometry (see chapter 5).
The collection of these data is essential for the understanding of the ORR in different
electrolytes and a series of data on DMSO based electrolytes has been published [128].

� For the characterization of electrode surfaces after the electrochemical experiments using
XPS a transfer system for the samples between the glovebox and the UHV chamber is
necessary. This system should protect especially sensitive samples from contact with air.
The experimental setup and modifications are described in chapter 2.4.2.

Furthermore, the following questions from the metal-O2 battery research were investigated:

� The stability of OER redox mediators against reactive oxygen species in the Li-O2 cell
should be analyzed (see chapter 4)

� A mechanistic analysis of the kinetics of Li2O2 oxidation by the redox mediator should
be carried out (see chapter 4)

� A mechanistic analysis of the ORR by the redox mediator DBBQ is carried out. The focus
of this research was on the dependence of the conducting salt concentration, the used
solvent and the influence of different cations on the redox mediator and the ORR (see
chapter 6 and chapter 7).

� The electrode surfaces of Au and Pt are examined by XPS after the ORR in Ca2+ contain-
ing DMSO. Furthermore, the reaction mechanism of the ORR in Ca2+ containing DMSO
shall be further investigated. The presence of possible reaction paths such as the dis-
proportionation of O ·−

2 in the presence of Ca2+ has to be checked. These studies are
summarized in chapter 7.
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� Sb electrodes should be characterized by XPS after the insertion of Mg into Sb from
MACC/TEGDME. XPS characterization of the electrochemically deposited Sb layers will
also be performed (see chapter 8).
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2

Experimental methods

2.1 | The Three Electrode Arrangement

In most electrochemical experiments a three electrode arrangement is chosen. The reaction,
which is the subject of the investigation, is examined at the working electrode (WE). In ad-
dition a counter electrode (CE) and a reference electrode (RE) are inserted into the electrolyte
solution. Using a potentiostat, the three electrodes can be connected to the WE in such a way
that the current flow is adjusted between the WE and CE and no current flows between WE and
RE. Descriptions to the working principle of a potentiostat can be found in common electro-
chemistry books [129, 130]. A sketch of a common glass cell for electrochemical experiments,
as it was used in this study, is shown in Figure 2.1. This figure shows that there is a separate

Figure 2.1: Sketch of an electrochemical glass cell as it was used in this study. This cell has separate
compartments for the reference electrode, working electrode and counter electrode. Taken form [131].
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2. Experimental methods 2.1. The Three Electrode Arrangement

electrode compartment for each of the three electrodes. In addition, the glass cell is purged
with highly pure Ar or Ar/O2 gas during the measurement. The individual electrodes make
special demands on the success of the experiment, which will be briefly summarized:

The working electrode (RE) is made out of the electrocatalyst that will be investigated
for its activity in this study. Due to the catalytic reactivity of the electrode material, the
working electrode defines the potential window in which the electrochemical experiment
can be performed. Classically, for an aqueous electrolyte, the potential limits between hy-
drogen and oxygen evolution are selected. In an organic electrolyte the stability window
of the electrolyte determines the potential limits. In this study, disc electrodes of Au and
Pt were chosen as WE for the XPS experiments (see chapter 2.4.2). For the RRDE exper-
iments Au and Pt disk electrodes embedded in PTFE and surrounded by a concentric
Au or Pt ring electrode (see chapter 2.2) and for the DEMS measurements a porous PTFE
membrane with a 50 nm thick evaporated Au layer (see chapter 2.3) are used. The XPS
electrodes and the RRDE electrodes were checked for cleanliness before starting the ex-
periment. This was done by cycling in a sulfuric acid electrolyte until the characteristic
adsorption charges for oxide formation on Pt and Au and for hydrogen adsorption on Pt
were observed. Typical CVs obtained for Pt and Au are shown in Figure 2.2.
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Figure 2.2: Typical CVs recorded for a Pt (a) and Au (b) electrode in 0.5 M H2SO4 wit a sweep rate of
50 mV s−1. The electrolyte was purged wit Ar. The adsorption regions of H and O are indicated in the
figures.

The counter electrode (CE) used in this study is always made out of the same electrode
material as the WE to avoid cross-contamination of different electrocatalysts. The task of
this electrode is to provide the current necessary to set the desired potential at the WE.
Therefore, it is advisable to ensure that the electrode surface of the CE is always larger
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than that of the WE. Products that are formed at the CE should not reach the WE, so
that the measurement is not disturbed by contamination or side reactions. Therefore, if
possible, the WE and CE are separated by a porous glass frit (as shown in Figure 2.1).

The reference electrode (RE) should provide a stable potential over the duration of the
experiment. Three different reference electrodes were used in this study. For the mea-
surements in the aqueous electrolyte a reversible hydrogen electrode (RHE) was used.
This consists of a Pt-wire around which a hydrogen atmosphere is arranged (see sketch
of the RHE in Figure 2.1). For this purpose, the hydrogen atmosphere is generated elec-
trochemically at the beginning of each new measurement day. For the measurements in
the organic electrolyte an Ag-wire immersed in an electrolyte containing Ag+ is used.
The standard potentials of this reference electrode are tabulated in [132]. For the inves-
tigations concerning the Mg deposition, a Mg wire immersed in a Mg2+ containing elec-
trolyte is used. If the electrolyte in the WE compartment and in the RE compartment are
different, it is important to ensure that they are not mixed. This was achieved in the glass
cell by means of a closed, but electrolyte wetted glass stop cock. In DEMS measurements,
the reference electrode was introduced into the electrochemical cell with a tube sealed
with a small glass ball. A detailed description of this reference electrode can be found in
[90]. In both cases the electrical contact between the WE and RE is ensured by the elec-
trolyte wetted glass surfaces. In order not to disturb the chemical equilibrium between
the reference electrode and the reference electrolyte, a current-less potential measurement
is also required.

With this three electrode arrangement, a wide variety of experiments can now be carried out.
The experiments in this study were performed with different potential programs. The most
common method of analysis is cyclic votammetry (CV) where the potential varies periodically
between a lower limit and an upper limit. The variation is linear and the potential change is
called sweep rate. In chapter 3.2 some more details concerning CV are given. In general, the
potential programs were adjusted on a computer and transferred via an analog/digital con-
verter to the potentiostat. The data acquisition was also done by the analog/digital converter
and the corresponding programs were written in LabView. These programs were developed
by Dr. Philip Reinsberg and details about the data acquisition can be found in his PhD thesis
[96].
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2.2 | Rotating Ring Disk Electrode

The current response due to oxidation/reduction of a species at the electrode is a combination
of the electron transfer kinetics and the transport of the species to the electrode. These elec-
troactive species can move towards the electrode in different ways. The movement is realized
via diffusion along the concentration gradient in front of the electrode, migration of charged
species in the electric field and the forced movement due to convection. Migration can often
be neglected if the supporting salt concentration of the electrolyte is high. Convection is the
movement of matter in its respective physical state variables in a flowing fluid. Convection is
a phenomenon that appears in every electrochemical experiment, as Veniamin Levich, one of
the pioneers of RRDE, appropriately formulated [133]:

"Motion of the solution in natural convection is spontaneous and arises due
to forces originating from heterogeneous reactions. Such forces usually follow the
change in the density of the solution which accompany the reaction." (p.127 taken
from [133])

Since natural convection is a spontaneous process, it cannot be controlled and leads to in-
accuracies in the determination of kinetic data of the electron transfer out of the flowwing
current. Therefore it is important to control the mass transport of electroactive species towards
the electrode by forced convection methods. One approach are rotating electrode methods as
the Rotating Disk Electrode (RDE) and the Rotating Ring Disk Electrode (RRDE). A sketch of
the RRDE electrode is shown in Figure 2.3. This illustration shows, that the RRDE consists out
of a disk electrode with a radius of r1. The disk electrode is surrounded by a concentric ring
electrode with an inner radius of r2 and an outer radius of r3. The disk electrode and the ring
electrode are immersed into an electrically insulating material, for example PTFE, to electrically
isolate the disk and ring electrode. A Bipotentiostat 1 has to be used to control the potential of
both electrodes separately.

1A Bipotentiostat is a potentiostat which is capable of controlling two working electrodes at the same time. In
total 4 electrode are used and the potentials of the two working electrodes are adjusted against the same reference.
Both working electrodes are connected to the same counter electrode.
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Figure 2.3: Sketch of the Rotating Ring Disk Electrode as a cross section (left figure) and as top view on
the electrode surface (right figure).

In a RRDE setup the convection of the electrolyte is forced by rotating the electrode around
its own axis (see axis of rotation in Figure 2.3). The underlying mathematical description of the
velocity field of a liquid in front of a rotating cylinder was carried out by Von Karman [134]
and Cochran [135]. For the speed components in the direction perpendicular to the electrode
(z-direction, vz), radial to the electrode (r-direction, vr) and azimuthal vφ series expansions were
derived:

vz =
√

ων

(
−aγ2 +

γ3

3
+

bγ4

6
+ . . .

)
(2.1)

vr = rω

(
aγ− γ2

2
− 1

3
bγ3 + . . .

)
(2.2)

vφ = rω

(
1 + bγ +

1
3

aγ3 + . . .
)

(2.3)

in which a = 0.51023 and b = −0.6159. In equation 2.1 and 2.2 is z the distance perpendicular
from the electrode surface. r is the radial distance from the center of the RRDE and ν is the
kinematic viscosity of the electrolyte. ω is the angular velocity of the RRDE electrode and is
dependent on the rotation frequency f of the RRDE electrode as follows:

ω = 2π f (2.4)

Furthermore, γ is defined as:

γ =

√
ω

ν
z (2.5)

A common approximation made for the derivation of the equations describing phenomena of
the RRDE is to stop the series expansions in 2.1 and 2.2 after the first term. This approach
is chosen because the transport phenomena relevant for RRDE have to be described in the
diffusion boundary layer and thus z → 0. Thus γ → 0 also applies and only a = 0.51023
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is needed for further consideration. Further remarks to this approximation are discussed in
appendix D. With the help of equations 2.1-2.3 the velocity field in front of the electrode can
be calculated. The velocity profiles from two different viewpoints are shown in Figure 2.4 as a
stream line profile.
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Figure 2.4: Top: Stream line profile calculated according to equations 2.1 and 2.2 (side view). The
colour code of the stream lines is indicating the respective speed of the electrolyte (

√
v2

z + v2
r ). Bottom:

stream line profile calculated according to equations 2.2 and 2.3 (top view). The vector length is an

measure for the speed of the electrolyte (
√

v2
z + v2

φ). The following parameters were chosen: f = 4 Hz,

ν = 2.942 · 10−2 cm2 s−1. A sketch of one of the RRDE geometries used in this study (r1 = 0.250 cm,
r1 = 0.325 cm and r1 = 0.375 cm) was also included in the figure.

The top stream line profile in Figure 2.4 shows the movement of the electrolyte caused by
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the rotation of the electrode. The electrolyte is sucked to the electrode along the axis of rotation.
It is then thrown away in a radial direction. Furthermore, Figure 2.4 shows the speed of the
electrolyte via a colour code. It can be seen that the electrolyte speed approaches 0 cm2 s−1 at
the electrode (z=0). Therefore, the mass transport close to the electrode is mainly determined
by diffusion. The speed of the electrolyte increases with increasing distance perpendicular to
the electrode and radially from the axis of rotation.2 For the upper velocity field shown in
Figure 2.4, the scale of the z-axis is in the order of magnitude of the diffusion boundary layer
as expected for a diffusion coefficient of 10−6 cm2 s−1 f = 4 Hz and ν = 2.942 · 10−2 cm2 s−1.
In addition, the current field is calculated from a top view of the electrode (see Figure 2.4).
Here the vector lengths are a measure for the velocity of the electrolyte. It can be seen that the
electrolyte in the centre of the disc electrode comes to stagnation. The speed of the electrolyte
increases with increasing radius from the center of the disc electrode. Furthermore, the angular
velocity component (equation 2.3) causes a rotation of the flow field in the direction of rotation
of the electrode. The angular velocity component is not important for the derivation of the
Farday current of an RRDE experiment. This is due to the fact that the RRDE electrode is
symmetrical around the centre of the disc electrode. Thus a concentration gradient ∂c

∂θ = 0 and
does not contribute to the current [133].

Due to the forced convection caused by the rotation of the electrode, a stationary state in
the concentration profile of the reactants and products in front of the electrode is quickly es-
tablished compared to a system without convection. The steepness of this concentration pro-
file depends on the selected rotation frequency of the electrode. As the rotation frequency
increases, the concentration profile becomes steeper and thus the disk current increases. If the
disk electrode potential is chosen such that the concentration of reactants at the surface is zero,
a mass transport controlled limiting current IL is obtained. This can be calculated using the
Levich equation:

IL = 0.62nFD2/3ν−1/6c0ω1/2 (2.6)

In equation 2.6 n is the number of transferred electrons in the reaction, F is the Faraday con-
stant, D is the diffusion coefficient of the reactant and c0 describes the concentration of the
reactant in the electrolyte. For the calculation of IL there are also more complex expressions
[136]:

IL = zFω1/2c0
0.62048

(
ν
D

)−2/3

1 + 0.2980
(

ν
D

)−1/3
+ 0.14514

(
ν
D

)−2/3 (2.7)

There the authors did not terminate the velocity field in 2.1 and 2.2 after the first term in the
derivation of their expression. The error of the limiting current compared to the Levich equa-

2It must be noted, that the displayed velocity in the upper figure of Figure 2.4 was calculated only by vz and vr
and the angular component was neglected. Thus, the underlying angular electrolyte velocity is the observational
frame of reference for the shown velocity profile.
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tion for a relevant system in this study (O2 in DMSO) is in the range of 3% [96]. Even more
accurate results can be achieved with numerical simulations (see Appendix D). However, due
to their complexity, equation 2.7 is not practical for the evaluation of the RRDE data.

In 1957, Levich and Koutecký succeeded in deriving an expression which expresses the
fraction of the disk current ID caused by the transport of the reactants to the electrode as well
as the fraction caused by the kinetics of the electron transfer Ik [137]:

1
ID

=
1
Ik
+

1
0.62nFD2/3ν−1/6c0

ω−1/2 (2.8)

Equation 2.8 is known as Levich- Koutecký equation. With the help of this equation the disk
current can be extrapolated to an infinite rotation. The resulting value is free of the part of the
reactants’ transport to the electrode and thus reflects the kinetic current.

By introducing a ring electrode to the RDE, the RRDE allows the investigation of inter-
mediates of the disc reaction. This is due to the fact, that the ring is located downstream of
the electrolyte velocity field (see Figure 2.4). Therefore intermediates and products of the disc
reaction are swept towards the ring electrode. If these products or intermediates are electro-
chemically active, the ring potential can be selected so that a current response occurs. In the
following, the transport of the species to the ring will be illustrated by using simulated con-
centration profiles (for details on the simulation see chapter 3.3). For this purpose a sudden
transformation of species A at the disk to B is chosen (disk: A −−→ B + e– ). In the experiment
this would be realized by a potential jump with a sufficiently strong offset from the equilibrium
potential of the reaction A −−→ B + e– . For this reason, the following also refers to a poten-
tial jump experiment. The back reaction takes place at the ring electrode (ring: B + e– −−→ A).
Both reactions are mass transport controlled, i.e. the concentration of A at the disc electrode is 0
and the concentration B at the ring electrode is 0. The resulting current transients are shown in
Figure 2.5. Figure 2.6 shows the concentration profiles of species B between the disc electrode
and the ring electrode as a contour line profile. A total of 6 concentration profiles are shown at
different points in time after the start of the experiment. The respective times are also shown
as circles in the transients in Figure 2.5. The underlying velocity profile is the already shown
profile in Figure 2.4.
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Figure 2.5: Simulated current transients in a RRDE experiment after a potential jump. Top figure:
Disk current after a sudden oxidation of species A to species B. Bottom figure: Resulting ring current
transients due to the mass transport limited reduction of species B to A. For this simulation a RRDE,
which was also used in this study, with (r1 = 0.250 cm, r2 = 0.325 cm and r3 = 0.375 cm) was used.
The diffusion coefficients are: D(A) = D(B) = 1 · 10−6 cm2 s−1. The chosen kinematic viscosity is:
ν = 2.942 · 10−2 cm2 s−1 and the rotation frequency is 4 Hz. Details about the algorithm are discussed in
chapter 3.3
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Figure 2.6: Simulated concentration profiles of species B in front of an RRDE electrode after a potential
jump. The concentration profile is plotted as contour plot for different times after the potential jump
shown in Figure 2.5. The x-axis is showing the radial distance from the center of the disk electrode.
The disk-gap and gap-ring boundaries are indicated as dashed white lines. The y-axis is showing the
distance perpendicular from the electrode surface.
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As Figure 2.5 shows, the disc current increases rapidly after the potential jump. This is due
to the steep concentration profile perpendicular to the disc electrode (z-direction) (see Figure
2.6 (a)). As the experiment progresses, the concentration profile flattens in the z-direction (see
Figure 2.6 (b)-(e)), resulting in a decrease of the disk current. A stationary concentration profile
in front of the disc electrode and thus a diffusion limit current is established (see Figure 2.6
(f)). For the propagation of the concentration profile in the z-direction, equation 2.9 describes
a relationship for the RRDE experiment, similar to the Nernst diffusion boundary layer, with a
dependence of ω.

δ = 1.61ν1/6D1/3ω−1/2 (2.9)

For the underlying parameters of the simulation δ = 26.19 µm is obtained, which is in good
agreement to the propagation of the concentration profile of B in z-direction in Figure 2.6.

In addition, Figure 2.6 shows the propagation of the concentration profile of species B in
radial direction. The concentration profiles up to t = 0.5 s show that the concentration profile
has not yet propagated to the gap-ring-boundary. Consequently, no ring current is detected up
to this point. Only after t = 1 s the concentration profile breaks through the gap-ring-boundary
layer (see Figure 2.6 (d)), which results in an increase of the ring current (see Figure 2.5). The
time required for the transport of species B from the disc electrode to the ring electrode is called
transfer time ts. For the calculation of ts different solutions are described in literature [129, 138].
One of this expressions is the following:

ts = 3.58
( ν

D

)1/3
(

log
(

r2

r1

))2/3

·ω−1 (2.10)

According to formula 2.10 the calculated time for the simulated system is 1.034 s, which is in
good agreement with the breakthrough of the concentration front through the gap-ring bound-
ary.

Furthermore, the time evolution of the concentration profiles in Figure 2.6 shows another
interesting detail. When looking at the spread of the concentration profile in radial direction,
it can be seen that it spreads slower near the electrode surface than at a certain distance from
the electrode. For z = 10 µm this results in a shoulder in the concentration profile (particularly
well recognizable in Figure 2.6 (c) and (d)), which propagates in a radial direction. These ob-
servations are due to the velocity field of the electrolyte. Near the electrode the velocity of the
electrolyte is 0 and the transport is determined by diffusion and therefore slow. With increas-
ing distance from the electrode the velocity of the electrolyte increases and therefore favours
the transport of species B. Thus, a shoulder of the concentration profile in radial direction is
observed.

Another important parameter for an RRDE experiment is the transfer ratio N. If the ring
potential is chosen in such a way that the back reaction in relation to the reaction at the disk
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electrode is occurring mass transfer controlled, N is defined as:

N =
Iring

Idisk
(2.11)

Finding a mathematical expression to calculate N proved to be a challenging problem. The first
equations were only approximations that yielded a deviation of 15% or more from the exper-
imental values [137]. Only 6 years after the first attempts Albery and Feldmann succeeded to
find a sufficiently accurate expression for N [139, 140]. It is also noticeable by its complexity:

N = 1− F(α/β) + β2/3(1− F(α))− (1 + α + β)2/3(1− F[(α/β)(1 + α + β)]) (2.12)

Where α = (r2/r1)
3 − 1. β and the function F are defined as follows:

β =
r3

3

r3
1
− r3

2

r3
1

(2.13)

F(θ) =
√

3
4π

ln
(
(1 + θ1/3)3

1 + θ

)
+

2
2π

arctan
(

2θ1/3 − 1
31/2

)
+

1
4

(2.14)

This expression for N has two important conclusions as a consequence:

� N is depended on the RRDE geometry (r1, r2 and r3)

� N is independent of ω and D

With the help of numerical simulations it can be shown that these consequences result from the
simplifications in the derivation of the equations 2.11-2.13 (see Appendix D). However, these
effects are generally so small that the experimental error dominates. Therefore, the formulas
listed above can be chosen for the evaluation of the experimental data. It is also possible to
determine N experimentally, for example with a reversible redox system.

28



2. Experimental methods 2.3. Differential electrochemical mass spectrometry

2.3 | Differential electrochemical mass spectrometry

For electrochemists, it has always been of interest to combine electrochemical experimental
methods with a well-known method from chemical analysis, since cyclic voltammetry, for ex-
ample, does not provide information about the nature of the species formed/consumed (func-
tional groups, atomic composition, ...). In 1971 Bruckenstein and Gadde introduced an ex-
perimental setup combining mass spectrometry with electrochemistry [141]. The vacuum of
the mass spectrometer is separated from the electrolyte by a hydrophobic porous PTFE mem-
brane. A volatile species in the electrolyte, can now diffuse through the PTFE membrane into
the evacuated system of the mass spectrometer where it can be ionized and detected. In Bruck-
enstein’s experiments, gaseous products of an electrochemical reaction are first collected in a
vacuum system and then detected by a mass spectrometer. The disadvantage of this method
is the integration approach. Here the signal of the mass spectrometer is correlated with the
flowing electrical charge. By improving the vacuum system, Wolter and Heitbaum introduced
differential electrochemical mass spectrometry (DEMS) in 1984 [142]. This enables the imme-
diate detection of volatile electrochemical reaction products. Due to the higher time resolution
a combination of cyclic voltammetry and mass spectrometry is possible. A plot of the potential
against the ion current recorded with the the mass spectrometer is called MSCV.

In literature as well as in the working group Batruschat different electrochemical cells have
been developed in order to couple them with DEMS. These cells satisfy a broad range of re-
quirements. For example:

� Application of single crystal electrodes [143–145]

� Generator collector approaches [146]

� Combination with the electrochemical quartz crystal microbalance [147]

� Combination of DEMS with IR spectroscopy [148, 149]

� Battery applications [150–152]

Since the DEMS measurements in this study were performed exclusively with the cell whose
functional principle is described in Chapter 4, this chapter will not discuss the electrochemical
cell used or other electrochemical cells for DEMS. This chapter therefore focuses on the DEMS
methodology.

2.3.1 | The interface between electrolyte and vacuum
A major component of the DEMS experiments is the hydrophobic porous PTFE membrane,
which is used as a phase boundary between the electrolyte and the vacuum of the mass spec-
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trometer. A schematic drawing of the phase boundary between electrolyte and vacuum is
shown in Figure 2.7.

Figure 2.7: Schematic representation of a sputtered PTFE membrane. Shown are a) the electrolyte, b)
the deposited electrocatalyst, c) the PTFE membrane and d) the pores in the membrane. The PTFE
membranes used in this study are 50 µm thick. Taken from [153].

The PTFE membrane has the task to separate the electrolyte from the vacuum of the mass
spectrometer. At the same time the membrane must be permeable for gaseous and volatile
species. These species can diffuse through pores in the membrane into the vacuum. To avoid
diffusion resistance of the volatile products, the pores must be free of electrolyte. A critical pore
radius r can be calculated using the capillary equation:

r < −2σ · cos γ

p0
(2.15)

Where σ is the surface tension of the electrolyte, γ the contact angle between the electrolyte
and the PTFE membrane and p0 is the atmospheric pressure. This results in a critical pore size
of 0.8 µm for pure water [142]. Experience has shown that a much smaller pore diameter of
20 nm is practicable. Metals such as Au or Pt can be evaporated onto the PTFE membrane,
allowing this newly created surface to be used as a working electrode (see Figure 2.7). Another
benefit by using this approach is that the delay time between the electrochemical detection and
the mass spectrometric signal is drastically reduced as volatile species are directly formed at
the electrolyte-vacuum interface.
A limitation of this approach is the evaporation of the solvent at the electrolyte-vacuum inter-
face into the vacuum of the mass spectrometer, as the mass spectrometer could only be operated
at low pressure. Based on molecular flow of the evaporated solvent within the pores Wolter
and Heitbaum estimated the flux of solvent molecules into the vacuum [142]:

q = 3.1 · 104 r
l

cm
s
(p1 − p2) (2.16)
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In equation 2.16 l is the thickness of the membrane and p1 − p2 is the pressure difference in
the pores. If we assume that the thickness of the membrane is 50 µm, the pore diameter 20 nm
and use for the pressure difference the vapor pressure of water p1 − p2 = 31.7 mbar [154], the
resulting flux through a pore is:

qH2O ≈ 393 mbar cm s−1 (2.17)

Of interest is now the maximal allowed membrane area Atot, which can be exposed to the
vacuum inlet to guarantee a pressure in the vacuum system of pmax = 10−3 mbar. In practice
turbo molecular pumps with a pumping speed of S = 200 L s−1 are used. The porosity of
the PTFE membrane α is usually 50%. With this information Atot can be calculated from the
following relationship:

qH2O · Atot · α = pmax · S (2.18)

Thereby Atot was estimated with approximately 1 cm2. Therefore the PTFE membrane areas of
0.283 cm2 used in the present study are applicable.

In summary, this discussion describes the difficulties that arise for the success of a DEMS
experiment: The electrolyte should not flood the pores of the PTFE membrane. In addition, a
practicable pressure has to be established in the vacuum system in order to perform the mea-
surement. The consequence for this study was that DEMS measurements could be performed
with dimethyl sulfoxide and tetraglyme based electrolytes. Other solvents of interest such as
acetonitrile or tetrahydrofuran do not fulfill at least one of the above requirements.

2.3.2 | The DEMS vacuum system
The DEMS vacuum system used in this study is similar to that described by Wolter and Heit-
baum [142]. A schematic representation of this system is shown in Figure 2.8. The vacuum is
generated by a differential pumping stage consisting out of two turbo molecular pumps (TPU,
turbo pump unit) with a pumping speed of 200 L s−1 and 50 L s−1. The TPU with S = 200 L s−1

is located directly above the connection to the electrochemical cell. This ensures that a large
proportion of the volatile species is pumped out here already. The resulting pressure at the
ion source is between 10−6 mbar (TEGDME) and 5 · 10−5 mbar (DMSO). As ion source a cross
beam ion source consisting out of two rhenium filaments with an acceleration voltage of 100 V
is used. A second TPU with S = 50 L s−1 is located behind the ion source. This TPU is reducing
the pressure in the mass analyzer, a quadrupol filter, to enlarge the mean free path length of
the charged species generated in the ion source. A reduced pressure is also beneficial for the
secondary electron multiplier (SEM) as higher pressure would lower the lifetime of the SEM.
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Figure 2.8: Schematic drawing of the DEMS vacuum system. Shown are the turbo molecular pumps
(TPU), the connection of a electrochemical DEMS cell to the vacuum system and the ion source with the
quadrupole mass spectrometer. Taken from [96].

2.3.3 | Evaluation of product forming rates in DEMS
The detected intensity Ii of species with the mass to charge ratio i = m/z is proportional to
the partial pressure of this species pm/z in the vacuum chamber. The following equation can be
formulated:

Ii = api = K◦ Ji (2.19)

Here a and K◦ are proportionality constants. K◦ contains all settings of the mass spectrometer
as the electron emission current, the multiplier voltage, the pump speed and the ionization
probability of the detected species. Ji is the molecular flux (in mol s−1). If species i is formed
electrochemically, Ji results from the Faraday current IF. The relationship between Ji and I f can
be described as follows:

Ji = N
IF

zF
(2.20)

z is the number of electrons transferred, F is the Faraday constant and N is the transfer ra-
tio. N indicates the proportion of the species, which are detected in the mass spectrometer, to
the proportion of the species, which are generated/consumed at the electrode. N can be less
than 1, because it is conceivable that the species do not diffuse into the vacuum of the mass
spectrometer but into the electrolyte and are therefore not detected. In this study porous elec-
trodes as described in in section 2.3.1 are used. Therefore the diffusion path from the electrode
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to the pore is significantly shorter than the Nernstian diffusion layer thickness into the elec-
trolyte in front of the electrode (estimated by taking reasonable diffusion coefficients between
10−5 cm2 s−1 and 10−6 cm2 s−1 into account) . Therefore N = 1 can be assumed. Equation 2.19
and 2.20 result in:

Ii = K∗
IF

z
with K∗ =

NK◦

F
(2.21)

In this work the DEMS measurements were performed to quantify the oxygen reduction and
oxygen evolution in the systems under investigation. The determination of the calibration
constant K∗ was therefore carried out with an electrochemical oxygen reduction with known
stoichiometry. For this purpose the ORR in TBAClO4 in DMSO was used. It is generally known
that the reduction of oxygen in this electrolyte leads to the formation of superoxide [92, 155]:

O2 + e− −−→ O ·−
2 (2.22)

By correlating the faradaic current of reaction 2.22 as well as the decrease of the intensity of the
oxygen signal I32, K∗ can be calculated according to 2.21.
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2.4 | X-ray photoelectron spectroscopy

In this study X-ray Photoelectron Spectroscopy (XPS) is used for ex situ characterization of the
electrode surfaces. This chapter will work out the experimental challenges by which this tech-
nology is mainly used ex situ. However, it should be pointed out to the reader that especially
in recent studies an electrochemical in situ XPS method are described [156, 157]. This method is
called Ambient Pressure XPS (AP-XPS) and the experimental challenges are even greater (com-
plex differential pumping of the electron analyzer, synchrotron X-rays) than for ex situ XPS
experiments.

The importance of this method becomes obvious when one considers the number of Nobel
Prizes and well-known scientists related to discoveries that made XPS applicable. The pioneer-
ing work in the year 1887 by Heinrich Hertz [158] and Wilhelm Hallwachs [159] to the external
photoelectric effect showed the emission of electrons from photocathodes (metals or semicon-
ductors) by bombarding them with electromagnetic radiation. Furthermore Hallwachs could
observe that it was not the intensity of the radiation but its frequency that determined whether
or not an emission of electrons occurred. The first person to carry out such experiments in a
high vacuum device was Phillip Lenard who thereby identified the emitted charges as elec-
trons [160]. The theoretical explanation of the phenomenon was achieved by Albert Einstein
in which he postulated the conservation of energy in the photoelectric effect [161]. For this
work he received the Nobel Prize for physics in 1921. In 1924 Karl Manne Siegbahn received
the Nobel Prize in Physics "for his discoveries and research in the field of X-ray spectroscopy"
[162], which contained some basics for the development of the XPS. In the 1950s, his son Kai
Siegbahn succeeded in obtaining high-resolution spectra of the energy levels of atoms by uti-
lizing the photoelectric effect [163] - the birth of XPS. With this work he was honoured in 1981
with the Nobel Prize in physics.

2.4.1 | Theory of the photoelectron spectroscopy
By irradiating electromagnetic radiation with sufficient energy, an electron can be knocked out
of the valence band or core level of a solid. The kinetic energy of this electron Ekin can be
calculated by Einstein’s photoelectric equation:

Ekin = hν− Eb + φ (2.23)

Herein hν is the energy of the electromagnetic radiation. In this study X-rays from a non-
monochromized Mg Anode are used (Mg Kα1,2, hν = 1253.6 eV). Eb is the binding energy of
the electron in the core level and φ is the work function of the material. An illustration of this
process is shown in Figure 2.9. The photoelectron current can be detected in a hemispherical
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electron analyser (also shown in Figure 2.9). For the detection of the photo electron the work
function of the spectrometer must be overcome. If the sample and the spectrometer are in
electrical contact, the Fermi levels are at the same energy level. Thus equation 2.23 can be
modified by a device-dependent value φs.

Ekin = hν− Eb + φs (2.24)

hν

1s

2s

2p

photoelectron

hemispherical electron analyser

-

+

high kinetic
energy

low kinetic
energy

detector (electron multiplier)

retard plate

Figure 2.9: Schematic representation of the X-ray excitation of a 1s core level and the detection of the
generated photoelectron.

A XP spectrum is the count of photo electrons as a function of Eb. The detection of photo
electrons imposes an important requirement for a XPS experiment: XPS experiments are per-
formed under ultra high vacuum (UHV, p < 108 mbar) since the traveling length of the photo
electron from the sample to the detector is approximately 1 m and collisions between gas
molecules and the photo electrons should be excluded. To estimate a sufficient low pressure
in the vacuum chamber to conduct an XPS experiment the mean free path λ of a gas molecule
according to the kinetic gas theory can be calculated, assuming ideal gas behaviour, with:

λ =
RT√

2πd2NA p
(2.25)

If now λ of an emitted electron in the substrate is considered, the situation changes com-
pletely. Due to the high density of solids the emitted photoelectron is inelastically scattered
and loses its kinetic energy. The intensity of photoelectrons I as a function of distance into the
solid d can be calculated by a first-order decay (compare Beer law):

I(d) = I0 exp
(
−d

λ(Ekin)

)
(2.26)
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where I0 is the initial photoelectron intensity and λ(Ekin) the inelastic mean free path which is
dependent from the kinetic energy of the photoelectrons. λ(Ekin) is defined as the distance at
which the photoelectrons intensity is decaying to 1/e. Seah and Dench suggested an empirical
formula to calculate λ(Ekin) [164]:

λm =
538
E2

kin
+ 0.41 (aEkin)

1/2 (2.27)

where λm is the inelastic mean free path of photoelectrons in monolayers of the substrate, Ekin

is the energy of the photoelectron in eV and a is the monolayer distance in nm. a was defined
as:

a =

(
MNA

ρ

)1/3

(2.28)

where M is the molar mass of the element, NA is the Avogadro number and ρ is the density of
the solid. With the help of equation 2.27 λm can be calculated, which was exemplary done for
a gold substrate (see Figure 2.10). These calculations shown in Figure 2.10 illustrate that the
intensity of the photoelectron comes from a surface layer of a few monolayers. Therefore XPS
is a surface sensitive spectroscopic method. This results in a further necessary condition for the
use of UHV equipment. It is well known from common considerations in surface chemistry
that the time it takes to form a monolayer of an adsorbate on a surface (assuming a sticking
coefficient of 1) is only sufficiently long when using low pressure [165]. Therefore low pressures
(p < 10−8 mbar) have to be used to avoid that the surface is covered during the experiment by
several monolayers of an adsorbate and makes otherwise a characterization of the substrate of
interest not possible.3

XPS measurements are able to probe the chemical environment of the core level excitation
(oxidation state of the atom). This sounds rather surprising since chemical bonds are formed
with the valence electrons and XPS is mainly probing the core level orbitals. This connection
can be understood by the fact that a chemical bond changes the effective charge of the atom.
Therefore this changes the attraction between the atomic nucleus and the core level electrons
and thus the binding energy of the core level electrons. This relationship could be explained in
the simplest picture with the help of Coulomb’s law.

To investigate the chemical environment of the substrate, it is advisable to record the XP
spectrum with a high energy resolution. The energy resolution is influenced by the line width
of the X-rays, the material under investigation and by the electron energy analyzer used. In
this study a hemispherical electron analyzer (see Figure 2.9) is used. The working principle
of the hemispherical analyzer can be simplified explained by three major components. First

3For a pressure of 10−6 mbar the time to adsorb one monolayer is in the range of several seconds and therefore
this pressure is not applicable for XPS measurements. For lower pressures as 10−10 mbar this time is increasing to
several hours.
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Figure 2.10: Inelastic mean free path of photoelectrons λm from an Au substrate as a function of the
kinetic energy of the photoelectron Ekin.

there is the retard plate. There the kinetic energy of the electrons is in the first place reduced to
the "pass energy" by applying a negative potential. The "pass energy" is the kinetic energy the
electrons are chosen to have to pass the electrostatic field of two concentric electrically isolated
spheres. Electrons which have a lower kinetic energy as the chosen pass energy are attracted by
the positive charged inner sphere. Electrons with a higher kinetic energy than the pass energy
are hitting the outer sphere. Therefore only electrons with a kinetic energy comparable to the
chosen pass energy can pass through the hemispherical electron analyzer (see dashed line in
Figure 2.9). These electrons are detected by an electron multiplier. By lowering the pass energy
the overall resolution of the XP spectrum can be improved by decreasing the Full Width at
Half Maximum (FWHM) of the core level excitation peaks. At the same time, the intensity of
the peaks is reduced. In the experiment it is therefore necessary to find a balance between the
energy resolution of the spectrum and the intensity of the peaks in the spectrum. Figure 2.11 is
showing the 4f core level excitation of Au for different pass energies. There the FWHM as well
as the intensity of Peaks I (normalized to the spectrum with a pass energy of 50 eV) is noted.
These spectra were recorded with the experimental setup used in this study. It is shown that
an energy resolution of 1 eV could be achieved. In order to improve the signal to noise ratio at
lower pass energies several spectra can be recorded and averaged (not shown in Figure 2.11).
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Figure 2.11: Impact on the Au 4f core level excitation region of an XP spectrum for different pass energies
of the hemispherical energy analyzer.

Furthermore some important information about the XPS will be given as a keyword list:

� Valance band spectra: The valence band of the substrate can be investigated in a range
of binding energies between 0 - 20 eV. The emission occurs from molecular orbitals and
energy bands of solids. A differentiation between conductors and non-conductors is pos-
sible due to the absence of electron states at the Fermi level for non-metals (band gap).
However, for a detailed analysis UV light is often used instead of X-rays, since higher
resolutions of the valence band can be achieved.

� Multiplett splitting: The interaction of the spin of an electron with its orbital angular
momentum results in a splitting of p, d and f orbitals into duplets with intensities with
the following ratios for the emission of photoelectrons: 1:2 for p orbitals, 2:3 for d orbitals,
3:4 for f orbitals.
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� Auger electron: Another type of emitted photoelectrons can be observed in an XP spec-
trum. This results from relaxation of the energy-rich ion after the photoprocess as shown
in Figure 2.12. Thereby the kinetic energy of the emitted photoelectron is the energy
difference between the initial ion and the doubly-charged final ion.

1s

2s

2p

Auger electron

Figure 2.12: Relaxation of the energetic ion after the photoelectron (see Figure 2.9) by emitting an auger
electron.

