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Abstract 

In the present work the oxygen reduction reaction in organic electrolytes was 

investigated. Quantitative DEMS-studies (differential electrochemical mass spectroscopy) 

revealed that oxygen is reduced electrochemically to superoxide in TBAClO4 (tetrabutyl 

ammonium perchlorate) containing, DMSO- (dimethyl sulfoxide) based electrolytes. This was 

derived from the fact that 1 electron is transferred in order to reduce one molecule of oxygen. 

2 e-/O2 are transferred in the presence of Li+, hence, resulting in the formation of Li2O2. This 

is also true for NMP- (N-methyl-2-pyrolidone) based electrolytes. 

At smooth gold electrodes and at low overpotentials the z-value (number of electrons 

per reduced oxygen) is close to 1 e-/O2 even in lithium containing electrolytes. Under these 

conditions electrochemical oxygen reduction results in the formation of superoxide, which 

undergoes a chemical disproportionation to peroxide in the aftermath. This indirect pathway 

of peroxide formation shifts to a direct pathway of peroxide formation at higher 

overpotentials: Oxygen is reduced electrochemically to peroxide when the potential becomes 

more negative than -1.2 V (vs. Ag/Ag+) which is indicated by a z-value close to 2 e-/O2. This 

mechanism was also ascertained by RRDE (Rotating Ring Disc Electrode) measurements. 

These measurements show that during oxygen reduction at the disk electrode species are 

formed that are oxidised at the ring electrode (i.e. detection electrode). It is generally 

assumed that the species that reacts at the ring electrode under these conditions is 

superoxide. As the overpotential increases and the potential range of the indirect pathway of 

peroxide formation is entered, less current is observed at the ring electrode.  

It is a reasonable assumption that it is superoxide reacts at the ring electrode. 

However, it cannot be taken for granted. Therefore, a novel cell for RRDE like applications in 

combination with DEMS was designed. It allows proper identification of the species reacting 

at the detection electrode by means of mass spectroscopy. Employing the so-called 6-

electrode cell showed that it is, indeed, superoxide that is detected at the ring electrode. 

Further support for the proposed mechanism of oxygen reduction at gold stem from 

eQCMB (electrochemical Quartz Crystal Microbalance) measurements: Only at potentials 

lower than -1.2 V the formation of a deposit takes place. This corresponds well to the 

formation of soluble superoxide at low overpotentials, whereas solid Li2O2 forms at high 

overpotentials.  

No such transition takes place when porous gold electrodes are employed. At these 

electrodes the z-value is always above 1.5 e-/O2. This difference has been ascribed to the 

structure of the porous gold electrode: Gold at open circuit catalyses a reaction that results in 

the oxidation of superoxide. Due to this reaction that takes place at electrical isolated gold 

particles in the porous gold electrode it is not possible to distinguish between the indirect and 

the direct pathway of peroxide formation.  



There are also other parameters that influence the pathway by which electrochemical 

oxygen reduction takes place: The electrode material, the presence of water and the cation 

of the electrolyte. At rhodium oxygen reduction proceeds via the direct pathway of peroxide 

formation irrespective of the applied overpotential. At ruthenium and glassy carbon a z-value 

of approximately 1.5 e-/O2 indicates that both the direct and the indirect pathway of peroxide 

formation take place in parallel. Much alike to rhodium, also platinum appears to favour the 

direct pathway of peroxide formation even at low overpotentials. However, the deposition of 

Li2O2 inhibits the ability of platinum to reduce oxygen to peroxide. Therefore, in the course of 

oxygen reduction the mechanism shifts from the direct to the indirect pathway of peroxide 

formation. At BDD- (Boron Doped Diamond) electrodes no oxygen reduction takes place. 

The impact of the electrode material on the oxygen reduction reaction reveals an 

electrocatalytic effect on both, the oxygen reduction to superoxide and to peroxide. This 

indicates that both oxygen and superoxide need to undergo specific interaction with the 

electrode material prior to any charge transfer.  

At gold electrodes the potential at which the transition from the indirect to the direct 

pathway takes place depends on the charge density of the cation in the electrolyte. As the 

charge density increases the transition takes place at lower overpotentials. No effect of the 

cation was found on the onset potential of oxygen reduction. Hence, the first charge transfer 

takes place without the involvement of the cation, whereas the second charge transfer is 

likely to take place after the cation has coordinated to superoxide.  

With increasing water contents the potential at which the transition from the indirect to 

the direct pathway takes place shifts to higher overpotentials. However, this was only 

observed at gold, the only electrode material at which a sharp transition from the indirect to 

the direct pathway of peroxide formation takes place. The origin of the water-effect is still 

elusive.  

During oxygen reduction, reduced oxygen species are deposited on the electrode. 

These are oxidised in the following anodic sweep. Oxygen evolution comes along with a z-

value of 2 e-/O2  indicative for the oxidation of Li2O2 formed during oxygen reduction. There is 

no dependence of the onset potential of oxygen evolution on the used electrode material. 

However, the kinetics of this reaction is more sluggish at gold then at other electrode 

materials, which indicates also an electrocatalytic effect on the oxygen evolution reaction.  

At potentials more positive then 0.3 V evolution CO2-evolution takes place which 

indicates electrolyte decomposition. The amounts of evolved CO2 linearly depend on the 

amounts of reduced oxygen during the previous cathodic sweep. This indicates that 

electrolyte decomposition takes place during oxygen reduction and that CO2 evolution is due 

to the oxidation of decomposition products. The deposition of decomposition products during 

oxygen reduction shows up in higher then expected m.p.e-values (mass per electron) 



observed via eQCMB measurements. The parallel deposition of Li2O2 and decomposition 

products leads to an inhomogeneous film on the electrode. This film-structure is responsible 

for the missing mass changes during oxygen evolution: When Li2O2 is oxidised the remaining 

decomposition products form cavities, which are filed up with electrolyte. The additional mass 

of the electrolyte offsets at least partially the mass losses due to Li2O2 oxidation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 



Erklärung gemäß §6, Absatz 2 der Promotionsordnung der 
mathematisch naturwissenschaftlichen Fakultät 

Die vorgelegte Arbeit wurde von mir persönlich, selbstständig und ohne Benutzung 

anderer als der angegebenen Hilfsmittel angefertigt. Alle direkt oder indirekt übernommenen 

Daten oder Konzepte wurden durch entsprechende Quellenangaben kenntlich gemacht. Ich 

versichere, dass diese Arbeit weder vollständig noch in Teilen als Dissertation zu 

irgendeinem Zeitpunkt eingereicht wurde. Ich habe weder vor noch während meiner 

Promotion oder bei der Anfertigung dieser Dissertation entgeltliche oder nicht-entgeltliche 

Beratungs- oder Vermittlungsdienstleistungen in Anspruch genommen.  

Ich versichere damit, dass diese Dissertation im Einklang der in §6, Absatz 2 der 

Promotionsordnung der mathematisch naturwissenschaftlichen Fakultät der Universität Bonn 

vom 3. Juni 2011 geforderten Bedingungen steht.  