� Background In general, XP peaks show an increase in baseline to higher binding energies.
Physically, this can be explained by the inelastic scattering of the photoelectrons in the
substrate. For an evaluation of the spectra a subtraction of the baseline is therefore nec-
essary. In literature the correction by a linear baseline, a Shirley-type baseline [166] and a
Tougaard-type baseline[167, 168] are described. It has been shown that the Tougaard-type
baseline produces much lower relative errors (10-15% deviation) compared to the linear
and Shirley methods (35% and 25%) [169]. Therefore the Tougaard-type baseline was
used to interpret the spectra in this study. There are special cases in which the Tougaard-
type baseline is not applicable and therefore a Shirley-type baseline will be used (this will
be mentioned during the data interpretation).

� X-ray satellites: If the emitted X-ray Bremsstrahlung of an X-ray tube is not monochom-
atized (as in this study), it has to be considered that the emission spectrum of the X-ray
radiation consists of a variety of different excitations. Thus, the XP spectrum also con-
tains other peaks resulting from excitation with less intense X-rays. These excitations are
called X-ray satellite peaks and the possible shifts to the Mg K α1,2 line are shown in table
2.1.

Table 2.1: X-ray satellite energies and intensities for a Mg Anode.Values taken from [170].

α1,2 α3 α4 α5 α6 β

displacement / eV 0 8.4 10.2 17.5 20.0 48.5
relative height 100 8.0 4.1 0.55 0.45 0.5
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� Quantification: With the help of atomic sensitivity factors ASF [171] the share of a species
Wx can be calculated:

Wx =
Ix/ASFx

∑i Ii/ASFi
(2.29)

Here I is the integrated peak area after integration. At this point it should be mentioned
that this method is limited in accuracy. If for example layered structures are investigated
this method is underestimating the amount in the top layer, as intensities of the underly-
ing layers are also contributing to the overall signal. Therefore calibrations with defined
layered structures, as for example a monolayer of iodide on an electrode, are used for
these investigations.

2.4.2 | Combining XPS with electrochemical experiments
The UHV system used in this study has been in use in the Baltruschat working group for sev-
eral years [172–176]. The focus of the work was to run the electrochemical experiments and the
UHV measurements as close as possible. This means that a transfer of the electrodes through
the laboratory air after the electrochemical experiment had to be avoided. Therefore, the elec-
trochemical experiments were performed in a pre-chamber of the analysis chamber of the UHV
system under Ar atmosphere (see chamber III in Figure 2.13 (a)). After the experiment the pre-
chamber is evacuated and the electrode is transferred to the analysis chamber to perform XPS,
LEED or Auger spectroscopy (see chamber IV in Figure 2.13 (b)). However, this experimental
procedure has one disadvantage: The electrolytes which are used in electrochemical experi-
ments (at that time only aqueous electrolytes) are introduced into the pre-chamber. This leads
to the adsorption of water on the stainless steel walls of the pre-chamber. If the pre-chamber is
evacuated again, the water desorbes from the steel walls and can thus enter the analysis cham-
ber when the connection between the pre-chamber and the analysis chamber is open. As a
result, the base pressure of the analysis chamber deteriorates during intensive use of the UHV
system. Therefore, an exhaustive bakeout of the system was necessary from time to time to
accelerate the desorption of adsorbed molecules from the steel walls and thus regenerate the
UHV conditions.

A large part of the planned measurements in this study should be performed with organic
solvents. In addition, we knew that some of these solvents, such as TEGDME, have a low
vapor pressure. These solvents can particularly contaminate the UHV system and, due to low
vapor pressures, make it difficult to regenerate the UHV conditions by baking out. Therefore
the electrochemical experiments in this study were performed in a glove box filled with Ar gas.
For the transfer between the glove box and the UHV system a transfer chamber was constructed
in cooperation with the workshops of the Institute for Physical and Theoretical Chemistry (see
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Figure 2.13 (a) and (b)). The transfer chamber is made out of an elastomer-sealed rotary/linear
feedthrough. The volume of the transfer chamber is sealed with a high vacuum gate valve.
The overall size of the transfer chamber has been kept compact so that it can be transferred via
the glove box gate. When the gate valve is closed, a transfer to the UHV chamber under inert
gas is possible to protect sensitive samples. The transfer chamber can be connected to the UHV
chamber via an ISO KF flange. This creates an air-filled volume between the transfer chamber
and the UHV system (see volume II in Figure 2.13 (a)). This volume is evacuated three times
to 10−3 mbar using a rotary vane pump and flooded with Ar. Then the gate valve separating
volumes I and II is opened. During this time the gate valve between chambers III and IV is
closed. Both chambers have a base pressure of 5 · 10−10 mbar at this time. Chamber I and II are
evacuated and then the gate valve between chamber II and III can be opened. The pressure in
chamber III rises to 10−5 mbar. The sample can then be attached to the manipulator of the UHV
chamber. Afterwards the gate valve between chamber II and III can be closed again. Once
the pressure in chamber III drops below 10−7 mbar the gate valve between chamber III and IV
is opened. The sample can then be moved to the XPS position. Normally the pressure in the
analysis chamber is 10−9 mbar until recording the first XP spectrum. Figure 2.13 (b) shows a
photograph of the UHV chamber used in this study. The transfer chamber is highlighted in
this photograph.

Regarding the coupling with the electrochemical experiments we wanted to minimize the
necessary preparations of the electrode for the XPS measurement. Therefore, the electrochemi-
cal experiments are performed with the electrode already attached to the UHV electrode holder
(see Figure 2.14 (a) and (c)). This saves the need to attach the electrode to the UHV electrode
holder and thus avoid possible damage to the sample. The existing UHV electrode holder had
to be modified so that it could fit through all the gates of the UHV system during the transfer
procedure without touching the steel walls. The UHV electrode holder has a threaded hole for
mounting on the feedthrough of the transfer chamber as well as four screws for the mounting
on the UHV manipulator (see Figure 2.14 (a)). The four screws are also used to attach the UHV
crystal holder to the electrochemcial experiment (see Figure 2.14 (c)). Figure 2.14 (b) shows a
photography of the sample mounting to the UHV manipulator taken through the window of
the pre-chamber. Single crystals and electrodes with a diameter of 1 cm can be attached to the
UHV crystal holder using a connection made of a wire fabricated out of the respective electrode
material (see Figure 2.14 (a)). It has been shown within this study that this construction also
allows the preparation of single crystals in the butane flame. Furthermore, electrodes with a
diameter of 0.5 cm can be attached to the UHV electrode holder using a rectangular tantalum
plate (see Figure 2.14 (b) and (c)).
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Figure 2.13: (a) Schematic representation of the UHV chamber used for the XPS experiments. Shown are the used vacuum pumps amt the
used valves to separate the diffrent chambers. Chamber I is the transfer chamber for the transfer of an electrode into the UHV. Volume II is
formed if the transfer chamber is connected to the UHV chamber. Chamber III is the first UHV chamber for the sample receipt. Chamber
IV is the analysis chamber with the XPS devices. This illustration shows only a part of the equipment attached to the UHV system. (b)
Photography of the UHV chamber. The transfer chamber is highlighted in the image.
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Electrode

Mounting
transfer feedthrough

Mounting
UHV manipulator (b) 
and electrochemistry 
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transfer feedthrough
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Figure 2.14: (a) Close up photograph of the UHV electrode holder with a Pt electrode. (b) Photograph
of the transfer of the UHV electrode holder from the transfer chamber to the UHV manipulator (transfer
between chamber II and III in Figure 2.13 (a)). (c) UHV electode holder mounted into an double H-cell
electrochemical cell.
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3

Finite difference simulations

Even for many simple electrochemical experiments, finding a mathematical analytical solution
that, for example, represents the flowing current is not always trivial [129]. If homogeneous
chemical kinetics as well as convection have to be taken into account, the derivation of some
expressions is only possible under strong simplifications [133]. With the help of computer sim-
ulations it is possible to reproduce the experimental data more accurately. The simulations de-
scribed in this chapter are mainly based on the work of S. W. Feldberg [129, 130, 177–179]. If this
algorithm is considered from the point of accuracy and speed, there are superior alternatives
[179]. However, they are also more complex to implement. With today’s computing power of
office computers and the use of state of the art programming languages, the algorithm from
Feldberg can also deliver sufficiently accurate results in a shorter time. The Feldberg algorithm
convinces by its simplicity whereby modifications, for example through new boundary condi-
tions of an electrochemical experiment, are quickly implemented. As programming language
Julia was used in this work (version 1.0 since August 2018) [180]. It has a simple syntax, such as
Python or MATLAB. Nevertheless, it reaches execution speeds of C or Fortran and is therefore
superior to the scientific languages MATLAB or Octave.

In general, this chapter gives an introduction to the numerical finite difference method-
ology. The derivation of the formulas is skipped at some passages. For a derivation of the
equations the reader is referred to the literature [129, 130, 177–179]. Instead, the space grids,
the working principle of the algorithm and the most important expressions for the implemen-
tation in a programming language are described. Simulated electrochemical experiments will
also be compared with the experimental data.
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3.1 | Chemical kinetics

For chemists, the finite difference method is best introduced using the example of a coupled
chemical reaction. The time-dependent concentration profile of the species involved in the
chemical reaction is described using coupled differential equations. These have to be integrated
to find an analytical expression for the time-dependent concentration profile. For complicated
reaction networks, finding a solution can be very time-consuming or the solution does not exist.
Here numerical integration methods are used. By means of the following reaction network of
two coupled first order chemical reactions the method of finite differences will be explained:

A
k1−−→ B (3.1)

B
k2−−→ C (3.2)

A, B and C stand for chemical species. k1 and k2 are the rate constants of the reactions. For
species B the following rate law can be formulated:

d[B]
dt

= k1[A]− k2[B] (3.3)

The values in the square brackets indicate the concentration of the involved species and t stands
for the time. In the finite difference scheme, the total time tE is now divided into K time steps
under which one can see the time evolution of reactions 3.1-3.2:

∆t =
tE

K
(3.4)

In the finite difference scheme equation 3.3 is integrated using the discrete time steps:

[B]i+1 = [B]i + k1[A]i∆t− k2[B]i∆t (3.5)

To obtain the new concentration value ([B]i+1), the change in concentration is added to the old
concentration value ([B]i). This procedure has to be repeated until i = K. For the first time
step, i = 1, [B]i=1 the concentration change is added to the concentration at the beginning of
the experiment (boundary condition). The common notation for this is [B]0. If ∆t → 0 is set
in equation 3.5, the algorithm converges against the exact solution for the time profile of the
concentration of species B. In order to minimize the error of the simulation, small time steps ∆t
should therefore be chosen.

Furthermore, the result of the finite difference algorithm for the discussed reaction network
will be compared with the exact analytical solution. Assuming that [B]0 = [C]0 = 0 the exact
solution for the rate equations based on the reactions 3.1 and 3.2 is:

[A(t)] = [A]0e−k1t (3.6)
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[B(t)] =


k1[A]0
k2−k1

(
e−k1t − e−k2t) if k1 6= k2

k1[A]0te−k1t if k1 = k2

(3.7)

[C(t)] = [A]0 − [A(t)]− [B(t)] (3.8)

Figure 3.1 shows the concentration development of A, B and C in respect to time calculated
using equations 3.6-3.8 (solid lines). Furthermore, the concentration curves were calculated
by numerical integration using the finite difference method (∆t = 0.1 s) (see circles in 3.1). In
both calculations k1 = 0.1 s−1, k2 = 0.05 s−1 and [A] = 1 mM were used. It turns out that the
numerical procedure reflects the exact curve in an excellent way. If the deviation in mM from
the exact solution is calculated (see lower figure in Figure 3.1), it is obvious that the numerical
error of the finite element algorithm is smaller than the error that occurs when determining the
concentrations experimentally with common analytical methods.
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Figure 3.1: Concentration evolution for a coupled chemical reaction network as described in the reaction
equations 3.1 and 3.2. The parameters used are: k1 = 0.1 s−1, k2 = 0.05 s−1 and [A] = 1 mM. The
concentration curves were calculated using the exact solution according to equation 3.6-3.8 (see lines in
the upper figure) and calculated using a numerical integration according to the finite difference method
(circles in the upper figure, ∆t = 0.1 s). The lower figure shows the deviation cexact − csim.
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3.2 | Diffusion in one dimension - Simulating electrochemical experi-
ments and DEMS experiments

At first impression it may seem a bit strange that the simulation of electrochemical experiments
deals with diffusion in one dimension. However, this approximation is the most common one
when considering diffusion problems to a planar electrode. This is due to the planarity of
the electrode. It is further assumed that edges of the electrode are negligible compared to the
surface of the electrode. As a result, no radial concentration profiles are formed and diffusion
only occurs perpendicular to the electrode. The diffusion problem can therefore be reduced to
one spatial dimension, which also makes numerical simulation simpler. If one considers the
mass transport in a resting solution (and neglects natural convection), the mass transport is
determined by diffusion. The laws of this transport can be described by the Fick’s laws:

J(x, t) = −D
∂c(x, t)

∂x
(3.9)

−∂c(x, t)
∂t

=
∂J(x, t)

∂x
(3.10)

This law of diffusion must now be translated into the finite diffrence scheme. For this purpose,
the time is discretized, as already described in chapter 3.1, and the space in front of the electrode
is discretized in N parts of length ∆x:

∆x =
x
N

(3.11)

A sketch of the resulting space grid is shown in Figure 3.2. The space grid can be understood
as a series of boxes. Each box represents the concentration c of a species at a discrete distance
in front of the electrode (j∆x) at a certain discrete time (i∆t) in the experiment.
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Figure 3.2: Illustration of the space grid used to simulate an electrochemical experiment.

From Fick’s diffusion laws (see equations 3.9-3.10) the finite difference scheme for the one-
dimensional diffusion problem can now be derived (for the derivation see [129, 130]). The
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results are summarized in the following equations:

c(j, i + 1) =


c(E, i + 1) if j = 1

c(j, i) + D∆t
∆x2 [c(j + 1, i)− 2c(j, i) + c(j− 1, i)] if 1 < j < N

c(j, i) + D∆t
∆x2 [c0 − 2c(j, i) + c(j− 1, i)] if j = N

(3.12)

The variable c(j, i) denotes the concentration of a species in the volume increment j at time i.
The new concentration in each box must be calculated for each time step. This procedure is
repeated until i = K. Boundary conditions are formulated at the edges of the box array (j = 1
and j = N). For j = 1 the expression c(E, i+ 1) stands for the electrode reaction that determines
the concentration and is usually dependent on the electrode potential E. Expressions such as
the Nernst equation or the Butler-Volmer equation are used to calculate c(E, i + 1). The total
length of the box array is chosen so that the last box j = N represents a concentration close to
the bulk concentration c0 and is therefore found in expression 3.12. Furthermore, a necessary
stability condition for the algorithm must be formulated:

D∆t
∆x2 ≤ 0.45 (3.13)

If D is known and a ∆x is chosen, a value for ∆t can be calculated so that equation 3.13 is ful-
filled. Furthermore, the Faraday current IF can be calculated in the electrochemical simulation
by applying the first Fick’s law 3.9 to the first two boxes:

IF(i) = nFAD
c(1, i)− c(2, i)

∆t
(3.14)

Where n is the number of electrons transferred in the electrochemical reaction, F is the Faraday
constant and A is the electrode surface.

With the help of these considerations it is possible to simulate experimental CVs by adding
the sweep rate v to the electrode potential:

E(i) = Estart ± v∆ti (3.15)

A comparison of an experimental CV with a simulated one can be found in Figure 3.3. The
experimental CV is that of the redox system 2,5-di-tert-butyl-1,4-benzoquinone (DBBQ), which
was investigated for its use as a redox mediator for the ORR in Li-O2 batteries in Figure 6.
This molecule can be successively reduced to DBBQ– and DBBQ2 – by lowering the electrode
potential. The standard potentials of these two reactions are sufficiently separated to observe
two peaks for reduction in the CV. If the sweep direction is changed, the reverse reaction are
observed. It can be seen that finite difference simulation reproduces this process very well (see
right figure in Figure 3.3). Deviations from the experimental CV are due to the fact that the cell
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used to record the experimental CV is the DEMS thin layer cell described in chapter 4. Within
this cell, the current distribution resulting from the cell geometry would have to be considered
which was neglected in the simulation.
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Figure 3.3: A comparison of an experimental CV (left Figure) of the redox system DBBQ to the a sim-
ulated one (right Figure). The experimental CV is taken from chapter 6. The supporting electrolyte is
made out of 2 M LiClO4 in DMSO with 7.5 mM DBBQ. The sweep rate was v = 10 mV s−1. In the sim-
ulated CV some points are highlighted. This points correspond to the concentration profiles in Figure
3.4.

The simulation of electrochemical experiments is particularly helpful in understanding the
shape of CVs. For this purpose the concentration profiles of the CVs involved in the electro-
chemical reaction are considered. For example, it can be explained that peaks are observed in
the CV for the reduction/oxidation of dissolved species. This will be done exemplary for the
first reduction peak in the DBBQ CV (see Figure 3.3). The concentration profiles of DBBQ as
a function of the distance from the electrode surface at the highlighted times in the simulation
were plotted in Figure 3.4. At the beginning of the experiment the concentration profile shows
a horizontal line representing the bulk concentration of DBBQ (in this case 7.5 mM). If the elec-
trode potential is reduced and approaches the standard potential of DBBQ reduction, DBBQ is
reduced to DBBQ– . This results in a consumption of the DBBQ near the electrode. With further
reduction of the electrode potential the reaction rate of the reduction increases until the surface
concentration becomes 0. At the same time, new DBBQ is transported from the electrolyte vol-
ume to the electrode, which results in a depletion of the DBBQ concentration in the x-direction.
To calculate the current, the slope of this concentration profile near the electrode surface is of
interest, since the current flowing in the CV is proportional to this slope. The concentration
profiles show that the slope decreases, reaches a minimum (concentration profile colored red
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in Figure 3.4) and then increases again. This minimum slope is responsible for observing a
peak in the CV.
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Figure 3.4: Concentration profiles of DBBQ in front of the electrode. The profiles are taken at the high-
lighted points in Figure 3.3.

For electrochemical experiments, special cells are often made for a particular experiment.
In order to reproduce the experimental data with a finite difference simulation, the challenge is
to reproduce the boundary conditions of the cell appropriately in the code. For the DEMS thin
layer cell described in chapter 4 this will be illustrated. Figure 3.5 shows a modified space grid
for the DEMS thin layer cell, which can also be treated as a one-dimensional diffusion problem
due to symmetry reasons. A modification is necessary for the transport equations, since it is
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Figure 3.5: Illustration of the space grid used to simulate an electrochemical DEMS experiment. The cell
architecture is in detaile described in chapter 4.

a thin layer cell with an electrolyte thickness of l and the electrolyte space is therefore limited
in the x-direction. Therefore the transport of all species in the system (except O2) is corrected
over the following term:

c(j, i + 1) = c(j, i) +
D∆t
∆x2 [c(j− 1, i)− c(j, i)] if j = N (3.16)
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The task in this DEMS cell is to investigate the OER and ORR. Therefore the finite difference
code must adequately reflect the oxygen transport through the cell. For this purpose the oxy-
gen concentrations at the interfaces, the vacuum system (x = 0, p(O2) = 0) and the oxygen
atmosphere ( x = l, p(O2) > 0) are calculated. The concentrations are calculated according to
Henry’s law:

cO2
(j, i) =

0 if j = 1

KH p(O2) if j = N
(3.17)

Where KH is the Henry constant. The MSCV of oxygen can be calculated from the concentration
gradient at x = 0. Using these considerations, the shape of the CVs and MSCVs recorded in the
DEMS thin layer cell can be reproduced and supposed reaction mechanisms can be validated.
Especially for the pressure jump experiment in chapter 6 this finite difference algorithm was
used. A more detailed illustration can be found in chapter 6.6.

Furthermore, as an example, a DEMS measurement from chapter 6 shall be reproduced here
using the finite difference code. The object of investigation is the ORR mediated by DBBQ. The
mechanism can be simplified by the following reaction equations:

At the electrode: DBBQ + e− −−→ DBBQ− (3.18)

DBBQ− + e− −−→ DBBQ2− (3.19)

In solution: DBBQ− + O2 −−→ DBBQ + O ·−
2 (3.20)

DBBQ2− + 2 O2 −−→ DBBQ + 2 O ·−
2 (3.21)

Here, a distinction must be made between reactions that are caused by an electron transfer at
the electrode (reactions 3.18-3.19) and homogeneous kinetics within the electrolyte (reactions
3.20-3.21). In the finite difference algorithm the individual terms are calculated one after the
other. A comparison between the experimental data and the simulated data can be found
in Figure 3.6. It can be seen that the simulation reflects the experimental data well. Again,
deviations can be explained by not taking the current distribution within the cell into account.
In this case, it was of interest that the shoulder in the MSCV of O2 at -0.8 V could be reproduced.
The simulations have shown that this can be explained by a slower reaction rate of d[O ·−

2 ]
dt in

reaction 3.20 versus 3.21. A detailed analysis of the reaction rates can be found in chapter 6.
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Figure 3.6: (a) Comparison of the experimental data of the DBBQ reduction in the oxygen-free electrolyte
and in the electrolyte saturated with oxygen (red) to (b) finite difference simulations. The experimental
data are the measurements in 2 M LiClO4 in DMSO with 10 mM DBBQ from chapter 6. There the sweep
rate was 10 mV s−1. As diffusion coefficient of oxygen 1.32 · 10−5 cm2 s−1 was taken [128]. The other
parameters were estimated so that they reflect the experimental pattern. A detailed analysis of the
reaction rates can be found in chapter 6.

3.3 | Diffusion in two dimensions - Simulating RRDE experiments

To calculate the concentrations of species dissolved in the electrolyte in an RRDE experiment,
both the diffusion of these species and the velocity of the electrolyte generated by the rotation
of the RRDE must be calculated. In general, this is a coupled system of differential equations
which must be solved in the three spatial dimensions of a Cartesian coordinate system (x, y, z).
If the velocities of the electrolytes are denoted as Vx, Vy and Vz , the change in concentration c
is given by the following expression:

∂c
∂t

= D
[

∂2c
∂x2 +

∂2c
∂y2 +

∂2c
∂z2

]
−
[

Vx
∂c
∂x

+ Vy
∂c
∂y

+ Vz
∂c
∂z

]
(3.22)

The first sum describes the transport due to diffusion according to Fick’s law. A solution in
the finite difference scheme was provided by Feldberg et. al. [177]. The algorithm shall be
briefly summarized here. The first step is to define a spatial grid. In the RRDE experiment, the
radial transport to the ring electrode of species generated at the disc electrode takes place. In
addition, the electrode used for this purpose is symmetrical around the center of the disc elec-
trode. Therefore a two-dimensional space grid can be used for the calculations. A sketch of the
spatial grid is given in Figure 3.7. A discretization takes place in vertical and radial direction.
The concentration is given by the box elements (j, k). j describes the box elements perpendic-
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Figure 3.7: Representation of the two dimensional space grid for finite difference RRDE simulations.

ular to the electrode, analogous to chapter 3.2. k are the box elements in radial direction. The
discretization is carried out with the use of the RRDE radii r1, r2 and r3 with the following
equations:

r1 = ∆rk0 (3.23)

r2 = ∆r(k0 + kg) (3.24)

r3 = ∆r(k0 + kmax) with k0, kg, kmax ∈N (3.25)

For the volume in front of the disk electrode only a one-dimensional array is necessary, because
there it is assumed that ∂c

∂r = 0 (see (j,k=0) in Figure 3.7). For the velocity field, the Karman and
Crohan velocity field discussed in the chapter 2.2 is used [134, 135]. The velocity components
perpendicular to the electrode vj and radial vj,k can be calculated for each box using the follow-
ing equations:

v̄′′j = −β̄j2∆t/∆z
n

∑
k=2

ak

a2
jk−2γ̄k−2 (3.26)

v̄′j = −β̄(j− 1)2∆t/∆z
n

∑
k=2

ak

a2
(j− 1)k−2γ̄k−2 (3.27)

v̄′′j,k = −∆t/∆r(v̄′′j − v̄′j)(k0 + k)/2 (3.28)

v̄′j,k = −∆t/∆r(v̄′′j − v̄′j)(k0 + k− 1)/2. (3.29)
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The notation ′ indicates the flow into the box and ′′ indicates the flow out of the box. This
distinction is necessary because the volume of the boxes increases radially and thus also the
boundary surface of the boxes. ak are the Kraman-Crohan coefficients. The other simulation
parameters are defined as follows:

β̄ = β∆z∆t = −0.5102326 ω3/2ν−1/2∆z∆t (3.30)

γ̄ = γ∆z =
(ω

r

)1/2
∆z (3.31)

D̄ = D∆t/∆z2 (3.32)

To calculate the change in concentration in the boxes, it is also necessary to calculate the con-
centrations at the box edges:

s′′j (j, k) =
c(j + 1, k) + c(j, k)

2
for j ≥ 1 (3.33)

s′j(j, k) =
c(j, k) + c(j− 1, k)

2
for j ≥ 2 (3.34)

The calculation of the value s′1(1, k) is not necessary, because v′1 = 0. Special conditions were
derived for the boxes along the disc electrode-gap and gap-ring electrode boundaries:

s′k(j, 1) = c(j, 0) (3.35)

s′′k (j, kg) =
3c(j, kg)− c(j, kg − 1)

2
(3.36)

s′k(j, kg + 1) = s′′j (j, kg) (3.37)

s′′k (j, kmax) =
3c(j, kmax)− c(j, kmax − 1)

2
(3.38)

The remaining boxes are treated as follows:

s′k(j, i) =
c(j, k) + c(j− 1, k)

2
(3.39)

s′′k (j, i) =
c(j, k) + c(j + 1, k)

2
(3.40)

These expressions can be used to calculate for each time step i the change in concentration in
each box for which j ≥ 2, with the following expression:

∆c(j, k) = D̄(c(j + 1, k)− 2c(j, k) + c(j− 1, k))

− v̄′′j s′′j (j, k) + v̄′js
′
j(j, k)− v̄′′j,k

2s′′k (j, k)(k0 + k)
2(k0 + k)− 1

+ v̄′j,k
2s′k(j, k)(k0 + k− 1)

2(k0 + k)− 1
(3.41)
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The following applies to the row of boxes directly before the electrode (j=1):

∆c(1, k) = D̄(c(2, k)− c(1, k)) +
v̄′′1 − v̄′1

2(k0 + k)− 1
[
s′′k (1, k)(k0 + k)2 − s′k(1, k)(k0 + k− 1)2]

− f (j)∆t/∆z (3.42)

where f (j) is the flux at the electrode surface for the j-th segment. Here again electrode reac-
tions based on a Nernst behaviour or a Butler-Volmer Kinetic can be implemented.

Some results generated with this algorithm are already shown in chapter 2.2. In addition,
appendix D is comparing some simulated results of the RRDE simulation to the mathematical
expressions derived to describe phenomena of the RRDE.
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4. A new thin layer cell for battery related DEMS-experiments 4.1. Abstract

4.1 | Abstract

The reversibility of current Li–O2 batteries suffers from high charging overpotentials. To ad-
dress this problem, the use of redox mediators has been proposed, which are supposed to
improve the sluggish reaction kinetics of the oxygen evolution reaction via a solution medi-
ated oxidation of lithium peroxide. In this study, we present a new thin layer cell for battery
related differential electrochemical mass spectrometry (DEMS) experiments, which exhibits a
high electrode surface area to electrolyte volume ratio which is closer to the situation in bat-
teries other approaches/cells with their usually large electrolyte excess. The confined volume
also allows a better distinction between the mediating activity of a redox system and a near
continuous electrochemical reaction of this species. One further benefit of the new thin layer
cell is that experiments can easily be performed under different O2-partial pressures. This new
set-up allows the highly sensitive detection of volatile species formed during the OER. There-
fore, small changes in the number of electrons transferred per oxygen molecule are observable.
These changes help to identify side reactions and possible decomposition of the reaction prod-
ucts. During our experiments, we investigated the impact of TTF, TMPD, Fc and TEMPO on
the oxidation of Li2O2. Within our experiments, we are able to precisely determine the poten-
tial at which the catalytic activity of the redox mediation starts. A comparison between the
potential at which we observe the activity of the redox mediator to the half wave potential of
the redox system could be explained with an outer sphere electron transfer for the oxidation
of Li2O2 by a redox mediator. This observation is confirmed by a theoretical treatment of the
redox mediation mechanism. Moreover, insights into the number of transferred electrons per
oxygen molecule during the activity of the different redox mediators reveal the presence of
side reactions. This finding is also underlined by an unexpected shift of the CO2 evolution
onset for the redox mediator containing electrolytes. Our experiments also reveal that a Li–O2

cell, which contains a redox mediator, undergoes less fluctuation in its reversibility compared
to a cell without a redox mediator.

4.2 | Introduction

The development of new energy storage systems with high capacities and good cycle perfor-
mance is one of the challenging tasks in electrochemistry. Due to its high theoretical specific
energy density of 3458 W h kg−1 (assuming Li2O2 as the main discharge product and including
the weight of oxygen) the lithium–oxygen (Li–O2) battery is a promising candidate for a new
energy storage system [67].
Using DEMS to quantify the oxygen reduction reaction (ORR) and the oxygen evolution reac-
tion (OER) in metal–O2 batteries allows the determination of the true reversibility of the system
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in respect to consumed and evolved oxygen. Moreover, the presence of side reactions includ-
ing the formation of volatile reaction products like CO2 is discernible. An important quantity
to judge the performance of the ORR and OER is the number of electrons transferred per oxy-
gen molecule (electron number), which can be determined by relating the flux of oxygen into
the mass spectrometer to the faradaic current measured at the electrode. The highest expected
value of the electron number in a Li–O2 cell during the ORR and OER is 2 e– /O2 for the for-
mation and oxidation of Li2O2. Derivations of this value towards higher electron numbers
identify the presence of parasitic side reactions. In the past, many studies with DEMS were
done to examine metal–O2 systems [26, 52, 70, 90, 97, 98, 155, 181–184].
One of the problems of the Li–O2 battery is the fact that the discharge product Li2O2 is non con-
ducting. In the absence of any water it is deposited as a thin film on the electrode surface (one
or two monolayers in the case of smooth Au), thus blocking the electrode and diminishing the
capacity of a battery. Water catalyzes the ORR [26, 185] at least in DMSO based electrolytes it
impedes the direct second reduction step, thus shifting the mechanism to the solution pathway:
LiO2 is dissolved in the electrolyte and then disproportionate to Li2O2, forming the well-known
toroid structures. The solvation pathway is favored by solvents with a high polarity and by ad-
ditives impeding the direct transfer of the second electron.
One of the challenges that must be overcome to obtain an energy economic Li–O2 battery thus
is to make Li2O2 accessible to reoxidation and reduce the charging overpotential. Recently
Liu et al. reported that on a gold electrode the oxidation of Li2O2 first occurs at an interface
between the gold electrode and the Li2O2 deposits [186]. The remaining particles are losing
mechanically contact with the electrode resulting in a higher overpotential for an oxidation of
the Li2O2 particles. It is also reasonable to avoid high charging potentials in Li–O2 batteries
since at higher potentials the formation of singlet oxygen [115] and the decomposition of the
electrolyte was observed [187]. Recently Mahne et al. showed, that small amounts of singlet
oxygen are also formed from the onset of the charge of a Li–O2 cell [116]. To address the issues
related to battery charging, Chen et al. introduced in 2013 the concept of soluble redox medi-
ators in Li–O2 batteries [50]. A redox mediator is a redox system with an oxidation potential
more positive than the equilibrium potential of Li2O2 (2.96 V vs. Li|Li+, calculated from stan-
dard free enthalpy of formation [188]). The redox mediator is oxidized on the electrode surface
to RM+. RM+ can now act as an electron–hole transfer agent, which diffuses to the Li2O2 sur-
face. There RM+ oxidizes Li2O2, forming Li+, oxygen and RM (see Figure 4.1).

Since 2013 many redox mediators like TTF [50, 51, 183], TEMPO [52, 189, 190], LiBr [57], LiI
[53, 191, 192] and some transition metal complexes [183, 193] were suggested as possible can-
didates for a Li–O2 battery. These studies show that a homogeneous catalysis of the OER can
reduce the charging voltage of a Li–O2 battery effectively. Nevertheless, the search for a long-
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Figure 4.1: Drawing of the electron–hole transfer mechanism induced by the oxidation of a redox medi-
ator (RM), between the electron surface and the solid Li2O2.

term stable redox mediator with an oxidation potential slightly above the standard potential of
Li2O2 is an ongoing research topic. Due to the reactive nature of the oxygen species in a Li–O2

battery, redox mediators have to resist side reactions such as H-abstraction and nucleophilic
attacks of various oxygen compounds [105, 123, 194–197]. In a recent viewpoint McCloskey
argued about the chemical stability of redox mediators and the need of a quantitative analysis
to detect side products of decomposition reactions of the redox mediators [198].
In this article, we introduce a new thin layer DEMS-cell (with a small electrolyte volume to
electrode surface ratio) which can be used to perform battery related experiments in a three
electrode arrangement with smooth model electrodes. In this study, we will discuss the im-
pact of tetrathiafulvalen (TTF), N,N,N’,N’-tetramethyl -p-phenyl-enediamine (TMPD), 2,2,6,6-
tetramethylpiperidinyloxyl (TEMPO) and ferrocene (Fc) as RMs regarding the oxidation of
Li2O2. In general, we will show that during the activity of RM the oxygen formation rate is
increased. Moreover, the experiments show that small concentrations of RM+(in the range of
10−3 to 10−6 M) in front of the electrode are sufficient to oxidize Li2O2. This necessary con-
centration of RM+ is decreasing as the oxidation potential of the RM used is increasing. From
the mass spectrometric cyclic voltammograms of mass 32 (plot of the ion current of mass 32
or, after calibration the O2-flux into the MS versus the electrode potential in the CV) we can
determine the potential at which the catalytic cycle in Figure 4.1 starts precisely. Since the ra-
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tio of electrolyte volume to electrode surface in the thin layer cell is low, the concentration of
products formed during ORR and OER is high. This high concentration of reactive species like
O2
·− or singlet oxygen might be the reason why we are able to detect parasitic reactions in the

oxidation of Li2O2 by a redox mediator. The purpose of this paper is to present an experiment
in which the electron numbers of redox mediators could be determined in a battery related en-
vironment under a O2-atmosphere in situ. Moreover, we derived a model for the oxidation of
Li2O2 by a redox mediator by combining the Marcus theory as well as a Nernstian behaviour
for the ratio between RM to RM+ in front of the electrode surface. These reflections line up in
the current discussion about the mechanism of Li2O2 oxidation by a redox mediator [60].

4.3 | Experimental

Chemicals
The supporting electrolyte consists of a 0.5 M LiClO4 (batterygrade, Sigma Aldrich) in extra
dry DMSO (99.7%, over molecular sieve, Acros Organics). As an electrolyte for the chemical
calibration of our DEMS system, we used a 0.5 M TBAClO4 (99.9%,Sigma Aldrich) in extra dry
DMSO. All electrolytes were prepared and stored in an MBraun glovebox. The water content
was determined by a coulometric Karl Fischer Titrator (C20 Metler Toledo) and never exceeded
a value of 20 ppm. As redox mediators TTF (97%, Alfa Aesar), TMPD (99%, Sigma Aldrich),
Fc (98%, Sigma Aldrich) and TEMPO (99%, Sigma Aldrich) were used. These redox mediators
were added to the supporting electrolyte to obtain a concentration of 10 mM of the redox me-
diator in the supporting electrolyte. The atmosphere in the glove box consists of highly pure
argon (99.999%, air liquid). The humidity inside the glovebox never exceeded 0.5 ppm. Highly
pure oxygen (99.995%, air liquid) was used to saturate the electrolyte.

Reference electrode
A silver wire immersed in 0.1 M AgNO3 (99%, Chempur) in DMSO was used as a reference
electrode. In order to avoid contamination of silver in the electrolyte, the connection between
the electrolyte and the reference electrode was closed with the help of a rough surface of a
glass bead. A detailed description of the reference electrode can be found elsewhere [90]. The
potential of the reference electrode is approximately 3.83 V versus the Li+|Li couple or 0.43 V
vs. NHE [132].
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DEMS-experiments
DEMS-experiments were carried out with a self-built differentially pumped DEMS-system sim-
ilar to the DEMS-setup which was previously described by O. Wolter and J. Heitbaum [142]. In
our case, the first pumping stage has a pumping speed of 200 L s−1 (TMU 260, Pfeiffer Vacuum)
and the second one 50 L s−1 (TPU 062, Pfeiffer Vacuum). The mass spectrometer is a QMA 430
by Balzers. A detailed technical drawing of our DEMS-system can be found in reference [153].
To calculate the flux of a species ṅm/z with the mass to charge ratio m/z into the mass spec-
trometer the calibration constant K∗m/z is needed:

dnm/z

dt
= ṅm/z =

Im/z

K∗m/zF
(4.1)

Here Im/z is the baseline corrected ionic current with m/z and F is the Faradaic constant.
Due to the baseline correction, positive values of ṅm/z can be interpreted as an evolution of a
species with m/z. Negative ṅm/z are related to an consumption of a species with m/z. For
this study, the fluxes of mass 32 (O2) and 44 (CO2) are of interest. The calibration constant K∗32

was determined by a electrochemical oxygen reduction in a 0.5 M TBAClO4 solution in DMSO.
Previous experiments showed that in TBAClO4 containing electrolyte O2 is reduced only to
superoxide [90, 92, 146]. K∗32 was determined each day an experiment was performed. K∗44 was
determined from the relative ionization probabilities (IP) of O2 and CO2 as follows [199]:

K∗44 = K∗32
IP44

IP32
= 1.4K∗32 (4.2)

The number z of transferred electrons per oxygen molecule is of special interest in this
study. To calculate z, the faradaic current in the CVs was first corrected for the additional
faradaic current resulting from the mere oxidation of the redox mediator without oxidizing
Li2O2. A detailed description of the data evaluation can be found in the supporting information
(see chapter 4.6). With the help of the corrected faradaic current ∆IF, z can be calculated:

z =
∆IF

ṅ32F
(4.3)

Experimental design
The new thin layer cell is based on the design described by Hartung and Baltruschat [200]. A
general overview of electrochemical cells (in a 3 electrode arrangement) used so far in DEMS
experiments is given in reference [153]. Figure 4.2 shows a schematic drawings of (a) the top
view of the cell body and (c) the cross section view of the assembled cell. The cell body and the
T-pieces are made out of Kel-F. The working electrode (WE) as well as three counter electrodes
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(CE 1, CE 2 and CE 3) are made out of gold. The counter electrode is positioned outside of
the thin layer cell. The distance between the CEs and the WE is approximately 25 mm. The
experimental setup described in this paper is not a completely assembled battery but a kind of
a half-cell in a three-electrode arrangement. The WE in this study is therefore comparable to an
oxygen cathode in metal–air batteries. The gold counter electrodes and a reference electrode
(RE) are connected to the electrolyte with the T-pieces. CE 1 and CE 2 are connected via a 1 Ω-
resistance to a self made potentiostat whereas CE 3 is connected via a 4 MΩ-resistance to the
potentiostat. In this arrangement, an optimal current distribution from CE 1 and CE 2 towards
the working electrode is achieved. To avoid oscillations in the faradaic current as well as high
iR-drops, CE 3 is separated from CE 1 and CE 2 over a 4 MΩ resistance. For the electrolyte inlet,
a 3 mL syringe is used. During the measurements, no convection of the electrolyte through the
cell takes place.
A porous PTFE membrane is pressed in between the upper part of the cell body (see Figure 4.2
(c)) and a cone shaped cell holder. The PTFE membrane has a porosity of 50% and an aver-
age pore diameter of 20 nm. Mechanical support of the PTFE membrane is realized through a
porous steel frit. Figure 4.2 (b) shows a schematic drawing of the connection tubes used for the
oxygen saturation of the working electrode compartment as well as for the transfer of volatile
species into the mass spectrometer. The volume of the connection tubes above the thin layer
cell can be evacuated using a rotary vane pump (DUO 2.5, Pfeiffer Vacuum). Small amounts of
oxygen can be added to the volume using a metering valve (V4 in Figure 4.2 (b)). The pressure
change is recorded by a pressure sensor (TPG 202, Pfeiffer Vacuum). For all experiments in
this study, an oxygen pressure of 900 mbar was applied to the connection tubes over the cell
body. The electrolyte volume in the working electrode compartment is saturated with oxygen
through the porous PTFE membrane. The electrolyte volume in front of the working electrode
is defined by four PTFE O-rings with an inner diameter of 6 mm and an outer diameter of
14 mm. The overall thickness of the PTFE spacers is 200 µm. Thus, the resulting volume in the
working electrode compartment is 5.6 µL. A gold sputtered porous PTFE membrane is used as
the working electrode. The thickness of the deposited gold is 50 nm. The contact area between
the working electrode and the electrolyte is 0.283 cm2. The porosity and the pore diameter are
50% and 20 nm respectively. Volatile species in front of the electrode can evaporate into the
vacuum of the mass spectrometry tubes. Therefore the change of volatile species produced or
consumed during an electrochemical experiments can be detected through the ionic current of
the mass spectrometer. The working electrode is electrically contacted via a 0.05 mm thick gold
wire to the lower cell holder. Hence, the connection to the working electrode can be made over
the steel holders.
The cell itself is placed in a glovebox to avoid high water amounts in the electrolyte. All exper-
iments shown in this publication are done in the glovebox
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In order to be able to also carry out experiments outside a glovebox, a Kalrez O-ring is used
to seal the lower part of the cell from the laboratory atmosphere. A capillary (see Figure 4.2
(a)) is used to flush the PTFE-spacers with argon. A detailed description showing the relation
between the flux of oxygen into the mass spectrometer and the applied oxygen partial pressure
to saturate the electrolyte can be found in the supporting information (chapter 4.6).
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Figure 4.2: (a) Top view on the cell body built out of Kel-F (green) with the connections for the counter
electrodes (CE 1, CE 2 and CE 3) and the reference electrode (RE). (b) Schematic drawing of the connec-
tion tubes used to saturate the electrolyte with oxygen and to transfer volatile species into the vacuum
of the mass spectrometer chamber. (c) Cross section view of the assembled cell.
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4.4 | Results and discussion

4.4.1 | Oxygen evolution using a redox mediator

To emphasize the catalytic effect of the used redox mediators in this study, DEMS-experiments
for the supporting electrolyte (0.5 M LiClO4 in DMSO) were performed before adding the re-
dox mediator to the supporting electrolyte. Although side reactions of DMSO with reactive
oxygen species produced in the ORR were reported [187, 194, 201], it shows a good stability for
a short time exposure during a cyclic voltammetry run and was therefore chosen as a solvent
for this study. The experiments with a 0.5 M LiClO4 in DMSO are plotted in a blue color for the
remainder of this study (see Figure 4.3).

Combining cyclic voltammetry and mass spectrometry, the ORR in a 0.5 M LiClO4 in DMSO
can be clearly observed beginning at -0.95 V in cathodic direction. The number of electrons
transferred per oxygen molecule was calculated according to equation 4.3 and is close to 2 e−/O2

over the whole potential window of ORR (see Figure 4.13). This was previously observed on a
rough gold electrode [90]. On smooth gold electrodes, there is a transition from the one electron
process (formation of O2

·−) to the two electron process (formation of O2
2− [26, 110, 111]). The

absence of the one electron process on sputtered gold electrodes is due to the roughness. In
fact, it has been observed that the formation of Li2O2 is mainly limited by the nucleation rates
at low overpotentials [35, 202]. A similar effect concerning the ORR was previously observed
for platinum electrodes with different surfaces roughness [26]. The shape of the ORR-region
differs slightly in the different measurements shown in Figure 4.3 and in the supporting in-
formation. The reason for this is the porous Teflon membrane sputtered with gold, which is
used as a working electrode. Since we used for every experiment with a new redox mediator
a new gold electrode, the roughness of the electrodes might slightly vary. Thus, the amounts
of deposited Li2O2 is also different resulting in slightly different shapes in the ORR region (see
slighter differences in the blue curves in Figure 4.3 (a) and (b)). Further experimental data con-
cerning the effect of surface roughness of Au-electrodes on the shape of the ORR region in a CV
is shown in the supporting information. The onset of the OER is shifted about 300 mV towards
more positive potentials compared to the onset of the ORR, which is close to the thermodynam-
ically expected potential of Li2O2 (-0.87 V). It is remarkable that the OER at gold occurs over a
wide potential window during a cyclic voltammetry experiment. This was observed by many
groups before, whereas it is worth mentioning that the CVs differ in the different publications
dealing with the OER in Li-containing DMSO based electrolytes on gold electrocatalyst in the
shape of the OER-region [110, 186, 194, 203]. Bondue et al. performed cyclic voltammetry with
an Au(111)- electrode [26]. In their work, the authors showed that the OER-region is clearly
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Figure 4.3: (a) CVs and MSCVs on mass 32 and 44 with a sweep rate of 5 mV s−1 in 0.5 M LiClO4 solution
in DMSO with 10 mM TTF (black and red trace) and without TTF (blue trace). (b) CVs and MSCVs on
mass 32 and 44 with a sweep rate of 5 mV s−1 in 0.5 M LiClO4 solution in DMSO with 10 mM TMPD
(blackand red trace) and without TMPD (blue trace). During all measurements the oxygen pressure
used to saturate the electrolyte was 900 mbar.

changing in every cycle of the cyclic voltammetry experiment. Due to the low activity of gold
in the OER it is particularly suitable to observe changes in the OER forced by a redox mediator.
Figure 4.3 shows the cyclic voltammetry and the MSCVs for mass 32 and 44 with 10 mM TTF
added to the supporting electrolyte. The ORR-region is not affected by the presence of TTF.
Neither is the onset of the OER is affected. At -200 mV a steep rise of IF and ṅ32 can be ob-
served, which is absent in the electrolyte only containing Li+. IF and ṅ32 exhibit a maximum at
-45 mV. At higher potentials, the shape of the CV is similar to that one avoiding a preceding
ORR indicating that there is no additional contribution from the oxidation of Li2O2 at more
positive potentials (red trace and black trace in Figure 4.3). This can be clearly seen by the
sharp decrease of ṅ32 at the above mentioned potential. The high catalytic activity of TTF to-
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wards the OER can be directly seen from the comparison of the MSCVs for mass 32. In the
presence of TTF there is a steep increase of ṅ32 and a narrow peak is exhibited. The onset of the
increase of IF and ṅ32 at -200 mV during the anodic sweep can be understood as follows: dur-
ing the anodic sweep, oxidation of Li2O2 starts at -0.5 V resulting in the partial reactivation of
the electrode (Li2O2 itself is insulating). When the potentials approaches the standard potential
of the TTF+/TTF couple, the electrochemical oxidation of TTF+ starts in front of the working
electrode. Considering the CV in Figure 4.3 (a), in which the potential region of ORR is avoided
(black trace) one would guess that at -200 mbar no TTF+ is generated yet, because there was no
rise of the faradaic current detected at this potential. The rise of IF and ṅ32 in the red traced
measurement in Figure 4.3 at -200 mV shows that the catalytic cycle shown in Figure 4.1 starts.
This demonstrates that extremely small concentration of TTF+ (at a potential of -200 mV, the
concentration of TTF+ is according to the Nernst equation in the range of 10−5 M) are sufficient
to observe a significant catalytic oxidation of Li2O2.
From a thermodynamic point of view, TTF+ should also be able to oxidize LiO2 and O2

·−.
However, during the ORR we mainly observed the formation of Li2O2 (see Figure 4.13 in the
supporting information). Therefore we are generalizing the discussion towards the oxidation
of Li2O2. As the potential of the working electrode rises, the concentration of TTF+ increases
in front of the working electrode. Consequently, more catalytic cycles can occur resulting in an
increase of the faradaic current combined with an oxygen evolution. IF and ṅ32 are exhibit a
peak just before the entire Li2O2 on the working electrode is consumed.
As we proposed above, the lower potential of the OER activity of TTF (compared to the on-
set of TTF oxidation) is due to the small concentration of TTF+ given by the Nernst equation.
This means that increasing the TTF concentration in electrolyte would shift the needed TTF+

concentration to start the oxidation of Li2O2 to more negative electrode potentials. As shown
in Figure 4.4 we could indeed observe this effect while increasing the concentration of TTF in
the electrolyte: the peak pa is shifting in the CV as well as in the MSCV for mass 32 to nega-
tive electrode potentials, while increasing the concentration of TTF form 10 mM (traced red in
Figure 4.4) to 40 mM (traced green in Figure 4.4).

In the case of the TMPD containing electrolyte (see Figure 4.3(b)) the onset of its activity
as redox mediator is observed at more negative potential compared to the standard potential
of the redox couple TMPD/TMPD+ as well (as a rough measure for the standard potential we
consider the half wave potential of the redox couple). During the activity of TMPD as a redox
mediator, we observe two peaks in the MSCV of mass 32 at -186 mV and -69 mV. In the faradaic
current no additional peak appears but a shoulder appears at -190 mV and the faradaic current
is also increased in comparison to the current in the cyclic voltammetry in which the potential
of the ORR is avoided. The presence of two peaks in the MSCV of mass 32 leads us to the
conclusion that the oxidation of Li2O2 by TMPD+ has to take place in two different processes.
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Figure 4.4: CVs and MSCV on mass 32 with a sweep rate of 10 mV s−1 in 0.5 M LiClO4 solution in DMSO
with various TTF concentrations: 10 mM (red trace) and 40 mM (green trace). During all measurements
the oxygen pressure used to saturate the electrolyte was 900 mbar. Each of the experimental datasets
shows a close up to peak pa.

The comparison of TTF and TMPD as redox mediators also reveals, that in the case of TTF the
oxidation of Li2O2 by TTF+ is faster than by TMPD+ as can be seen on the higher oxygen flux
in the OER and broadness of the OER region.
During the experiment ṅ44 was also recorded. This flux is assigned to the formation of CO2.
As previously reported for DMSO based electrolytes, reaching higher electrode potentials lead
to an evolution of CO2 (see blue traced measurements in Figure 4.3 (a) and (b)) [90, 201]. In
this study, the CO2-evolution starts at 150 mV in the supporting electrolytes. The source of
this CO2-evolution was already attributed to the oxidation of solid Li2CO3 and other decom-
position products formed during the ORR [84, 90, 204]. In presence of the redox mediator, the
onset of the CO2-evolution shifts towards negative potentials. In the case of TTF containing
electrolyte, the onset is located at -90 mV and in the case of TMPD at -140 mV. From a thermo-
dynamical point of view, it is not reasonable that the oxidation of Li2CO3 or other CO2 releasing
species, which are normally observed in the supporting electrolyte, shifts towards more nega-
tive electrode potential. Therefore, we suggest that in the presence of the redox mediator a new
CO2 releasing species is formed in a side reaction between the redox mediator and a reactive
oxygen species. This new species could then be oxidized at lower electrode potentials.
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Before all experiments we convinced ourselves that the in this study used mediators are stable
to an oxygen exposure. Only in the cases of a ferrocene containing electrolyte, we observed
instabilities of the Fc+-ion towards oxygen, which is already known from literature [205]. The
stability Test of TTF is shown in the supporting information.

4.4.2 | Evaluation of the electron numbers for the OER
To judge on the stability of the redox mediators, we used the number of electrons transferred
per oxygen molecule as an indicator for side reactions in the OER. Determining the electron
number from the ratio of the charging current of a battery to the amount of oxygen formed in
a Li–O2 battery will not give any information about the stability of the used redox mediator
since the diffusion of RM+ towards the Li anode occurs as a side reaction. This contribution
cannot be corrected for afterwards and therefore the number of electrons transferred per oxy-
gen molecule is always higher then 2 e−/O2 when the Li–O2 battery is charged with a redox
mediator containing system as can be seen in literature [183, 192]. Chen et al. determined the
electron numbers for the oxygen evolution for TTF, TMPD and Fc [50]. In their experiments,
they electrochemically produced RM+. Afterwards, the authors mixed this amount of RM+

with a solution containing an excess of Li2O2 (compared to RM+, under Ar-atmosphere). The
amount of formed oxygen was determined with a mass spectrometer. In their experiment Chen
et al. observed that TTF is a stable redox mediator (2.01 e−/O2) whereas Fc and TMPD are not
stable (2.24 e−/O2 and 4.55 e−/O2).
According to equation 4.3 the number of electrons transferred per oxygen molecule during the
OER was calculated using the known calibration constant. A plot of the electron number ver-
sus the working electrode potential for the TTF and TMPD containing electrolytes is shown in
Figure 4.5. The doted lines in Figure 4.3 and 4.5 show the same potential window to insure a
better overview between the electron numbers and the experimental data.

As can be seen in Figure 4.5 (a) the electron number for the TTF containing system is in
between 1.82 e−/O2 and 2.06 e− /O2 in a potential range between -0.4 V and -0.2 V. This value
fits well with the oxidation of Li2O2. Since we are also observing the same electron numbers in
this potential range without adding a redox mediator to the system we can assign the observed
OER to the direct electron transfer to the electrode. When the potential of the working electrode
is increased to -0.2 V an increase of the electron number towards 2.3 e−/O2 is observed. In this
potential window (between -0.2 V and -0.05 V) the catalytic activity of TTF towards the oxida-
tion of Li2O2 was noticed. Because the observed value is greater than the theoretical value of
2.00 e−/O2, calculated for the proposed catalytic cycle in Figure 4.1, additional side reactions
have to be taken into account leading to products, which are susceptible to oxidation.
The analysis of the number of transferred electrons per oxygen molecule in the TMPD contain-
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Figure 4.5: Calculated electron numbers concerning the evolved oxygen for (a) the TTF containing elec-
trolyte and (b) the TMPD containing electrolyte. The electron numbers are plotted versus the working
electrode potential. The doted lines in both plots are located at the same potentials as in the CVs and
MSCVs for TTF (Figure 4.3 (a)) and TMPD (Figure 4.3 (b)).

ing system yields similar results as in the TTF containing system. During the oxidation of Li2O2

by TMPD+ (between -0.3 V and 0.1 V in anodic direction), the electron number is also increased
in comparison to the measurement in the supporting electrolyte without TMPD as can be seen
in Figure 4.5(b). For TMPD, this increase of the electron number seems to be more severe than
for to TTF implying a lower stability of TMPD. For further discussion of possible side reactions,
the catalytic cycle shown in Figure 4.1 should be modified into a more microscopic mechanism
(see reaction scheme 4.4).

(4.4)

As can be seen in the CVs and the MSCVs for mass 32 for the two electron redox couple
(TTF) the oxidation of Li2O2 has finished before RM +

2 is generated. Therefore the oxidation of
Li2O2 has to take place in two steps. In the first step RM+ generated at free parts of the sample
is diffusing towards the Li2O2 surface releasing LiO2 or Li+ and O2

·− and 2 Li+. In the next
step, another RM+ molecule has to approach the previously generated superoxide to oxidize it
to finally release oxygen. It is possible that a side reaction between this intermediately formed
superoxide and RM or RM+ in the presence of Li+ occurs. One more source for a side reaction
in which TTF could be involved is a reaction between TTF and singlet oxygen. As previously
shown, singlet oxygen is formed during the OER as well as during the ORR in Li–O2 systems
[115][116]. Electron rich olefins such as vinyl ethers [206], vinyl sulfides [207] and enamines
[208] can undergo a [2+2]-cycloaddition with singlet oxygen. Therefore, this could also be fa-
vored reaction between TTF and singlet oxygen. To understand the underlying mechanism
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of the TTF decomposition a more detailed product analysis using other analytical methods is
needed. Nevertheless, our measurements demonstrate that side reaction of the mediator occur
in the Li–O2 cell.
As already described in Section 4.4.1 another indication for side reactions including the redox
mediator is the shift of the onset of CO2 evolution towards more negative electrode potentials.
The reversibility of the redox mediators concerning the amount of oxygen evolved during in
the OER to the amount of oxygen consumed during the ORR was calculated (see Table 4.1). The
experimental data of the systems containing TMPD and TTF are shown in Figure 4.3, whereas
the experimental data of Fc is show in Figure 4.12 and TEMPO in Figure 4.11.

Table 4.1: Calculated reversibilities of the electrolytes containing 10 mM of the redox mediator revRM.

Redox mediator revRM
TMPD 0.55

TTF 0.63
Fc 0.60

TEMPO 0.81

Our results show that TEMPO shows the highest reversibility of all four tested mediators.
This is in agreement with the result the Janek group has shown [52]: TEMPO containing sys-
tems show an overall better cycle performance than TTF containing systems.
Moreover we wanted to compare the reversibilities shown in Table 4.1 with the reversibilities
in the measurements performed in the supporting electrolyte to see if the redox mediator leads
to any improvement. In our experiments, we observe that the reversibility for the redox medi-
ator containing system undergoes only little fluctuation. As an example, Table 4.2 shows the
reversibilities for the TMPD containing system in four different experiments (i.e. four experi-
ments performed on four different days with freshly prepared electrolytes and new assembled
experimental set ups). As can be seen in Table 4.2 revTMPD varies by a value of ±0.02. On the
other hand, the reversibility of the experiment performed in the supporting electrolyte varies
by a value of±0.06, i.e. 3 times as much. Our conclusion to these results is that the reversibility
of the system is very sensitive to the morphology of the electrode surface and thus creating
bigger fluctuation in the reversibilities of the measurements performed in the supporting elec-
trolyte. Whereas the solution mediated oxidation of Li2O2 by a redox mediator creates more
stable reversibilities within the Li–O2 cell. Another reason for the fluctuations of revsupport
could also be caused by the wide potential region of the OER and the related small ṅ32-flux. The
baseline correction during the data evaluation is sensitive to this small flux. Since revsupport was
determined out of the integral of ṅ32 we can assume a higher experimental error on revsupport

then for revRM.
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Table 4.2: Calculated reversibilities for 4 different measurement series carried out in a 0.5 M LiClO4 so-
lution in DMSO (revsupport) as well as in the presence of 10 mM TMPD within the supporting electrolyte
(revTMPD).

Measurement no. revsupport revTMPD
1 0.47 0.55
2 0.59 0.51
3 0.57 0.52
4 0.53 0.54

4.4.3 | Kinetics of Li2O2 oxidation by a redox mediator
In this study we examined the catalytic activity of four different organic redox mediators with
different chemical structures. Out of the cyclic voltammetry for the different redox media-
tors’ experiments in which the potential of the ORR is avoided, we determined the half wave
potential E1/2 for the first electron transfer in anodic direction. In addition, we estimated the
potential at which the initiation of the catalytic activity of the redox mediator Eonset starts. Eonset

was estimated out of the MSCV of mass 32 by a comparison of the MSCV of mass 32 in the pure
supporting electrolyte (all traced blue in this publication) to the MSCV of mass 32 when 10 mM
of the redox mediator was added (all traced red in this publication). Eonset is the potential
at which the oxygen flux into the mass spectrometer in the RM-containing experiment is in-
creased over 5 pmol s−1 above that observed in the measurement in the supporting electrolyte.
In Figure 4.6 a plot of Eonset as a function of E1/2 is shown. A linear fit through the data points
gives a linear function with a slope of 0.67±0.9. To our knowledge, no theoretical treatment for
the oxidation of Li2O2 by a redox mediator was done yet. Bruce and coworkers recently gave
some evidences, that the reaction between Li2O2 and RM+ could not be explained by an outer
sphere mechanism [60]. Nevertheless, this paper lacks theoretically based arguments. To tackle
this problem, we assumed, that the electron transfer between Li2O2 and redox mediator could
be an outer sphere reaction by combining the Marcus theory as well as a Nernstian behavior
for the ratio between RM to RM+ in front of the electrode surface. A detailed description of
our considerations can be found in chapter 4.6. All this consideration ends up in the following
expression:

Eonset =
1
2

E0
RM/RM+ + const2 + ln

(
d[O·−2 ]

dt

)
Eonset

RT
F

(4.5)

We assumed that the amount of O2
·− going into side reactions is negligible with respect to the

amount of O2
·− oxidized to O2. Therefore the term ln

(
d[O·−2 ]

dt

)
Eonset

is constant since Eonset was

determined at a constant value for the O2 flux into the mass spectrometer. As an approximation
for the standard potential of the RM/RM+ redox system E0

RM/RM+ we used the half wave po-
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tential E1/2. Formula 4.5 predicts a slope of 0.5 in a plot of Eonset vs. E1/2. For a better overview
all constant values were includes into const2. Considering all the simplifications that lead us
to formula 4.5 the experimental determined slope of 0.67±0.9 is in good agreement with the
predicted one. Deviation from the theoretical value could also be caused by different reorga-
nization energies for the solvent shell of the different mediators. The reorganization energy is
included into const2. Overall, we can conclude that the electron transfer between Li2O2 and
RM+ is in agreement with our theoretical considerations.
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Figure 4.6: Plot of Eonset as a function of E1/2 for the different studied mediators. The dotted line
indicates a linear fit through the plotted points with the linear function Eonset = (0.67± 0.09)E1/2
(138.04±14.12) mV.

4.5 | Conclusion

We have presented a new thin layer cell for battery related DEMS experiments. This new cell
is ideally suited to investigate the activity of redox mediators during the OER. We believe this
experimental setup will be of interest for future researchers to identify new redox mediators
for Li–O2 batteries. The activity of the used redox mediators is detected in situ and the experi-
ment provides the potential at which the mediator becomes active. The new setup is sensitive
enough to detect small changes in the number of transferred electrons per oxygen molecule
during the activity of the RM and could therefore help to design stable redox mediators. A
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further advantage of the new thin layer cell is less contamination from the electrolyte due to
the low volume of the cell. Moreover, the experiment is comparable to batteries since products
of side reactions would also accumulate within the cell volume.
We investigated the activity of TTF, TMPD, Fc and TEMPO towards the OER. The catalytic
activity of the redox mediators towards the OER could be clearly observed in the MSCVs of
mass 32. For TTF we showed that increasing the TTF concentration in electrolyte shifts the
oxidation of Li2O2 by TTF+ to lower electrode potentials. During the OER for the redox me-
diator containing electrolytes, we observed an additional CO2 evolution. From a comparison
of the measurements in the supporting electrolyte, we presented clear evidences that the redox
mediator is the carbon source of the CO2 evolution. In addition, the analysis of the number
of transferred electrons per oxygen molecule during the OER also reveals the presence of side
reactions. We attributed the source of these side reactions to the high concentration of reactive
oxygen species formed during the OER. The TEMPO containing system showed the best re-
versibility in our study. Moreover, our experiment shows that the reversibility of the Li–O2 cell
is more stable in presence of a redox mediator. Combining the Marcus theory and the Nernst
equation to the electron transfer between Li2O2 and RM+ shows that our experimental data fit
well into that model. Therefore, the nature of the electron transfer between Li2O2 and RM+

could be in agreement with an outer sphere reaction. The aim of this work was to introduce a
new DEMS experiment, which is able to check redox mediators for metal–O2 batteries towards
their stability against reactive oxygen species.
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4.6 | Supporting information

Relation between oxygen partial pressure and ionic current of mass 32
In the presented thin layer cell the saturation of oxygen within the electrolyte is determined
through the applied partial pressure of oxygen. According to Hernry‘s Law the equilibrium
concentration of dissolved oxygen within the chosen electrolyte in the thin layer cell is pro-
portional to the pressure. Therefore, the flux of oxygen into the mass spectrometer also has to
be proportional to the oxygen pressure. To give a more detailed illustration, the concentration
profile of the oxygen species within the thin layer cell is shown in Figure 4.7.
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Figure 4.7: Schematic representation of the oxygen concentration profile along the thickness of the work-
ing electrode compartment.

After an equilibrium phase, the concentration profile show a linear trend. At the bound-
ary to the oxygen atmosphere the concentration of oxygen within the electrolyte is given by
Hernry‘s Law (we assume that there is an equilibrium at the gas/electrolyte interface).

cO2 = kH · pO2 (4.6)

Because we are using a gold sputtered porous PTFE membrane as working electrode in all
experiments, the dissolved oxygen is evaporating into the vacuum of the mass spectrometer.
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Therefore, the concentration of oxygen at the electrode-vacuum boundary is zero. The flux of
oxygen into the mass spectrometer can be simply calculated by Fick’s first law.

JO2 = −DO2 ·
∂cO2

∂x
(4.7)

For a linear concentation profile, the term ∂c
∂x simplifies to ∆c

∆x . Taking into account that ∆x is
the thickness of the working electrode compartment as shown in Figure 4.7 the term ∆c

∆x can be
further simplified to

cO2
∆x . Combining all these simplifications into equation 4.6 and equation 4.7

will finally lead to equation 4.8:

JO2 = −DO2 ·
kH · pO2

∆x
(4.8)

Equation 4.8 implies a proportionality between the flux of oxygen into the vacuum of the mass
spectrometer and the applied partial pressure of oxygen to saturate the electrolyte with oxygen.
To test the applicability of the above equations experimentally, we varied the partial pressure
of oxygen to saturate the DMSO filled thin layer cell with oxygen. Simultaneously the ionic
current of mass 32 I32 was recorded (see Figure 4.8 (a)). This ionic current is proportional to the
flux of oxygen into the mass spectrometer. Indeed, we found the proportionality between I32

(JO2) and pO2 as can be seen in Figure 4.8 (b).
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Figure 4.8: (a): Applied oxygen partial pressure to saturate DMSO within the thin layer cell with oxygen
(upper figure). Simultaneously recorded ionic current of mass 32 (lower figure). This figure shows the
time development of both measurements. (b) Plot of the ionic current as function of the partial pressure.
The ploted values were taken in the plateaus of Figure 4.8 (a). In this case the thickness of the working
electrode compartment was 300 µm.
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Stability of TTF in deoxygenated solution
The measurement shown in Figure 4.9 shows that there is no effect on the cyclic voltammetry
response of TTF in a deoxygenated solution to an oxygenated solution. In the measurement
in the deoxygenated solution, the potential window was also opened to -1.6 V vs Ag|Ag+.
Even at lower electrode potentials, TTF is not undergoing any redox processes. In addition, the
absence of a CO2 flux indicates that TTF is not undergoing a decomposition reaction, which is
releasing CO2.
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Figure 4.9: CV of 10 mM TTF in a 0.5 M LiClO4 in DMSO in a deoxygenated solution (orange traced)
and an oxygenated solution (black traced). The lower graph shows the simultaneously recorded CO2
flux. The measurements were performed with a sweep rate of 50 mV s−1.

Determination of the number of electrons during the OER for RM con-
taining electrolytes
During the OER, the measured faradaic current consists of three different processes:

1) Direct oxidation of Li2O2 on the electrocatalyst surface.

2) Oxidation of Li2O2 through RM+ followed by an oxidation of RM to RM+ on the electro-
catalyst surface.
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3) Oxidation of RM to RM+ on the electrocatalyst surface, followed by a diffusion process of
RM+ into the electrolyte without oxidizing any Li2O2.

To determine the numbers of transferred electrons per oxygen molecule for the OER pro-
cesses (first and second process), the overall faradaic current has to be corrected for the con-
tribution of the third process. Here we will briefly describe the correction procedure choosing
the TTF containing experiments shown in Figure 4.3 (a) of our publication as an example. First
of all, a part of the anodic sweep in the TTF containing supporting electrolytes is taken for
the analysis. The measurements shown in Figure 4.10 (a) differ in their lower potential limit,
which was chosen in the experiment. In the black traced measurement, the lower limit was set
at -0.5 V. Therefore, no ORR takes place. In the red traced measurement, the lower limit was
-1.6 V. Since in the red traced measurement the potential was low enough to perform the ORR,
one is able to observe all three processes, which were mentioned above, during the anodic
sweep. On the other hand, the black traced measurement only contains the third process, as
mentioned above. To isolate the OER processes, one can subtract the black traced measurement
from the red traced measurement. The resulting current ∆IF is shown in Figure 4.10 (b). ∆IF is
further correlated with the ionic current of mass 32 to get the number of transferred electrons
per oxygen molecule.
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Figure 4.10: (a): Extract of the anodic sweep for the TTF containing 0.5 M LiClO4 in DMSO. For the red
curve the potential was previously cycled into the ORR-region. In the black traced measurement the
ORR potential region was avoided. (b): Current profile obtained out of the difference of the currents
shown in (a).
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Using TEMPO as redox mediator
2,2,6,6-Tetramethylpiperidinyloxyl (TEMPO) was used as a redox mediator. The cyclic voltam-
metry and the MSCVs of mass 32 and 44 are shown in Figure 4.11. It is remarkable that for
the DMSO based electrolyte, we observe an irreversible TEMPO-redox system. The previous
article including TEMPO as redox mediator in Li-O2 cells were performed in Tetraglyme based
electrolytes [52, 189]. Nevertheless, this experiment was used to determine the potential at
which the activity of the redox mediator starts as well as the half wave potential of the TEMPO
oxidation peak.
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Figure 4.11: CVs and MSCVs on mass 32 and 44 with a sweep rate of 5 mV/s in 0.5 M LiClO4 solution
in DMSO with 10 mM TEMPO (black and red trace) and without TEMPO (blue trace).
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Using ferrocene as redox mediator
Ferrocenium (Fc) was also used as a redox mediator. The cyclic voltammetry and the MSCVs
of mass 32 and 44 are shown in Figure 4.12 (a). It is well known, that the Fc+ is very sensitive
to small amounts of oxygen [205]. Therefore, the black traced measurement was performed
without oxygen (system to saturate the electrolyte with gas was evacuated). For the red traced
measurement, the ORR was performed under an oxygen partial pressure of 900 mbar. During
the anodic sweep, at a potential of -0.5 V, the potential was kept. The tubes with the oxy-
gen atmosphere were evacuated under potential control. Afterwards, the anodic sweep was
continued. The calculated number of transferred electrons per oxygen molecule are shown in
Figure 4.12 (b).
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Figure 4.12: CVs and MSCVs on mass 32 and 44 with a sweep rate of 5 mV s−1 in 0.5 M LiClO4 solution
in DMSO with 10 mM Fc (black and red trace) and without Fc (blue trace). (b) Calculated number of
transferred electrons per oxygen molecule z.
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Number of transferred electrons during the ORR
The typical number of electrons, which we observe during the ORR in DMSO based electrolytes
is shown in Figure 4.13. Our work group previously reported about this observation [90].
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Figure 4.13: Number of electrons transferred per oxygen molecule during the ORR for a 0.5 M LiClO4 in
DMSO.

A thermodynamic and kinetic analysis of the Li2O2 oxidation through a
redox mediator
In our analysis, the following chemical and electrochemical reactions were considered:

RM
k1−−⇀↽−−

k−1
RM+ + e− (4.9)

RM+ + Li2O2
k2−−→ RM+ + O ·−

2 + 2 Li+ (4.10)

O ·−
2

k3−−⇀↽−−
k−3

O2 + e− (4.11)

RM+ + O ·−
2

k4−−→ RM + O2 (4.12)

In this reaction scheme it is reasonable to assume that the reaction 4.10 is the rate determin-
ing step. According to reaction 4.10, the O·−2 production rate can be formulated as followed:

d[O·−2 ]

dt
= k2[Li2O2][RM+] (4.13)
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Expressing the concentration of RM+ through Nernst law leads to:

d[O·−2 ]

dt
= k2[Li2O2][RM] · e−

(
E−E0

RM/RM+

)
F/RT (4.14)

In equation 4.14 stands for the electrode potential and E0
RM/RM+ for the standard potential

of RM. Including the initial concentration of RM, [RM0]:

[RM0] = [RM] + [RM+] (4.15)

This leads to the following expression:

d[O·−2 ]

dt
= k2[Li2O2][RM0] ·

(
1 + e−

(
E−E0

RM/RM+

)
F/RT

)−1

(4.16)

In the next step we assumed that the rate constant k2 is given by Marcus’ expression:

k2 = k2,0 · e−
(λ+∆G0)

2

4λRT (4.17)

Where λ is the reorganization energy and ∆G0 the free enthalpy of the electron transfer.
With the help of reaction 4.10 ∆G0 can be expressed as follows:

∆G0 = −F
(

E0
RM+/RM − E0

Li2O2/O·−2

)
= −FER (4.18)

Combing equation 4.17 and 4.18 results in:

k2 = k2,0 · e
− λ

4RT +FER

(
1

2RT−
FER
4λRT

)
(4.19)

For DMSO one can assume a reorganisation energy of 80 kcal/mol [209]. ER is for the inves-
tigated redox mediators between 0.7 V and 1.1 V. Taking these numbers into account, one can
neglect FER

4λRT over 1
2RT . Overall expression 4.19 simplifies to the following expression:

k2 ≈ k2,0 · e−
λ

4RT +
FER
2RT (4.20)

If the reaction should be an inner sphere reaction, the factor in the second term of the exponent
would have to be replaced by a factor α similar to that in the Butler-Volmer equation.
Combing equation 4.16 and 4.20 leads to:

d[O·−2 ]

dt
= k2,0 · e−

λ
4RT +

FER
2RT [Li2O2][RM0] ·

(
1 + e−

(
E−E0

RM/RM+

)
F/RT

)−1

(4.21)

Taking the logarithm and summing up all constant values as const gives the following expres-
sion:

ln
(

d[O·−2 ]

dt

)
= const +

FER

2RT
−
−
(

E− E0
RM/RM+

)
F

RT
(4.22)
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Our experiments showed, that the difference E− E0 is in the range between 60 mV and 200 mV.
Therefore, the 1 in the right hand side logarithm term of equation 4.22 can be excluded giving
the following equation:

ln
(

d[O·−2 ]

dt

)
= const +

FER

2RT
−
−
(

E− E0
RM/RM+

)
F

RT
(4.23)

RT
F

ln
(

d[O·−2 ]

dt

)
= const2 +

1
2

E0
RM/RM+ + E− E0

RM/RM+ (4.24)

In equation 4.24 the expression for ER , defined in equations 4.18 and 4.19, was used. The

resulting term −
E0

Li2O2/O·−2
2 was included into const giving const2 .

To explain the trend shown in Figure 4.6, equation 4.24 was rearranged as followed:

E =
1
2

E0
RM/RM+ + const2 + ln

(
d[O·−2 ]

dt

)
E
+

RT
F

(4.25)

The term ln
(

d[O·−2 ]
dt

)
E

is constant, due to our determination of E: E is the potential at which
the oxygen flux into the mass spectrometer in the RM-containing experiment is increased over
5 pmol s−1 above that observed in the measurement in the supporting electrolyte. If one as-
sumes that the chemical side reactions of O·−2 are negligible, O·−2 will be oxidized by a following
electrochemical reaction resulting into the oxygen flux into the mass spectrometer. Thus, E in
formula 4.25 is the same as the used Eonset within the discussion of the underlying paper of this
supporting information.
All in all, our combination of the Marcus‘ expression as well as a Nernstian behavior for the
examined oxidation of the Li2O2 by a redox mediator shows that one would expect in a plot of
Eonset as a function of the redox potential of the redox mediator a slope of 0.5.

The effect of the surface roughness on the ORR at Au-electrodes
To examine the roughness effect of Au-surfaces on the ORR DEMS studies in a dual thin layer
cell were performed (for details towards the experiment see [153]). A polycrystalline Au elec-
trode with a roughness factor (RF) of 1 was used as a working electrode. After the measure-
ments in a 0.5 M LiClO4 O2-saturated DMSO electrolyte the surface of the electrode was rough-
ened to a RF of 3 and the measurement in a 0.5 M LiClO4 O2-saturated DMSO electrolyte was
repeated. The RF values were determined by a method described by Trasatti and Petrii [210].
The experimental data is shown in Figure 4.14.

The experimental data shows, that the shape of the ORR is influenced by the different
roughness factors. The transferred charge in the ORR is higher for the rougher surface. This is
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Figure 4.14: DEMS study of Au-electrodes with two different roughness factors (RF). In red: RF= 3 and
in blue RF=1. The figure shows the cyclic voltammetry data (top), the ionic current of mass 32 (middle)
and the ionic current of mass 44 (bottom).

because the rougher surface is able to uptake more Li2O2 before the poisoning of the electrode
starts, because of its higher surface area. This result show that the slightly different shapes of
the ORR region within the underlying main manuscript could be explained through different
roughness factors of the sputtered Au-electrodes.
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5.1 | Abstract

Transport properties and solubilities of volatile species in liquid solutions are of high interest
in different chemical, biological, and physical systems. In this work, a new approach for de-
termining the diffusivity and solubility of gases in liquids simultaneously is presented. The
method presented relies on the diffusion of a volatile species through a thin, liquid layer and
the subsequent detection of the species using a mass spectrometer. Evaluation of the time de-
velopment of the resulting transient yields the diffusion coefficient, while the concentration
of the species in the liquid layer can be calculated from the steady-state value of the flux into
the mass spectrometer. Apart from the geometry of the thin-layer and the calibration constant
of the mass spectrometer no additional or external data are required. Experimental results
of the temperature-dependent solubility and diffusivity of oxygen in dimethyl sulfoxide are
presented in our companion paper Part II and serve as a proof of concept.