 

 

 

_____________________________________________ 

(C. Bondü) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Danksagung 
 

Ich finde es seltsame eine Erklärung abzugeben, dass ich diese Arbeit selbstständig 

und ohne fremde Hilfsmittel als die angegebenen angefertigt habe. Seltsam deshalb, weil 

eine wissenschaftliche Arbeit letztlich immer ein gemeinsames Projekt ist aus dem einzelne 

Teile herausgelöst und in eine isolierte Promotion gesteckt werden. Wo aber beginnt der 

Beitrag des einen und wo endet der eines anderen? Die Grenzen verwischen – auch deshalb 

habe ich die Form der kumulativen Dissertation gewählt bei der die Beiträge anderer über die 

Autorenschaft der einzelnen Artikel ersichtlich sind. Nichts desto trotz gebietet mir das 

Einreichen dieser Arbeit einigen Menschen im speziellen zu danken. 

Zu aller erst möchte ich Herrn Baltruschat danken, der mich als Doktorand und diese 

Arbeit betreut hat.  Das Maß an Zeit, dass Herr Baltruschat in die Betreuung seiner 

Doktoranden investiert ist nicht selbstverständlich. Herr Baltruschat erklärt seine 

Gedankengänge und ist bereit diese mit offenem Ausgang zu diskutieren. Daher ist es 

möglich seine Gedanken wirklich nach zu vollziehen, anstatt sie einfach abzuknicken, oder 

sie in selteneren Fällen zu korrigieren. Ich denke, dass dieses Vorgehen eher die Ausnahme 

als die Regel ist und ich glaube daher, dass es nicht viele Gruppen gibt, in denen ich fachlich 

so hätte wachsen können, wie es in der Grupp von Herrn Baltruschat der Fall war. Zudem 

hatte ich ein hohes Maß an Freiheit auch eigene Fragestellungen zu verfolgen. Gleichzeitig 

konnte ich auf die notwendige Führung vertrauen. Auch das sind Dinge die nicht immer 

selbstverständlich sind.  

Zudem möchte ich Jan Kaul und Abd El Aziz Abd El Latif danken, die vom Anfang bis 

zum Ende meiner Promotion meine Kollegen waren. Wir haben uns gegenseitig geholfen 

und lange Zeit viele Lasten geteilt. Wir haben Rücksicht auf einander genommen und lustige 

Unterhaltungen geführt.  

Eine Promotion ist ein ganzer Lebensabschnitt, der vermutlich immer von 

Unsicherheit, Zweifeln und Rückschlägen geprägt ist. Ich muss allen Menschen Danken, die 

diese Zeit mit mir verbracht haben. Ganz besonders muss ich meiner Familie danken, die 

immer für mich da war. Wie oft haben meine Eltern und meine Schwester geholfen, wenn mir 

Alles über den Kopf gewachsen ist?  Viel wichtiger ist aber das Gefühl gewesen, dass Sie 

einfach da waren und zu wissen, dass ich mich auf sie verlassen konnte. In den Zeiten in 

denen ich glaubte, dass ich niemals fertig werde, wusste ich, dass ich trotzdem keine 

Enttäuschung für meine Familie wäre, wenn ich aufgegeben hätte. Ich weiß um die Sorgen, 

die ich meiner Familie bereitet habe wenn ich drüber geklagt habe was alles nicht 

funktionierte. Vermutlich hat meine Familie darunter mehr gelitten als ich. Meinen Eltern 

möchte ich zudem noch dafür danken, dass Sie mich durch mein Studium getragen haben 

und mir dadurch überhaupt ermöglicht haben die vorliegende Arbeit zu beginnen.  



Zuletzt möchte ich meinen Freunden danke vor allem jenen, die seit Beginn meines 

Studiums dazu gehören und mein Leben in Bonn so sehr bereichert haben: Lisa und 

Christian Landvogt, Christian Kube, Tobias Damen, Yvonne Lorenz, Maria und Thomas 

Linden.  

 



Contents 
 
1. Introduction 1 

1. 1. Motivation 1 
1. 2. Situation Prior to the Dissertation 2 

2. Experimental Techniques 7 
2. 1. Rotating Ring Disc Electrode 7 
2. 2. Differential Electrochemical Mass Spectroscopy (DEMS) 8 
2. 3. The (Electrochemical) Quartz Crystal Micro Balance 19 

3. Paper 1 - Quantitative Study for Oxygen Reduction and Evolution in Aprotic 
Organic Electrolytes at Gas Diffusion Electrodes by DEMS 

43 

3. 1. Introduction to Paper 1 43 
3. 2. Quantitative Study for Oxygen Reduction and Evolution in Aprotic 
Organic Electrolytes at Gas Diffusion Electrodes by DEMS (as published in 
JECS) 

44 

3. 3. Summary of Paper 1 54 
4. Paper 2 - Oxygen reduction and oxygen evolution in DMSO based electrolytes: 
the role of the electrolcatalyst 

55 

4. 1. Introduction to Paper 2 55 
4. 2. Oxygen reduction and oxygen evolution in DMSO based electrolytes: 
the role of the electrolcatalyst (as published in PCCP) 

56 

4. 3. Summary of Paper 2 86 
5. Paper 3 - A Comprehensive Study on Oxygen Reduction and Evolution from 
Lithium Containing DMSO Based Electrolytes at Gold Electrodes 

87 

5. 1. Introduction to Paper 3 87 
5. 2. A Comprehensive Study on Oxygen Reduction and Evolution from 
Lithium Containing DMSO Based Electrolytes at Gold Electrodes (as 
published in JECS) 

88 

5. 3. Summary of Paper 3 109 
6. Paper 4 - A New 2-Compartment Flow Through Cell for the Simultaneous 

Detection of Electrochemical Reaction Products by a Detection Electrode and Mass 

Spectroscopy 

111 

6. 1. Introduction to Paper 4 111 

6. 2. A New 2-Compartment Flow Through Cell for the Simultaneous 

Detection of Electrochemical Reaction Products by a Detection Electrode 

and Mass Spectroscopy (as published in Electrochim. Acta) 

113 

6. 3. Summary of Paper 4 135 

7. Summary of the Presented Results and Discussion in Light of Literature Results 137 
8. Outlook 145 



9. Appendix 153 
A1 Sulfolane 153 
A2 Benzonitrile  154 

A3 Tetraglyme 157 

A4 Memory effect of the DEMS 158 
A5 Porous Teflon membranes as gas diffusion electrodes 159 

10. References  162 

 



1 / 166 

1. Introduction 
Each paper that is part of this work features an introduction and a discussion section 

that puts the results reported in the respective paper in context with the literature. In order to 

avoid redundancies no exhaustive literature survey will be given at this point. However, it 

seems to be beneficial to put the current work briefly into an historic context as far as the  

research on lithium-air batteries is concerned. 

 

1. 1.  Motivation 
It is common knowledge that present motorised private transport depends largely on 

the combustion of fossil fuels which releases CO2 into the atmosphere. For different reasons 

the emission of CO2 has become politically unwanted in the German society and beyond [1, 

2]. The German federal government aims to reduce greenhouse gas emissions drastically. 

By 2050 CO2-emissions are to drop to 20% to 5% of the level it had in 1990 [2]. It is clear 

that such ambitious aims are only attainable if it becomes possible to shift transportation of 

individuals and goods to CO2-neutral forms. One approach, among others, is to make use of 

secondary batteries in order to electrify automotive transportation [2, 3]. By doing so CO2-

neutrality would be achieved if the electricity that is used to charge batteries is generated by 

zero-emission technologies.  

However, battery technologies that are commercially available already lack specific 

energy densities that match those of petrol [4]. For that reason and because of the huge 

economic potential of secondary batteries with specific energy densities that reach close to 

those of petrol a political momentum has developed that aims at the advancement of new 

battery concepts [3].  