5.2 | Introduction

Proper knowledge of the solubility and diffusion coefficients of volatile species in liquids was
rarely as important as it is today with the growing interest in nonaqueous metal-air batteries
[97, 100, 123, 211, 212]. Because of the variety of electrolytes employed for research and also be-
cause of rapid developments related to the electrolyte’s composition, as exemplarily illustrated
by different articles regarding Li-air batteries [36, 46, 67, 82, 89, 213–215], there is a need for a
method to determine the relevant parameters sufficiently accurate, fast, and ideally with small
amounts of electrolyte. The latter might be of interest if the electrolyte itself is very expensive,
which is the case for most of the ionic liquids used in metal-air research [216–218].
Methods currently used for the determination of the oxygen solubility in the context of metal-
air batteries usually rely on a combination of volumetric and gravimetric measurements[219–
221], spectroscopic techniques, either directly detecting oxygen [222] or detecting probes for
oxygen [223], mass spectrometric methods [222, 224, 225] pressure measurements [226–228],
and electrochemical techniques, which allow for the simultaneous determination of the solu-
bility and diffusion coefficient [91, 229–231]. It is noteworthy that the mass spectrometric de-
termination of the oxygen solubility by Khodayari et al. also allows for the determination of the
diffusivity, which is achieved by changing the electrolyte flow rate [224]. Most of these methods
need a rather large electrolyte volume owing to the limited sensitivity of the measurement de-
vices or the conditions under which the solubility can be determined (e.g., flow-through cells).
Regarding simultaneous determination of the Henry constant KH and the diffusion coefficient
D, electrochemical techniques, such as chronoamperometry [230, 231], are promising. Never-
theless, electrochemical techniques can only be applied if there is a reaction, which can be elec-
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trochemically followed within the potential window of the solvent, and some basic knowledge
of the reaction mechanism is available (i.e., the number of electrons transferred per molecule).
The latter often is not guaranteed in organic electrolytes due to the usual complex reaction
mechanisms and unwanted side reactions. Although determination of D in experiments under
well-defined convective conditions does not explicitly rely on knowledge of a reaction mecha-
nism, the precision of these experiments is usually unsatisfactory [95, 138].
In this article we present a new method for simultaneously determining gas solubilities and
diffusion coefficients using a thin-layer cell with a low electrolyte volume (down to 20 µL)
coupled to a differentially pumped mass spectrometer (MS). The diffusion coefficient can be
determined by fitting a signal, which is simulated according to Fick’s laws, to the timeresolved
MS signal observed after a sudden change in gas pressure, while the absolute concentration of
volatile species in the electrolyte can be obtained from the steady-state value of the MS signal
applying Fick’s first law of diffusion.

5.3 | Experimental

Thin-Layer Cell
A sketch of the cross-section of the thin-layer cell used for determination of the solubility and
diffusivity data is shown in Figure 5.1.

Thin-layer cells in combination with DEMS have been previously used in electrochemical
applications [58, 200, 232]. The upper cell holder, which is connected to an oxygen-containing
chamber, and the lower cell holder, which is connected to the vacuum chamber of a mass spec-
trometer, are made of stainless steel, while the cell body itself is made from brass. Each cell
holder contains a porous steel frit, which mechanically stabilizes the porous poly-(tetrafluoro-
ethylene) (PTFE) membranes M1 and M2 and allows the gas transport from the gas reservoir
into the liquid layer and from the liquid layer into the vacuum of the mass spectrometer. The
porous PTFE membranes (Goretex, porosity of 50%, pore diameter 20 nm) separate the liquid
phase in the cell body from the vacuum below and the gas phase above the solution. Water-
perfused tubes made from copper are attached to the holders to enable temperature control of
the whole measurement setup via a thermostat, with the temperature directly measured in a
cavity within the cell body using a previously calibrated type K thermocouple. The cell body
itself is constructed in a way that there is a small cavity of known height h (h = 700 µm) and
radius r (r= 3 mm) between the upper membrane M1 and the lower membrane M2. The height
of this cavity defines the thickness of the thin-layer. The two small capillaries (diameter 1 mm)
are used as in- and outlet for the electrolyte.
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M2

Figure 5.1: Cross-section of the measurement cell. The upper cell holder is connected to an oxygen
reservoir, while the lower cell holder connects the cell body to the vacuum of a mass spectrometer. Two
porous PTFE membranes separate the liquid from the vacuum and the gas phase. Both membranes are
mechanically stabilized by porous steel frits flush-mounted into the cell holders. Copper tubes attached
to the steel holders ensure proper temperature control of the whole setup.

Setup and Experimental Procedure

The complete setup consisting of the thin-layer cell, a differentially pumped mass spectrometer
(see MS in Figure 5.2, QMA 430, Pfeiffer Vacuum), and the gas cylinder including the connect-
ing valves as well as the pressure sensor (see P in Figure 5.2, TPG 202, Pfeiffer Vacuum) is
shown in Figure 5.2.

The experiment proceeds as follows: First, the solution is introduced into the cell via the
capillaries. Immediately after that, the volume below and above the cell is evacuated by open-
ing V2 as well as V5 and V3. By this approach, the thin-layer of solution can be degassed
(usually for 5 min), and additional contaminations from the ambient air are avoided. After that
V2 is closed and V1 is opened to establish a connection between the high vacuum of the mass
spectrometer and the cell.
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Figure 5.2: Measurement setup. After the solution is introduced to the measurement cell, it can be evac-
uated from below via valve V2 and from above via V5 and V3. The connection to the mass spectrometer
(MS) is established via V1, while V4 and V5 connect the cell to a gas cylinder. With V4 open and with V3
and V5 closed, the vacuum tubes are filled with gas. After V4 is closed, the abrupt opening of V5 leads
to a slight decrease in pressure (as monitored by the pressure sensor P), and the gas can saturate the
solution in the cell. The time-resolved detection of gaseous species in the MS is directly proportional to
flow of gaseous species through the solution.

In the next step valves V5 and V3 are closed, and the throttle valve V4 is opened, flushing
the evacuated tubes between V4 and V5 with oxygen from the gas cylinder. After valve V4 is
closed, oxygen is then removed again via V3, and the procedure is repeated at least three times
to reduce possible contaminations arising from residual amounts of gas in the tube. After that,
a certain oxygen pressure (usually 900 mbar) is adjusted via the help of pressure sensor P while
V5 is closed. To start the measurement, V5 is abruptly opened, and the flux of volatile species
through the liquid layer into the mass spectrometer is measured with a time resolution of 20 ms.
Because of the volume of the stainless steel holder connecting the cell and the valve V5, an al-
most instantaneous drop in pressure can be observed when V5 is opened, which gives us the
starting point (t0) of the measurement.After ∼150 s the steady-state value of the ionic current
is achieved, indicating the end of the measurement. As a first proof of concept, a transient of
the oxygen signal in pure water is shown in Figure 5.3.

With a theoretical thickness of 700 µm and the calibration constant of the mass spectrometer
as determined via the electrochemical oxygen reduction reaction in a 0.5 M tetrabutylammo-
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Figure 5.3: A typical example of a measurement obtained in ultrapure water (18.2 MΩ cm) at 20 °C. Top
figure: The oxygen pressure within the tubes over membrane M1. The starting point of the measurement
can be set through the sudden oxygen pressure drop. Bottom figure: The measured flux transient of
mass 32 together with a simulated transient.

nium perchlorate (TBAClO4) containing dimethyl sulfoxide (DMSO) [90] (K∗ = 25 · 10−6), the
diffusivity and solubility can be evaluated. The electrochemical cell we are using for the de-
termination of K∗ is described in ref [58]. For a more detailed description of the calibration
procedure, see chapter 5.4.3 in the Methods Section.
The resulting diffusivity of 20.1 · 10−6 cm2 s−1 and solubility of oxygen 1.42 mM at a temper-
ature of 20 °C are in close agreement with values reported in the literature (c = 1.39 mM [233,
234], D(O2) = 19.6 · 10−6 cm2 s−1 [235], D(O2) = 20.1 · 10−6 cm2 s−1 [236]).

5.4 | Results and discussion

5.4.1 | Evaluation of the Solubility and Diffusivity
For determination of the diffusivity of the gaseous species, analysis of the time-dependent de-
velopment of the concentration gradients (Figure 5.4 (a)) or the transients of the ionic currents
(Figure 5.4 (b)) is necessary.

Mathematical treatment of this planar diffusion problem was performed by Aiba based on
the work of Carslaw and Jaeger [237, 238]. The most important boundary conditions are as fol-
lows: The concentration at the boundary between gas and liquid (x = 0, Figure 5.4 (a)) equals
the equilibrium or saturation concentration; the concentration at the boundary between liquid
and vacuum (x = h, Figure 5.4 (a)) is 0 (and thus, the partial pressure of the gas in the vacuum
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Figure 5.4: Concentration gradients within the thin-layer and the resulting current transient. (a) Con-
centration gradients for different times t. The concentration at x = 0 always equals the equilibrium
concentration c0, while the one at x = h remains 0. The concentration profiles have been derived via
finite difference simulation. (b) Resulting current transient of the flux of the investigated species into
the vacuum of the MS. The arrows indicate the points in the transients resulting out of the concentration
profiles in (a).

is sufficiently close to 0 on a linear scale, even though the exact partial pressure of the gas must
be nonzero to be able to measure a signal in the MS). This implies that both absorption and
desorption are arbitrarily fast compared to diffusion of the gas in the liquid and that the partial
pressure of the gas at the vacuum side is close to zero. Furthermore, the pressure at x = 0 is
assumed to be constant, which is true due to the large amount of gas contained in the tubing
(∼ 5 · 10−2 mol) as compared to the low flow rates (in the range of 1 · 10−10 mol/s). It is note-
worthy that the diffusion problem differs significantly from the semi-infinite diffusion problem
invoked in the derivation of the well-known Cottrell equation, where the initial concentration
at the electrode’s surface equals the bulk concentration, and thus, a current signal is observed
immediately after a change in potential (which is the analogy to the change in pressure).
Applying the different boundary conditions and treating the problem in terms of a one-dimensional
(1D) planar diffusion problem a series expansion is obtained describing the transient of the flux
(equation 5.1) [239]:

η(t) = 1 + 2
∞

∑
n=1

(−1)n exp
(
−(πn)2 t

6tc

)
(5.1)

with η(t) as the normalized flux, n as a natural number, t as time measured in the experiment,
and tc is defined as

6tc =
h2

D
(5.2)

In equation 5.2, h is the thickness of the layer, and D represents the diffusion coefficient. To
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obtain the diffusion coefficient D, current transients with different values for D were simulated
(n = 25) and fitted to the experimental current transients via the least-square method.
The thus calculated diffusion coefficient can be used to evaluate the solubility or rather Henry’s
constant by applying Fick’s first law of diffusion (see equation 5.3), which correlates the flux of
volatile species (J) to the diffusion coefficient D, the opening for the gas at the site of the MS
with a cross section area of A and the concentration gradient at x = h:

J = −D · A
(

∂c
∂x

)
x=h

(5.3)

Although the theoretical steady-state maximum of the flux is never achieved, the current after
110 s equals already 99% of the maximum flux and can be interpreted as a steady-state value,
for which the concentration gradient is approximately linear between x = 0 and x = h (see red
pictured gradient in Figure 5.4 (a)). Therefore, equation 5.3 can be simplified, directly yielding
a relation between gas solubility c and the steady-state ionic current (Imax):

c =
h · Imax

D · A · K0 (5.4)

The constant K0 is a calibration constant of the mass spectrometer containing the ionization
probability of the investigated species and can be determined in different ways.
From the concentration c and the partial pressure p the Henry constant KH can be calculated
according to

KH =
c
p

(5.5)

5.4.2 | Calibration of the System for Determination of the Diffusivity
Although it is not required theoretically, for practical purposes proper determination of the
thickness of the layer h is useful to increase accuracy of the diffusion coefficients. Therefore, the
following procedure was used for calibration: Ultrapure water (18.2 MΩ cm) was introduced
in the cell, and a pressure step experiment as described above was performed. From the time-
dependent current transients and the diffusion coefficient of oxygen in water at 20 °C (D =

20.1 · 10−6 cm2 s−1) [236] the thickness of the cell can be evaluated. The thus-obtained thickness
h equals h = 693± 13 µm, where the uncertainty reflects the t-distributed standard error of
mean of a series of seven independent experiments. This value is in excellent agreement with
the ∼700 µm thickness obtained by a simple length measurement.

5.4.3 | Calibration of the System for Determination of the Solubility
According to equation 5.4 for the determination of the solubility c the knowledge of the cal-
ibration constant of the mass spectrometry system K0 as well as the cross-sectional area A is
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needed. While A and h can be manufactured with relatively high precision, K0 has to be de-
termined in an external experiment. The calibration constant K0 can either be evaluated from
the correlation of the ionic current and the known flux of the specific gas under investigation
through a throttle valve in terms of a calibration leak experiment [153], by using a solvent in
which the equilibrium concentration as well as diffusivity of the gas is known or by perform-
ing an electrochemical reaction of known stoichiometry [26]. The latter approach only yields
the calibration constant K∗, which, due to the high transfer efficiency of nearly 100% between
cell and vacuum, only has to be multiplied with Faraday’s constant to yield K0 [153]. On the
contrary, the calibration leak experiment directly gives K0, but it does not yield information
about A and h. In this study, K0 has initially been determined by using the electrochemical
oxygen reduction in 0.5 M TBAClO4 in DMSO with an experimental setup described in refer-
ence [58]. It is known that, in this electrolyte system, the electrochemical reduction of oxygen
quantitatively yields superoxide [90]:

O2 + e− −−→ O·−2 (5.6)

Correlating the faradaic current for reaction 5.6 to the ionic current measured by the mass
spectrometer, a value of 2.38 C mol−1 for K0 was obtained.
To account for changes in the calibration constant due to aging of the filament, the oxygen
solubility in pure DMSO at 19 °C was determined before every measurement and was used as
an internal reference. This allowed us to recognize changes in K0 and correct our determination
of the solubilities. Furthermore, these measurements in pure DMSO showed that the shape of
the transients did not change even after 130 days (see Figure 5.5). This is an indication of the
reproducibility and the quality of the performed experiments.
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Figure 5.5: Typical transients obtained in pure DMSO at 19 °C. The curve in red was obtained 130 d after
the black curve. Most of the experiments were performed within this time frame.

5.5 | Conclusion

A new thin-layer cell for determination of temperature-dependent diffusivities and solubili-
ties of volatile species in liquid phase coupled to a mass spectrometer is presented. A major
advantage of this cell as compared to, for example, electrochemical measurements is that the
diffusivity and solubility can be measured simultaneously without any external knowledge,
such as the stoichiometry of a reaction. Moreover, the duration of a single run is below 5 min
enabling the cell for high throughputs. The measurement includes the following steps: Ini-
tially, the thin-layer is evacuated from both sides to remove any residual, volatile species. The
diffusivity is subsequently determined by applying an abrupt change in the pressure of the
(gaseous) analyte and evaluating the transient signal in the mass spectrometer. Finally, from
the steady-state value of the transient and the calibration constant of the mass spectrometer the
solubility can be calculated.
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6. The solution mediated ORR in metal-O2 batteries 6.1. Abstract

6.1 | Abstract

One of the bottlenecks in Li-O2 batteries is the film like growth of Li2O2 on the electrode
surface during discharge leading to early cell death. To tackle this problem 2,5-Di-tert-1,4-
benzoquinone (DBBQ) was introduced as a soluble redox mediator. This redox mediator is
avoiding the Li2O2 layer-by-layer growth on the electrode surface and thus leading to higher
discharge capacities of the Li-O2 cell. In this study, we investigate the ion pairing between the
cation of the conducting salt and the DBBQ monoanion and the resulting impact on the ORR
activity of the DBBQ monoanion. We investigate TBA+, K+ and Li+ as cations and TEGDME
and DMSO as solvents. We found out that there is a direct correlation between the ORR activity
of DBBQ– and the ion pairing of DBBQ– with the cation of the supporting electrolyte: Only
if DBBQ is strongly associated with the cations of the electrolyte it will reduce oxygen in the
electrolyte. Increasing the Li+ concentration in the electrolyte shifts the ORR potential to more
positive electrode potentials. In addition, we are describing a new experimental approach to in-
vestigate the kinetics of the homogeneous ORR via time resolved mass spectrometry. With this

approach we found out, that the reaction Li· · ·DBBQ(sol) +O2(sol)
k1−−⇀↽−−

k−1
Li· · ·DBBQ· · ·O2(sol) is 80

times faster in a TEGDME based electrolyte than in a DMSO based electrolyte. We determined
k1 with 5.1 · 102 s−1 M−1 and k−1 with 3.7 · 102 s−1 M−1 in TEGDME whereas the constants in
DMSO are k1 = 4.5 s−1 M−1 and k−1 = 5.5 s−1 M−1.

6.2 | Introduction

Metal-O2 batteries are considered as a promising alternative to the Li-Ion technology due their
high theoretical specific energy. Unfortunately, this technology is facing many challenges:
During charge and discharge, reactive oxygen species like singlet oxygen and superoxide are
formed, which are leading to side reactions with carbon electrodes and the electrolyte [95, 115,
117, 119, 240, 241]. Moreover, the main discharge products in Li-O2, Na-O2, K-O2 and Mg-O2

batteries are Li2O2, NaO2, KO2 and MgO2, which are electronically insulating [58, 98, 111, 242–
247]. For the electrochemical deposition of Li2O2, Bondue et al. performed studies on model
electrodes and found out that if the thickness of the deposited Li2O2 layer is in the range of 2-3
monolayers the electrode is already passivated [26]. In batteries, this phenomenon is leading to
a big discrepancy between the experimental and the theoretical capacity of the operating sys-
tem. Therefore, a lot of publications in the metal-O2 field are dealing with the research on im-
proving the crystal growth of the insulating discharge products (toroidal growth of Li2O2)[34–
36, 245]. One promising idea is the use of soluble redox mediators for the ORR. In the Li-O2

field ethyl viologen [41, 42], phthalocyanine [43] and benzoquinones [45–47] were suggested.
One of the benzoquinones, 2,5-Di-tert-1,4-benzoquinone (DBBQ) showed an increase of the
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discharge capacity in glyme electrolytes based Li-O2 cells by a factor of 80-100 [46]. In 2016
by Gao et al. suggested a mechanism for the mediated ORR by the electrochemically formed
DBBQ monoanion [46]:

DBBQ(sol) + e− −−→ DBBQ−(sol) (6.1)

Li +
(sol) + DBBQ−(sol) −−→ Li · · ·DBBQ(sol) (6.2)

Li · · ·DBBQ(sol) + O2(sol)
k1−−⇀↽−−

k−1
Li · · ·DBBQ · · ·O2(sol) (6.3)

DBBQ is reduced at the electrode surface to the DBBQ monoanion (reaction 6.1). As benzo-
quinones anions are known to undergo ion-pairing [248–250], this reaction is also expected for
DBBQ monoanion. Gao et al. gave thermodynamic evidences that the ORR mediated by DBBQ
has to proceed via a Li · · · DBBQ · · · O2(sol) complex as intermediate. Thus, the ORR medi-
ated by DBBQ is not an outer sphere electron transfer. Two possible reaction pathways were
formulated by Gao et al., which lead to Li2O2 as the ORR product:

2Li · · ·DBBQ · · ·O2(sol)
k2−−→ Li2O2(s) + O2(sol) + 2DBBQ(sol) (6.4)

Li · · ·DBBQ · · ·O2(sol) + Li · · ·DBBQ(sol)
k3−−→ Li2O2(s) + 2 DBBQ(sol) (6.5)

Recently, Liu et al. [47] modified the mechanism of Gao et al. and proposed the following
reactions as a possible pathway for the mediated ORR by DBBQ:

Li · · ·DBBQ · · ·O2(sol) −−→ LiO2(sol) + DBBQ(sol) (6.6)

2LiO2(sol) −−→ Li2O2(s) + O2(sol) (6.7)

Liu et al. showed indirectly, by analyzing the amount of side reactions in DME and TEGDME
based electrolytes, that another intermediate of the ORR mediated by DBBQ is LiO2.
With the mechanism formulated in reactions 6.1-6.7, the higher capacities of the DBBQ contain-
ing Li-O2 cells could be explained by a solution growth of Li2O2 as shown in reactions 6.4, 6.5
and 6.7.
This paper also deals with DBBQ as a mediator for the ORR. The focus of this study is on the
impact of the ion pairing of the DBBQ monoanion with the cations of the electrolyte (see reac-
tion 6.2) on the overall ORR.
Therefore, we will shortly explain the thermodynamic effect on the reduction potential of a
reduced molecule caused by ion pairing. As an example, we assume that a species A is under-
going a fast electron transfer at the electrode forming A– :

A(sol) + e− −−→ A−(sol) (6.8)
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In solution A– can now form ion pairs with cations M+ of the supporting electrolyte:

A−(sol) + pM+
(sol) −−→ AM(1−p)+

(sol) (6.9)

Herein p is the number of pairing cations. If reaction 6.8 is in equilibrium, for the ratio between
A– and A as a function of the electrode potential E is given by the Nernst equation. For a fast
reaction 6.9 the concentration of the educts and products is given by chemical equilibrium with
an equilibrium constant K. Combing these two assumptions will give the following expression
for the half wave potential E1/2 of reactions 6.8 and 6.9 [251]:

E1/2 = E0
A→A− +

RT
F

ln
(
1 + Kc(M+)p) (6.10)

In equation 6.10 E0
A→A− is the standard potential of reaction 6.8, R is the ideal gas constant,

T the temperature and F the Faraday constant. Equation 6.10 simplifies if 1 << Kc(M+)p to
[248]:

E1/2 = E0
A→A− +

RT
F

ln (K) +
RT
F

p ln(c(M+)) (6.11)

E1/2 = const +
RT
F

p ln(c(M+)) (6.12)

In equation 6.12 all constants were summarized into const. Equation 6.12 shows, that if A– is
undergoing ion pairing the half wave potential of the reductive process is shifting to positive
electrode potentials. The expected slope at room temperature in a plot of E1/2 as a function
of log(c(M+)) is p·60 mV/dec. Especially quinones are prone to undergo ion pairing in non
aqueous solvents [248–250].

Our investigations described in this paper show, that the DBBQ monoanion is only active
for the ORR if there is a strong interaction between DBBQ– and the cation of the electrolyte.
To investigate the ORR kinetics in DBBQ containing electrolytes we are using the differential
electrochemical mass spectrometry (DEMS) and the rotating ring disc electrode (RRDE). The
formation of crystalline ORR reaction products (in the presence of DBBQ) is analyzed with the
RRDE in Li+ and K+ containing TEGDME. There we found out that more insoluble reaction
products are formed in Li+ containing solution. In addition, we are measuring the oxygen
consumption rates of the DBBQ monoanion containing solutions via mass spectrometry with
a novel experimental approach. In this approach the diffusion of oxygen through a thin elec-
trolyte layer is measured via the time resolved ionic current of m/z =32. A homogeneous
reaction that is consuming O2 perturbs the diffusion of oxygen through the thin electrolyte
layer. Out of finite element simulation, this perturbation can be isolated, giving kinetic insights
into the ORR mediated by the DBBQ monoanion in the absence of other electrode reactions.
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Moreover, we will show that increasing the Li+ concentration in the supporting electrolyte will
not only shift the equilibrium potential of the DBBQ reduction but also the onset of the ORR to
more positive potentials.

The paper is organized in two parts:

� In part I the homogeneous ORR kinetics in DBBQ- containing solution is examined using
the new experimental approach of pressure jump experiments via mass spectrometry.

� In part II the ORR kinetics is examined with DEMS and RRDE. First, we are presenting
the results in Li+ containing TEGDME based electrolytes. Secondly, the results in Li+

containing DMSO based electrolytes are discussed.

6.3 | Experimental

Chemicals
All electrolytes were prepared in an MBraun or GS glovebox. Lithium perchlorate (LiClO4, bat-
tery grade, Sigma-Aldrich), silver nitrate (AgNO3,≥99%, ChemPure), Tetrabutylammonium
perchlorate (TBAClO4, ≥99%, Sigma-Aldrich), 2,5-Di-tert-1,4-benzoquinone (DBBQ, 99%, Sig-
ma-Aldrich) and extra dry dimethyl sulfoxide (DMSO, 99.7%, over molecular sieve, Acros Or-
ganics) were used as received. Potassium perchlorate (KClO4, ≥99.99%, Sigma-Aldrich), was
dried under reduced pressure and increased temperature in a Büchi oven before using them
as supporting salts. Tetraglyme (TEGDME, 99%, Acros Organics) was refluxed over sodium
and distilled under reduced pressure. Afterwards TEGDME was stored over molecular sieve.
Highly pure argon (Air Liquid 99.999%) and highly pure oxygen (Air Liquid 99.995%) were
used to saturate the electrolytes.

Reference electrode
The reference electrode consists of a silver wire immersed in a solution of 0.1 M AgNO3 in
DMSO. In the measurement cells the reference electrolyte is separated via a glass bead or a
glass stopcock from the supporting electrolyte to avoid contaminations of the supporting elec-
trolyte with Ag+. A detailed description of our reference electrode used for the DEMS measure-
ments can be found elsewhere [90].The potential of the Ag+|Ag reference in acetonitrile was
calibrated against Li metal in DMSO and TEGDME in [252]. On this basis and with the listed
values [132] of Ag+|Ag values we calculated our reference potential with -3.198 V vs Li+|Li in
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TEGDME and -3.742 V in DMSO. A sketch towards the calculation of the reference potential is
given in the supporting information.

RRDE-Experiments
Rotating ring disc electrode (RRDE) experiments were carried out with a Pt-Pt thin gap elec-
trode with a fixed geometry (AFE7R8PTPT, Pine Research Instrumentation). The disc radius is
r1 = 2.285 mm, the inner ring radius is r2 = 2.465 mm and the outer ring radius is r3 = 2.69 mm.
With the kinematic viscosity ν, the diffusion coefficient of a transferred species from the disc
electrode to the ring electrode D, and the rotation frequency f of the RRDE electrode, one
can calculate the transfer time of the species under investigation with the modified formula of
Bruckenstein et al. [138] by Prater et al.[253]:

t = 3.58
( ν

D

)1/3
(2π f )−1

[
log
(

r2

r1

)]2/3

(6.13)

For the RRDE electrode used in this study, using D = 1.66 · 10−6 cm2 s−1(diffusion coefficient
of the DBBQ monoanion in a TEGDME based electrolyte, determined by us in RRDE potential
jump experiments) and the kinematic viscosity of TEGDME ν = 0.03294 [254] this leads to
t = 396 ms for f = 4 ms and t = 32 ms for f = 49 ms. A fundamental property of the RRDE is
that the theoretical collection efficiency N0 is only dependent on the RRDE radii. On the other
hand, one can determine the apparent collection efficiency N:

N =

∣∣∣∣ Iring

Idisc

∣∣∣∣ (6.14)

In equation 6.14 Iring and Idisc are the faradaic current at the ring electrode and at the disc
electrode, respectively. Deviation of N from the theoretical collection efficiency N0 of the RRDE
geometry, which is 0.218 for the used Pt-Pt-thin gap electrode, can be caused by a homogeneous
reaction occurring in the gap-ring-region, if the homogeneous reaction is creating a species,
which is not undergoing an electrochemical reaction at the applied ring potential.
The RRDE experiments were carried out in an argon filled GS glove box. As electrochemical
cell we were using a self-built glass cell.

DEMS experiments
Our DEMS setup consist of an self-built differentially pumped vacuum system with two pump-
ing stages of 200 L s−1 (TMU 260, Pfeiffer Vacuum) and 50 L s−1 (TPU 062, Pfeiffer Vacuum) as
described by O. Wolter and J. Heitbaum previously [142]. As mass spectrometer, we are using
a QMA 430 by Balzers.
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The ionic current of O2 (m/z = 32) and CO2 (m/z = 44) detected in the mass spectrometer are
calculated into a mass flux ṅm/z:

dnm/z

dt
= ṅm/z =

Im/z

K∗m/zF
(6.15)

In equation 6.15 Im/z is the baseline corrected ionic current detected in the mass spectrometer,
K∗m/z calibration constant of a species with m/z and F is the faraday constant. The baseline cor-
rection leads to negative ṅm/z which are due to a consumption of a species with m/z whereas
positive values correspond to an evolution of a species with m/z.
The cell used in this study is a thin layer cell that was recently introduced in [58]. The cell body
is manufactured out of Kel-F. As working electrode, we are using a porous PTFE membrane
sputtered with gold (A = 0.283 cm2). The pore diameter is 20 nm. Since the membrane is used
as interface between vacuum of the mass spectrometer and the electrolyte, volatile species in
the electrolyte or those formed at the electrode can evaporate into the vacuum and be detected
in the mass spectrometer. The overall electrolyte volume in front of the working electrode is
5.6 µL. The electrolyte volume is saturated with oxygen via a oxygen reservoir through an-
other porous PTFE membrane opposite of the WE. Three gold electrodes are used as counter
electrodes. The electrolyte contact of these counter electrodes is realized through capillaries.
As reference electrode we used the Ag+|Ag reference described above. More details about the
cell are described in [58].

6.4 | Results an discussion

6.4.1 | Part I: Homogeneous ORR kinetics of DBBQ- in various solvents
Our aim was to investigate the homogeneous kinetics of ORR mediated by DBBQ– for elec-
trolytes that are containing different supporting salts and solvents, decoupled from the electro-
chemical experiment. This was achieved by measuring the consumption of oxygen in the pres-
ence of the DBBQ monoanion while it is diffusing through a thin electrolyte layer. A schematic
representation of the experimental setup, which we call “Pressure jump experiment”, is shown
in Figure 6.1.

The procedure of the pressure jump experiments and a proof of the principle was recently
published [128, 255]. In short, the pressure jump experiments are performed as follows: The
volume of the O2 tank as well as the volume above the first Teflon membrane (left membrane in
Figure 6.1) is evacuated; afterwards the valve connecting the oxygen tank and the thin layer cell
is closed. The oxygen tank is then filled with an oxygen partial pressure below the atmospheric
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Figure 6.1: Schematic representation of the experiment used to determine the oxygen consumption of
the ORR by DBBQ- in various electrolytes. An electrolyte layer is filled with a DBBQ containing so-
lution. The oxygen pressure is abruptly changed on the left porous PTFE membrane (see red arrow
labeled with “O2 in” ). At the other end of the cell the O2 flux through the electrolyte layer is measured
via mass spectrometry. In general, the signal contains information about the diffusion flux of oxygen
ṅ (O2)di f f usion as well as the consumption of O2 by DBBQ- ṅ (O2)homo .

pressure. Opening the valve to the cell again generates a pressure drop in the oxygen tank,
which is recorded via a pressure sensor. The pressure drop represents the zero time stamp
of the experiment. After opening the valve, oxygen is diffusing through the electrolyte layer
into the vacuum of the mass spectrometer. The time dependent diffusion of oxygen through
the thin layer is measured as oxygen flux ṅ(O2) with the mass spectrometer. In the absence
of a chemical reaction consuming O2, the transient is only defined by the diffusion of oxygen
through the thin electrolyte layer ṅ(O2)diffusion. In the presence of DBBQ– , O2 can also be
consumed in the mediation cycle as described in equations 6.3-6.7 , which effectively reduces
the flux of O2 into the vacuum of the mass spectrometer. Therefore the overall detected oxygen
flux into the mass spectrometer ṅ(O2)total is:

ṅ(O2)total = ṅ(O2)diffusion − ṅ(O2)homo (6.16)

To extract the kinetic information from the transient finite difference element simulations as
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well as several experiments are necessary.
Figure 6.2 shows the needed experiments as well as the information flow between the different
experiments, to extract the rate constants of the ORR mediated by DBBQ– .

Figure 6.2: Schematic workflow of the experiments, which are performed to determine the kinetics of
the ORR mediated by DBBQ-.

First, it is necessary to calibrate the experimental setup. This is achieved by performing a
pressure jump in pure DMSO solvent (see green box in Figure 6.2). There the diffusion coeffi-
cient and the solubility of O2 are known (D(O2) = 24.3 · 10−6 cm2 s−1 , c(O2) = 2.04 mM)[128,
255]. Therefore the solvent layer thickness h can be calculated, which is needed for all fol-
lowing pressure jumps experiments. Secondly, D(O2) and c(O2) in the electrolyte that will be
used to investigate the ORR mediated by DBBQ– will be determined (see yellow box in Fig-
ure 6.2). To determine D(O2) and c(O2) in these electrolytes, pressure jumps in the absence
of DBBQ– are performed. Finite difference simulations of the experimental data gives the val-
ues of D(O2) and c(O2). In RRDE experiments D(DBBQ−) and c(DBBQ−) are determined
(see blue box in Figure 6.2). D(DBBQ−) is determined by producing DBBQ– in a potential
jump experiment at the disc electrode. The transfer of DBBQ– to the ring electrode is studied
by extracting the transfer time t, which it takes DBBQ– to be detected at the ring electrode at
different rotation frequencies. According to equation 6.3, D(DBBQ−) can be determined in
a plot of f−0.5 → t. The RRDE setup is also used to produce DBBQ– containing solutions.
There the disc potential is held for approximately 12 h such that DBBQ is reduced to DBBQ– .
After the 12 h, the c(DBBQ−) can be determined out of the diffusion limited current for the
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DBBQ– oxidation in a cyclic voltammetry measurement according to the Levich-equation. Fi-
nally, the parameters determined in the three experiments are used in a last experiment to
determine the kinetic parameters of the ORR mediated by the DBBQ-monoanion (see red box
in Figure 6.2). There a pressure jump in a DBBQ– containing electrolyte is performed. Inter-
preting the oxygen flux transient with a finite element simulation, in which reactions 6.3-6.5
are implemented, is unraveling the chemical kinetics of the ORR mediated by DBBQ– . The
diffusion coefficient of Li · · ·DBBQ · · ·O2(sol) is experimentally not determinable and therefore
we set D(Li · · ·DBBQ · · ·O2(sol)) = D(DBBQ−).

For the one-dimensional diffusion problem of O2 in the thin electrolyte layer, analytical so-
lutions exist, which can be used to benchmark our finite element code [239]. The finite element
simulation is in excellent agreement with the analytical solution (see Figure 6.12 in the support-
ing information), which is verification of the used code. Even though the analytical solution
of the diffusion problem is available, the use of finite difference simulation is necessary, due to
introducing chemical kinetics and different diffusion coefficients into the analysis of the exper-
imental data. To give the reader a tool to get a deeper understanding of this experiment, we
formulated a chapter in the supporting information, which is explaining with a model reaction
the shape of the transients. In addition the evolution of concentration profiles of the different
species is shown.

Figure 6.3 shows the pressure jump experiment in 0.5 M TBAClO4 in DMSO. The black
traced oxygen flux into the mass spectrometer was recorded in the absence of DBBQ– in the
electrolyte and in the orange traced measurement 8 mM DBBQ– was previously produced in
the electrolyte volume. The comparison of this measurement shows, that both oxygen flux
transients are congruent. This means that DBBQ– is not disturbing the transport properties of
O2 by chemical reaction. Thus, DBBQ– is not mediating the ORR in 0.5 M TBAClO4 in DMSO.

Introducing Li+ into the electrolyte is changing the outcome of the experiments. In Fig-
ure 6.4 the pressure jump experiments in (a) 0.5 M LiClO4 in DMSO and (b) 0.5 M LiClO4 in
TEGDME are displayed.

First of all the oxygen flux into the mass spectrometer in the absence of DBBQ– were ana-
lyzed (grey traced measurements in Figure 6.4). The finite difference simulation is in this case
providing the solubility and diffusivity of oxygen in the electrolyte system. The simulated
oxygen flux transients are reproducing the experimental data excellently (see black traced oxy-
gen flux transients in Figure 6.4). The current of the experiments in two different electrolytes is
reaching the same diffusion limited current due to different applied oxygen pressures in the ex-
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Figure 6.3: Pressure jump in a 0.5 M TBAClO4 in DMSO electrolyte. The black curve was recorded
in absence of DBBQ-. In the orange transient, a 8 mM DBBQ- containing solution was used. The thin
electrolyte layer had a thickness of 400 µm and during the pressure jump, a pressure of 700 mbar of
oxygen was applied on the cell.
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Figure 6.4: Experimental and simulated oxygen flux transients after a pressure jump in (a) 0.5 M LiClO4
in DMSO with 2.7 mM (green) and 4.6 mM (blue) DBBQ- in the electrolyte. In (b) 0.5 M LiClO4 in
TEGDME was used as an electrolyte. The red transients the electrolyte contained 5.6 mM of DBBQ-. The
grey displayed measurements are showing the transients in the absence of DBBQ- . In the DMSO based
measurements, the electrolyte layer thickness was determined with 581 µm and in the TEGDME mea-
surement with 646 µm. The applied oxygen pressure in the DMSO based measurements was 875 mbar
and in the TEGDME based measurements 682 mbar.

perimental procedure (p(O2, DMSO) = 877 mbar p(O2, TEGDME) = 681 mbar). The received
values are summarized in Table 6.1, and in good agreement with previously reported values
[128, 228, 255]. Table 6.1 also shows the diffusion coefficient for DBBQ– , which was determined
in potential jump experiments with a RRDE experiment (for details see the supporting infor-
mation).
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The shape of the oxygen flux transients is changing when DBBQ– is added to the electrolyte
(see green, blue and red traces measurements in Figure 6.4). There the oxygen flux reaching
the mass spectrometer is delayed in the DBBQ monoanion containing electrolyte as compared
to the DBBQ monoanion free solution, implying a consumption of O2 via a reaction with the
DBBQ monoanion. This observation is more pronounced in the TEGDME base electrolyte.
Here the detection of an oxygen flux starts 60 s after the beginning of the experiment. For
our further interpretation of the experimental data, we implemented equations 6.3-6.5 into
the finite difference simulation. The associated rate constants are k1, k−1, k2 and k3. With
these reactions, we were able to reproduce the experimental data. The received rate constants
are summarized in Table 6.2. In the fitting routine, it was sufficient to exclude k3 out of the
analysis. The received rate constants show that there is a significant change in the rate con-
stants of reaction 6.3 when the solvent of the electrolyte is changed from DMSO to TEGDME.
In a TEGDME based electrolyte we observe approximately 80 times faster formation of the
Li · · ·DBBQ · · ·O2(sol) -complex compared to the DMSO based electrolyte. To show the reader
the sensitivity of our experimental approach towards changes in the rate constants of the sug-
gested mechanism, we are showing the change of the transients when different rate constants
are assumed (see Figure 6.15 in the supporting information).