One of these new battery concepts are lithium-air-batteries which, other then lithium 

ion batteries, do not require the intercalation of lithium ions in heavy metal oxides. Upon 

discharge of a lithium air battery the lithium anode is oxidised and provides electrons via an 

external circuit to the air electrode, where they are used to reduce oxygen from air. Given the 

low weight of the active components (lithium and oxygen) and the large differences of their 

standard potentials, lithium air batteries have a theoretical specific energy density of 

11.14 kWh/kg (40.1 kJ/g) [5]. This very large value is obtained when the weight of oxygen is 

excluded (since it is supplied by air) and when it is assumed that Li2O is formed as the final 

discharge product. However, if the weight of oxygen is included and if it is assumed that 

Li2O2 forms as the dominant discharge product then the theoretical energy density is 

reduced to 13.8 kJ/g with a theoretical efficiency of 90.2%. These values were calculated 

from the relevant thermodynamic data [6, 7]. The theoretical efficiency diverts from 100% 

because of the heat flow due to the entropy. 
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There are two construction concepts for lithium air batteries. In the first concept the 

air electrode is in contact with an aqueous electrolyte. This requires either an ion conducting 

membrane or a ceramic that protects the anode from humidity. In the second concept both  

the cathode as well as the anode are immersed into the same non-aqueous, aprotic 

electrolyte. The latter concept was introduced by Abraham in 1996 [5]. The crucial processes 

during discharge and charge of lithium-air batteries are the electrochemical reduction and 

evolution of oxygen from organic electrolytes. Therefore, the present work aimed at gaining a 

genuine understanding of these processes.  

 

1. 2. Situation Prior to the Dissertation 
In the past a lot of research connected to lithium-air batteries involved predominantly 

the construction of model batteries (this approach has not been abandoned, but arguably in 

current research efforts it is less prominent). The concept of a non-aqueous lithium air 

battery was developed by Abraham in 1996 [5]. Abraham, allegedly, demonstrated the 

working principle with a model battery that employed a polymer electrolyte containing 

ethylene carbonate (indeed, it needs emphasising that in retrospective this model battery did 

everything but follow the principle of a lithium-air battery). The choice of the electrolyte, in 

particular the ethylene carbonate component, was probably inspired by its widespread use in 

lithium ion batteries. Carbonate based electrolytes are frequently used there because they 

form a "solid electrolyte interphase" (SEI; indeed, interphase as the SEI is an extended 

phase, rather than a two dimensional interface) in front of the lithium anode [8]. The SEI acts 

as an ion conducting membrane that separates the anode from the electrolyte and, hence, 

protects both anode and electrolyte from further decomposition.  

One decade later the concept of lithium-air battery was embraced by the Bruce-group 

[9]. In 2006 Ogasawara et al. reported a model lithium-air battery that had an initial capacity 

of approximately 1000 mAh/g at a discharge plateau of 2.5 V (i.e. 9 kJ/g) and that retained 

60% of its capacity after 50 charge-discharge cycles. Similar to the battery reported by 

Abraham [5] this battery employed a carbonate based electrolyte. To the scientist at that time 

a battery with capacities and cycling performances as those reported by Ogasawara et al. 

must have appeared as a benchmark system. In addition Ogasawara et al. showed by 

means of differential electrochemical mass spectroscopy (DEMS) that during the first charge 

of this battery predominantly oxygen was evolved.  

Simply passing charge into the battery and recording the voltage respond does not 

give any information on the reactions that consume and deliver charge. Therefore, the DEMS 

measurements done by Ogasawara et al. were perceived to be of great value, because they 

supposedly showed that oxygen reduction and oxygen evolution were the reactions that 

provided current during discharge and charge. However, the reported DEMS results of 
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Ogasawara et al. only refer to an electrode to which Li2O2 was added, rather than to an 

experiment where oxygen was reduced from the gas phase during discharge prior to the 

DEMS measurement [9]. Hence, the report of Ogasawara et al. only shows that it is possible 

to evolve oxygen by oxidation of Li2O2 in the described setup. It neither shows that Li2O2 

actually forms during discharge via oxygen reduction nor that electrochemically formed Li2O2 

is oxidised during charge. (Electrochemically formed Li2O2 does not necessarily deposit in 

the oxygen electrode. If Li2O2 precipitates at locations in the battery without electric contact 

to the oxygen electrode complete charge is not possible.) Therefore, it would have been 

interesting if Ogasawara et al. had provided DEMS-results for the second discharge-charge 

cycle. However, the report of Ogasawara et al. strongly suggests that lithium-air batteries 

employing carbonate based electrolytes are properly working and only require optimisation 

[9]. 

In the years that followed the report of Ogasawara et al. no less than 11 reports on 

lithium air batteries - all of which featuring a carbonate based electrolyte - were published by 

various groups [10-20].  In post mortem analysis some authors supposedly verified by means 

of XRD [10, 17], FTIR [10] and/or Raman spectroscopy [11] that Li2O2 formed during oxygen 

reduction (e.g. discharge) while the presence of (major amounts of) Li2CO3 was ruled out. 

In 2011 then numerous papers were published that showed that superoxide formed 

during oxygen reduction initiates the decomposition of carbonate based electrolytes [21-28]. 

The techniques used in these studies included theoretical calculations [23, 24], NMR [22] 

[26], SERS (surface enhanced Raman spectroscopy) [22], XPS (X-ray photoelectron 

spectroscopy) [25], DEMS [22] [21, 27, 28], Raman spectroscopy [25], FTIR spectroscopy 

[22, 25-27] and XRD [26-28]. Scheme 1 shows the decomposition mechanism of propylen 

carbonate as proposed by Freundberger et al. [22]. 

 
Scheme 1: Decomposition of propylene carbonate during oxygen reduction reaction as proposed by Freudenberger et al. [22]. 

 

Discharge (oxygen reduction) in lithium air batteries operating with carbonate based 

electrolytes results in the formation Li2CO3, C3H6(OCO2Li)2, CH3CO2Li, HCO2Li, CO2 and 

H2O [22]. In the subsequent charging these compounds are oxidised, hence, evolving 

predominantly CO2. Note that among others Raman-spectroscopy, FTIR-spectroscopy, 
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DEMS and XRD were used to show that carbonates decompose in the presence of reduced 

oxygen species. The very same techniques were used in previous studies to show that Li2O2 

(rather than Li2CO3) is formed during discharge (i.e. oxygen reduction) of  lithium air 

batteries that employ carbonate based electrolytes [5, 9-11]. Today, it is accepted that 

oxygen reduction in carbonate based electrolytes results in formation of decomposition 

products. But it remains hard to understand why there was a need to rectify the literature in 

the first place. This history also emphasises the need to flank battery research by more 

fundamental approaches to the underling processes than it is possible in model battery 

studies.  

After 2011 the quest for new and stable solvents began. Post 2011 electrolytes were 

based on ethers [22, 29-32], ionic liquids [30], NMP (N-methyl-2-pyrrolidone) [33] and DMSO 

(dimethyl sulfoxide) [34]. With the exception of ionic liquids (which were not tested) the 

stability of all of these solvents was questioned by the DEMS-results published by 

McCloskey et al. in 2012 [35]. McCloskey et al. observed that lithium-air batteries employing 

electrolytes based on either NMP, DMSO or DME (dimethoxyethane) consumed more 

oxygen during discharge (oxygen reduction) than they evolved during charge. In addition 

McCloscey et al. observed the evolution of CO2 which they deemed the product of electrolyte 

decomposition. However, decomposition of these electrolyte systems seems to be less 

severe than in carbonate based systems.  