Table 6.1: Resulting values for the diffusion coefficient of oxygen and solubility of oxygen out of fitting
the experimental pressure jump experiments in the absence of DBBQ– in Figure 6.4. The diffusion coef-
ficient of DBBQ– is determined in potential jump experiments in a RRDE experiments (see supporting
information).

electrolyte c(O2) / mM D(O2) / cm2 s−1 D(DBBQ−) / cm2 s−1

0.5 M LiClO4 in DMSO 1.850 18.95·10−6 1.12·10−6

0.5 M LiClO4 in TEGDME 3.616 13.78·10−6 0.32·10−6

Table 6.2: Resulting values for the rate constants of reactions 6.3 and 6.4. These values result out of
the simulations of the pressure jump transients in Figure 6.4. Reaction 6.5 was also taking into the
simulation. The evaluations shows that this reaction was not needed to fit the experimental data.

solvent c(DBBQ−) / mM k1 / s−1 M−1 k−1 / s−1 M−1 k2 / s−1 M−1

DMSO 4.6 6 6 11
DMSO 2.7 3 5 3

TEGDME 5.8 512 371 3
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6.4.2 | Part II: Electrochemical studies of the ORR mediated by DBBQ-
6.4.2.1 | Electrochemical studies in TEGDME based electrolytes

We investigated the mediated ORR by DBBQ in a TEGDME based electrolyte by combining
cyclic voltammetry and mass spectrometry (see Figure 6.5).
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Figure 6.5: CVs, O2 flux and CO2 flux in a 0.5 M LiClO4 solution in TEGDME. The blue traced measure-
ment was performed in the presence of O2, but in the absence of DBBQ. The black curves are represent-
ing measurements when DBBQ is added to the electrolyte, but O2 is not present. The experiment in the
presence of O2 and DBBQ is shown in red. Gold was used as working electrode in all measurements
and the sweep rate was 10 mV/s. The oxygen pressure on the gas side was 700 mbar.

The cyclic voltammetry of DBBQ in the absence of O2 shows, that in TEGDME the reduc-
tion of DBBQ occurs at higher potentials (- 0.6 V vs. Ag+|Ag) than the reduction of O2 in the
supporting electrolyte without DBBQ (- 0.75 V vs. Ag+|Ag). Indeed the decrease of the oxygen
flux in a DBBQ containing TEGDME based electrolyte is observed at potentials at which the on-
set of the DBBQ reduction in a deoxygenated solution starts (compare red traced measurement
to the black traced measurement in Figure 6.5). This gives a clear evidence that the mediation of
the ORR by DBBQ in a TEGDME based electrolyte occurs via the DBBQ monoanion and could
be described with reactions 6.1-6.7. The increase of the reduction current in the red traced mea-
surement compared to the black traced measurement in Figure 6.5 results from the reoxidation
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of DBBQ– to DBBQ due to O2 as shown in reactions 6.4-6.6, followed by the back diffusion and
reduction of DBBQ at the working electrode. In the presence of DBBQ in the electrolyte, the
overall oxygen reduction charge transferred is higher than in the supporting electrolyte with-
out DBBQ. This was previously explained by the solution growth of Li2O2, which therefore is
suppressing the poisoning of the electrode surface. Moreover, we observe a CO2 evolution in
our DEMS experiments, which is more pronounced in the DBBQ free solution. The significant
decrease of the CO2 flux into the mass spectrometer at higher electrode potential in a DBBQ
containing TEGDME electrolyte compared to a DBBQ free electrolyte can be explained by less
deposition of CO2 releasing species on the electrode surface during the ORR. Already known
species that would be oxidized to CO2 and that is described in literature on the Li-O2 system
are Li2CO3 and other electrolyte decomposition products[90, 204].
In the presence of DBBQ in the electrolyte the oxygen flux into the mass spectrometer in the
OER potential region is decreased compared to the measurements in DBBQ free electrolytes.
This can be explained by the formation of large Li2O2 particles with bad electrical contact to
the electrode or the formation of these particles at the walls of the cell as expected for the ORR
mediation mechanism by DBBQ. Thus, Li2O2 has bad or no electric contact to the electrode
surface and is therefore not completely oxidizable. This underlines the need of introducing a
redox mediator for the OER into the electrolyte [34, 58, 84, 204].
The homogeneous formation of Li2O2 was also investigated using the RRDE by analyzing the
rotational dependency of the collection efficiency [138, 253, 256]. In more recent work in the
field of metal-air batteries with a RRDE even the evolution of superoxide during charge was
reported [109, 252, 257]. In these experiments, we used KClO4 and LiClO4 supporting salts in
a TEGDME based electrolyte. The experimental data in oxygen containing electrolyte is shown
in Figure 6.6. The lower potential limit in each experiment was set such that only the DBBQ
monoanion was produced in the reductive wave. It is worthwhile to mention that a layer of
Li2O2 is normally blocking the disc electrode, if the experiments shown in Figure 6.6 are per-
formed without DBBQ in the electrolyte. This shows again that in the presence of DBBQ in
the electrolyte the insulating products of the ORR are not formed on the electrode surface but
in the electrolyte volume. Another explanation could be that large particles on the electrode
surface are blocking a negligible surface area.
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Figure 6.6: CV study at a Pt-Pt-thin gap RRDE assembly for various rotation rates. The electrolyte was
saturated with a 20 % O2 mixture in Ar. The ring potential was held at a constant potential of 0.0 V vs.
Ag+| Ag. The sweep rate of the disc potential was 10 mVs-1. The supporting electrolyte always consist
of 1 mM DBBQ in TEGDME with (a) 0.1 M KClO4 and (b) 0.1 M LiClO4.

To analyze the homogeneous reaction kinetics, the rotational dependency of the collection
efficiency N is evaluated. The ratio between the experimental collection efficiency N to the
theoretical collection efficiency N0 as a function of the rotation frequency is shown in Figure 6.7
(a). N0 was determined by reducing DBBQ at the disc electrode and oxidizing DBBQ– at the
ring electrode in the Ar-saturated electrolyte (see Figure 6.22 and Figure 6.23 in the supporting
information). There the collection efficiency shows no rotational dependency and was deter-
mined to be 0.239, which is in good agreement with the one calculated from the radii of the
electrodes (0.218).
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Figure 6.7: (a) Plot of the ratio between the experimental collection efficiency N of the data shown in
Figure 6.6 and the theoretical collection efficiency N0 as a function of the rotation frequency. The exper-
imental collection efficiency is the mean value of the collection efficiencies determined in the potential
range in which a reductive current was observed at the disc electrode in the experiment shown in Fig-
ure 6.6. The values of N/N0 in DBBQ free electrolytes did not show a rotational dependence and are
shown as arrows with the respective caption. (b) Sketch of the possible reactions that could occur in the
electrolyte volume in front of the RRDE electrode.

The value N/N0 for the experiments shown in Figure 6.6 shows a dependence on the ro-
tation frequency of the RRDE electrode: N/N0 is strictly monotonically rising with increasing
rotation frequency. The values of N/N0 are always lower in the Li+ containing solution than
in the K+ containing solution. For the K+ containing solution the experimental collection ef-
ficiency nearly reaches the theoretical collection efficiency for the highest rotation frequency
of 49 Hz (N/N0 = 0.96). We also performed studies in 0.1 M LiClO4 [47] and 0.1 M KClO4

(see Figure 6.24 in the supporting information) in TEGDME without DBBQ. There we did not
observe a rotational dependency of N/N0. Those values are also lower than the values with
DBBQ in the electrolyte (see arrows in Figure 6.7 (a)) which is due to the parallel formation
of Li2O2 with is deposited on the disc electrode and thus not oxidized at the ring electrode.
This shows that the ORR is following a non-homogenous reaction mechanism in DBBQ free
electrolytes: A large part of the reaction products is deposited at the electrode surface as also
evidenced by the reduced ORR activity of the electrode in the subsequent anodic sweep.
To interpret these results we summed up the reactions formulated in 6.1-6.7 in a simplified re-
action scheme together with to a sketch of the RRDE geometry (see sketch in Figure 6.7 (b)).
In the supporting information we are discussing why we concluded that the ORR in the RRDE
experiments is mainly due to the mediation by DBBQ and that the direct reduction of oxygen
at the electrode surface can be neglected. In principle, this sketch shows that we assume that
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all species, which are soluble, are also oxidizable at the ring electrode. These species are sol-
uble superoxide and reduced DBBQ-anions associated to the cations of the electrolyte as well
as to oxygen. The only species that are not oxidizable at the ring should be crystalline (non-
dissolved) potassium superoxide and potassium and lithium peroxides (the toroidal structures
shown in the sketch are used as a symbol for the crystalline nature). The rotation frequency
dependence of N/N0 is due to the increase of the transfer time of a species from the disc elec-
trode to the ring electrode for decreasing the rotation frequency (see equation 6.13. Therefore,
for smaller rotation rates more non-oxidizable species can be formed by reactions 6.1-6.7 which
leads to a decrease of N/N0. The overall lower values of N/N0 in a Li+ containing solution
compared to a K+ containing solution show that the homogeneous ORR is faster in a Li+ con-
taining system than in a K+ containing solution. At the same time we observe a shift of the
half wave potentials of the DBBQ reduction in measurements in the Li+ containing system of
200 mV compared to the K+ containing system (see Figure 6.22 in the supporting information).
This suggests a stronger ion association between Li+ and DBBQ– than between K+ and DBBQ– .

6.4.2.2 | Electrochemical studies in DMSO based electrolytes

We also performed DEMS studies on the mediation of the ORR by DBBQ in DMSO based elec-
trolyte (see Figure 6.8). Comparing the measurements in DMSO based electrolyte to the already
discussed DEMS data in TEGDME gives evidences that the ORR mediated by DBBQ is slower
in the DMSO based electrolyte than in the TEGDME based electrolyte, as already observed in
the pressure jump experiments. This can be seen in the low rate of oxygen consumption be-
tween the onset of the first electron transfer to DBBQ (- 0.7 V vs. Ag+| Ag) and the onset of
ORR in the supporting electrolyte without DBBQ (-0.9 V vs. Ag+| Ag). The ORR activity trend
of the measurements in the DMSO based solvent and in the TEGDME based solvent also fol-
lows a similar trend as the previous K+ and Li+ comparison: As the Li+-DBBQ- association is
stronger in the TEGDME based electrolyte the ORR activity is also faster in the TEGDME based
electrolyte compared to the DMSO based electrolyte. The stronger ion association can be seen
by a 140 mV positive shift of the first reduction wave of DBBQ in TEGDME compared to the
measurement in DMSO (see Figure 6.20 in the supporting information). Also a comparison in
the CVs of DBBQ in the absence of oxygen (see black traced measurement Figure 6.8) and in
the presence of oxygen in the electrolyte (see red traced measurement in Figure 6.8) gives an in-
dication for the minor activity of DBBQ on the ORR in DMSO based electrolyte: The reduction
current in the oxygenated solution is only slightly increased compared to the deoxygenated
solution, which might be explained by the parallel, direct reduction of O2 on the electrode
surface. Thus back diffusion and reduction of generated DBBQ out of reactions 6.4-6.6 is less
pronounced than in a TEGDME based electrolyte. However, the comparison to the measure-
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ment in supporting electrolyte without DBBQ shows, that the electrode surface is not poisoned
by deposited Li2O2 in the presence of DBBQ. This is an indication that the ORR is undergoing
a solution mediated growth of Li2O2. Since the monoanion of DBBQ showed a minor activity
towards the ORR, the solution growth of Li2O2 seems to be mainly mediated by the dianion of
DBBQ at lower electrode potentials as -1.2 V vs Ag+| Ag (onset of the DBBQ2- formation). At
this point, we want to highlight, that it is reasonable to assume that the underlying mechanism
of the mediated ORR by DBBQ2- is different to that of DBBQ-: The DBBQ2- formation takes
place at potentials significantly lower as compared to the potential of the unmediated ORR.
Therefore, DBBQ2- can reduce O2 in the electrolyte volume by an outer sphere electron trans-
fer. An analogous mediator-oxygen-complex like in equation 6.3 is thus not coherent.
The measurements in a DMSO based electrolyte do not show a significant decrease of the CO2

flux when DBBQ is added to the electrolyte. This shows that Li2CO3 or other decomposition
product which are releasing CO2 are still deposited on the electrode surface in DMSO based
electrolytes.
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Figure 6.8: CVs, O2 flux and CO2 flux in a 0.5 M LiClO4 solution in DMSO. The blue traced measurement
was performed in the presence of O2, but in the absence of DBBQ. The black curves are representing
measurements when DBBQ is added to the electrolyte, but O2 is not present. The experiment in the
presence of O2 and DBBQ is shown in red. Gold was used as working electrode in all measurements
and the sweep rate was 10 mV/s. The oxygen containing solutions were saturated with an oxygen
partial pressure of 700 mbar.
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6.4.2.3 | Li+ concentration dependency of the ORRmediated by DBBQ in DMSO based
electrolyte

The previous results are showing that the mediated ORR is strongly influenced by the cation-
DBBQ- association. Therefore, we investigated the effect of an increasing cation -DBBQ- asso-
ciation on the ORR in a Li+ containing DMSO based electrolyte. The Li+-DBBQ- - association
is increased by increasing the Li+ concentrations in the DMSO based electrolyte and investi-
gated with cyclic voltammetry. The black traced CVs in Figure 6.9 (a) are normalized to the
first reduction wave and show the faradaic current of the DBBQ reduction and oxidation in
a deoxygenated solution. In these measurements, the concentration of LiClO4 in DMSO was
increased from 0.5 M to 2.5 M (see labeling in Figure 6.9 (a)). The current waves of the first
and second reduction step of DBBQ are shifting to more positive electrode potentials as the
Li+ concentration in the supporting electrolyte is increased, indicating a stronger Li+-DBBQ-

association
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Figure 6.9: (a) CVs for measurements in a deoxygenated DMSO based electrolytes with different LiClO4
concentrations and v = 10 mV s−1. The concentration of LiClO4 is increasing from the top shown mea-
surement to the bottom shown measurement (see labeling in the Figure (a)). The CVs were recorded
in the thin layer DEMS cell on a sputtered Au electrode on PTFE. All CVs are normalized to the first
reduction peak. (b) Plot of the half wave potentials E1/2 of the first DBBQ reduction step (black circles)
and the second DBBQ reduction step (blue circles) vs. log c

(
Li+

)
. The linear fit through the data points

(see dashed lines) as well as the slopes and the adjusted R-square R2 is included. The data of this plot
was extracted from the black traced CVs in Figure 6.9 (a).

The potential shift of the DBBQ monoanion and dianion reduction steps is shown in Fig-
ure 6.9 (b) (overall the peak currents of the redox system are decreasing with increasing sup-
porting salt concentration see Figure 6.18 in the Supporting Information). Therein the half
wave potential of the first (black circles) and the second (blue circles) reduction step of DBBQ
is plotted vs. log c (Li+) . As predicted in formula 6.12 E1/2 is showing an excellent linear trend
with respect to log c (Li+) for both reduction. The slope of the linear fits in Figure 6.9 (b) shows
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that the potential shift of the second reduction step with 0.29 V/dec is more pronounced than
the first reduction step with 0.15 V/dec. From of the slope for the first reduction step it can be
estimated that DBBQ- is associated with 2 to 3 Li+-cations (see equation 6.12).
To investigate the ORR mediated by DBBQ, the measurements shown in Figure 6.9 (a) were
repeated in oxygen saturated solution (see red traced measurements in Figure 6.10). To give
the reader a comparison to the deoxygenated solution the measurements shown in Figure 6.9
(a) were also included in Figure 6.10 (see black traced measurement). Moreover, the ORR re-
duction was also investigated for variously concentrated LiClO4 in DMSO based electrolytes
without DBBQ (see blue traced measurements in Figure 6.10). Figure 6.10 (a) is showing the
CVs and Figure 6.10 (b) the oxygen fluxes, which were normalized to the diffusion limited
oxygen flux through the electrolyte layer. The non-normalized oxygen flux is also shown in
Figure 6.17 in the supporting information.
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Figure 6.10: CVs (a) and oxygen flux (b) for measurements in a DMSO based electrolytes with different
LiClO4 concentrations and v = 10 mV s−1. The concentration of LiClO4 is increasing from the top shown
measurement to the bottom shown measurement (see labeling in the figure (a)). The DBBQ concentra-
tion in all measurements was 7.5 mM. The oxygen flux into the mass spectrometer was normalized to
the diffusion limited oxygen flux through the thin electrolyte layer of the DEMS cell. The solid lines are
showing the cathodic sweeps and the dashed lines the anodic sweeps.

First, we will discuss the influence of the differently concentrated LiClO4 electrolytes with-
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out DBBQ on the ORR. The waves in cathodic sweep direction of the ORR are undergoing
a positive potential shift when the concentration of LiClO4 is increased (see close up of Fig-
ure 6.10 in Figure 6.11).
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Figure 6.11: Close up to the cathodic sweep of the faradaic current (a) and the oxygen flux (b) in the ORR
region of the DBBQ free solution with various LiClO4 concentrations (see caption) shown in Figure 6.10.
The currents were normalized to the diffusion limited currents.

Previously Tatara et al. investigated the effect of concentrated LiTFSI solution in DMSO on
the ORR [258]. With RRDE and Raman studies, the authors found that the amount of LiO2, as
an ORR intermediate, is decreasing in higher concentrated solution. The authors related this
observation to the lack of free DMSO in the electrolyte at higher concentration and thus to the
lack of a solvent that is able to dissolve LiO2. We would in addition suggest a second effect that
could play a role. The ORR can be described with the following reaction equation:

2 Li+ + 2 O2 + 2 e− −−→ 2 LiO2 −−→ Li2O2 + O2 (6.17)

One identifies LiO2 as an intermediate in this reaction cascade. The electron transfer to form
LiO2 is occurring at the electrode interface and therefore potential dependent. It was previ-
ously shown that the disproportionation of LiO2 is a first order reaction with respect to the Li+

concentration [124]. Therefore, a higher Li+ concentration would increase the LiO2 dispropor-
tionation rate and therefore decrease the concentration of LiO2 in front of the electrode. The
decrease of the LiO2 concentration would lead to a positive Nernstian shift of the potential of
the ORR [129]. Therefore this argumentation would also explain the observations of Tatara et
al. [258]. There is a third explanation for this potential shift. We previously reported that on Au
electrodes we observe a direct reduction of oxygen to peroxide without involving any soluble
intermediates [111]. For this reaction one would also expect a Nernstian shift of the reaction
with increasing Li+ concentration.
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The influence of the reduced DBBQ species on the ORR in various concentrated electrolytes
is best illustrated by comparing the oxygen flux in DBBQ free (see blue traced measurement in
Figure 6.10 (b)) and DBBQ containing solution (see red traced measurement in Figure 6.10 (b)).
In these measurements, the oxygen flux was normalized to the diffusion limited oxygen flux
through the electrolyte layer.
For 0.5 M LiClO4 in DMSO, the oxygen flux in the DBBQ containing electrolyte and the DBBQ
free electrolyte are overlapping in the cathodic sweep with respect to the electrode potential
(see top measurement in Figure 6.10 (b)). This shows that, the direct oxygen reduction on the
Au-surface and the mediated by DBBQ are occurring in the same potential range. As the Li+

concentration in the electrolyte was increased, the onset of the oxygen consumption in pres-
ence of DBBQ is shifting to higher electrode potentials. The same trend was also described in
the beginning of this chapter for the potential shift of the DBBQ reduction in oxygen free so-
lution. The comparison to the measurements in DBBQ free electrolyte shows that there is not
an as pronounced shift in the ORR as in the DBBQ containing solution. Thus the ORR shift
can be explained with the shifted DBBQ reduction. Therefore, for higher Li+ concentrations
the ORR is mainly mediated by DBBQ. This observation also shows, that the ORR is mediated
by a (Li+)p-DBBQ- ion pairs (p stands for the stoichiometry of Li+ within the ion pair). This
effect is of great interest for the development of a Li-O2 battery because it shows that one could
increase the discharge voltage of a Li-O2 battery. In addition, this would lower the hysteresis
of the discharge and charge plateau in Li-O2 batteries which is always observed in this battery
systems.
The oxygen flux of the measurements in the DBBQ containing electrolytes in Figure 6.10 (b)
shows some more interesting details in cathodic direction: For higher Li+ concentrations the
oxygen flux is passing through a shoulder and ends in a diffusion limited current. We believe
that the shoulder indicates the ORR mediated by the DBBQ monoanion while the diffusion
limited oxygen flux (at Li+ concentrations higher than 0.5 M) is mediated by the DBBQ dianion
and the direct ORR on the electrode surface. The mediation of the ORR by the DBBQ monoan-
ion is passing through a shoulder because the reaction of the ORR is slower than the diffusion
of oxygen through the thin layer is occurring.

6.5 | Conclusion

The mediation of the ORR by DBBQ was investigated in TEGDME and in DMSO based elec-
trolytes. Our focus was to examine the impact of the cation on the redox mediation. As experi-
mental techniques, DEMS combined with cyclic voltammetry as well as time resolved oxygen
transients through a thin electrolyte layer and RRDE experiments were used. The analysis of
time resolved oxygen transients in MS experiments is a new technique to investigate homoge-
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neous reactions that are involving the consumption of a gaseous species. The main results of
our study are:

1. We clearly showed that the DBBQ monoanion is responsible for the mediation of the ORR.
Herein the formation of a DBBQ--cation ion pair is necessary to observe an ORR mediated
by the DBBQ monoanion, as we could conclude from the absence of the mediated ORR
in a TBA+ containing solution.

2. We could show that the rate of first reaction of the postulated mediated ORR

Li · · · DBBQ(sol) + O2(sol) −−⇀↽−− Li · · · DBBQ · · · O2(sol) is increasing of factor 80 if the
solvent is changed from DMSO to TEGDME. We believe that this reactivity difference
is due to the overall higher cation-DBBQ- association, which can be explained by two
physical properties of the solvent that affect ion association:

a) The permittivity ε of DMSO ( ε (DMSO)=46.7 [259]) differs greatly from the per-
mittivity of TEGDME ( ε (TEGDME)=7.78 [260]). The critical length of an ion pair
can be estimated by calculating the Bjerrums length lb [261]. Regarding DMSO and
TEGDME the Bjerriums lengths are 11.8 Å and 74.8 Å respectively. For separations
of cations smaller than lb the coulomb interactions becomes more significant than the
thermal energy. Therefore, the formation of ion pairs is more favorable in TEGDME
based electrolytes.

b) The donor number (DN) of TEGDME (DN (TEGDME)= 12 ± 4 [102]) is also lower
than the DN of DMSO (DN(DMSO)=29.8 [262]. It is known that Li+ (which is a Lewis
acid) is stronger interacting with high DN solvents [263]. Computational results of
Kwabi et al. showed, that the solvation free energy of Li+ is linearly increasing with
DN of the solvent [264]. Thus in higher DN solvents the cation solvent association
is competing with the DBBQ- - cation association in equation 6.2.

Experimental evidences that the ion association of Li+ and DBBQ- is stronger in TEGDME
than in DMSO is again given by the 140 mV positive shift of the first reduction wave of
DBBQ in TEGDME compared to the measurement in DMSO.

3. The formation of insoluble reaction products of the ORR mediated by DBBQ was inves-
tigated by analyzing the collection efficiency in RRDE experiments. We showed that the
formation of insoluble products is faster in Li+ containing TEGDME than in K+ contain-
ing TEGDME, which is again in agreement with the strength of ion pairing between the
cation of the electrolyte and DBBQ-.
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4. Increasing the Li+ concentration in the supporting electrolyte leads to a positive shift
of the ORR mediated by the DBBQ- and DBBQ2-. This was explained by the positive
potential shift of the DBBQ reduction due to the ion pairing of the DBBQ-anions Li+ and
the thus resulting positive potential shift of the DBBQ reduction. The theoretical expected
shift ( E1/2 = const + RT

F p ln (c (M+)) ) was observed in these experiments. This results
in a formation of the redox mediator at more positive electrode potentials.
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6.6 | Supporting information

Finite difference simulations of DEMS experiments

Simulation of oxygen flux transients through a thin electrolyte layer cou-
pled with a homogeneous reaction consuming oxygen
We implemented a finite difference code in the Julia programming language [180]. To validate
our code we used the row expansion published by Wichterlová et al. [239]. This series expan-
sion is a solution for the one dimensional diffusion problem in our cell geometry. We already
used it to evaluate diffusion coefficients and solubilities of oxygen in different electrolytes in
this cell [128, 255]. A modified form of this series expansion, which is also taking the diffusing
limited current of the transient into account is given by equation 6.18.

η(t) =
Ac(O2)D(O2)

h

[
1 + 2

∞

∑
n=1

(−1)n exp
(
−(πn)2 t

6tc

)]
(6.18)

Herein c (O2) is the solubility of oxygen for a given partial pressure of oxygen, D (O2) is the
diffusion coefficient of oxygen, A is the cross section area of the thin electrolyte layer and h
is the thickness of the electrolyte layer. In Figure 6.12 a comparison of a transient calculated
according to equation 6.18 and simulated with the finite difference algorithm is shown. Both
transients are in excellent in agreement with each other, which is also illustrated by a maximum
deviation of 0.025 % . This shows, that the finite difference code is appropriate working.
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Figure 6.12: Comparison of a transient simulated according to equation 6.18, where the series expan-
sion was aborted for nend = 25 (blue) and the transient resulting out of a finite difference simula-
tion (orange). For both transients same parameters were used: h=580 µm, D (O2) = 1.91 · 10- 9 m2/s,
c (O2) = 1.84 mM and p (O2) = 876.8 mbar. In addition, the deviation of both transients in % is shown
(

nseries expansion−nfinite diffrence simmulation
nseries expansion

).

Introducing chemical kinetics into the pressure jump experiments

To give an introduction into the experiment and to discuss the shape of the transients, especially
what information we get about the homogeneous reaction, we start with a simpler chemical
reaction then expected for the ORR mediation by DBBQ:

A(sol) + O2(sol)
k−−→ B(sol) (6.19)

Oxygen is consumed in a second order reaction by species A forming B with a reaction rate
constant k . For the concentration c and the diffusion coefficient D of oxygen and species A the
following assumptions were made:

c(O2) = c(A) = 1 mM (6.20)

D(O2) = D(A) = 1 · 10−9 m2 s−1 (6.21)

With these parameters we performed finite difference simulations of the pressure jump ex-
periments. We exemplary defined the thin electrolyte layer to be 200 µm thick. In the finite
difference scheme the electrolyte layer is separated into 40 elements (“boxes” ), which are giv-
ing the concentration of all involved species to a given time step.
In the beginning of the finite difference simulation the concentration of species A is in all boxes
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is 1 mM. The concentration of oxygen is 0 mM. Only in the first box ( x =0 µm ) the oxygen con-
centration is 1 mM (t=0, begin of the pressure jump experiment). Oxygen is diffusion through
the electrolyte layer as well as consumed by reaction 6.19. The resulting transient is calculated
by applying Fick’s first law to the last two boxes ( x =195 µm and x =200 µm ). Figure 6.13 and
Figure 6.14 are showing the resulting transients and the concentration profiles of species A and
oxygen as well as the resulting transient. The corresponding time of the concentration profiles
is displayed as blue circle in the transient. For a better comparison, the transient of the system
without taking reaction 6.19 into account is also shown (see black dashed line in Figure 6.13 C
and Figure 6.14 C). The reaction rate constant k of reaction 6.19 is in Figure 6.14 500 times faster
than in Figure 6.13 (2 · 10-3 M-1s-1 in Figure 6.13 and k =1 M-1s-1 Figure 6.14). The comparison
of these two simulations shows, that in the case of the smaller rate constants species A is not
completely consumed over the time scale of the experiment. This is resulting in a lower diffu-
sion limited current of the transient compared to the transient without taking the homogeneous
reaction into account (see Figure 6.13 C). For the faster reaction rate constant, species A is con-
sumed on the time scale of the experiment. The comparison of the concentrations profiles of
oxygen and species A is showing, that the chemical reaction is that fast that the consumption
of oxygen by reaction 6.19 is happening first. After all of species A in a volume element is con-
sumed the oxygen molecules can diffuse further into the thin layer. This is resulting in a shift
of the transient on the time scale compared to a transient without a homogeneous reaction (see
Figure 6.14 C). On a qualitative basis, we also observed the trend of a slower chemical reaction
in 0.5 M LiClO4 in DMSO in the presence of DBBQ- and the trend of a fast chemical reaction in
0.5 M in TEGDME in the presence of DBBQ- (see Figure 6.4 in the paper).
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Figure 6.13: Simulated transients for the diffusion of oxygen through a 200 µ m thick layer (dashed
line in (C)) and for including reaction (2) with k =2 · 10-3 M-1s-1 into the simulation (red line in (C)).
The concentration profiles of species A (A) and O2 (B) are also included. The time values of the shown
concentration profiles are indicated by blue circles in (C).
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Figure 6.14: Simulated transients for the diffusion of oxygen through a 200 µ m thick layer (dashed
line in (C)) and for including reaction (2) with k =1 M-1s-1 into the simulation (red line in (C)). The
concentration profiles of species A (A) and O2 (B) are also included. The time values of the shown
concentration profiles are indicated by blue circles in (C).
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Estimating the significance of the received rate constants
To estimate the significance of the received rate constants of the fitting of the pressure jump
experiments (see Table 6.2 in the main article) we compared the change of the simulated tran-
sients to the experimental transient when changing the rate constants. In detail, we used the
rate constants received in the DMSO based measurement with the rate constants received in
the TEGDME based measurement and vice versa. Herein the diffusivity of oxygen, the solubil-
ity of oxygen and the applied pressure of oxygen is that used one in the TEGDME and DMSO
experiment. Thus only the rate constants were changed. Figure 6.15 (a) is showing the experi-
mental oxygen flux transient in 0.5 M LiClO4 in DMSO with 4.6 mM DBBQ- in the electrolyte.
This figure also contains a simulated transient in which the rate constants of the TEGDME
based measurement were used ( k1 = 512 s-1 M-1, k−1 = 371 s-1 M-1und k2 = 3 s-1 M-1, see Table
6.2 in the paper). The simulation shows a big discrepancy from the experimental data. We
also observe a huge discrepancy if the experimental oxygen flux transient in 0.5 M LiClO4 in
TEGDME with 5.8 mM DBBQ- is compared to a simulated transient in which the rate constants
of the DMSO based measurement were used ( k1 = 3 s-1 M-1, k−1 = 5 s-1 M-1und k2 = 3 s-1 M-1),
as displayed in Figure 6.15 (b). This shows that the transients are changing dramatically in the
range of rate constants, which we received in our fitting procedure. The interpretation to these
misfits is that we are indeed observing a deviation in the chemical rate constants of the ORR
mediated by DBBQ- by changing the solvent from DMSO to TEGDME.
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Figure 6.15: Comparison experimental oxygen flux transient in 0.5 M LiClO4 in DMSO to a simulated
transient with the rate constants received from the fitting of the TEGDME based measurement ( k1 =
512 s-1M-1, k−1 = 371 s-1M-1und k2 = 3 s-1M-1). (b) Comparison experimental oxygen flux transient in
0.5 M LiClO4 in TEGDME to a simulated transient with the rate constants received from the fitting of
the DMSO based measurement ( k1 = 3 s-1M-1, k−1 = 5 s-1M-1 and k2 = 3 s-1 M-1).
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Determining the diffusion coefficient of DBBQ- in RRDE Experiments
In the finite difference simulations, the diffusion coefficient of DBBQ- D (DBBQ−) is needed.
This is also used to have an approximation for D

(
Li · · · DBBQ · · ·O2(sol)

)
. D (DBBQ−) was

experimentally determined in potential jump experiments at a rotating ring disc electrode
(RRDE). In these experiments the potential of the disc electrode is abruptly jumped into a po-
tential window were DBBQ is reduced. The ring potential is held at a potential were the reverse
reaction is occurring. For the further evaluation, the resulting ring current transients are of in-
terest. Exemplary two ring current transients for two different rotation rates, recorded in the
DMSO based electrolyte are shown in Figure 6.16 (a). Out of the transients the transfer time
ts is extracted, which is the time at which 2% of the diffusion limited current of the transient
is achieved (illustrated by arrows in Figure 6.16 (a)). According to equation 6.16 the diffusion
coefficient of the transported species can be calculated.

ts = 3.58
( ν

D

) 1
3
(2π f )−1

[
log
(

r2

r1

)]2/3

(6.22)

An appropriate way to evaluate the transfer times is to use a plot of ts ( f ) and use the
slope of the resulting regression line to calculate D . Figure 6.16 (b) is showing this plot and
the expected linear trend with the regression lines for the TEGDME and DMSO based elec-
trolytes. This is resulting in a diffusion coefficient for DBBQ- in 0.5 M LiClO4 in TEGDME of
0.32·10-6 cm2/s and for 0.5 M LiClO4 in DMSO of 1.12·10-6 cm2/s.
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Figure 6.16: (a) Ring current transients for the oxidation of DBBQ- at the ring electrode after an abrupt
potential jump at the disc electrode for two different rotation rates. The potential jump at the disc
electrode is performed into a potential window in which DBBQ- is generated. (b) Plot of the transfer
time of DBBQ- as a function of f−1 in the TEGDME and DMSO based electrolyte. The linear regression
lines are shown, which are used to calculate the diffusion coefficient of DBBQ-.
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The effect of Li+ concentration on the mediated ORR by DBBQ

- 4 0 0
- 2 0 0

0
2 0 0

- 3 0 0
- 1 5 0

0
1 5 0

- 2 0 0
- 1 0 0

0
1 0 0

- 1 5 0
- 7 5

0
7 5

- 1 . 5 - 1 . 0 - 0 . 5 0 . 0 0 . 5
- 1 0 0
- 5 0

0
5 0

- 2 0 0
- 1 0 0

0
1 0 0

- 1 0 0
0

- 1 0 0
- 5 0

0

- 5 0
0

- 1 . 5 - 1 . 0 - 0 . 5 0 . 0 0 . 5
- 5 0

0  w i t h o u t  D B B Q
 D B B Q  w i t h  O 2
 D B B Q  w i t h o u t  O 2

��

0 . 5  M  L i C l O 4

. n(O
2 )��

�
	
���

���

��

1 . 5  M  L i C l O 4

1  M  L i C l O 4

��

��

2  M  L i C l O 4

�

 

�

2 . 5  M  L i C l O 4

��

��

��

��

E  /  V  ( v s .  L i | L i + ) E  /  V  ( v s .  L i | L i + )

E  /  V  ( v s .  A g | A g + )

��

E  /  V  ( v s .  A g | A g + )

2 . 5 3 . 0 3 . 5 4 . 0 4 . 5 2 . 5 3 . 0 3 . 5 4 . 0 4 . 5( b )

i���
�

��	
��

( a )

Figure 6.17: CVs (a) and oxygen flux (b) for measurements in a DMSO based electrolytes with different
LiClO4 concentrations and v = 10 mVs-1. The concentration of LiClO4 is increasing from the top shown
measurement to the bottom shown measurement (see labeling in the Figure (a)).
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Figure 6.18: Decrease of the first reduction peak of DBBQ in respect to the concentration. The values are
taken from Figure 6.17.
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Comparison of the cyclic voltammetry of DBBQ in TBA+ and Li+ contain-
ing electrolyte
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Figure 6.19: CVs, which were normalized to the first reduction, peak of the DBBQ reduction in 0.1 M
TBAClO4 in DMSO (blue traced measurement) and 0.5 M LiClO4 in DMSO (red traced measurement).
In both cases, an Au electrode was used as working electrode. The CVs were recorded with a sweep rate
of 10 mV/s. The electrolytes were deoxygenated.

Comparison of the cyclic voltammetry of DBBQ in TEGDME and DMSO
based electrolyte
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Figure 6.20: CVs, which were normalized to the first reduction, peak of the DBBQ reduction in 0.5 M
LiClO4 in TEGDME (blue traced measurement) and 0.5 M LiClO4 in DMSO (black traced measurement).
The measurements were taken from Figure 6.5 and Figure 6.8 in the paper. In both cases, an Au electrode
was used as working electrode. The CVs were recorded with a sweep rate of 10 mV/s. The electrolyte
were deoxygenated.
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Oxygen electron numbers in the ORR for various LiClO4 concentrations
in DMSO

- 1 . 4 - 1 . 21 . 0

1 . 2

1 . 4

1 . 6

1 . 8

2 . 0

2 . 2

 

nu
mb

er 
of 

tra
nfe

rre
d e

lec
tro

ns
 pe

r o
xyg

en
 m

ole
cu

le

E  /  V  ( v s .  A g | A g + )  

 0 . 5  M
 1 . 0  M
 1 . 5  M
 2 . 0  M  
 2 . 5  M

Figure 6.21: Number of transferred electrons per oxygen molecule in the potential window of the ORR
from the measurements shown in Figure 6.11 in the paper. The electron number is calculated for various
concentration of LiClO4 in DMSO (see caption).
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RRDE experiments in deoxygenated DBBQ containing electrolyte
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and 0.1 M KClO4 in TEGDME (right figure). A Pt-Pt thin gap electrode was used as working electrode.
The sweep rate was 10 mV/s. Notice that the diffusion limited current is not reached due to the high
potential limit.
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Figure 6.23: Collection efficiency for the measurements shown in Figure 6.22 that show no rotational
dependency.
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RRDE experiments towards the ORR in 0.1M KClO4 in TEGDME on a Pt
electrode
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Figure 6.24: RRDE study of the ORR in 0.1 M KClO4 in TEGDME (right figure). A Pt-Pt thin gap elec-
trode was used as working electrode. The sweep rate was 10 mV/s. The right figure shows the collection
efficiency as function of the rotation rate from the data of the left figure.
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Comments towards the interpretation of the RRDE experiments given in
the main manuscript
Within the main manuscript RRDE experiments with the redox mediator DBBQ in presence of
oxygen are presented. The aim of these experiments is to show that the mediated ORR is slower
in the K+ containing TEGDME than in the Li+ containing TEGDME. This is done by analyzing
the rotational dependency of the ratio of the apparent collection efficiency N to the theoretical
collection efficiency N0 . We performed the analysis on a qualitative basis (no fitting procedure
of the experimental data is performed). Still these experiments strengthen the argumentation
within the main manuscript, especially in relation to the pressure jump experiments. Due to
the complexity of the underlying system, we want do discuss some major points that brought
us to the conclusion that by introducing DBBQ into the solution the underlying ORR mecha-
nism is determined by the mediator and not by the direct reduction of oxygen at the electrode.

a) The potential region of the RRDE experiments

A comparison between the RRDE CVs with DBBQ and without DBBQ in the respective sol-
vent is showing that the onset of the DBBQ reduction is positively shifted with respect to the
ORR on the platinum electrodes (see Figure 6.25). Especially in the Li+ containing system the
sweep in the presence of DBBQ is performed in a potential region in which we do not observe
an ORR current on the Pt electrode. This is less pronounced in the K+ containing system.
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Figure 6.25: Comparison of the RRDE experiments with (red) and without (black) DBBQ in 0.1 M KClO4
in TEGDME (left) and in 0.1 M LiClO4 in TEGDME (right). In both cases, the electrolyte was saturated
with 20% O2 in Ar. The sweep rate was 10 mVs-1 and the rotation rate 240 rpm.
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b) Concentration profiles

Taking concentration profiles into account it can be shown that, if at the disc electrode a
species is generated that is consuming oxygen, it is not likely that oxygen is directly reduced at
the disc electrode. This can be done by down breaking the complex reaction mechanism of the
mediated ORR into the following reactions:

A + e− −−→ B, at the disc electrode (6.23)

B + O −−→ A + X, in solution (6.24)

Here A and B are the redox couple DBBQ/DBBQ-, O stands for oxygen and X are the re-
action products of the ORR. With the help of finite difference simulations [177] a linear sweep
was calculated (see Figure 6.26). Equal diffusion coefficients for all species were assumed.

Figure 6.26: Simulated CVs for reaction 6.23 (blue) and for reactions 6.23-6.24 (orange).

The concentration profiles at the end of the sweep are shown in Figure 6.27. In the presence
of a homogeneous chemical reaction, the concentration profiles of A and B are steeper than
without homogeneous reaction. Moreover, the concentration of O is consumed before reaching
the electrode surface. The reaction between O and B is occurring in the volume in front of the
disc electrode and not at the disc electrode. In analogy to the DBBQ experiment, this means
that oxygen will be consumed before it is reaching the electrode surface and thus the direct
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reduction of oxygen is not likely to happen.

Figure 6.27: Concentration profiles at the end of the sweep (diffusion limited region) for the simulated
CVs in Figure 6.26.

c) The apparent collection efficiency

In Figure 6.7 (a) in the main manuscript the change of the apparent collection efficiency (nor-
malized to the theoretical collection efficiency) is shown for the Li+ and K+ containing system
with and without DBBQ. By adding DBBQ to the electrolyte, one can make two observations:

I) A rotational dependency is observed.

II) The N/N0 values are in both DBBQ containing electrolytes bigger than without DBBQ.

Both observation give an indication, that there is a complete change in the mechanism by
adding DBBQ to the electrolyte.

d) Deposition of solid products

In the field of metal-air batteries, it is well known that the deposition of solid peroxides on
the surface during the ORR is leading to an oxidative charge during the positive sweep. Due
to the absence of a significant amount of such a charge in the measurements in Figure 6.6 in the
paper we conclude that the direct reduction of oxygen at the electrode surface can be neglected.
This is due to the large convection in this case.
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All in all this discussion is giving strong evidences that only the mediated ORR is investi-
gated in the presence of DBBQ and that the direct reduction of oxygen at the electrode surface
can be neglected.

The reference potentials in the different solvents

Figure 6.28: Sketch to illustrate the calculation of the reference potentials of Li| Li+ and Ag| Ag+ in the
different solvents.
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7.1 | Abstract

In this study we strengthen our fundamental understanding of the underlying reactions of a
possible Ca-O2 battery using a DMSO based electrolyte. Employing the rotating ring disc elec-
trode, we find a transition from a mixed process of O ·−

2 and O2
2- formation to an exclusive

O ·−
2 formation at gold electrodes. We will show that in this system Ca-superoxide and Ca-

peroxide are formed as soluble species. However, there is a strongly adsorbed layer of ORR
products on the electrode surface which is blocking the electrode. Surprisingly the blockade is
a partial blockade because the formation of superoxide can be maintained. During an anodic
sweep the ORR product layer is stripped from the electrode surface. With X-ray photoelectron
spectroscopy the deposited ORR products are shown to be Ca(O2)2, CaO2 and CaO as well as
side reaction products such as CO 2−

3 and other oxygen containing carbon species. We will
give evidences that the strongly attached layer on the electrocatalyst that is partially block-
ing the electrode could be adsorbed CaO. The disproportionation reaction of O ·−

2 in presence
of Ca2+ was demonstrated via mass spectrometry. Finally the ORR mediated by 2,5-Di-tert-
1,4-benzoquinone (DBBQ) is investigated by differential electrochemical mass spectrometry
(DEMS) and XPS. Similar products as without DBBQ are deposited on the electrode surface.
The analysis of the DEMS experiments shows that DBBQ– is reducing O2 to O ·−

2 and O 2−
2

whereas in the presence of DBBQ2− O 2−
2 is formed. The mechanism of the ORR with and

without DBBQ will be discussed.

7.2 | Introduction

To overcome future energy storage problems, several different technologies will be needed,
among which batteries will potentially be a key player for mobile applications and transporta-
tion. Considering the scarcity of several elements used in today’s lithium ion batteries (e.g.
cobalt [265]) and, even more importantly, socio-economic impacts of, for example, cobalt min-
ing [266], alternative battery technologies have to be developed to unleash the full potential
of electrochemical energy storages. One possibility is to use other chemistries such as metal-
air and metal-sulphur, which do not necessarily require the use of cobalt catalysts. Another
problem for lithium technology is the lack of the resource lithium and the water consuming
mining [12]. Therefore calcium, being the fifth most abundant metal on earth, combines a high
abundance with a competitive volumetric capacity of 2072 mAh/cm3 [267, 268] and thus, is a
promising candidate as anode material in future battery applications. Early studies, however,
showed the difficulties of Ca plating/stripping [269]. Fortunately, more recent studies revealed
electrochemical systems in which the Ca plating/stripping becomes accessible [267, 268, 270,
271].
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Combining Ca plating/stripping as anode reaction with an oxygen cathode promises im-
pressive theoretical specific energy densities. This kind of batteries, where a metal anode is
combined with an oxygen cathode, was extensively investigated and several combinations of
alkali metals and oxygen have been proposed [272–274]. It is interesting that even on good cat-
alysts for the oxygen reduction reaction (ORR) in aqueous media e.g. platinum, where oxygen
is reduced to water and thus, the dioxygen bond is broken the situation is completely chang-
ing if a non-aqueous electrolyte is used. There the reaction typically stops at the superoxide
or peroxide stage. Figure 7.1 is showing the theoretical OCV potentials of the formation of
lithium, sodium, potassium and magnesium superoxides and peroxides in comparison to cal-
cium superoxide and calcium peroxide. The resulting theoretical specific energy in Wh/kg is
also displayed in Figure 7.1 (see numbers in brackets)

O2/LiO2
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O2/Li2O2
(3456)
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Figure 7.1: Thermodynamics of superoxides and peroxides in comparison to calcium superoxide and
calcium peroxide (all in solid state). The standard potentials are given with respect to the corresponding
metal of the superoxide/peroxide. Based on these potentials the theoretical specific energy (in Wh/kg)
with respect to the mass of the product is displayed in brackets. To our knowledge no thermodynamic
data is available for the O2/Mg(O2)2 system. Note that the O2/Ca(O2)2 system as it was previously
miscalculated [97]. The correct value is displayed here.

Figure 7.1 shows, that especially the O2/CaO2 system is delivering the second highest the-
oretical specific energy density for the displayed systems. The O2/Ca(O2)2 is showing the
lowest theoretical specific energy with 838 Wh/kg. But even this value is higher than the value
for the Li Ion technology (C/LiCoO2) with a theoretical specific energy density of 387 Wh/kg
[275]. Preceding studies on the oxygen reduction reaction (ORR) and oxygen evolution reac-
tion (OER) in the Ca2+ system in DMSO were already done by us [275, 276]. There we observed
a significant effect of the electrocatalyst on the ORR mechanism. On Au electrodes the forma-
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tion of peroxide was observed via differential electrochemical mass spectrometry. In contrast
to that, superoxide is the main product on Rh, Pt, Ru and glassy carbon. Further investigations
of the system on Pt and glassy carbon electrodes were done using differential electrochemical
mass spectrometry (DEMS) in a generator collector arrangement and rotating ring disc elec-
trodes (RRDE). There we found that roughly 90% of the ORR product is soluble O ·−

2 . Taking
also the amount of insoluble products into account, we observed a remarkable reversibility for
a metal air system of 95% . In addition CV studies unraveled that O ·−

2 is forming a contact ion
pair with Ca2+, which was also found in several other metal-O2 systems [36, 277].

7.3 | Experimental

Chemicals
Calcium perchlorate tetrahydrate (99 % , Sigma Aldrich) was dried under reduced pressure
and T=356 K in a Büchi-oven for 48h. Extra dry DMSO (99.7% , over molecular sieve, Acros
Organics) and potassium superoxide (Acros Organics) were used as received. As supporting
salt for the reference electrolyte AgNO3 (>99.5% , ChemPure) was used. All electrolyte prepa-
rations were made in Ar (Air Liquid, 99.999 % ) filled glovebox by GS.

Electrochemical treatment of the noble metal electrodes
Prior to the measurements in the organic solvents the noble metal electrodes (Au and Pt) were
checked for cleanness. This was done by cycling the electrode in 0.5 M H2SO4 until the typical
hydrogen adsorption/desorption region (for Pt) and the oxide formation (for Pt and Au) was
observed in the cyclic voltammetry. Afterwards the crystals were washed with MilliQ water
(18.2 MΩ ) and dried under reduced pressure until further electrochemical measurements were
performed.

RRDE Experiments
The RRDE-measurements were performed in a closed H-cell. The H-cell was purged with an
Ar-O2 mixture throughout the experiment to saturate with oxygen and avoid contamination of
the electrolyte with water from the ambient air. A silver wire in a solution of 0.1 M AgNO3 in
DMSO was used as reference electrode. To avoid contamination of the working electrolyte with
AgNO3 the contact between reference electrode and working compartment was established via
the wet surface of a closed glass stopcock. The water content of the electrolyte determined
via Karl-Fischer titration was typically 40 ppm. A gold-disk platinum-ring electrode with a
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geometric surface area of 0.196 cm2 (disk area) and a collection efficiency of 0.25 was used
throughout the investigation.

DEMS Experiments
DEMS experiments were performed with a home built differentially pumped mass spectrom-
eter as described by Wolter and Heitbaum [142, 153]. The spectrometer is connected via a
flexible vacuum steel rod to a MBraun glove box filled with a 20:80 O2:Ar atmosphere. The
water content in this glovebox never exceeds a value of 0.3 ppm. As electrochemical cell a thin
layer DEMS cell, which was optimized for the use in metal-O2 systems was used. In this cell,
we are using a porous Teflon membrane with sputter - deposited Au as working electrode,
which is interfacing the vacuum of the mass spectrometer. The wall opposite to the working
electrode of the thin layer cell is formed by a porous PTFE membrane interfacing an oxygen
atmosphere, thus allowing continuous oxygen flow to the working electrode. Three counter
electrodes (Au wires) and a reference electrode are connected via capillaries to the working
electrode compartment. As reference electrode a silver wire immersed into a 0.1 M AgNO3 in
DMSO is used. The DEMS cell is operated without convection so that reaction products which
are soluble in the electrolyte can accumulate in the working electrode compartment (V=5.6 µL).
For a more detailed description of the experimental setup, see [58].

XPS analysis
To investigate the chemical state of sample surfaces X-Ray Photoelectron Spectroscopy (XPS)
was used. In general the samples are Pt or Au electrodes (d=10mm) which were modified in
an electrochemical experiment. The sample electrodes are mounted on a crystal holder manu-
factured out of steel. After the electrochemical experiment, the samples are washed with dry
DMSO (99.7% , over molecular sieve, Acros Organics) and mounted into a homemade sample
transfer system. This transfer system allows the transfer of a sample between the glovebox
and the UHV chamber without contact to air. The XP Spectrometer is part of a homemade
UHV chamber with a base pressure of 5 · 10- 10 mbar [172–174]. The used X-Ray source is a
non-monochromatized Mg Kα (1253.6 eV) source. As electron energy analyzer a hemispherical
electron analyzer (Omnicron NanoTechnology EA 125) is used. Survey spectra were recorded
with a pass energy of 50 eV and an energy resolution of 0.5 eV. High-resolution spectra were
recorded with a pass energy of 15 eV and an energy resolution of 0.1 eV. To increase the signal to
noise ratio, the high-resolution spectra are an average of 9 spectra. By doing this the resolution
of our device was determined with 1.07 eV (measured with the FWHM of the Au 4f7/2 peak).
The binding energy was calibrated using the Au 4f7/2 peak at 83.95 eV or the Pt 4f7/2 peak at
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71.09 eV [278], which were present in all recorded spectra. The XPS measurements were accom-
panied by Ar+-etching (Physical Electronics Model 04-191, 3 kV, Iemission=25 mA, Isample=1 µA)
The electrochemical experiments were performed in a Glovebox filled with a 80:20 Ar: O2

mixture. The humidity in the glovebox never exceeded a value of 0.3 ppm. Our experiments
showed that the deposited films of electrically non-conducting species is thin and in good con-
tact with the conducting Au or Pt crystal. Therefore, no charge compensation with an electron
flood gun was needed.

7.4 | Results and Discussion

7.4.1 | RRDE and DEMS investigations of the ORR in Ca2+ containing
DMSO

The ORR at a gold electrode in 0.1 M Ca(ClO4)2 is shown in Figure 7.2. After a rise in current
at a potential of −0.8 V, a plateau is observed for a rotation rate of 4 Hz, which is close to the
diffusion-limited current for a two-electron reduction of oxygen and thus agrees well with the
previous observations made in the DEMS flow-through cell [276].

However, after a charge flow of 8200 µC cm−2, the current starts to become less negative at a
potential of−1.29 V and reaches a second plateau, which agrees well with the diffusion-limited
current of the one-electron process and is also reflected in the share of superoxide (Figure 7.2 c).
This is in principle reminiscent of the ORR in Li+-containing DMSO, where a transition to
superoxide formation was observed after the electrode was partially blocked by Li2O2 [111,
155]. However, a major difference between these measurements is the large charge which can
be passed before this transition occurs: Even if the charge detected at the ring electrode is
subtracted (2500 µC cm−2), the remaining charge is still 5700 µC cm−2 and thus in the order
of several monolayers. Since it is well known that insoluble peroxides and superoxides are
insulating and thus poisoning the electrode surface, this result implies that in fact most of the
reduction charge is passed into soluble species. Considering that the charge detected at the
ring only accounts for a small portion of the produced species, this can only be understood by
assuming that the soluble species are not readily oxidizable at the ring [279]. Here we want to
point out that the previously reported CVs in the DEMS cells showed a plateau for the 2 e– /O2

process in the ORR [97]. This difference to the measurement shown here is due to the higher
convection in the RRDE experiment and thus a higher flowing charge which is sufficient to
poison the electrode and trigger the transition from the 2 e– /O2 process to the 1 e– /O2 process.
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Figure 7.2: ORR in presence of Ca2+ at a gold-RRDE. (a) Currents at the gold-disk. (b) Corresponding
currents at a platinum-ring. (c) Share of superoxide. Electrolyte: 0.1 M Ca(ClO4)2 in DMSO. A(Disk)=
0.196 cm2, N0=0.25.

Using the DEMS thin layer cell in stagnant electrolyte, it can also be shown that the peroxide
formed during the ORR is soluble in the DMSO-based electrolyte by examining the electron
number of the OER was examined (see Figure 7.3, the oxidation of a peroxide corresponds
to a two-electron process). To probe for soluble, reduced oxygen species, the experiment was
carried out as follows: First, the potential was swept to −1.5 V, where it was kept for 500 s and
roughly 170 nmol of O2 were reduced. Then, the electrolyte was exchanged and the potential
was stepped to −0.5 V, before it was cycled to 0.75 V. The amount of O2 evolved during the
anodic sweep is only 1.5 nmol. In contrast to this, the amount of O2 reduced in an experiment
without a potential stop and without electrolyte exchange is 42 nmol and the amount evolved
is 12 nmol (the difference between ORR and OER charge is probably caused by the transport
of the soluble species into the capillaries of the cell). The large discrepancy between OER and
ORR charge in the case of electrolyte exchange implies that the peroxide-species (as indicated
by the two-electron process during reduction as well as oxidation) are at least partially soluble.
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Figure 7.3: Thin-layer DEMS-measurement of ORR on porous Au/PTFE in presence of Ca2+. (a) Cur-
rents at the gold working electrode. (b) Corresponding flux of oxygen. (c) Corresponding flux of CO2.
(d) Number of electrons transferred per evolved molecule of O2. Black: After holding the potential for
500 s at -1.5 V, the electrolyte was exchange under potential control and then stepped to -0.5 V before con-
tinuing cycling. Green: DEMS measurement without potential step and without electrolyte exchange.
Electrolyte: 0.4 M Ca(ClO4)2 in DMSO, 900 mbar O2. The diffusion limited currents for oxygen con-
sumption in the absence of convection is due to the special thin layer construction of the cell. (e) Cross
section of the components that form the electrolyte volume of the thin layer cell. For more details about
the DEMS electrochemical cell, see [58].

Since we have shown that the ORR products are soluble, it has to be shown if it is possible
to reactivate the electrode by dissolving the ORR products. The reactivation of the electrode
was investigated with the RRDE. The convection induced by the RRDE should favour the dis-
solution of the ORR products. The electrode was first blocked by a potential stop in the ORR.
Then a CV was recorded in the potential range of the ORR (see Figure 7.4 (a)). Even with a
blocked electrode we observe a faradaic current for the ORR. An explanation for this might be
the electro migration of ions through the blocking insulating layer if higher field strengths are
applied as we previously reported for the ORR in Mg2+ containing DMSO [247]. The poten-
tial window is successively opened positively by 100 mV. Reaching a potential of 0.3 V for the
upper limit, the reactivation of the electrode can be recognized by an increase in the reduction
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current of the ORR (see arrows in Figure 7.4). At the same time, an oxidation peak is obtained
at 0.3 V, which can be attributed to the oxidation of products deposited on the electrode (see
magnification of the OER region in Figure 7.4). A further opening of the potential regenerates
the electrode completely and shows the necessity of applying higher potentials for the reactiva-
tion of the electrode. This measurement shows that the electrode is not regenerated although
the ORR products are soluble. simple by dissolution of the ORR products, but that a block-
ing surface layer (possibly an adsorbate) remains on the surface which can only be stripped at
potentials around 0.3 V. In the first cycle reaching this potentials, this stripping is rather incom-
plete, as can be seen in the subsequent sweep into the ORR region. The more the blocking is
lifted, the larger grows the corresponding oxidation peak and also shifts to lower potentials.
This is indicative of a nucleation and growth behaviour: Oxidation of this layer is slow and
only occurs at defects on the boundary between the layer and the free surface sites. As the disc
electrode is reactivated the amount of detected superoxide at the ring electrode is increasing
(see Figure 7.4 (a)). For the completely reactivated electrode (see black traced measurement in
Figure 7.4 (a)), again a transition from the peroxide formation to the superoxide formation is
observed, as can be seen in the share of superoxide in see Figure 7.4 (b). For a partially blocked
electrode (see orange traced measurement in Figure 7.4 (a)) the formation of superoxide is shift-
ing 200 mV in positive direction (see orange trace share of superoxide in Figure 7.4 (b)). This is
showing, that the peroxide formation preferentially is occurring at active sites on the electrode,
which are already blocked in the orange trace measurement and thus the superoxide formation
is starting earlier during the sweep.
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Figure 7.4: (a) RRDE study with a partially blocked Au electrode with v = 20 mV s−1. The upper
potential limit is increased by 100 mV per cycle. The dashed arrows indicate the reactivation of the
electrode due to a potential opening. In all measurements 0.1 M Ca(ClO4)2 in DMSO with 20% O2 was
used. The rotation frequency is 9 Hz. The roughness factor of the disk electrode was 3. (b) Calculated
share of superoxide for the black and orange traced measurement in (a) in the potential range of the
ORR.

7.4.2 | Disproportionation of superoxide in the presence of Ca2+

Another known reaction in non-aqueous metal air batteries is the disproportionation of the
superoxide. The common procedure to test if superoxide is undergoing a disproportionation
in the presence of a cation of interest is to use a solution of the stable superoxide compound
KO2 (in this study: KO2 in DMSO) and add a solution containing the cation of interest (in this
study: Ca(ClO4)2 in DMSO [118, 124, 280]. The products of the disproportionation of O ·−

2 are
O 2−

2 and O2. Hence, this reaction can be followed by measuring the ionic current of mass 32
as shown in Figure 7.5.

After adding 3 mL of 1 M Ca(ClO4)2 in DMSO to 0.1 g KO2 in 25 mL DMSO we observe an
increase of the ionic current of mass 32. Further on the ionic current of mass 32 is going through
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Figure 7.5: Ionic current of mass 32 (red) as a function of time. The gas phase over a stirred solution
containing 0.1 g KO2 in 25 mL DMSO was analyzed by MS after adding 3 mL of 1 M Ca(ClO4)2 and 1 M
LiClO4 in DMSO. The time at which the Ca2+ and Li+ containing DMSO were added, are indicated
as dashed line in the graphs. For details on the experimental setup see Figure 7.11 in the supporting
information.

a maximum and fading within 2h. This shows that O ·−
2 is undergoing disproportionation

in the presence of Ca2+. Adding again 3 mL of 1 M LiClO4 in DMSO to the solution is not
increasing the ionic current of mass 32 further, which shows that the disproportionation of
O ·−

2 was finished. Otherwise, addition of Li+ should lead to another increase in the signal
on mass 32 as the remaining superoxide will disproportionate under the formation of O2 and
insoluble Li2O2.

Astonishingly, parallel to oxygen formation, ion current transients corresponding to volatile
species like H2O (m/z:18), H2CO (m/z:30), CO (m/z:28), CO2 (m/z:44) and SO2 (m/z:64) were
observed (see Figure 7.12 in the supporting information). To our knowledge this was not re-
ported so far in this kind of experiments or in DEMS experiments in metal-air systems during
the ORR. A reason why we are observing these signals might be the sensitivity of our exper-
iment, which was optimized by using the differentially pumped vacuum system as well as a
relatively high pressure in the vacuum system that was adjusted by the leak valve. The formu-
lation of a mechanism how these compounds are formed during disproportionation is currently
not possible. The most plausible source would be a side reaction with singlet oxygen, which
was observed as a by-product of disproportionation reaction in presence of various cations in
significant amounts [116, 118]. Due to the high reactivity of singlet oxygen, it is plausible that
DMSO is decomposed in a follow-up reaction under generation of the above species. Another
side product of the disproportionation that was already reported is CO 2−

3 [118, 119]. We prove
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the presence of carbonates after the disproportionation we proved by acidifying the solution
with H2SO4 and observing a CO2 formation from the chemical reaction as it was also done by
Mahne et. al. [116] (see Figure 7.13 in the supporting information).

7.4.3 | XPS studies of the electrode surfaces
The Pt and Au electrode after the ORR are characterized by XPS at various stages of Ar+-
etching to get insights into the depth-profile of elemental distribution of the deposited film. The
electrochemical experiments prior to the XPS measurements are described in the supporting
information.

First of all the survey spectra of the Pt electrode after the ORR and after the OER are dis-
played in Figure 7.6.
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Figure 7.6: Top figure: Survey spectra of a Pt electrode after performing the ORR at -1.5 V vs Ag+|
Ag for 60 min (blue line) and after sweeping the potential into the OER (black line). Bottom figures:
High-resolution XP spectra of the O 1s-, Ca 2p-, C 1s- and Pt 4f-region. The associated electrochemical
experiment is shown in the supporting information.

After holding the electrode potential in the ORR region, the spectrum for the Pt electrode
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surface mainly shows peaks at binding energies that contribute to the core levels of carbon,
calcium and oxygen. The Pt peaks are also visible in the measurement after the ORR and
especially the 4f peaks of Pt show an interesting feature: The increase of the intensity towards
higher binding energies after the 4f peaks is an indication of inelastic scattering of the Pt 4f
electrons. This shows that Pt is buried under a layer of precipitated products of the ORR [281].
Also in the region in which the Pt 4d peaks are expected to appear (between 315 and 332 eV
binding energy) the baseline is increasing. This is again showing that the X-rays excite the Pt
4d core levels and that the emitted photoelectrons are inelastically scattered as they are passing
through the deposited thin layer. We made the same observation using an Au electrode see
Figure 7.15 in the supporting information. Due to the surface sensitivity of the XPS experiment
and the fact that the 4f peaks of the electrode material is observed is giving evidence that a thin
film is deposited on the electrode surface. After a sweep into the OER region, the Pt peaks are
largely increased, indicating that the surface now is only covered by a very thin film. This will
be discussed below.

High-resolution XP spectra of the O 1s, the Ca 2p the C 1s as well as the 4f peaks of the
electrode material (Au and Pt) were recorded and are shown for different Ar+ etching times
in Figure 7.7. In addition a literature survey on binding energies of CaO, Ca(OH)2, CaCO3

and CaO2 was done. The results are plotted in the first row of Figure 7.7. The solid dots in
Figure 7.7 are indicating the average of the binding energies available in literature, while the
error bar denotes the standard deviation. The values used and references are summed up in the
supporting information. Figure 7.7 also shows common binding energies of different carbon
species.

Comparing the XP spectra in Figure 7.7 for the Pt and the Au electrode after the transfer and
after 5 min Ar+ treatment shows that the O 1s and Ca 2p peaks are observed at similar binding
energies on the different electrode materials. This is an indication that the same species are
deposited on both electrode materials. Only in the C 1s region in the spectra collected on the Pt
electrode a shoulder is visible at a binding energy of 287.3 eV, indicating that more C-O-C and
C-OH species are present on the surface. The comparable chemical state regarding the calcium
oxygen compounds of the film deposited during ORR becomes clearer in Figure 7.8, where the
O 1s and Ca 2p XP spectra after 5 min Ar+ etching for the Au and the Pt electrode are plotted.
The O 1s regions of the peak at a binding energy of 532.3 eV are overlapping. This shows that
the same amount of oxygen is present in both experiments. The rather large FWHM of 2.34 eV
of the peak at 523.3 eV indicates that this peak probably contains excitations from the O 1s
core level out of different chemical environments and thus, different chemical compounds. In
both spectra, the additional small peak at a binding energy of 529.5 eV shows the presence of
another oxygen species with a higher electron density on both electrode materials. The peaks
in the Ca 2p region are also appearing at the same binding energies again indicating that the
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Figure 7.7: High resolution XP Spectra of various binding energy regions. The corresponding core shell
orbitals are indicated in the plots. The XP spectra are recorded after 60 min of ORR in 0.2 M Ca(ClO4)2
in DMSO on a Pt electrode (middle row) and an Au electrode (bottom row). The different spectra are
recoded after different Ar+ etching times as indicated in the legend. Typical binding energy values
for different chemical compounds are displayed in the first row. The displayed values are the average
values (points) with the standard deviation from the average (error bar). An overview of the different
values from the different references is shown in the supporting information.

same calcium oxygen species are deposited on the Au and Pt electrode. The higher intensity
of the Ca 2p region towards higher binding energies is due to the superposition of the Au 4d
peak and the Ca 2p peak (see survey spectra in Figure 7.14).

Since we have shown that the chemical composition of the ORR products on the gold and
platinum electrode are the same, the further detailed analysis of the XP data will deal with
the Pt electrode. The elemental composition of the film on the Pt electrode was calculated
using atomic sensitivity factors [282] and assuming a uniform distribution of the elements in
the investigated volume of photoelectron formation. The calculated values are summed up in
Table ??. Table ?? shows that carbonaceous species are located on the surface of the deposited
film. After a total etching time of 7 min the C 1s signal vanishes (C 1s atomic ratio is less than
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Au and Pt electrode. The spectra are both recorded after 5 min Ar+ etching. For the Ca 2p region the
counts were normalized to the Ca 2p3/2 peak. The O 1s region is displayed with no further normaliza-
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5% of the total film, estimated from the survey spectra in Figure 7.16), thus inside the film
the amount of carbonaceous species can be neglected. The film gets thinner through the Ar+-
etching, as indicated by the increase of the Au 4f and Pt 4f peaks. Close to the electrode surface,
the film consists only out of calcium and oxygen.

Table 7.1: Surface composition (atomic ratio) calculated from the signal area of the high resultion spectra
of the experiments with the Pt electrode shown in Figure 7.7. This was done by assuming a uniform
elemental distribution of the volume where photoelectrons are emitted from.

t(Ar+) / min C / % Ca / % O / %
0 40.2 15.3 44.4
5 20.3 23.9 55.8
7 0.0a 29.8 70.2
9 0.0a 33.3 66.7

aDue to the lower sensitivity of the experimental setup while recoding high resolution spectra it was not possible
to detect carbon and therefore this value was set to zero. The survey spectra show that by doing this the absolute

error is less than 5%

Moreover, the Ca 2p, O 1s and C 1s XP spectra are showing a shift in the binding energy for
the different Ar+-etching times. This implies a change in the oxidation state of the deposited
film. A detailed discussion of the O 1s and C 1s region is made by considering the deconvo-
lution of the recorded spectra. To our knowledge, there are no reports about binding energies
of the Ca 2p core level of CaO2 and Ca(O2)2 in literature. However, binding energies for the
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O 1s levels for the peroxide are available. These two compounds are expected to be the main
ORR products [97, 276], but the minor formation of CaO is also possible. In addition, the shift
in binding energies of the Ca 2p core level is not as big as the shift of binding energies of the O
1s and C 1s core level, which from a chemical point of view is reasonable since in all calcium-
oxygen-compounds Ca has the formal oxidation state +II. Therefore, a further discussion of
the binding energy shift of the Ca 2p core level is not made here, but we will use the overall
intensity of this excitation for quantification below. The C 1s region was also investigated in
detail (see Figure 7.18 in the supporting information). There we observed contributions of C-O,
O-C=O and CO 2−

3 species. These species are located on the surface of the deposited film and
are disappearing after Ar+ treatment. From previous studies on meatal-air batteries the forma-
tion of decomposition products like CO 2−

3 is well known and thus, it is not surprising to also
find these species in the present system [283–286]. As source of the carbonate we would refer
to the disproportionation of superoxide and the associated side reactions (presumably through
the formation of singlet oxygen), as we also discussed in the context of Figure 7.5.

In the survey spectrum we observe a peak at 161.5 eV binding energy on the platinum
electrode even after 9 min of Ar+ treatment indicative of another decomposition product, which
we attribute to S2- (see Figure 7.17 in the supporting information). Previous results of Sharon
and Aurbach et. al. on the Li-O2 system in DMSO containing electrolyte showed the presence
of higher oxidation states of sulphur on the electrode surface as SO3

2- and SO4
2- [194] which

was attributed to a side reaction between DMSO and the reactive oxygen species generated
during the ORR. In our case, the S 2p core level peak is observed after 9 min of Ar+ treatment
and therefore on the Pt electrode. Therefore the signal should in our case arise from a reaction
of the electrocatalyst Pt with DMSO. It is well known that on Pt electrodes adsorption of layers
of DMSO [287, 288] as well as further reduction of DMSO is occurring [289]. Overall, the
decomposition mechanism of DMSO by reactive oxygen species generate during the ORR is
still unclear. One of the best suggestion is the decomposition of the electrolyte by the highly
reactive, electronically exited state of oxygen, i.e. singlet oxygen. Singlet oxygen was found to
be a product during the ORR in organic solvents due to the disproportionation of superoxide
compounds [118].

The O 1s region is deconvoluted for the experiments after 7 min and 9 min Ar+ treatment
(see Figure 7.9). We chose those two experiments for the analysis, due to the lack of oxygen
containing carbon compounds as we showed before. Therefore the deposited layer consists
exclusively of calcium-oxygen compounds.

The O 1s region in Figure 7.9 reveals a new peak at 529.4 eV binding energy after 7 min Ar+

treatment, which was deconvoluted into the light green peak, which is assigned to CaO [290]
(see also literature overview in Figure 7.7). Oxides were previously also found on electrodes
of Lithium-Air systems [49, 291]. The origin of the oxide formation in these systems is still
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Figure 7.9: Deconvolution of the O 1s region of the spectra collected from the Pt electrode after 7 min
Ar+ treatment (yellow) and 9 min Ar+ treatment (also shown in Figure 7.7). The experimental data is
shown as circles and the resulting fit is plotted as line. The different deconvoluted species (Ca(O2)2,
CaO2 and CaO) are plotted as filled curves under the experimental data. The atomic atomic % of the
different deconvoluted peaks is shown in Table ??.

unclear. We assume that, the oxide is formed only as adsorbate in the monolayer range, as
our previous DEMS measurements do not show evidence for a significant occurrence of the
4 e--process [97, 276]. The formation of CaO might also occur as artefact from the XPS analysis
procedure. In the supporting information we summed up our arguments why we exclude the
formation of CaO as an artefact from the XPS analysis procedure.

Regarding the peak towards higher binding energies in the O 1s region, the high FWHM
of 2.34 eV in Figure 7.7 of the peak after 5 min Ar+ treatment is suggesting that several species
are contributing to this peak. Therefore we deconvoluted the peak into a CaO2 contribution
(grey peak in Figure 7.9) and a Ca(O2)2 contribution (blue peak in Figure 7.9). The assignment
towards CaO2 and Ca(O2)2 is made by taking the binding energy into account as well as cal-
culating the stoichiometry of the calcium-oxygen compound from the XPS data. Based on our
analysis of the different binding energies of calcium-oxygen compounds there are two possible
species that can contribute to the intensity in the binding energy region of the grey peaks in Fig-
ure 7.9: Ca(OH)2 and CaO2. In our literature search concerning the binding energy of CaO2 we
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only found one value for the binding energy at 531.9 eV [292]. Since the number of transferred
electrons per oxygen molecule is slightly higher than 1 e-/O2 on a Pt electrode during the ORR
[97], it is plausible to assume that also minor amounts of peroxide are formed. Moreover, the
precipitation of CaO2, which is generated from the chemical disproportionation of Ca(O2)2 (as
was shown above in the context of Figure 7.5), is also a possible origin of CaO2 on the surface.
The results concerning the formation of hydroxides during the ORR in DMSO in literature are
equivocal. The stability of DMSO in a Li-O2 cell was studied extensively. There are reports,
that LiOH can be formed from LiO2 and Li2O2 in presence of DMSO [187, 194, 293]. On the
other hand, there are reports that DMSO is a stable electrolyte in a Li-Air cell [286, 294]. The
formation of LiOH in these systems is observed on a timescale of 100-500 h. If the reactivity
of CaO2 and Ca(O2)2 is comparable to the Li-containing compounds, we would conclude, that
the Ca(OH)2 is not formed in our experiment (timescale 1h). Therefore, an assignment of the
grey peak in Figure 7.9 as CaO2 is conclusive. Concerning the blue peaks in Figure 7.9: To our
knowledge, there are no binding energies of the O 1s core level of Ca(O2)2 reported in literature.
From a chemical point of view the O 1s binding energy of Ca(O2)2 should be shifted positive
compared to CaO2, which is the case in the assignment of Figure 7.9.

The presence of Ca(O2)2 on the surface becomes obvious if the stoichiometry of the calcium-
oxygen compound is calculated from the intensity of the Ca 2p and O 1s core level excitations.
The calculated O / Ca ratios as well as the amount of different oxygen species resulting from
the deconvolution is shown in Table ??, for details of the calculation see the supporting infor-
mation.

Table 7.2: Peak areas of the O 1s region in atomic % of the deconvoluted spectra in Figure 7.9. The
calculated O / Ca is also shown. For the calcultaion of O / Ca only the areas of the peroxide and
superoxide region were used. The area of the Ca 2p peaks was corrected over the expected amount of
Ca calculated form the deconvoluted CaO O 1s peak.

t(Ar+) / min CaO / % peroxide / % superoxide / % O / Ca
7 8.2 46.9 44.9 2.97
9 19.9 35.9 44.2 3.12

Table ?? shows that the O / Ca ratio for 7 min and 9 min Ar+ treatment is approximately
3. For the compounds of interests, Ca(O2)2 and CaO2, the expected ratio of O / Ca are 4 and
2 respectively. Therefore, ratio of 3 is indicating the presence of Ca(O2)2 on the surface and
moreover a nearly equal distribution of peroxide and superoxide. This calculated O / Ca ratio
was also used in the deconvolution routine to define the ratio of deconvoluted peak areas after
7 and 9 min Ar+ etching (see Figure 7.9). It can be see that by doing this, the deconvolution is
well representing the experimental data.

The XP spectrum of the transferred Pt electrode after seeping the potential into the OER
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region is shown in Figure 7.6. The survey spectra shows that the surface now mainly consists
of platinum. The Ca 2p core level peaks are not visible in the survey and in the high-resolution
XP spectra. This is showing that all deposited calcium species can be stripped from the Pt sur-
face by applying a high electrode potential, i.e. 0.7 V vs Ag+| Ag. The remaining contaminants
on the surface now are mainly aliphatic carbon at a binding energy of 284.8 eV and oxygen
containing carbon species at C 1s binding energies >285.5 eV accompanied by a O 1s signal at
531.4 eV (see C 1s and O 1s region in Figure 7.6 ). Aliphatic carbon is a well-known contami-
nant in XPS experiments. The origin of the oxygen containing carbon species is probably the
exposure of the electrode to the glove box atmosphere, which contains organic solvent vapors
and to contaminates adsorbed from the organic electrolyte. Therefore, we would conclude that
the electrocatalyst Pt was fully regenerated by sweeping the electrode potential into the OER.