At least in the case of DMSO the results presented by McCloskey et al. [35] are at 

odds with those presented by Peng et al. [34]. The latter presented a model battery that 

employed a DMSO based electrolyte with rather good cycling performance. By means of 

DEMS Peng et al. showed that no CO2 evolution takes place during charge when the 

employed oxygen electrode consisted of porous gold. On the other hand CO2 evolution was 

observed when the oxygen electrode was made from carbon [34]. Although not stated 

explicitly, the paper of Peng et al. strongly implies that CO2 evolution to carbon corrosion. 

McCloskey et al. did not provide any DEMS experiments at gold but only at carbon based 

electrode [35]. It is conceivable that different results presented by Peng et al. [34] and 

McCloskey et al. [35] are, indeed, due to different electrode material. However, until then 

there was barely any knowledge available on how the electrode material might influence the 

oxygen reduction reaction or the oxidation of Li2O2. Only Lu et al. found that the current 

density during oxygen reduction depends on the electrode material in a DME based 

electrolyte [36]. But whether and how the electrode material might influence the cycling 

behaviour of lithium air batteries was still unknown. 

Although much work in literature concerns construction of model lithium-air batteries, 

there are also more fundamental studies available. Already in 1965 Peover and White 

mentioned in a brief communication that oxygen is reduced to superoxide at a mercury 
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electrode in a variety of solvents, when tert-butylammonium perchlorate (TBAClO4) was 

present [37]. This conclusion was based mainly on the evaluation of CV data, but also on 

EPR-results. In 1966 Swayer and Roberts found that oxygen was reduced to peroxide in an 

electrolyte of 0.05 M NH4ClO4 in DMSO at mercury or gold electrodes [38]. However, 

superoxide was formed in the same electrolyte at platinum electrodes or in an electrolyte of 

0.05 M NEt4ClO4 in DMSO irrespective of the electrode material. Swayer and Roberts 

employed for their study cyclovoltammetry and chronoamperometry, but no spectroscopy 

techniques were used. Although Swayer and Roberts were the first to show that the cation 

exerts an influence on the product of oxygen reduction in organic electrolytes, Laoire et al. 

are more often cited in this context. From CV data and kinetic considerations Laoire et al. 

proposed that oxygen reduction in TBA+ containing electrolytes results in the formation of 

superoxide, whereas in the presence of smaller and more polarising cations such as Li+ and 

Na+ peroxide was formed [39, 40].   

It should not come as a surprise that oxygen reduction in Li+-containing electrolytes 

leads to the formation of Li2O2 (rather than to other conceivable lithium oxide species such 

as Li2O or LiO2). In aqueous electrolytes oxygen is reduced to water (i.e. the proton 

analogue of Li2O) only at electrode materials at which strong oxygen adsorption is observed 

[41]. The presence of adsorbates on the surface hampers oxygen adsorption and favours the 

formation of H2O2 [42]. It appears logic that large molecules of organic solvents adsorbed at 

the electrode disfavours the formation of Li2O (although work on that issue is still required). 

LiO2 on the other hand is known to exist only in the argon matrix and disproportionates to O2 

and Li2O2 under ambient conditions [43, 44].  

Although it is clear that oxygen reduction in organic lithium-containing electrolytes 

eventually leads to the formation of Li2O2 the path to Li2O2 remains largely elusive. For the 

oxygen reduction in DMSO based and lithium containing electrolytes Laoire et al. proposed 

that oxygen is reduced to superoxide at low overpotentials. In that case Li2O2 is formed by 

lithium induced disproportionation. Furthermore, Laoire et al. proposed that at high 

overpotentials electrochemical peroxide formation dominates. Laoire et al. based this 

mechanism on a potential opening experiment and kinetic considerations [40].  

It can be said in summary that at the beginning of the project little was known about 

the oxygen reduction reaction in organic media. Laoire et al. had already proposed important 

fundamental concepts on the effect of the solvent and the cation on the mechanism of 

oxygen reduction reaction [39, 40] but these concepts where not yet put to a test by other 

groups. Nothing was known about the effect of water or the electrode material. Electrolyte 

systems which were not based on carbonates were proposed, but experimental work on 

these electrolytes was still rare. Our aim was, therefore, to gain a fundamental insight into 
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the oxygen reduction reaction, which we deem necessary to succeed in the strive for a 

properly working lithium-air battery.  
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2. Experimental Techniques 

In each of the Papers that are part of this work a detailed experimental section 

describes how the experiments were conducted and the reader is referred to the respective 

papers for practical details. This section describes the employed techniques for the reader 

who is less familiar with standard techniques of electrochemistry.  

 

2. 1. Rotating Ring Disc Electrode 
The rotating (ring) disc electrode is a powerful tool that allows the experimentalist to 

separate limitations due to diffusion from limitations due to kinetics. By doing so it is possible 

to determine the rate constant of an electrochemical reaction [45] or even the rate constant 

of a chemical decay that follow the electrochemical generation of a substance [45]. In 

addition the maximum achievable current depends on the diffusion coefficient and the 

concentration of the reactant, on the viscosity of the electrolyte and the number of electrons 

transferred per reacting molecule. If only one of these quantities is unknown it can be 

determined by an RRDE measurement [45]. However in the present study the potential of the 

RRDE technique was harnessed only to a limited degree, as the technique is hampered by 

the formation of solid Li2O2. Therefore only a very brief overview over the principle that 

underlies the technique is given. 

 

Principle of the Rotating Ring Disc Electrode 

The centrepiece of the technique are two independent electrodes embedded in a tip 

of polymeres (in the present study a tip of Teflon was used). The first electrode is a disc 

electrode situated in the centre of the tip. The second electrode is a ring that encircles the 

disc electrode with a constant distance. Ideally the surface of the ring, the disc and the tip 

form a plane [45].  

During an RRDE experiment the tip is immersed into the electrolyte and rotated along 

the surface normal of the disc electrode. The rotation accelerates the electrolyte in contact 

with the tip in radial direction (r-direction in Figure 1). This in turn causes bulk electrolyte to 

approach the tip in the direction of the surface normal of the disc electrode (y-direction in 

Figure 1) [45].  

The forced convection has two consequences. The Nernstian Diffusion Layer in front 

of the electrode has a defined thickness, which can be adjusted by choosing an appropriate 

rotation speed. Molecules can reach the electrode only after diffusing through the Nernstian 

Diffusion Layer. It is possible to calculate the maximal flux of reactants to the electrode, if the 

thickness of the diffusion layer and the diffusion coefficient of the reactant are known [45].  
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The second consequence of forced convection is that intermediates or soluble 

products formed at the disk electrode are transported to the ring electrode. It is possible to 

choose the potential at the ring electrode independently from the potential at the disc 

electrode. Usually a fixed potential is applied to the ring electrode while the potential at the 

disc electrode is swept between certain limits. If the intermediates that were formed at the 

disc electrode undergo an electrochemical reaction at the potential applied to the ring 

electrode, a current at the ring electrode is observed. Hence, the RRDE technique can be 

employed to test whether soluble products or intermediates are formed during 

electrochemical experiments [45]. Mainly because of this application the RRDE technique 

was employed in the presented study.  