7.4.4 | Interpretation of the mechanism of the ORR in Ca2+ containing
DMSO

It is rather surprising that according to the XPS results the same Ca–O species is present on
Au as well as on Pt since our previous investigations showed fundamental differences with
respect to the reduction mechanism on these two electrocatalysts. At gold initially a 2--electron
process is occuring, while at platinum 1-electron process is observed over the whole potential
(and time) range. Moreover, the current transients in Figure 7.14 also imply that a different
number of electrons are transferred and that the reduction mechanism, especially in the begin-
ning of the ORR, is fundamentally different between both electrodes [97]. While there seems
to be a blocking effect which alters the reaction mechanism to a 1-electron process also on Au,
the RRDE experiments show that the blocking of the electrode stops after the transition to the
1-electron process and a diffusion-limited current is exhibited (see Figure 7.2). The transition
of the mechanism of the ORR in DMSO based electrolytes from the 2 e--process to the 1 e--
process was already observed in Li+ containing solution [110, 111, 202]. There this observation
was explained with a geometric effect of the deposited peroxide layer: The deposited peroxide
covers adsorption sites on the electrocatalyst, which are needed to reduce oxygen to peroxide.
However, in contrast to the observations in Li+-containing electrolytes, the electrodes in the
presence of Ca2+ are not fully blocked (the one electron process is maintained) which indicates
a significant difference between the deposition mechanism of Li2O2 and CaO2. Based on the
knowledge of the Li+ containing system, we will explain our finding that the apparent contra-
diction between the different reaction mechanisms and the observation of the same chemical
species on the Au and Pt surfaces.

Au surfaces also showed an exclusive reduction path to reduce oxygen to peroxide in the
Li+ containing DMSO [111]. We suspect that there is a similarity concerning a direct reduction
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of oxygen to peroxide on Au electrocatalysts in Ca2+ containing DMSO, as it was previously
observed in Li+ containing DMSO. We would like to postulate this statement here, since of
course extensive kinetic measurements are necessary to confirm this statement.

On the Au electrode we observe a transition from the two electron process to the one elec-
tron process after a certain time. We believe that this is because adsorption sites, which are
needed to perform the 2 e--process, are covered with CaO as adsorbate or strongly adsorbed
peroxide or superoxide species. CaO is likely to form at lower electrode potentials and if
formed as a small percentage of the overall ORR products it could accumulate on the electrode
in the monolayer range. This is also supported by the fact that the electrocatalyst could only be
reactivated by applying higher potentials and not by allowing slow dissolution of a superoxide
or peroxide layer. The electrochemical oxidation of CaO is plausible, as the standard potential
of the oxidation (3.35 V vs. Ca2+|Ca [295]) is reached in the experiment. Nevertheless the elec-
trode remains active to maintain the one electron process after partial blocking. Therefore on
both electrodes the main product of ORR is calcium superoxide. Still we also find appreciable
amounts of calcium peroxide in our XPS measurements. Due to the disproportionation reaction
of Ca(O2)2 it is likely that CaO2 particles are forming on the Pt electrode. The one-to-one ratio
of peroxide to superoxide as determined in the XPS measurements is probably due to different
dissolution rates of the two substances. After an equilibrium time a final state is reached on
both electrodes. Underneath the superoxide and peroxide layer a layer of CaO is located. On
top of the superoxide and peroxide layer a layer of solvent decomposition products is located.
This layer could also hinder the dissolution process of the superoxides and peroxides. Espe-
cially for the superoxide this would also hinder the further disproportionation to peroxide. In
addition the stability of solid calcium superoxide was already reported [296, 297]. This would
explain why we observed superoxide in the XPS experiments.

7.4.4.1 | The ORR mediation by DBBQ in Ca2+ containing DMSO

Within the Li -O2 community, redox mediators for ORR have become common as they pre-
vent the sudden death phenomenon due o blocking/passivation of the electrode surface by a
solvent-mediated ORR mechanism [43, 46, 58, 298]. Despite of the solubility of calcium super-
oxide and calcium peroxide, it can be anticipated that the use of redox mediators is advanta-
geous for the ORR in Ca2+ electrolytes for the following reasons:

1) If a redox mediator is used, the ORR potential can be shifted positively [46, 58, 298].

2) It has been observed that the use of redox mediators reduces the amount of undesired
side reactions [47].
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Therefore the ORR in Ca2+ containing DMSO mediated by DBBQ was also investigated using
DEMS and XPS. The DEMS measurements are presented in Figure 7.10.

In a deoxygenated solution, the CV of DBBQ shows two reversible peak pairs a (see black
traced measurement in Figure 7.10 (a)). We would like to point out that it is due to the special
thin layer construction of the DEMS cell that in the CV diffusion limited currents are observed
for the oxygen reduction in the absence of convection (for more details see in the [58]). In the
presence of oxygen the decrease of the oxygen flux into the vacuum of the mass spectrometer
at the onset potential of the DBBQ reduction shows that the DBBQ monoanion mediates the
ORR in a 0.5 M Ca(ClO4)2 in DMSO. The CV of DBBQ in the presence of oxygen is shifted
towards lower currents. This shift can be explained in analogy to the postulated mediation
mechanism in Li+ containing electrolytes [46]. Here the mechanism is formulated for Ca2+

containing electrolytes (here for the DBBQ-monoanion):

DBBQ + e− −−→ DBBQ− (7.1)

Ca2+ + DBBQ− −−→ [Ca · · ·DBBQ]+ (7.2)

[Ca · · ·DBBQ]+ + O2 −−→ [Ca · · ·DBBQ · · ·O2]
+ (7.3)

DBBQ is reduced at the electrode (reaction 7.1). The reduced DBBQ species is forming
an ion pair with Ca2+ (reaction (2)). This ion pair formation is well known for benzoquinones
[248, 249] and was also investigated by us in the context of the ORR in Li+ containing electrolyte
[298]. It is expected that the DBBQ ion pair is forming a mediator-oxygen complex (reaction
(3)). This is followed by the formation of peroxides or superoxides by the following reaction
equations:

2 [Ca · · ·DBBQ · · ·O2]
+ −−→ CaO2 + O2 + 2 DBBQ + Ca2+ (7.4)

[Ca · · ·DBBQ · · ·O2]
+ + [Ca · · ·DBBQ]+ −−→ CaO2 + DBBQ + Ca2+ (7.5)

[Ca · · ·DBBQ · · ·O2]
+ −−→ CaO +

2 + DBBQ (7.6)

In reactions 7.4-7.6 the mediator, DBBQ, is regenerated. The regenerated DBBQ can diffuse
to the electrode and be reduced again, which is explaining the decrease in the current in the
presence of O2. Taking the consumption of oxygen and the electrons flowing into the reduction
of DBBQ into account, one can calculate the expected ratio between transferred electrons per
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oxygen molecule on the basis of the postulated reactions. This results in 2 e-/O2 for reactions
(4) and (5) and 1 e-/O2 for reaction 7.6. For reaction 7.6 a following disproportionation reaction
of the superoxide is plausible as we also showed in the beginning of this paper (see Figure 7.5).
Based on the experimentally observed oxygen consumption in the diffusion limited region
an oxygen flux of 200 pmol s-1, the expected increase of the faradaic current was calculated
for 1 e-/O2 and 2 e-/O2 and is shown as arrows in Figure 7.10 (b). The comparison to the
experimental reduction waves of DBBQ in presence and absence of oxygen is showing that
decrease of the reduction current in presence of oxygen is undergoing a change in the mediated
ORR mechanism. In the first reduction peak of DBBQ we observe a mixed process between
the 1 e-/O2 and 2 e-/O2 process. In the second reduction peak and in the diffusion limited
region mainly the 2 e-/O2 process is observed. Overall, the mediated ORR is shifted 360 mV
towards more positive electrode potentials (compare blue and red displayed measurements in
Figure 7.10 (a)).

At higher electrode potentials the comparison of the CVs and the mass spectrometric data
is showing that the positive current is due to the oxidation of oxygen releasing species e.g.
Ca(O2)2 and CaO2. The oxidation of CO2 releasing species is also observed in the DBBQ con-
taining measurement at electrode potentials higher than 0.5 V vs. Ag+| Ag.

In the DBBQ containing electrolyte the surface of a Au electrode was analyzed by XPS in the
same manner as in the DBBQ free solution: The potential was held for 60 min at -1.5 V vs. Ag+|
Ag, afterwards the electrode was washed with DMSO and transferred to the XP spectrometer.
The corresponding XP spectra are shown in Figure 7.19 in the supporting information. The
XP spectra analysis shows that after the transfer an over layer that mainly consists of ORR
decomposition products (C-O, O-C=O and CO 2−

3 , was deposited on the Au surface. This over
layer is rather thin, since it can be removed after 120 s of Ar+ etching. Most of the Au surface
is recovered after the first Ar+ etching stage, which is different from the experiments without
the mediator. This is indicating that the deposited layer in the DBBQ containing electrolyte is
thinner than in the DBBQ free solutions. After the first Ar+ treatment of the surface, we still
observe CaxOy species with an overall high intensity of the Au 4f XP peaks. This is suggesting
that the main part of the surface is free Au and that particles are deposited on the surface. The
formation of large particles in the mediated ORR is well known [46, 299]. A comparison to
the XP spectra in DBBQ free solution shown above reveals that these particles have the same
chemical composition, i.e. CaO2, Ca(O2)2 and CaO.

We also investigated the DBBQ - mediated ORR in Mg2+ containing solution (see DEMS
measurements in Figure 7.20 in the supporting information. There we also observe a beneficial
ORR potential shift of 280 mV. Unfortunately DBBQ is not a reversible redox system in the
presence of Mg2+ and therefore not suited as mediator for the ORR.
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Figure 7.10: (a): CVs, O2 flux and CO2 flux in a 0.5 M Ca(ClO4)2 solution in DMSO. The blue traced
measurements were recorded in the absence of DBBQ. In the black traced measurements (deoxygenated
solution) and in the red traced measurements (solution saturated with 700 mbar O2) 7.5 mM DBBQ was
added to the supporting electrolyte. The applied sweep rate was 10 mVs-1. We used a porous Teflon
membrane sputtered with Au as working electrode. (b) Magnification of the cathodic sweep of the CVs
in a DBBQ containing solution shown in (a). The arrows are indicating the increase in the reduction
current based on 1 e-/O2 (green) and 2 e-/O2 (blue) reduction. This calculation was made with the
observed diffusion limited oxygen consumption of 200 pmol s-1

.

7.5 | Conclusion

In this study we report about several findings concerning the ORR in Ca2+ containing DMSO:

� The share of superoxide as determined by RRDE shows that the mechanisms of the ORR
on Au is changing from a mixed process of O 2−

2 and O ·−
2 formation to an exclusive O ·−

2

formation.

� The unusually high charges for a metal air system in a non-aqueous solvent observed dur-
ing the ORR in the RRDE experiments and in the potential step experiment are suggesting
that the main products of the ORR are soluble in DMSO and therefore not poisoning the
electrode surface. The solubility of CaO2 together with the possibility to reoxidize it was
proven using a thin layer DEMS cell. Poisoning is only occurring very slowly due to a
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layer of ORR products is strongly attached to the electrocatalyst (CaO or strongly bound
superoxide/peroxide species) and which is only removed at higher electrode potentials
(0.3 V vs. Ag+|Ag) thus regenerating the electrocatalyst which shows that.

� The disproportionation reaction of O ·−
2 in the presence of Ca2+ was demonstrated via

mass spectrometry. This is accompanied by the evolution of several side products. We
assume that these side products are generated by a reaction with 1O2, which was reported
to be a product besides 3O2 during the disproportionation reaction in the presence of Li+

[118]. The formation of side products during the disproportionation is, on one hand, a
problem for metal-air technologies in general. On the other hand, the formation of CaO2

from the disproportionation would boost the theoretical gravimetric energy density form
838 Wh/kg (superoxide as discharge product) to 2515 Wh/kg.

� With XPS the surface chemistry of a thin film, which was deposited on Pt and Au elec-
trodes, was investigated. The following conclusion were made:

– The top layer of the film contains decomposition products such as CO 2−
3 and other

oxygen containing carbonaceous species.

– During Ar+ etching Ca(O2)2, CaO2 and CaO were found on the surface.

– On Au and Pt electrodes the same species are deposited.

– Sweeping the potential into the OER and performing an ex situ XPS measurement
shows, that the surface of a Pt electrode is fully regenerated.

� The functionality of DBBQ as redox mediator for the ORR in Ca2+ containing DMSO was
investigated. The ORR in the presence of DBBQ benefits from a 360 mV positive potential
shift compared to the bare electrolyte. An analysis of the number of transferred electrons
per oxygen molecule shows a transition from a mixed process of of O 2−

2 and O ·−
2 for-

mation (during the generation of DBBQ– ) to an O 2−
2 formation (during the generation of

DBBQ2−). Ex situ XPS measurements of the electrode surface after the ORR in the DBBQ
containing electrolyte, show that a thinner film (compared to the bare electrolyte) was
deposited. The same species were found on the electrode surface as in absence of DBBQ.
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7.6 | Supporting information

Mass spectrometric measurement of the superoxide disproportionation

Sketch of the experimental setup
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Figure 7.11: Schematic sketch of the experimental set up, which was used to detect the gaseous products
via mass spectrometry during the disproportionation of superoxide in DMSO.

Full mass scans during the disproportionation reaction

In order to find out whether other gases are also produced during the disproportionation, mass
scans of m/z=1-100 were taken in chronological order. Figure 7.12 shows the mass scans in a
2D plot. For a better presentation of the measurement results, the signals caused by the Ar
carrier gas (m/z=20,40) were removed from the data series. To guarantee a better visibility
of the signals, an intensity normalization was carried out: All signals were normalized to the
most intense signal for m/z=44. Then the signal of m/z=32 was internally normalized to its
maximum again.
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Figure 7.12: Mass scans from m/z=1 to 100 versus time. The dashed white line corresponds to the
time at which 3 mL of 1 M Ca(ClO4)2 solution in DMSO were added to 0.1 g KO2 in 25 mL DMSO. Ar
was used as carrier gas and the experimental setup is sketched in Figure 7.11. The intensity is given in
arbitrary units and the procedure of intensity calculation is described in the text.

As can be seen in the Figure 7.12, a number of other signals are observed in addition to
the oxygen signal (m/z=32). A possible assignment to the different chemical species can also
be found in Figure 7.12. The formulation of a mechanism how these compounds are formed
during disproportionation is currently not possible. The most plausible source would be a side
reaction with singlet oxygen, which was observed as a by-product of disproportionation in
significant amounts [118] and is a highly reactive species.

An origin of the signal of mass 28 could also be an introduced contamination of N2 by
adding the electrolyte. We would argue that we should then observe a comparable signal for
mass 28 after adding the Li+ containing solution, which is not the case (see Figure 7.9 in the
main manuscript).

The increase of the signal on mass 18 is probably related to the higher water content of the
DMSO solution containing Ca(ClO4)2 as compared to the DMSO solution containing KO2. Due
to the bubble formation during disproportionation, the rate of water evaporation into the mass
spectrometer is also increasing

162



7. The ORR in Ca2+ containing DMSO 7.6. Supporting information

Carbonate formation during the disproportionation reaction

It was already reported, that another side product during the disproportionation are carbonates
[118, 119]. It is most likely that that generated singlet oxygen during the disproportionation
reaction is undergoing side reactions with the solvent to produce carbonates. Figure 7.13 shows
that an acidification of the solution after oxygen has been produced by the disproportionation
of superoxide triggered by Ca2+ leads to CO2 formation. The protonation of carbonates is
believed to be the source of the CO2 evolution [116]. Therefore we would also conclude the
presence of carbonates after the disproportionation of superoxide in the presence of Ca2+. We
also observe a parallel O2 evolution to the CO2 evolution. A possible reason could be that the
generated carbonates are deposited on the KO2 surface and are therefore hindering a further
disproportionation reaction. By adding H2SO4 to the solution the carbonates are consumed
and the disproportionation can start again.

Figure 7.13: Ionic current of O2 (blue, m/z=32) and CO2 (orange, m/z=44) as a function of time. The
gas phase over a stirred solution containing 0.1 g KO2 in 25 mL DMSO was analyzed by MS after adding
3 mL of 1 M Ca(ClO4)2 in DMSO and 0.5 M H2SO4 in H2O. The time at which the Ca2+ and H+ contain-
ing solutions were added, are indicated as dashed line in the graphs.
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Preparation of the XPS electrodes
To investigate the precipitation of solid products on Pt and Au electrodes during the ORR in
Ca2+ containing DMSO XPS studies were carried out. As we showed in a previous study [97]
and in the beginning of this paper (see Figure 7.2 and Figure 7.3 in the paper), the ORR in Ca2+

containing DMSO is mainly resulting in soluble products. Therefore, to accumulate species
on Au and Pt surfaces the ORR was performed by holding the potential at -1.5 V vs. Ag+|
Ag for 60 min in 0.2 M Ca(ClO4)2 in DMSO. The resulting current transients are displayed in
Figure 7.14.
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Figure 7.14: Potential versus time (top figure) and resulting current transient (bottom) in a 0.2 M
Ca(ClO4)2 electrolyte in DMSO. As working electrode, Pt and Au were used (figure caption). All ex-
periments were performed in a glovebox. The electrolyte was saturated with a 20% O2 mixture in Ar.
The red circles are indicating at which time the samples were transferred to the XP analysis chamber.

After an initial decrease of the current due to double-layer charging, the current reaches a
slightly decreasing plateau within the first 100 s. This plateau, which most probably refers to
a two-electron transfer, is followed by an abrupt decrease in current probably due to a tran-
sition of the two- to a one-electron process (compare with the RRDE results in the beginning
of this paper). It is interesting to note that the current during the first plateau does not follow
the behavior predicted by the Cottrell-equation, which implies that the reaction is not simply
limited by mass-transfer in the bulk but maybe by the rate of precipitation in analogy to the
findings in the Li+-containing system. After that, the current decreases only slightly over time
indicating a diffusion-limited process. In the time scale of the experiment no complete block-
ing of the electrode surface was observed, as we would expect in a similar experiment in a Li+

containing system [202]. This again shows that in the Ca2+ system mainly soluble species are
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generated or that the species are not blocking the electrode/preventing the reaction from hap-
pening. After 60 min holding the potential in the ORR region the electrodes were transferred
to the UHV chamber to record the XP spectra. With the Pt electrode an additional experiment
was performed: After holding the potential at -1.5 V vs Ag+| Ag the potential was swept with
1 mV/s to 0.7 V vs Ag+| Ag, where the potential was held again. At positive electrode po-
tentials the current transient is showing an oxidation peak. This suggests that species, which
are deposited on the electrode surface during the ORR, are oxidized. The overall minor ox-
idative charge compared to the reductive charge is again implying that the main products of
the ORR are soluble and are not deposited on the electrode surface. The oxidation of soluble
ORR products is in our case not likely to be visible due to the large electrolyte excess of 35 mL
in the electrochemical cell. After a total time of 120 min the experiment was stopped and the
electrode was again transferred into the XP spectrometer.

Additional XP spectra
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Figure 7.15: Survey XP Spectra of a Au electrode after performing the ORR in 0.2 M Ca(ClO4)2 in DMSO
for 60 min.
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Figure 7.16: Survey XP Spectra of a Pt electrode after performing the ORR in 0.2 M Ca(ClO4)2 in DMSO
for 60 min.
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Figure 7.17: Magnification of the S 2p region out of Figure 7.16.
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Deconvolution of the C1s region after the ORR on a Pt electrode
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Figure 7.18: Deconvolution of the C 1s region of the spectra collected from the Pt electrode after transfer
(blue) and 5 min Ar+ treatment). The experimental data is shown as circles and the resulting fit is plotted
as line. The different deconvoluted species are plotted as filled curves under the experimental data.

Figure 7.18 is showing the deconvolution of the C 1s region into different chemical com-
pounds (see labels and the discussion in the paper). We also observed a peak at 291 eV binding
energy (see deconvoluted peak C1 in Figure 7.18). A clear assignment of a species to this peak
cannot be made, due to the high binding energy that is usually expected for fluorinated carbon
compounds. In our case, no F 1s core level excitation was observed therefore a C–F compound
is unplausible.
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Literature research for binding energies of calcium oxygen compounds
Calcium carbonate

Table 7.3: Reported binding energies of the Ca 2p3/2, O 1s and C 1s core level excitation of calcium
carbonate.

BE(Ca 2p3/2) / eV BE(O 1s) / eV BE(C 1s) / eV Reference
347 531.4 289.6 [300]

346.8 531.2 289.4 [301]
531.3 [302]

347.4 531.7 289.8 [303]
346.8 531.2 289.2 [304]
347 [305]

346.7 [306]
347.7 290.1 [307]
347.3 [308]

289.7 [309]

Calcium hydroxide

Table 7.4: Reported binding energies of the Ca 2p3/2 and O 1s core level excitation of calcium hydroxide.

BE(Ca 2p3/2) / eV BE(O 1s) / eV Reference
346.9 531.4 [310]

533.2 [311]
532.2 [312]
530.8 [290]

Calcium oxide

Table 7.5: Reported binding energies of the Ca 2p3/2 and O 1s core level excitation of calcium oxide.

BE(Ca 2p3/2) / eV BE(O 1s) / eV Reference
531.3 [302]

346.1 529.4 [313]
347.3 530.1 [314]
346.1 529.0 [303]
347 531.5 [315]

346.8 531.4 [304]
346.65 [316]
346.1 [317]
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XPS investigation of the ORR products of the by DBBQmediated ORR in
Ca2+ containing DMSO
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Figure 7.19: Survey and high resolution XP spectra of an Au electrode after performing the ORR in a
0.2 M Ca(ClO4)2 in DMSO with 5 mM DBBQ. Ar+ etching accompanies the XP measurements. For the
Ar+ etching times see the figure caption.
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Procedure to determine the stoichiometry of the calcium-oxygen com-
pound with XPS
To determine the stoichiometry of the oxygen-compound the contribution of CaO has to be
subtracted first from the total Ca 2p intensity (Figure 7.6 main paper). The evaluation is per-
formed as follows. First the area of the peak corrected for the atomic sensitivity factor (ASF)
and the CaO contribution W(Ca 2pcorr) is calculated. The amount of CaO can be determined
by the respective deconvoluted peak area A(O 1sCaO) in Figure 7.8 in the main manuscript.
The following equation results for W(Ca 2pcorr).

W(Ca 2pcorr) =
A(Ca 2p)
ASFCa 2p

− A(O 1sCaO)

ASFO 1s
(7.7)

In equation 7.7 A(Ca 2p) is the overall integral of the Ca 2p core level excitation and ASFCa 2p

and ASFO 1s are the atomic sensitivity factors for the Ca 2p and O 1s core level excitation re-
spectively. To subsequently get insights into the stoichiometry of the calcium-oxygen com-
pound one can now calculate the area ratio of the remaining O 1s contribution (without the
contribution of the O 1s core level excitation from CaO):

W(O 1s) =
A(O 1sCa(O2)2

) + A(O 1sCaO2
)

ASFO 1s
(7.8)

A(O 1sCa(O2)2
) and A(O 1sCaO2

) are the integrals of the respective deconvoluted Ca(O2)2 and
CaO2 peaks in Figure 7.8 in the main manuscript. It may be confusing that the areas of the de-
convoluted peaks are already assigned to the different species in equation 7.8, since the calcula-
tion described here should make the assignment possible in the first place. Therefore, we would
like to point out that we did not make the assignment until after the evaluation described here
was performed. By calculating the ratio W(O 1s)

W(Ca 2pcorr)
the stoichiometry of the Calcium oxygen

compound was determined. The results are shown in the underlying paper.
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The effect of Mg2+ on the reduction of DBBQ in DMSO based electrolyte
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Figure 7.20: CVs, O2 flux and CO2 flux in a 0.5 M Mg(ClO4)2 solution in DMSO. The blue traced mea-
surements were recorded in the absence of DBBQ. In the black traced measurements (deoxygenated
solution) and in the red traced measurements (solution saturated with 700 mbar O2) 7.5 mM DBBQ was
added to the supporting electrolyte. The applied sweep rate was 10 mVs-1. We used a porous Teflon
membrane sputtered with Au as working electrode.
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Excluding CaO as an XPS analysis artefact
In general, it is conceivable that CaO can form as an artefact of radiation damage from carbon-
ates or peroxides. We can rule this out for the following reasons:

� The CaO peak can be recognized as a shoulder in the measurements immediately after the
transfer (see Figure 7.7 in the paper). At this stage in the experiment a radiation damage
is not reasonable.

� Carbonates were detected on the electrode surface after the transfer. The following reac-
tion is assumed for the formation of oxides from carbonates: CaCO3 −−→ CaO + CO2. A
quantification of the amount of carbonate on the electrode surface shows that there is an
insufficient small amount of CO 2 –

3 to explain the amount of CaO on the surface.

� For the formation of CaO from CaO2 the following reaction is assumed: 2CaO2 −−→
CaO + O2. This reaction can be excluded for the following reasons:

– The formation of CaO from CaO2 by sputtering or excitation with X-rays was not
observed before [292].

– The reported temperature of 380 °C which is needed for the formation of CaO from
CaO2 [318], is probably not reached in the experiment. However, it is probable that
this reaction is favored at lower temperatures in the UHV. But theoretical calcula-
tions show that CaO2 is a stable compound at lower pressures [319].
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8

XPS studies on the Mg deposition and insertion in MACC
electrolyte

The studies summarized in this chapter are based on the electrochemical studies conducted by
my colleague Da Xing. He investigated the electrochemical insertion of Mg into Sb modified
Au electrodes. A characterization of the electrodes using XPS was of interest. Therefore, I
repeated the electrochemical experiments and characterized the electrodes at different stages
of preparation using XPS. The studies presented here are part of a planned publication [320].
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8.1 | Abstract

In this study the deposition of Mg on Pt as well as the insertion into a Sb electrode is inves-
tigated using CV and XPS. The deposition is performed from a MACC/TEGDME based elec-
trolyte. In both systems the irreversible Al co-deposition is observed. In addition, decomposi-
tion products of the electrolyte are present on the surface. With the help of Ar+ etching, depth
profiles of the electrodes are generated. Thus it can be shown that the decomposition products
of the electrolyte, Al and Cl are surface species. Especially the presence of a surface enriched
with Cl species shows the importance of Cl in the insertion process of Mg and fits into the sim-
ilar observations in the literature on Mg deposition. Mg(0) and Al(0) can be detected after Ar+

etching. The Sb electrodes used were produced by electrochemical deposition of Sb on Au. A
characterization with XPS is also performed: It is shown that the generated Sb electrodes are
oxidized by air contact. The detected Sb (+III) is reduced during the Mg insertion process.

8.2 | Introduction

In order to satisfy the future demand for storage media for electrical energy, research is being
conducted on various electrochemical storage technologies. For example, due to its high volu-
metric capacity, the Mg battery has been proposed as an alternative for the Li-Ion technology
[321]. The problem is that the Mg anode has a tendency to build up an insulating layer. This
phenomenon is also known from the Li technology, but there these layers are Li+-conducting
and are therefore called solid electrolyte interphase SEI [322]. Therefore, a focus in Mg battery
research is the formulation of a suitable electrolyte that does not have a tendency to form an
insulating layer on the Mg anode. Different electrolyte systems such as Grignard-Based Elec-
trolytes, Organoborate-Based Electrolytes and Borohydride-Based Electrolytes have been pro-
posed for use in the Mg battery [321, 323]. Another class of electrolyte is based on Magnesium
Aluminate Chloride Complex Solutions. Already in 2005 a simple synthesis of a fully inorganic
salt in tetrahydrofuran THF for magnesium deposition was described [324]. This is produced
from the salts MgCl2 and AlCl3 and is abbreviated with MACC (magnesium aluminium chloro
complex). The first electrochemical tests showed a poor reversibility of the flowing charges in
the Mg dissolution to the Mg deposition. However, it has been shown that repeated cycling
between Mg deposition and Mg dissolution (about 50 cycles) can increase the reversibility to
> 98% [325]. This procedure is called "conditioning". Experimental studies [326–328] and the-
oretical calculations [329, 330] have shown that this conditioning effect is due to the formation
of the electrochemically active species for Mg deposition [Mg2(µ−Cl)3 · 6THF]+. Another ac-
tive species for the deposition of Mg from MACC is [MgCl(THF)5]+, which is only present in
smaller concentrations in the electrolyte and is therefore not significantly responsible for Mg
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deposition [328, 331]. At the same time an irreversible Al deposition from the MACC elec-
trolyte was observed [326–328]. Based on these observations the following reaction equations
were postulated, which describe the formation of the active species [Mg2(µ − Cl)3 · 6THF]+

and the irreversible deposition of Al:

AlCl3·2THF + 2 MgCl2 + 4 THF −−⇀↽−− AlCl −4 + [Mg2(µ−Cl)3 · 6THF]+ (8.1)

4 AlCl −4 + 6 Mg(s) + 6 THF −−→ 4 Al(s) + [Mg2(µ−Cl)3 · 6THF]+ + Cl− (8.2)

It has been shown that according to equation 8.2 the ratio of dissolved Mg to dissolved Al must
be increased from 2 to 2.6 until reversible Mg deposition can be observed. Furthermore, alter-
native ways to promote the formation of the active complex of Mg deposition from MACC were
found. It has been shown that increasing the MgCl2 and AlCl3 concentration shifts the equi-
librium of equation 8.1 to the formation of [Mg2(µ−Cl)3 · 6THF]+ [328]. In general it is also ad-
vantageous to increase the Mg concentration by adding magnesium bis(trifluoromethanesulfon-
imide) (Mg(TFSI)2) [332] and by electrochemcial dissolution of Mg metal by CrCl3. This chem-
ical conditioning shows that electrochemical conditioning is not required. It was also shown
that electrochemical conditioning removes residual water from the electrolyte and that Mg de-
position/dissolution only works at low water contents [333]. However, in experiments where
Mg(TFSI)2 was added to the electrolyte, the Mg deposition could also be performed with higher
H2O contents in the electrolyte [332]. To the best of our knowledge, there is only one re-
port about XPS-measurements of Mg deposition from MACC using Mg(TFSI)2 reported [332].
There, besides the Mg signals, signals for Al, Cl and C are observed. Decomposition products
of TFSI were widely observed (F and S signal). Especially the signals of Mg and Al show that
they are almost exclusively present in oxidized form.

Due to the reactivity of the Mg anode and the resulting formation of non-Mg2+ conducting
insulating layers, alternative anode materials for the Mg anode are being investigated. For ex-
ample, Sb-based electrodes as anode material were investigated for their suitability as electrode
material in electrolyte mixture of ethylmagnesium chloride and diethylaluminum chloride in
anhydrous THF [334]. The electrodes, consisting of pure Sb, showed a poor capacity reten-
tion. In a recent study from our group on the use of Sb as an electrode in a MACC tetraglyme
(TEGDME) electrolyte it was shown that a capacity retention of 99.8% can be achieved [335].

In this study, first the electrochemically produced Sb electrodes are examined using XPS.
Then a comparative study of Mg deposition on Pt and Mg insertion into Sb from MACC-
TEGDME electrolytes is performed. In both cases the characterization of the electrode surfaces
is performed by XPS.
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8.3 | Experimental

Electrochemical Experiments
The aqueous electroytes were prepared with 18.2 MΩ MilliQ water with 0.5 M H2SO4. Prior to
all electrochemical experiments shown in this study, the electrocatalysts were cycled in 0.5 M
H2SO4 until the well known oxide formation regions and H-adsorption region (for Pt) were
observed. This was a check for the cleanness of the system. The Sb deposition was performed
form 0.5 M H2SO4 with 0.25 mM Sb2O3 via a 90 min potential hold at 0.05 V vs RHE. The trans-
fer to the XP spectrometer was conducted through air.

The Mg deposition/insertion experiments were performed in an Ar filled glovebox. As
electrolyte a mixture TEGDME (20.5 mL), MgCl2 (0.966 g) and AlCl3 (1.368 g), the MACC elec-
trolyte. The All salts were dried in a Büchi Oven. The TEGDME was distilled with Na under
reflux and stored over 3 Å molecular sieve. The deposition of Mg on Pt as well as the insertion
of Mg into the prepared Sb layer is investigated via CV. Afterwards a potential step is pre-
formed to deposit/insert Mg 820 min at 0.25 V vs Mg2+|Mg for the insertion of Mg into Sb and
30 min at -0.75 V vs Mg2+|Mg for the deposition of Mg on Pt. Already during the electrochem-
ical experiments the sample electrodes are mounted on a crystal holder manufactured out of
steel for the UHV chamber. All experiments were performed in glass cells with an 3 electrode
arrangement.

XPS characterization
To investigate the chemical state of sample surfaces X-ray Photoelectron Spectroscopy (XPS)
was used. In general the samples Au electrodes (d=10mm) which were modified in an elec-
trochemical experiment are used. After the electrochemical experiment, the sample is washed
with dry THF (Mg deposition experiments) or and mounted into a homemade sample transfer
system. This transfer system allows the transfer of a sample between the glovebox and the
UHV chamber without contact to air. The XP Spectrometer is part of a homemade UHV cham-
ber with a base pressure of 5 · 10−10 mbar. In the measurements in which the Sb electrode was
examined without an insertion of magnesium, the transfer to the XP spectrometer was carried
out via the laboratory atmosphere. The used X-ray source is a non-monochromatized Mg Kα

(1253.6 eV) source. As electron energy analyzer a hemispherical electron analyzer (Omnicron
NanoTechnology EA 125) is used. Survey spectra were recorded with a pass energy of 50 eV
and an energy resolution of 0.5 eV. High-resolution spectra were recorded with different pass
energies (the pass energies are noted in the captions of the spectra) and an energy resolution
of 0.1 eV. To increase the signal to noise ratio, the high-resolution spectra are an average of 6
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spectra. The binding energy was calibrated using the Au 4f7/2 peak at 83.95 eV binding energy
or the Pt 4f7/2 at 71.09 eV binding energy [278], which is present in all measurements after a
certain Ar+ etching time. The XPS measurements were accompanied by Ar+-etching (Physical
Electronics Model 04-191, 3 kV, Iemission=25 mA, Isample=1 µA).

8.4 | Results and discussion

8.4.1 | Electrochemical studies
The electrochemical deposition of Sb on Au is performed from a 0.25 mM Sb2O3 in 0.5 M
H2SO4.Solution. A CV of this system on a polycrystalline Au electrode is shown in Figure 8.1.
This shows two current fronts for cathodic current. The first is the under potential deposition
(UPD) of Sb on the Au surface. Then, from 0.1 V vs. RHE, the bulk deposition is starting. In
the anodic return, first the bulk Sb is dissolved (from 0.2 V vs. RHE) and then the UPD-Sb
layer is dissolved. The UPD deposition of Sb on Au has already been investigated using in situ
STM [335–337]. Hara et al. and Yan et al. were able to characterize an irreversible Sb adsorp-
tion before the Sb UPD adsorption. This is due to the irreversible adsorption of SbO+ species.
Furthermore, Zan et al. were able to characterize the UPD layers of Sb on Au(111) using in
situ EC-STM, and thus determined the coverage to be 0.44 [335]. For the further intercalation
studies the Sb electrode is prepared by a 90 min potential stop at 0.05 V vs. RHE.

Figure 8.1: CV of the Sb deposition from 0.25 mM Sb2O3 in 0.5 M H2SO4 with a sweep rate of 10 mV s−1.

Furthermore, the electrochemical studies on Mg deposition and Mg insertion into Sb are
shown in Figure 8.2. The left figure in Figure 8.2 shows the time evolution of the CVs for Mg
deposition and dissolution on Pt by cycling. After 30 cycles a steady state and a reversible Mg
deposition/resolution is observed. This process was already described in chapter 8.2 and is
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due to the formation of the electrochemically active [Mg2(µ− Cl)3]+ species. The right figure
in Figure 8.2 shows the second CV cycle recorded in MACC/TEGDME on an Sb modified elec-
trode. The insertion of Mg into Sb is indicated by a reduction peak that is 400 mV more positive
than the start of Mg deposition. The anodic sweep shows first the bulk-Mg dissolution and then
the deinsertion of Mg from Sb. It should also be mentioned that in this CV the conditioning
process is not yet finished. This can be seen in the fact that the transition from Mg deposition
to Mg dissolution is marked by an overvoltage of 200 mV. For the XPS investigations, poten-
tial stops were performed for Mg deposition and Mg insertion. For Mg deposition, a potential
stop is performed for 30 min at -0.75 V vs Mg2+|Mg. For Mg insertion in Sb, a potential stop is
performed for 820 min at -0.25 V vs Mg2+|Mg.
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Figure 8.2: Left: CVs of te Mg deposition out of MACC in TEGDME. The CVs are showing the electro-
chemical conditioning process until a stable CV is reached (cycle 30). Right: CV for the Mg insertion
and deposition into/on a Sb modified Au electrode. Shown is the 2nd cylce. Therefore the conditioning
process is not yet finished.

8.4.2 | XPS characterization of the electrodeposited antimony
Figure 8.3 shows the Sb 3d region for the deposited Sb layer, after transfer for different Ar+

etch times. A total of 4 peaks can be observed. The peaks at 528.4 eV binding energy and
537.7 eV binding energy can be assigned to the elemental antimony [338]. Next to each of these
peaks there is a second peak which is shifted to higher binding energies. Here an assignment
of an antimony oxide species can be made. The O 1s peak of the antimony oxide is not directly
measurable because it is hidden by the Sb 3d transitions. With the help of the Auger transition
of oxygen from the survey spectrum, however, the existence of oxygen on the electrode surface
could thereby verified. Furthermore the surface was etched with Ar+ ions. The etching times
are shown in Figure 8.3. The combination of Ar+ etching and XPS shows that the proportion
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of antimony oxide to antimony decreases for longer etching times. However, we could not
experimentally observe a pure Sb(0) surface. There are several possible reasons for this: The
short contact of the electrochemically deposited antimony with the laboratory air is sufficient
to partially oxidize the antimony even in deeper atomic layers. On the other hand, it is also
conceivable that the deposited antimony surface has a high roughness, which means that the
Ar+ beam does not hit and remove the entire surface. Different etching rates of the different
species of the surface are also conceivable. As a result, the elemental antimony, for example,
could be removed more quickly than the antimony oxide, resulting in a distorted depth profile.
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Figure 8.3: XP spectra of the Sb 3d region for different Ar+ etching times. Recorded with a pass energy
of 15 eV and a step width of 0.1 eV.