 

 
Figure 1: Convection behaviour of the electrolyte during an (R)RDE experiment. Picture source: [45]  

 

 
2. 2. Differential Electrochemical Mass Spectroscopy (DEMS) 

The DEMS technique has been reviewed by Baltruschat [46]. The following section 

will largely summarize his article, as far as its content is of importance for the current study.   

 

Introduction 

Based on current voltage curves (e.g. cyclo voltamogramms) it is hardly possible to 

determine reactants and products of electrochemical reactions. Application of purely 

electrochemical techniques to unknown reactions is, therefore, of very limited value to 

chemists if not combined with other techniques that give at least qualitative information on 

the product distribution. Electrochemists are limited in their choice of electrode dimension 

and electrode geometry, because they have to maintain potential control and they have to 

avert inhomogeneous IR-drop across the electrolyte. Therefore, product formation rates are 
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too low to employ insensitive techniques such as NMR, popular in synthetic chemistry. In 

addition electrochemists seek to study dynamic processes. Such studies demand a small 

retention time of the technique that is employed parallel to the electrochemical method.  

In 1971, therefore, Bruckenstein and Gadde came up with a cell design that allowed 

them to combine electrochemistry with mass spectroscopy [47]. Using a porous Teflon 

membrane this set up allowed the Bruckenstein group the qualitative and quantitative 

analysis of volatile products of electrochemical reactions [48, 49] [50, 51]. However, there is 

a general consensus in literature that the technique employed by Bruckenstein can be 

referred to as electrochemical mass spectroscopy (EMS) [46, 52, 53]. In EMS a mass 

spectroscopic response is observed only after rise times of 20 seconds [52] and the term 

electrochemical mass spectroscopy is, therefore, used to discriminate the technique from 

differential electrochemical mass spectroscopy (DEMS) with faster response times. A rise 

time of 20 seconds is much too long to register changes in the formation rate of volatile 

reaction products. This is why EMS is not suited to study dynamic processes. This issue was 

addressed by Wolter and Heitbaum who introduced DEMS in 1984 [52]. The latter technique 

allows the experimentalist to correlate the ionic current to the faradic current, whereas EMS 

only allowed the correlation of the ionic charge to the faradic charge. Hence, Wolter and 

Heitbaum achieved a much faster response time. 

 

Interface Between Vacuum and Electrolyte 

It is crucial for the combination of electrochemistry and mass spectroscopy to allow 

volatile reaction products to pass into the vacuum, while keeping the liquid phase out. In 

traditional DEMS this is achieved by employing a non-wettable membrane on which the 

electrolyte rests [46, 47, 52, 53]. When Wolter and Heitbaum introduced DEMS they also 

defined the prerequisite of the membrane: It must be hydrophobic to hold back the liquid and 

at the same time it must be porous so that molecules can diffuse through the membrane into 

the vacuum chamber. This is generally achieved by employing a porous Teflon membrane. 

In order to maintain a high permeability of the membrane for volatile compounds the pores 

must not be flooded with electrolyte. Otherwise diffusion in the liquid phase would be 

required which would prohibit a rapid transfer of volatile reaction products to the mass 

spectrometer. From the relationship in Equation 1 Wolter and Heitbaum determined that the 

pore radius must be smaller than 0.8 µm when aqueous electrolytes are employed to keep 

the liquid phase from penetrating the vacuum.  

 

( )
atmp

r θσ cos2
−<  

Eq. 1 
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In Equation  1 σ  is the surface tension of the electrolyte, θ  is the contact angle 

between electrolyte and Teflon, atmp  is the atmospheric pressure and r  is the radius of the 

pore [52]. Indeed, the pressure difference across the pore rather than atmp  should enter the 

denominator of the relation in Equation 1. However, in the cell setup described by Wolter and 

Heitbaum the pressure difference is dominated by atmospheric pressure. Because the 

manufacturer of the Teflon membrane provides only average pore radii and because pore 

flooding must be avoided it is advisable to use membranes with a pore sizes well below 

0.8 µm. In practice and in the current study membranes that feature pore sizes of 0.02 µm 

are used [46, 52, 53]. 

Although the Teflon membrane prevents liquid electrolyte to enter the vacuum 

system, the solvent can still evaporate. This causes a constant flux of vapour into the 

vacuum and thus increases the pressure in the ionization chamber. Assuming molecular flow 

in the pores  the flow rate of any gaseous species per unit area into the vacuum was 

calculated by Wolter and Heitbaum according to Equation 2, 

 

( )2123
8 pp

l
r

M
RTn −⋅=
p

  
Eq. 2 

 

where R  is the gas constant, T  is the temperature, r  is the radius of the pore, l  is the pore 

length, 1p  is the partial pressure of the solvent and 2p  is the pressure in the ionization 

chamber [52] (considering a vapour pressure of 23.4 hPa and assuming an unreasonable 

large cross section of 1 nm2 the mean free pathway of water is estimated to be larger then 

1.7 µm. This value is much larger then the dimensions of the pore, hence, the assumption of 

molecular flow is valid). The total influx n  is then given by the flow per unit area times the 

surface area ( totA ) times the porosity (γ ). Using a membrane with a porosity of 50%, a total 

surface area of 0.28 cm2, a pore length of 50 µm and a pore radius of 0.02 µm Kohdayari has 

recently found experimentally that 0.05 µl/s of liquid water evaporate into the mass 

spectrometer. This fits well to the theoretical value of 0.04 µl/s of liquid water that is 

calculated from Equation 2 and the ideal gas law.  

In order to avoid a pressure higher then 10-3 hPa the dimensions of the membrane 

have to be chosen accordingly. In order to achieve this the effective pumping speed ( S ) at 

10-3 hPa must at least equal the influx (eq. 3). 

 

ShPaAn tot ⋅=⋅⋅ −310γ  Eq. 3 
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Wolter and Heitbaum found that the maximal acceptable surface area of a membrane with a 

porosity of 50%, a thickness of 150 µm and a pore size of 0.02 µm is 1 cm2, when the 

effective pumping speed is 200 l/s [52]. For the current work a membrane with a porosity of 

50%, a thickness of 75 µm and a pore size of 0.02 µm was used and a surface area of 

0.3 cm² was exposed to the vacuum.  

 

The Vacuum System  

Figure 2 shows the set up of the vacuum system introduced by Wolter and Heitbaum.  

 
Figure 2: Schematic drawing of the DEMS-setup presented by Wolter and Heitbaum [52] which was also used in 

the present  study. 

 

In principal the quadrupol mass spectrometer separates the vacuum system in two 

compartments: The ionization section containing the ionisation chamber and the analyzer 

section, where the ions are separated by their mass to charge ratio and are then detected. 

Both sections are differentially pumped (ionization section: 200 l/s; analyzer 

section: 50 l/sec). The electrochemical cell is placed on top of the ionization section and 

volatile species can pass over into the gas phase through a porous Teflon membrane (vide 

supra) [52].  

Although the design of the electrochemical cell placed on the DEMS-system has been 

subject to many improvements, no advancements of the actual DEMS set up were achieved 

(of course with the exception of a general improvement in pumping techniques and in partial 



12 / 166 

pressure measurement). Hence, in the current work essentially the same set up was used as 

that shown in Figure 2  
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Figure 3: Percentage of the maximal attainable pressure in a volume of 1 l, which is pumped with the indicated 

effective pumping speed, when at second 1 an influx of  0.001 mbar·l/s was allowed and at second 2 the influx 

was stopped. The curves were calculated by Equations 4A and 4B. 

 

The relatively large effective pumping speed of 200 l/s is not only necessary to 

maintain a low pressure in the ionization section while allowing for a relatively large surface 

area of the membrane, but also to keep the time constant of the mass spectrometer low. 

That is, rapid changes in the influx of gaseous species should be paralleled by rapid changes 

in the ionic current for that species. In order to fulfil this requirement the partial pressure of 

the species in question must enter its equilibrium value on a time scale of milliseconds. After 

a sudden increase of the influx n  of a gaseous species its partial pressure p  will change 

according to Equation 4A and after a sudden decrease according to Equation 4B 

( )( )τ/exp1 τ
S
np −−⋅





=


 
Eq. 4A 

( )τ/exp0 τpp −⋅=  Eq. 4B 

where t  is the time and τ  is the time constant which is given by SV /=τ  with V as the 

volume of the ionization chamber [46, 52]. 0p  in Equation 4B is the partial pressure of the 

gaseous species before the influx decreases. Figure 3 shows the evolution of the partial 

pressure for various pumping speeds after an influx of 0.001 mbar·l/s is allowed after one 

second and stopped after two seconds. The curves in Figure 3 were simulated according to 
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Equations 4A and 4B. The assumed influx is in the order of magnitude that was observed 

experimentally for the evaporation of ethanol and methanol from aqueous solution [54]. 

Figure 3 visualises that an effective pumping speed lower than 20 l/s comes at the cost of an 

unacceptable response time. In that case the time constant of the mass spectrometer is 

50 ms, when the ionization section has a volume of 1 l and is pumped with an effective 

pumping speed of 20 l/s [46]. It is pointless to reduce the time constant much further, since 

the time constant of the electrochemical cell is larger (i.e. the time constant of the transfer of 

volatile species from the electrolyte into the gas phase) [46]. However, a sufficient pumping 

speed is necessary to maintain an acceptable pressure of max. 10-3 mbar in the ionization 

chamber.  

The second turbo molecular pump is necessary to reduce the pressure in the 

analyser section to below 10-5 hPa. A sufficiently low pressure in the analyser section is 

required to reduce sensitivity limitations due to collisions with residual gas. 

 

Cell Design 

A large number of various cell designs are described in literature and a detailed 

review of various cell designs has been provided by Baltruschat [46]. In the following section 

some types of DEMS cells are briefly discussed: 

Traditional Cells: In here all cell designs where the working electrode forms the 

interface between vacuum and electrolyte are considered "traditional cells".  In these cells 

the working electrode is deposited directly on the Teflon membrane. This is done by either 

painting a conducting lacquer of metal particles or by sputter deposition of the metal directly 

on the membrane. The close proximity between electrode and vacuum ensures that reaction 

products can rapidly pass into the gas phase.  

Because a thin porous Teflon membrane has not the mechanical stability to withstand 

the pressure difference between atmosphere and high vacuum it is supported by some kind 

of frit. In the very first setup described by Wolter and Heitbaum this was a glass frit, which 

was connected to the vacuum system via a ground glass joint. Later, steel frits were used in 

order to support the Teflon membrane [46, 53, 55]. In all cases the membrane is pressed 

onto the frit by a cell made from glass or Teflon. A hole in the cell allows contact between the 

electrolyte and the working electrode. The reference and counter electrode are kept in the 

same compartment, as the working electrode. 

One disadvantage of traditional cells is that no defined convection is applicable. 

Although the electrolyte is stirred while purging with gas, no defined conditions are achieved 

as with the rotating disc electrode. In order to address this problem Tegtmeyer combined the 

rotating disc electrode technique with DEMS [56]. However, in this arrangement the 
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experimentalist is still bound to metal sputtered electrodes, which prohibits the use of 

electrode materials that cannot be sputtered or the use of single crystals. 

 

Dual Thin Layer Cell: In the dual thin layer cell defined convection can be applied. The setup 

of this cell as described by Jusys et al. is shown in Figure 4 [57]. In this cell the electrolyte 

enters the upper compartment through the inlet which then flows along the working electrode 

through six capillaries into the lower compartment. Reaction products formed at the working 

electrode are transported along with the electrolyte into the lower compartment, where they 

can evaporate into the vacuum of the mass spectrometer. The electrolyte leaves the lower 

compartment via  the outlet placed at the centre of the cell. 

This cell geometry is reminiscent of a wall jet arrangement were a jet of electrolyte is 

directed parallel to the surface normal of the electrode. In such an arrangement the diffusion 

limited current DiffI   is proportional to 4/3u [58, 59], where u  is the flow rate of the electrolyte. 

However, it was found experimentally that DiffI  is proportional to 3/1u [46, 60] which is more 

typical for the laminar channel flow behaviour. Indeed, it has been shown recently that the 

diffusion limited current follows the relationship in Equation 5  

 
x

Diff uDcFzgI ⋅⋅⋅⋅⋅= 3/2  Eq. 5 

 

In Equation 5 g is a geometry factor that varies in each cell setup, D  is the diffusion 

coefficient of the reactant, c  is the concentration of the reactant and x   is either 1 (at low 

flow rates) or 1/3 (at large flow rates) [60]. 

The dual thin layer cell is an improvement of the thin layer cell where the working 

electrode is placed in a distance to the membrane of less then 100 µm[46]. It is possible to 

work with single crystal in this cell and it has a high collection efficiency. However, working 

under flow reduces the collection efficiency significantly and convection is inefficient to 

increase mass transport in this cell setup.  
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Figure 4: Drawing of the dual thin layer cell. A: Cross section of the cell. B: Cross section of the cell during 

operation.  
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Head space cells: The requirements for DEMS established by Wolter and Heitbaum 

[52] are often not fulfilled when organic electrolytes are used. Due to a lower surface tension 

the pores of the Teflon membrane are often flooded by organic electrolytes. In addition the 

sometimes very high vapour pressure of organic solvents means that the influx of gaseous 

species into the ionization chamber is too high to maintain a total pressure of lower than 10-

3 hPa. Hence, if the electrolyte has a low surface tension and/or a high vapour pressure the 

cell types discussed so far are not applicable.  

Both the Bruce [34] and the McClokey groups [35] therefore used headspace cells in 

studies related to lithium-air batteries. In these cells the membrane does not separate the 

electrolyte from the vacuum directly, but from a space in the cell that is at ambient pressure. 

In the relationship of Equation 1 atmp  must be replaced by the much smaller pressure 

difference between gas phase and electrolyte. In this case a much lower surface tension of 

the electrolyte and a much lower contact angle between electrolyte and membrane is 

affordable. This also means that membrane materials other than Teflon can be used, which 

offers the opportunity to use gas diffusion electrodes that would be employed in actual 

batteries. McCloskey for instance used a gas diffusion electrode based on carbon black 

instead of a membrane [35].    

Still volatile reaction products can diffuse through the membrane from the electrolyte 

into the space above the cell. This space is continuously purged with a carrier gas. Through 

a capillary a portion of the carrier gas along with volatile reaction products is sampled and 

introduced to the mass spectrometer. It is also possible to supply the reactant from the gas 

phase if volatile enough and to observe its consume via mass spectroscopy.  

Unfortunately head space cells employed in Li-air battery studies were never 

characterised in terms of time constants. Given that the CV presented by Peng et al. were 

recorded with a sweep rate of 0.1 mV/sec it is unlikely that the temporal resolution is high. 