Finally, this measurement shows that the deposited antimony film is oxidized by contact
with air. This is especially relevant for thin antimony films. This finding is not surprising when
the different redox potentials of antimony and oxygen are considered (O2 + 4 H+ + 4 e– −−⇀↽−−
2 H2O E0 = 1.229 V vs. NHE [339], Sb2O3 + 6 H+ + 6 e– −−⇀↽−− 2 Sb + 3 H2O E0 = 0.152 V vs.
NHE [339]).

179



8. XPS studies on the Mg deposition and insertion 8.4. Results and discussion

8.4.3 | XPS characterization of the Pt electrode after magnesium depo-
sition

Figure 8.4 shows the XP survey spectrum of a Pt electrode after Mg was deposited from MACC
in TEGDME for 30 min. The first spectrum was recorded immediately after the transfer and the
second after 30 min Ar+ etching. After the transfer it can be seen that the Pt surface is buried
by an electrochemically deposited layer because the Pt 4f core level excitation around 75 eV
binding energy is hardly visible. The deposited layer consists mainly of C, O, Al and Cl (see
assignment in Figure 8.4). The position of the C and Al signals shows that they are in oxidized
chemical state. Regarding the C signal and the O signal, decomposition products of the elec-
trolyte can be concluded. The deposited Al was probably oxidized in the transfer process by
small impurities of O2 and H2O in the Ar atmosphere. The signal for the Mg 2s core level exci-
tation (around 50 eV binding energy) is only visible after Ar+ etching. It can be concluded that
the deposited Mg was hidden by a layer of the above mentioned products after the transfer
and could not be detected due to the surface sensitivity of the XPS experiment. Also, the Pt
signals can be detected after Ar+ etching. In general, the same elements were detected by XPS
in this experiment as in the studies of He et al. [332]. In the XPS measurements concerning the
Mg insertion in Sb it was possible to obtain a larger data set, therefore a more detailed analysis
of the chemical environment of the elements can be performed in the following chapter.

Figure 8.4: XP survey spectra of the Pt electrode after the Mg deposition. The blue traced spectrum
is taken after the transfer. The orange traced spectrum was recorded after 30 min Ar+ treatment. In
addition the dashed lines are indicating the assignment of the observes peaks towards elements (in
oxidation state 0).
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8.4.4 | XPS characterization of the Sb electrode after magnesium inser-
tion

Figure 8.5 shows the transient of the magnesium insertion into the Sb modified Au electrode.
Magnesium was inserted by a potential jump to 0.25 V vs. Mg2+| Mg and then holding this
potential for 820 min. The experimental intention was to create a chemical equilibrium of the
Mg-Sb phase due to the long duration of the experiment. Due to the diffusion inhibition of
Mg in the Sb layer, the current drops after a short time, but it was observed that even after
820 min the current did not completely drop to the baseline (see magnification in Figure 8.5).
This indicates side reactions (besides the Mg insertion) or an unachieved state of equilibrium.
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Figure 8.5: Current transient for a potential jump into the magnesium insertion into antimony (-0.25 V
vs Mg2+|Mg). The potential was held for 820 min. The inset is showing a magnification of the transient
just before removing the working electrode from the electrochemical cell.

After the electrochemical experiment in Figure 8.5, the electrode was removed from the cell
and washed with 5 mL THF. The electrode was then transferred under Ar atmosphere to the
UHV of the XP spectrometer. The recorded XP Survey spectra are shown in Figure 8.6.

The XP spectra could be assigned the specific core electron excitation of Mg, Al, Cl, C, Sb,
O and of the substrate Au. With the help of Ar+ etching a depth profile is also obtained. After
a total duration of 270 min of Ar+ etching the XP spectrum shows almost only the core level
excitations of the Au substrate. This shows that the chemical composition of the total deposited
Sb film, together with the modification by Mg insertion, is examined in the following. The
first spectrum after the transfer shows that the electrode consists mainly of carbon (50%). The
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chemical environment of carbon can be evaluated from the high resolution C 1s region (see
Figure 8.7).

Figure 8.6: XP survey spectra of the Sb modified Au electrode after the Mg insertion shown in Figure 8.5.
The XP spectra are taken after the transfer and for different Ar+ etching times.

Figure 8.7 clearly shows that the detected carbon is a species on the electrode surface: Dur-
ing the Ar+ etching process the signal is hardly detectable. In addition, the broadening of the
signal to higher binding energies shows that the carbon present is oxidized in the first spectrum
(after the transfer). There is a shoulder particularly noticeable at 290 eV binding energy [338].
This indicates a proportion of carbonates on the surface. In general, the oxidized state of the
carbon fits well with the observed binding energy of the O1s core level excitation. It is known
that the negative potentials and the reactivity of the inserted Mg can lead to side reactions at the
interface electrode/electrolyte [340–342]. This can lead to the accumulation of decomposition
products of the electrolyte on the electrode surface.

The atomic ratios in the individual XP spectra were calculated using the atomic sensitivity
factors of the core level excitation of the different peaks [282]. In Figure 8.8 these are shown
in a bar chart. For a better overview, the influence of carbon was not included. The values
shown are the atomic proportion in relation to the sum of all elements shown. It is noticeable
that the value for oxygen is very high and does not decay even after longer sputtering times. It
can be assumed that the oxygen is transferred into the XP spectrometer. The oxidation of Mg
and Al also takes place in the used Ar atmosphere. The contamination of O2 and H2O in the
used Ar gas is 2 ppm/mol. From the concepts of surface science it is known that the dose of
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Figure 8.7: High resolution XP spectrum of the C 1s region for different Ar+ etching times. Recorded
with a pass energy of 50 eV and a step width of 0.1 eV.

1 L (1 L=1.33·10-6 mbar s) H2O and O2 is sufficient to create a monolayer of oxidation products.
For the mentioned contaminations of O2 and H2O this corresponds to a time of 0.7 ms, which
is sufficient to expose the surface to the glovebox atmosphere to trigger the oxidation process.1

It is therefore conclusive that during the duration of the transfer (about 5 min), the deposited
layers oxidize, which explains the high oxygen signal. The products of this oxidation reaction
are hydroxides and oxides. In fact, the deconvoluted O 1s signal indicates the presence of
these products. The binding energy of the deconvoluted O 1s region 1 (see red shaded area in
Figure 8.9) indicates hydroxides, whereas the deconvoluted region 2 (see orange shaded area
in Figure 8.9) indicates oxides in the XP spectra.

In general, this oxidation process limits the significance of the chemical shift of the binding
energies, since oxidation is an artifact of the transfer process. Nevertheless, the XP spectra
unravel some important information about the electrochemical reactions during the insertion.

An important observation is the dependence of the Cl signal as a function of the Ar+ etch
time. It can be seen that the Cl signal decreases with increasing Ar+ etch time and therefore it

1The time of 0.7 ms was calculated assuming molecular flow (low pressure). To get a more accurate time for the
problem presented here, the transport of O2 and H2O under higher pressure and thus a stronger interaction of the
gas molecules with each other has to be considered.
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Figure 8.8: (a) Atomic ratios of Sb, O, Mg, Al and Cl to the sum of the displayed elements. The ratios
were calculated out of the XP spectra taking the atomic sensitivity factors of the core level excitations
into account (corresponding element and symmetry of the atomic orbital) [282]. Regarding the oxygen
signal, this evaluation is more complex and the O 1s signal had to be deconvoluted from the overlap
between the O 1s and Sb 3d signal (see Figure 8.9). (b) Ratio from the atomic sensitivity factor corrected
Al 2p signal to the Mg 2s signal as a function of the Ar+ etching time.

is a species that can be found on the surface. It was all ready shown, that in the presence of
Cl- ions in the electrolyte a magnesium surface decorated with Cl- could be formed. This was
postulated in the MACC/THF system and is due to the underlying exothermic process [329].
In general, it has been observed that the addition of chloride to the electrolytes is essential for
the success of Mg deposition. It has been postulated that the Cl- decorated Mg surfaces are
more stable against the formation of passivation layers [343]. Furthermore, the addition of
MgCl2 to the electrolyte appears to produce important electrochemically active species for Mg
deposition [323, 344]. In addition to the deposited Mg, Al is also observed in the XP spectra.
In Figure 8.8 (b) it is shown that the ratio of Al to Mg decreases with increasing Ar+ etch time.
Thus the Al signal is also originated from the electrode surface. Similar observations were
made by Gewirth and coworkers in the case of bulk magnesium deposition from MACC in
THF based electrolyte [326]. After 180 min Ar+ etch time the Al/Mg ratio increases again.
The reason for this is that most of the electrochemically deposited material has already been
removed. This is visible in Figure 8.6 by the increasing signal for the Au substrate. Therefore,
at this stage of the experiment, different rates of etching by the Ar+ etching of the deposited
material play a more important role.

The Sb signal increases with increasing Ar+ etch time. Thus, it can be concluded that the
electrochemically deposited layer of Sb is covered by a layer consisting mainly of C, Al, Cl as
well as the O introduced by the transfer. Comparing the high resolution spectrum of the Sb 3d
region after Mg insertion (see Figure 8.9) with the spectrum after the deposition of Sb from an
aqueous electrolyte (see Figure 8.3), the spectrum after insertion shows no detectable amount
of Sb in the oxidized state. The Sb 3d dubblet is observed at a binding energy that can be
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assigned to Sb(0). Bhardwaj et al. report a 0.6 eV shift to lower binding energies of the Sb 3 d5/2

core level excitation of Mg3Sb2 compared to Sb(0) [345]. The reason that we cannot observe this
shift is again due to oxidation by the transfer. Nevertheless, we do not observe any antimony
oxide after the insertion of Mg. In general, the antimony oxide could be reduced due to the
negative potential in the subsequent insertion experiment, or it could be reduced in a chemical
pathway through the inserted Mg. A precise mechanism is still unknown here. However, it
can be emphasized that the insertion material is elemental antimony and not antimony oxide.
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Figure 8.9: XP spectra showing the deconvoluted Sb 3d O 1s region. The experimental data is shown
as circles. The different deconvoluted species are shown as hatched areas and the resulting fit as a line.
The different spectra are originated from different Ar+ etch times (see image labeling). In general, the
O 1s region 1 can be assigned to hydroxides and the O 1s region 2 to oxides. However, the spectrum in
the C 1s region immediately after the transfer also shows carbonates and other carbon-oxygen species.
Therefore a uniform assignment is not valid here. Recorded with a pass energy of 15 eV and a step width
of 0.1 eV.

When looking at the ratio of Mg to Sb (see Figure 8.8 (a)), it is striking that the experimen-
tally determined amount of Mg is greater than the formulation of an insertion compound with
the molecular formula Mg3Sb2 suggests. This finding could have several reasons. For one,
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it is conceivable that the antimony oxide present is chemically reduced by the inserted Mg,
which would presumably result in the formation of magnesium oxide. Furthermore, the for-
mation of a Mg-Al alloy is conceivable [346]. It is also conceivable that different etching rates
of the Sb compounds and Mg compounds by Ar+-etching will result in an enrichment of the
Mg compound. The reasons listed above would explain the larger amount of Mg.

The high resolution spectrum of the Mg 2p core level excitation in Figure 8.10 (a) shows
a relatively broad peak, which shifts to low binding energies for longer Ar+ etch times. A
deconvolution of these peaks into different Mg species does not seem to give reliable results.
However, the width of the peak indicates that MgCl2, Mg(OH)2, MgO and Mg are likely to
contribute. As an orientation, the common binding energies for the Mg species are indicated.
After the transfer and for short Ar+ treatment times, Mg-Cl species appear to be present on the
surface, which is consistent with the observed Cl signal. The shift of the peak to lower binding
energies indicates a higher proportion of Mg(0) in the investigated layer for longer Ar+ etch
times.

By means of the deconvolution of the Al 2p core level excitation (see Figure 8.10 (b)) it can
be shown that elemental aluminium is present within the deposited layer at a binding energy of
72.8 eV [347]. In the deconvolutions routine, Al(0) and Al(+III) were each fitted with a doublet
of gaussian-lorentz peaks. The area ratio corresponds to the expected ratio for a 2p core level
excitation and the peak generation was fixed at 0.42 eV [338]. Thus it can be shown that a
side reaction during Mg insertion in Sb is the deposition of elemental aluminium. Most of the
Al(+III) on the electrode surface is probably due to the transfer of the electrode into the XP
spectrometer, as discussed above. The deposition of Al(0) from MACC could not be detected
by XPS so far [332].
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Figure 8.10: (a) High resolution XP spectra showing the Mg 2p core level excitation. As a guide, the
common binding energies for MgCl2 are also given. MgO and Mg(0) are also shown. (b) High resolution
XP spectra showing the Al 2p core level excitation. Here a deconvolution of the experimental data is
performed. Thereby two species Al(0) and Al(+III) each with a p excitation doublet with an binding
energy difference of 0.42 eV were used [338]. Both sets of spectra were recorded with a pass energy of
50 eV and a step width of 0.1 eV.

8.5 | Conclusion

This work shows XPS studies of Sb deposition from a sulfuric acid electrolyte, the deposition
of Mg from the MACC electrolyte on a Pt electrode and the insertion of Mg into a Sb electrode
from the MACC electrolyte. The following observations could be made:

� After the deposition of Sb and transfer through the laboratory air, oxidation of the Sb
surface occurs. In XPS both Sb(0) and Sb(+III) species could be detected. In the Mg
insertion process the Sb(+III) species are reduced.

� The surface of the electrodes after Mg deposition and Mg insertion consists mainly of
decomposition products of the electrolyte (CO 2 –

3 and other O containing C species). With
the help of Ar+ etching these species were removed to get an insight into the electrode
surface.
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� In general Mg and Al were found in an oxidized state. This can be mainly explained by
the reaction with impurities of O2 and H2O in the Ar atmosphere of the glovebox.

� Both after Mg deposition and Mg insertion, Al was detected on the surface, which has
already been described as the product of the conditioning process of Mg deposition [326–
328]. By Ar+ etching of the Sb insertion electrode Al(0) could be detected. The binding
energy of the Mg 2s core level excitation also shows a higher proportion of Mg(0) after
Ar+ etching.

� The deposition of Cl species on the surface already known from Mg deposition from
MACC was also observed for the insertion process. This again shows the importance of
the Cl species during Mg deposition which could prevent the formation of a passivisation
layer on the Mg surface.

� The Al and Cl concentrations decrease by Ar+ etching, which proves that these are surface
species. For the Sb signal the opposite trend was observed, which shows that Sb is buried
by Al-, Cl- and C-containing species.

� The expected stoichiometry of the insertion compound (Mg3Sb2) could not be confirmed
from the XPS data. The evaluated Mg content is higher than expected. The reason for this
is probably the proportion of side reactions that lead to further Mg compounds.
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9

Summary and Outlook

This dissertation deals with different questions from the current research on metal-O2 batteries.
In the following, the new findings will be summarized by topic.

Contributions to experimental methods

First, the contributions will be summarized to experimental methods. Within this study a
new DEMS cell was developed. This cell has a small electrolyte volume with a larger electrode
surface area and therefore the measurements can be compared with the conditions in a battery.
In addition, the cell was optimized for fundamental research in a three electrode arrangement.
Furthermore, the transport of oxygen to the electrode surface is well defined in this cell and
stationary concentration profiles of oxygen in the cell (for example in the ORR) are quickly
established. These conditions are also valuable for the investigation of the ORR under different
aspects. The well defined transport conditions of this electrochemical DEMS cell were used to
construct another cell for the determination of the solubility of gases in liquids and the diffusion
coefficient of the gas in the liquid using a mass spectrometer. A major advantage of this cell is
that only small electrolyte volumes are required and the experiments can be performed quickly.
This data concerning O2 in different electrolyte systems are essential for the development of a
metal O2 battery. For example, the product distribution of different reduced oxygen species
can be calculated from diffusion limit currents in RRDE experiments or peak heights in CVs of
the ORR using this data [109, 111]. Furthermore, this data is essential to gain deeper insights
into the metal-air battery by numerical simulation and to validate reaction mechanisms [190,
348]. A first publication with solubilities and diffusion coefficients of O2 in different DMSO
based electrolytes has therefore already been published with this cell [128]. This experiment is
still frequently used in the electrochemistry laboratory of the University of Bonn. Furthermore,
we could use this cell to construct another experiment to evaluate the homogeneous chemical
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kinetics of ORR by a redox mediator using defined transport conditions of O2 in combination
with numerical simulations (see chapter 6).

Another part of this work deals with the characterization of ORR products in Ca2+ con-
taining DMSO as well as the products of the Mg deposition from MACC in TEGDME and the
insertion of Mg into Sb by XPS. For this purpose a transfer device was constructed, which al-
lows the transfer of samples from the electrochemical experiment which are performed in an Ar
filled glovebox to the spectrometer without exposing the samples to laboratory air (see chapter
2.4.2).

Redox Mediators for the ORR and OER

Redox mediators have attracted much attention in the Li-O2 community [198, 211]. It could
be shown that the charging voltage of the Li-O2 battery is reduced by OER mediators and
that the discharge voltage and the discharage capacity of the Li-O2 battery can be increased by
ORR mediators. However impressive these studies may be, in order to keep up with Li-ion
technology, Li-O2 batteries must have comparable cycle counts and for this the mediators must
have a high resistance to the reactive oxygen species formed in the Li-O2 battery. Therefore,
one object of investigation in this study was to examine the stability of redox mediators for the
OER within the Li-O2 cell. For this purpose the mediators TMPD and TTF known from the
literature were examined. Thus it was possible to prove the instability of these molecules in
situ in the OER by evaluation of the e– /O2 number. The instability of the redox mediators is
further indicated by a CO2 development in the MSCV. At the same time as we published these
results, a study from the Aurbach group appeared which confirmed our observations [349].
However, the instability of these mediators was demonstrated by a long-term measurement
and not in situ. We have already postulated, using TTF as an example, that one reason for
instability is the formation of 1O2 and the associated [2+2]-cycloaddition (see chapter 4. This
was experimentally confirmed one year by Kwak et al [120]. Using the mediators TTF, TMPD,
Fc and TEMPO, the kinetic of Li2O2 oxidation was studied. By combining a Nernst behavior
for the oxidation of the mediator and assuming the Marcus theory for the oxidation of Li2O2 by
the oxidized mediator, we were able to derive a model which we could confirm experimentally.
From this study we could deduce that the oxidation of Li2O2 by RM+ is conducted through an
outer sphere electron transfer. The kinetics of the oxidation of Li2O2 by RM+ is a topic of current
research and discussion. Thus, in the same year in which we published our results Chen et al.
published an opposing finding [60]. In 2019, however, Ko et al. published a study on this topic
that confirms our findings [59].

Furthermore, we investigated the molecule DBBQ as a mediator for the ORR. DBBQ shows
a strong interaction with the cations of the supporting electrolyte. Our investigations have
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shown that the ORR kinetics increases when the association between the cation and DBBQ in-
creases. The reaction rates could be quantified by us (see 6). An increasing association between
the cation in the supporting electrolyte and DBBQ also results in a shift of the ORR potential
to higher potentials. This finding is of practical relevance, because the discharge voltage of a
metal-O2 battery could be increased, resulting in an increase of the energy density of the bat-
tery. To the best of our knowledge, our study on ORR kinetics by DBBQ is the only one so
far.

Insights into the ORR and OER in Ca2+ containing DMSO

In recent years research on electrochemical Ca deposition / dissolution has grown and first
promising results have been published [350]. Therefore, research on the ORR and the OER in
Ca2+ containing electrolyte is of interest for the development of a Ca-O2 battery. At the be-
ginning of the work for this thesis only a few studies on ORR in Ca2+ containing electrolyte
were available in the literature [351, 352]. The first basic research on this topic was published at
the beginning of the work for this by Reinsberg and Baltuschat et al. [97]. The results showed
promising findings concerning the ORR in Ca2+ containing DMSO. In the present study, based
on this initial work, further experiments were performed to complete the mechanistic picture
of the ORR in Ca2+ containing DMSO. It could be shown that Ca-superoxide, which was pre-
viously described as the main product of ORR in Ca2+ containing DMSO, disproportionates.
This is of application-related relevance, because the Ca-peroxide thus formed would represent
a Ca-O2 cell with a considerably higher energy density. Furthermore, it could be shown that
the formed Ca-peroxide is soluble in DMSO. Especially in comparison to Li-O2 cell, it has a
big advantage as the insolubility of Li2O2 is an issue in this technology. Using XPS Au and
Pt surfaces could be characterized after the ORR in Ca2+ containing DMSO. It has been shown
that the same ORR products can be detected on Au and Pt. These are decomposition products
of the electrolyte in the top layer, followed by Ca(O2)2 and CaO2. CaO was found close to the
electrode surface. Based on this analysis we postulated that the observed transition from 2 e–

process to 1 e– process is due to the formation of an adsorbed monolayer of CaO (or strongly
adsorbed peroxide). Due to this irreversibly adsorbed layer, the active centers on the electro-
catlyst necessary for the 2 e– process are blocked and a transition to the 1 e– process occurs.
RDE measurements have shown that applying a potential of 0.4 V vs. Ag+|Ag is necessary to
regenerate the electrocatalyst. We were also able to confirm the functioning of DBBQ as ORR
mediator in DMSO containing Ca2+ using DEMS.
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XPS studies on the Mg deposition and insertion

In addition to the investigations on the insertion of Mg from MACC/TEGDME in Sb, which
were already carried out in the Baltruschat working group, the electrodes are characterized at
different preparation steps using XPS (see chapter 8). It could be shown that the electrochem-
ically produced Sb electrodes are oxidized by the transfer through the laboratory air. The Sb
3d region showed a splitting of the Sb 3d doublet into two doublets, which could be assigned
to Sb(0) and Sb(+III). The insertion of Mg from MACC/TEGDME reduces the Sb(+III) species.
In general, a characterization of the electrode surface after insertion showed similar products
as already known from Mg deposition on Pt from MACC/TEGDME [326–328]. Thus an irre-
versible Al deposition takes place. The Al accumulates on the surface and loses intensity in
deeper layers. Another surface species is Cl, which is known in literature as an important ad-
ditive for Mg deposition [323, 344]. The accumulation of Cl species on the surface is likely to
be important for inhibiting surface passivation [343]. Al and Mg were detected on the surface
mainly in the oxidized state. This is due to oxidation by contamination of O2 and H2O in the
transfer system (even when filled with highly pure Ar) and the reactivity of these metal sur-
faces. By Ar+ ethching, however, Mg(0) and Al(0) could be detected.

Outlook

The research field of metal-O2 batteries is experiencing a strong participation due to the
need for new electrochemical energy storage devices with energy densities greater than the
Li-ion technology. This dissertation addresses kinetic investigations on redox mediators, the
determination of solubility and transport properties of O2 in the electrolyte, the characteriza-
tion of the reaction in the Ca-O2 cell and the Mg insertion in Sb. It has been shown that it is
absolutely necessary to understand the side reactions by reactive oxygen species in the bat-
tery in order to optimize them. Some studies, which were carried out before the beginning the
work for this thesis, have already pointed out the problem concerning the reactivity of the O ·−

2

formed in the ORR [82–87, 106, 107]. Studies by other workgroups published duiring the work
on this dissertation indicate 1O2 as a main reason for the parasitic reactions in the metal O2

battery [115–119, 122]. This species is the main reason for the decomposition of redox media-
tors. Therefore, the search for mediators that are stable in the metal-O2 cell is of relevance. A
recent study shows that possibly corrole-chelated metal complexes are stable redox mediators
for the OER [353]. In general it is advisable to prevent the formation of 1O2. A first approach
is to use 1O2 quencher [121]. In the future, however, redox mediators can also be tested for
their suitability in reducing 1O2 in the metal-O2 battery. For example, a mediator can be used
to reduce the OER potential below the formation of 1O2. However, the formation of 1O2 in the
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disproportination of O ·−
2 is problematic. But even here, a redox mediator that produces a 2

e– reduction could inhibit the disproportination reaction. To a large extent it is necessary to
investigate the use of dual mediator systems in detail. There are already some publications on
this topic [64], but there is a lack of detailed research on the reaction mechanism. Appendix B
shows studies for the system DBBQ/I– .

In summary, the development of a metal O2 battery is currently slowed down mainly by
the problems with side reactions. Therefore it is even more important to characterize the chem-
ical reactions on the anode and cathode in detail. In this way it is possible to suppress the side
reactions. This work provides some important contributions towards side reactions and a char-
acterization of the reactions in the Li-O2 cell with redox mediators as additive, the Ca-O2 cell
and the Mg insertion in Sb is given. If one additionally considers the developments in research
on metal-O2 batteries, approaches to solve some problems have already been found. These
developments make the construction of the metal O2 battery look promising.
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A

Fabrication of Super P Carbon DEMS membranes

Furthermore, iodide should be investigated as a redox mediator for the OER with the new
DEMS cell described in chapter 4. The porous PTFE membranes in the Baltruschat lab, on
which Pt and Au were deposited, are not suitable for these experiments. This is due to the
fact that Iodo-Pt and Iodo-Au complexes have a high stability constant, which shifts the Au
and Pt dissolution to lower potentials (into the potential range of I2 formation). Therefore the
development of carbon-DEMS membranes was necessary. For this purpose, a recipe that has
already been tested by project partners from the "Zentrum für Sonnenenergie- und Wasserstoff-
Forschung Baden-Württemberg" for the application in Li ion batteries and Li-O2 cells was used
[93]. This recipe was optimized for DEMS application:

A suspension of 80% Super P Carbon1 (Alfa Aesar, 99%) and 20% polyvinylidene fluoride
(PVDF, Sigma Aldrich) in N-methyl-2-pyrrolidone (NMP, Sigma Aldrich, ≥99.0%) is produced.
The concentration of Super P carbon and PVDF in NMP is 5.4 g L−1. The suspension is stirred
for 24 hours. In the next step, the porous PTFE DEMS membrane with a thickness of 50 µm and
a porosity of 50% is placed in a petri dish. A sharp-edged stainless steel tube is pressed onto
the membrane. This serves to limit a defined area. The suspension is then added to this area so
that a loading of 0.2 mg cm−2 is achieved. The surface is filled with NMP until it is completely
wetted. The Petri dish is then placed on a heating plate and the solvent is evaporated in a fume
cupboard at 60°C. A photo of the resulting membrane is shown in Figure A.1. The electrodes
can now be stamped out of this membrane.

In order to ensure a complete electrical contact of the Super P carbon surface, one of the
PTFE spacers used in the DEMS cell (see chapter 4 ) is replaced by an Au coated spacer. This
spacer is pressed onto the Super P electrode and contacted with the potentiostat using an Au

1Super P Carbon is obtained by oxidation products from the petroleum industry. It is known for its high surface
area and good electrical conductivity. The high proportion of sp2-hypritized carbon is responsible for the good
electrical conductivity (sp3/sp2=2.44) [354].
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wire. This method increases the contact area between carbon and gold. The assembly described
here is also sketched in Figure A.1.

porous PTFE
Membrane (d = 50 µm)

PTFE spacers (d = 150 µm)

PTFE spacer, Au deposited
(d = 50 µm)

Porous PTFE membrane,
Super P carbon deposited (d = 50 µm)

Au wire (d = 50 µm), 
connection to potentiostat

Figure A.1: Picture of the Super P Carbon DEMS membrane (left) as well as an illustration of the assem-
bling of the cell components (right). Here the thickness d of the diffrent components is included.

Due to the high surface area, higher double layer currents have been observed for the ex-
periments with the Super P carbon electrode than with the Au electrodes. In addition, these
electrodes were cycled in oxygen-free electrolytes before starting the measurement with the
mediator until a stable CV was obtained (see A.2).
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Figure A.2: Time evolution of the double layer current of the Super P Carbon DEMS electrode.
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Dual mediator system for the Li-O2 cell

The suitability of LiI as a mediator for the OER is investigated. In a second step DBBQ will be
added as a mediator for the ORR to construct a dual-mediator Li-O2 cell. DBBQ was already
examined as mediator for the ORR in chapter6. The measurements are performed in 2 M LiTFSI
in DMSO (see Figure B.1 and in TEGDME (see Figure B.2) based electrolytes. The Figures B.1
show (a) and B.2 (a) are showing the DEMS measurements in the supporting electrolyte with-
out addition of the mediators. As DEMS cell the previously described thin layer DEMS cell
(see chapter 4) was used. The working electrode is a porous PTFE membrane on which Super
P Carbon was deposited. The reversibility Rev from OER charge to ORR charge, determined
from the MSCV data for ṅ32 as well as the average electron numbers for ORR zORR and OER
zOER are calculated for the shown measurements. The results are listed in the tables B.1 and
B.2. It is noticeable here that the measurements without mediator show zORR > 2. This is prob-
ably due to the use of Super P carbon as electrode material, since it is known that carbon based
electrodes can be attacked by reactive oxygen species [241].

I– is oxidized to I2 during a positive sweep in a two-stage process:

3 I− −−→ I −3 + 2 e− (B.1)

2 I −3 −−→ 3 I2 + 2 e− (B.2)

These two processes occur at different potentials and are represented by two peaks in the CVs
in O2 free solution in Figure B.1 (b) and Figure B.2 (b). In these figures the potential range of I –

3

formation was highlighted in blue (region I) and the potential range of I2 formation was high-
lighted in green (region II). It is noticeable that a comparison of the ṅ32 in Figure B.1 (a) and
(b) shows that I –

3 acts as a mediator for the OER. The same comparison for measurements in
the TEGDME based electrolyte (see Figure B.2 (a) and (b)) only shows here I2 as a redox medi-
ator for the OER. In general, the Rev values increase in both DMSO and TEGDME electrolytes
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when LiI is added to the supporting electrolyte. In TEGDME based electrolyte the kinetics
for the OER by I2 is slow, which means that the OER is not completed in a sweep. Therefore
a potential stop in the OER was performed here until ṅ32 drops to the baseline to determine
Rev. However, this procedure makes an evaluation of zOER no longer possible ( this is why the
entries in table B.2 are missing).

The addition of DBBQ to the DMSO and TEGDME based electrolyte significantly lowers
the Rev value. This trend does not correspond to the expectation, since it is assumed that the
Li2O2 formed by the DBBQ within the electrolyte volume should be oxidized by I –

3 or I2 and
should lead to a similar reversibility as only with LiI in the electrolyte. For the DMSO based
electrolyte, additional measurements were made with a 2 M LiTFSI with 10 mM DBBQ. The
measurements are not shown here, but table B.1 shows the relevant values. It can be seen that
the addition of LiI increases the reversibility from 12% (only DBBQ) to 28% (DBBQ and LiI),
which underlines the mediation effect of LiI. A further observation is that the electron number
of ORR zORR in the double mediator system is lower in both cases than the expected value of 2
e– /O2. This could be an indication that the two mediators have influenced each other. It was
also observed that the measurements in the double-mediator system shows higher CO2 signals.
Therefore, it can be assumed that in the presence of DBBQ the proportion of side reactions that
produce CO2 releasing species is higher.
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Figure B.1: CVs, oxygen flows ṅ32 and carbon dioxide flows ṅ44 for different electrolytes: (a) 2 M LiTFSI
in DMSO, (b) 2 M LiTFSI in DMSO with 10 mM LiI and (c) 2 M LiTFSI in DMSO with 10 mM LiI and 10
mM DBBQ.

Table B.1: Summary of the results in 2 M LiTFSI in DMSO based electrolytes with different combinations
of the redox mediators DBBQ and LiI. The reversibilities with respect to the oxygen signal in mass
spectrometry Rev were calculated. Furthermore the electron numbers of the ORR zORR and the OER
zOER have been calculated.

Electrolyte Rev zORR zOER
without mediator 47% 2.13 2.61

10 mM LiI 79% 2.14 2.46
10 mM DBBQ 12% 2.14 2.82

10 mM LiI and 10 mM DBBQ 28% 1.73 2.56
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Figure B.2: CVs, oxygen flows ṅ32 and carbon dioxide flows ṅ44 for different electrolytes: (a) 2 M LiTFSI
in TEGDME, (b) 2 M LiTFSI in TEGDME with 10 mM LiI and (c) 2 M LiTFSI in TEGDME with 10 mM
LiI and 10 mM DBBQ.

Table B.2: Summary of the results in 2 M LiTFSI in TEGDME based electrolytes with different combina-
tions of the redox mediators DBBQ and LiI. The reversibilities with respect to the oxygen signal in mass
spectrometry Rev were calculated. Furthermore, the electron numbers of ORR zORR and OER zOER have
been calculated.

Electrolyte Rev zORR zOER
without mediator 39% 2.58 2.45

10 mM LiI 76% 2.14 -
10 mM LiI and 10 mM DBBQ 44% 1.12 -
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C

Iodid mediation of the OER in Ca2+ containing DMSO

Iodide was investigated as a redox mediator for the OER in DMSO containing Ca2+, since it
had been shown that iodide can increase the reversibility of a Li-O2 cell (see Appendix B). This
mediator is mainly known from studies on the Li-O2 battery [53, 55]. DEMS measurements
were carried out with the cell described in [58] using a porous PTFE membrane coated with
SuperP Carbon as electrode. Figure C.1 shows the DEMS measurements without iodide (a)
and with iodide (b).

In particular, a comparison of the MSCVs of O2 in Figure C.1 shows that the kinetics of the
OER are faster in the presence of iodide in the electrolyte. This is also shown by the fact that
at the upper potential limit of the CV the OER in the iodide containing electrolyte is allready
finished. This effect is even more obvious in Figure C.2. There the MSCVs of O2 from Fig-
ure C.1 were normalized to the diffusion limited current of the ORR. In this figure, the MSCV
in the iodide-containing electrolyte shows higher currents in the OER. In the presence of io-
dide in the electrolyte the CO2 development is shifted by 250 mV to more negative electrode
potentials. Thus the onset of CO2 development correlates here with that of the formation of I2

(second redox peak in the CV at anodic sweep). It is conceivable here that the oxidation of de-
composition products of the electrolyte is favoured by I2. With regard to the reversibility of the
OER charge to the ORR charge, only a small improvement can be observed with the addition
of iodide (from 41 % to 50 % ).
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Figure C.1: (a) DEMS measurement in 0.4 M Ca(ClO4)2 in DMSO. (b) DEMS measurement in 0.4 M
Ca(ClO4)2 +5 mM KI in DMSO. In the measurements shown in red, the electrolyte was saturated with
800 mbar O2. Different diffusion limiting currents result from different electrolyte layer thicknesses,
which result from the assembly of the cell (compare [58]). In the measurements shown in black there is
no O2 in the electrolyte.
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Figure C.2: MSCVs normalized to the diffusion limit current of the ORR of the ion current of O2 from
Figure C.1.
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D

Finite diffrence RRDE simulations

The algorithm for simulating RRDE experiments already described in chapter 3.3 can be used
to validate the experimental data. For example, Figure D.1 shows transients of the ring current
of the reduction of the decamethylferrocene cation. The decamethylferrocene cation was pre-
viously formed by a sudden potential jump in the oxidation of decamethylferrocene at the disc
electrode. This experiment was already illustrated in chapter 2.2. Figure D.1 shows a compari-
son between the experimental data (circles) and the simulated transients (lines). It can be seen
that the finite difference algorithm reproduces the experimental data excellently.
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Figure D.1: A comparison between the experimental ring current and the simulated ring current for the
reduction of the decamethylferrocene cation. This was previously formed in a potential jump at the disc
electrode. The adjusted diffusion coefficients are shown in the figure.
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D. Finite diffrence RRDE simulations

RRDE simulations can also be used to illustrate the consequences of the simplifications
made when deriving the common formulas for RRDE. In chapter 2.2, the expression for the
collection efficiency of the RRDE is already given (see equation 2.12). In the derivation of this
expression the series expansion for the description of the velocity field of the electrolyte in
front of the RRDE (see also chapter 2.2 after the first element was stopped. Figure D.2 shows
that the calculated values for the collection efficiency according to equation 2.12 as well as the
simulated values for the collection efficiency, if only the first Kraman-Crohan-coefficient is used
in the simulation. In this case an excellent agreement between those two values is produced.
However, if the simulation uses the entirety of the published Kraman-Crohan coefficients (up to
the ninth element of the series expansion) [177], a clear deviation from the previously calculated
values for the collection efficiency can be seen (see red line in Figure D.2). This shows that it is
possible to achieve more precise results with the numerical RRDE simulations than it is possible
with the usual formula for the RRDE. If particularly complex kinetic models, such as those used
in ORR, are to investigated, a fit of the experimental data using the RRDE simulations should
provide more accurate results.
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Figure D.2: A comparison of the collection efficiencies of RRDE with different precise velocity fields
(simulation) to the calculated value for the collection efficiency using the published asymptotic expres-
sion.
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D. Finite diffrence RRDE simulations

For the further RRDE simulations, we have cooperated with Dr. Jürgen Fuhrmann, René
Kehl and Dr. Christian Merdon of the Weierstrass Institute for Applied Analysis and Stochas-
tics in Berlin (WIAS) . A new RRDE code was developed at WIAS. This new code could be
benchmarked against the finite difference code. The simulation times of both codes and the
simulated results were compared. Figure D.3 shows the simulation times for a linear sweep
experiment for different rotation frequencies. The required simulation time increases with the
rotation frequency.
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Figure D.3: Simulated linear sweep voltammerty for an RRDE for different rotation frequencies (left)
and required simulation time (right). The sweep rate was 10 mV s−1. A redox system was simulated,
which shows a Nernst behavior. This is reduced at the disc electrode (solid line) and oxidized at the ring
electrode (dashed line).

Furthermore, Figure D.4 shows the collection efficiencies N in the steady state for different
refined grids. The grid is refined by increasing k0 and decreasing β̄ (see chapter 3.3). Also
shown is the N value that was calculated for the same RRDE geometry with the WIAS code. It
can be seen that when refining the grid, the finite difference value for N follows that produced
with the WIAS code. At the same time, the simulation time required increases significantly
(see the numbers in Figure D.4). For comparison: The WIAS code needs 2 s to calculate the N
value, whereas the calculation with the finite difference code needs 233.33 s for the finest grid
used. This comparison shows that using the WIAS code, it is possible to make a time effective
adjustment of experimental RRDE data using numerical simulations. At the time of writing
this thesis this comparison is still ongoing research between the University of Bonn and WIAS.
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Figure D.4: Calculated collection efficencies for different fine grids for the finite difference algorithm. In
addition, the calculated N value with the WIAS code is shown as well as the required simulation times
in seconds.
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