Indeed, Johnson et al. of the Bruce group, doubted that it is possible to distinguish via DEMS 

between the indirect and the direct pathway of peroxide formation [61]. 

 

Calibration  

DEMS is a quantitative [52, 53] or at least a semi quantitative method [46]. However, 

before it is possible to correlate the ion current iI  (e.g. the mass spectroscopic signal) for a 

given mass number to the actual influx n  of gaseous species according to Equation 6 it is 

necessary to determinate the proportionality constant K  [46].  

 

nKIi  ⋅=  Eq. 6 
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The calibration constant K  is easily determined by leakage calibration which is described in  

Paper 1 and elsewhere [56]. During leakage calibration a known amount of gas is introduced 

to the ionization section of the DEMS setup and the ion current is measured. The calibration 

constant determined from the ratio of influx and ionic current contains all influences on the 

detection sensitivity which are due to the state and the settings of the mass spectrometer 

[46]. Because of non-linearities in partial pressure measurements it is necessary to calibrate 

the mass spectrometer under similar conditions under which the actual measurement is 

done. That is, during calibration the electrochemical cell should be attached to the DEMS 

system (to ensure that the same amount of electrolyte evaporates as during the 

measurement). Furthermore, the influx of gaseous species through the calibration leak 

should be chosen such that it is in the range of the influx expected during the experiment.  

It needs to be borne in mind that n  is only the influx of gaseous species into the mass 

spectrometer and does not necessarily equal the formation rate of volatile reaction products. 

However, according to Equation 7A the influx of gaseous species is  proportional to their 

formation rate 

 

Fz
INn F

⋅
⋅=  

Eq. 7A 

 

where FI  is the current passed during the electrochemical experiment, z  is the number of 

electrons transferred per molecule of reaction product, F  is Faraday's constant and N  is 

the transfer efficiency, that is the portion of the electrochemically generated volatile reaction 

product that actually enters the mass spectrometer [46]. When less than 100% of the current 

is used to form the volatile species in question Equation 7A becomes Equation 7B  

 

Fz
Ia

Nn Feff

⋅

⋅
⋅=  

Eq. 7B 

 

in which effa  is the current efficiency.  

It is not self-evident that N  is 100% as volatile reaction products can diffuse away 

from the interface between vacuum and electrolyte into the bulk of solution [46]. At working 

electrodes used in traditional cell designes two diffusion layers form. One diffusion layer 

extends in the direction of the bulk of solution and the other in the direction of the vacuum. 

Provided convection is low and the reaction products are volatile the thickness of the 

diffusion layer in the direction of the vacuum is much smaller than in the direction of bulk 

solution [46]. This is only the case when the electrode consists of a very thin, sputter 
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deposited metal film of only 50 nm thickness. At such an electrode Tegtmayer et al. found a 

transfer efficiency of 0.95 for the electrochemical oxidation of CO to CO2 in the absence of 

convection [56]. Hence, when a metal sputtered Teflon membrane is employed as working 

electrode the deviation of N  from 100% can be neglected and calibration of the mass 

spectrometer is sufficiently accurate.  

The thickness of the diffusion layer in the direction of the bulk of solution decreases 

when strong convection is applied. Under strong convection, therefore, an appreciable 

amount of reaction products do not diffuse into the vacuum but into the bulk of solution [56]. 

This is also true when the reaction products are not volatile enough. In that case the transfer 

of the reaction product into the vacuum is not diffusion limited but by sluggish evaporation. 

Although the thickness of the diffusion layer is not affected by hampered evaporation the 

concentration gradient is reduced. Therefore, a larger share of reaction products diffuses into 

the bulk of solution. In either case, strong convection or low volatility, N  is smaller 100%.  

However, the situation is more complex when a cell setup is used where 

electrochemistry takes place at another location than the transition of volatile products into 

the vacuum. This is the case in the dual thin layer cell where convection is employed to 

transport reaction products from the upper compartment to the detection compartment. Since 

new electrolyte enters continuously the electrochemical compartment, the electrolyte of a 

given volume increment will only reside in the electrochemical compartment for a limited 

amount of time. This time span is usually not sufficient for products that were formed at the 

electrode to diffuse across the thickness of the electrolyte layer and to equalise the 

concentration over the whole volume increment. Therefore, a concentration gradient 

develops in the electrochemical compartment that is maintained when the electrolyte is 

transported to the detection compartment [46]. This incomplete mixing largely effects the 

transfer efficiency N , which has severe consequences for calibration: It is not possible to 

prepare the electrolyte with different concentrations of the species for which calibration 

should be done and measure the ionic current as a function of that concentration. Such an 

experiment would only give the collection efficiency f  [46], but not N  because in such an 

experiment the concentration gradient cannot be emulated, that arises during 

electrochemical formation of the products. The situation is further complicated by the fact that 

N  is both a function of the flow rate and the cell geometry (the latter changes in each 

experiment, because the employed spacers are soft and due to different forces applied 

during cell setup are compressed differently) [46]. Hence, calibration must be repeated for 

each flow rate and for each experiment. Therefore, calibration is only achieved, when an 

electrochemical reaction with known stoichiometry is performed and the response in the ionic 

current is observed. From the current then the exact amount of formed species is calculated. 
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Correlation to the ionic current delivers according to Equation 8 the calibration constant *K  

with FNKK /* = [46]. 

 

( ) Fi IzKI /*=  

Eq. 8 

 

From *K  and the ionic current it is not possible to determine the actual influx of gaseous 

species into the ionization chamber, but it is possible to correlate the ionic current to the 

faradic current quantitatively. 

 

2. 3. The (Electrochemical) Quartz Crystal Micro Balance 
The basic principles that underlie any application of the quartz crystal micro balance 

(QCMB) technique have nearly exhaustively been reviewed by Buttry and Ward [62]. The 

following section, therefore, will largely reproduce and summarize their discussion. However, 

it also aims at a better visualisation of effects that are of importance to the present study, and 

it provides insights to certain aspects that have not been discussed in detail so far.  

Theoretical Considerations 

The QCMB technique relies fundamentally on the piezoelectric effect, which is only 

observed with materials that are missing an inversion centre, that is, materials that crystallize 

in a noncentrosymmetric space [62]. The centres of positive and negative charge are 

deflected from each other resulting in a voltage across the crystal if these materials are 

compressed along the surface normal of certain crystallographic planes. The reverse effect is 

also possible: The crystal experiences a mechanical strain that displaces the ions from their 

crystallographic position in such a way that the resulting internal electric field levels off the 

external field if a voltage is applied to certain surfaces [62].  

During a QCMB-measurement an AC-voltage is applied to a specially prepared wafer 

of α-quartz which conversely undergoes an oscillation motion. The AC-voltage is applied to 

the crystal by two metal electrodes which are sputter deposited on both surfaces of the 

quartz wafer. The oscillation motion can be understood as a standing acoustic wave that 

propagates through the crystal [62, 63]. The eigenfrequency Ef  of the oscillation motion and 

the acoustic wave, respectively, are given by Equation 9 

 

d
v

f tr
E 2
=  

Eq. 9 

in which trv  is the velocity with which the acoustic wave propagates through the crystal and 

d  is the thickness of the quartz wafer [62, 63]. The factor 2 in the denominator of Equation 9 

results from the fact that the surfaces of the wafer are the antinodes of the acoustic wave. 
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Therefore, the thickness of the crystal corresponds only to half a wavelength. This also 

means that the acoustic wave will propagate through matter that is in contact with the crystal 

surface. [62, 63]. According to Equation 10 trv  can be expressed as a function of the density 

Qρ  and the shear modulus Qµ  of the quartz crystal [62] 

Q

Q
trv

r
µ

=  
Eq. 10 

When the thickness of the quartz is increased by d∆  then the eigenfrequency will 

shift by f∆  according to Equation 11 [62, 63] 
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Eq. 11 

The above equations were converted by Sauerbrey to Equation 12 

QQ
EE A

mff
ρm ⋅

∆
⋅−=∆ 22  

Eq. 12 

which is, therefore, widely referred to as the Sauerbrey Equation [62, 63]. According to 

Equation 12 it is possible to determine the mass change m∆  during an experiment if the 

frequency change Ef∆  is observed. The constants in Equation 12 can be summarised to a 

single constant fC , which is determined for each crystal in a calibration experiment [62, 63]. 

However, it was pointed out by Buttry and Ward that d∆  in Equation 11 is converted 

to a mass change m∆  in Equation 12 by assuming that any deposit has the same density as 

the alpha quartz [62]. Furthermore, Equation 12 implicitly assumes that the acoustic wave 

propagates through the surrounding material with the same velocity as through the quartz 

crystal [62]. Notwithstanding this, Equation 12 remains valid, when m∆  and Ef∆ , 

correspondingly, remain small [62].  

Experimentally the problem arises on how to determine the frequency change Ef∆ . 

Luckily the quartz crystal in the field of an AC-voltage can be described by the equivalent 

circuit in Figure 5 [62, 63]. 

 
Figure 5: Circuit that is used to describe a quartz crystal in the field of an AC-voltage [62].  
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The series of resistor, capacitor and inductor is a damped LC-circuit that describes the 

motion of the quartz crystal and is, therefore, referred to as the motional branch. Naturally an 

electrode on either side of the crystal is necessary to apply an AC-voltage. Usually these 

electrodes are thin metal films that were sputter-deposited on the crystal. This introduces 

another element into the circuit of Figure 5 that is not related to the actual motion of the 

crystal. The capacitor 0C  describes the fact that the quartz (dielectric) confined between two 

electrodes behaves as a genuine capacitor. 

The capacitor of the motional branch describes the potential energy that can be 

stored in the distortion of the quartz crystal and, hence, C  is linked to the shear modulus Qµ  

(which,  for small shear angles, is proportional to the elastic constant c , c.f. Equation 14)[62]. 

The inductor describes the kinetic energy during the motion of the crystal and its inductivity 

L  is, therefore, linked to the mass of the crystal. The resistor represents any dissipation of 

energy due to friction.  

The Equations 14 to 17 give a relationship on how the properties of the elements in 

the circuit of Figure 5 relate to the properties of alpha quartz [62]. For a quartz crystal with an 

eigenfrequency of 5 MHz one finds the following values for the elements in the equivalent 

circuit of Figure 5 [62]. 

 

c
AC
⋅
⋅⋅

= 2

28
π

ε
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Eq. 14 
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Eq. 15 
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0
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≈ 10 pF 

Eq. 17 

 

In the above equations A  is the surface area of the quartz crystal, ε  is the piezoelectric 

stress constant of alpha quartz, c  is the elasticity constant of alpha quartz, 0ε  is the 

permittivity in vacuum and QD  is the dielectric constant of alpha quartz. 

Sometimes a third capacitor 1C  parallel to 0C  is introduced to the equivalent circuit of 

Figure 5. This capacitor accounts for parasitic capacities that arise when the quartz is 

mounted in a crystal holder. The capacity of 1C  depends on the specifics of each experiment, 

therefore, no tangible value for 1C  can be given here. However, in the following 1C  will be 
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chosen arbitrarily 40 pF. Given that capacities of parallel capacitors simply add up, 0C  will 

be considered 50 pF from now on, and no further reference to 1C  will be given. 

Only the series of resistor R , capacitor C  and inductor L  describes the motion of 

the crystal and, hence, only the resonance frequency of the pure motional branch 

(i.e. 0C = 0 F) equals the eigenfrequncy Ef  of the quartz crystal. Therefore, the introduction 

of the capacitor 0C  to the equivalent circuit of Figure 5 has consequences: The electronic 

resonance frequencies of the circuit do not coincide with the acoustic eigenfrequency of the 

quartz crystal. The effect of the capacitor 0C  is visualised by plotting the susceptance B  (i.e. 

the imaginary part of the admittance Y , c.f. Equation 23) versus the conductance G  (i.e. the 

real part of the admittance Y , c.f. Equation 23) of the circuit in Figure 5. This plot is shown  

Figure 6. 

The susceptance QB  of the quartz is given by the sum of the susceptance of the 

motional branch MB  and the susceptance of the parallel capacitor PB . PB  is given by 

Equation 18  

0
1 C

X
B

P
P ⋅== ϖ  

Eq. 18 

where PX  is the reactance (i.e. the imaginary part of the impedance Z ) of the capacitor  

parallel to the motional branch with the capacity 0C  and ϖ  is the angular frequency of the 

AC-voltage. The susceptance of the motional branch is given by Equation 19 
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M
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M +

±=  
Eq. 19 

where MX  is the total reactance of the motional branch and R  is the resistance of the 

resistor. The former is given by Equation  20 

C
LXXX CLM ⋅
−⋅=+=
ϖ

ϖ 1
 

Eq. 20 

where LX  is the reactance of the inductor with the inductivity L , CX  is the reactance of the 

capacitor with the capacity C . Combining Equation 18, 19 and 20 yields Equation 21 which 

gives the suscepance of the quartz. 
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Eq. 21 

The conductance MG of the motional branch is given by Equation 22.  



23 / 166 

2
222 1 R

C
L

R
XR

RG
M

M

+





 −

=
+

=

ϖ
ϖ

 
Eq. 22 

Assuming that the resistance of the lead to the parallel capacitor is negligible the overall 

conductance of the quartz QG  can be approximated to be equal to MG . 

 

 
Figure 6: Plot of the susceptance versus the conductance of the circuit in Figure 5 with R  = 100 Ω, C  = 10 aF,  

L  = 75 mH. A: 
0C  = 0 pF; B: 

0C  = 50 pF. 
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Figure 6A shows the susceptence as a function of the conductance when the 

capacity of the capacitor 0C  equals zero. Both the susceptance and the conductance 

approach zero, when the (angular) frequency approaches zero or infinity. The frequencies 1f  

and 2f  in Figure 6A are those frequencies at which the susceptance becomes maximal and 

minimal, respectively. The frequency at which the conductance becomes maximal is max,Gf . 

Figure 6A also features the phasor Y  which is the absolute value of the admittance. The 

admittance is given by Equation 23 and its absolute value is given by Equation 24. 

iBGY +=  Eq. 23 

22 BGY +=  Eq. 24 

In Figure 6 the x-axis and the phasor Y  confine the phase angle θ . In order to 

achieve resonance conditions θ  must become zero (otherwise interference would prohibit 

the existence of a stationary wave). θ  is given by Equation 25. 







= −

G
B1tanθ  

Eq. 25 

It is apparent from Figure 6A that the phase angle is zero in max,Gf , hence, max,Gf is the 

resonance frequency of the motional branch and the eigenfrequency Ef  of the acoustic 

motion of the quartz crystal. Both zeroing the differentiation of Equation 22 and zeroing 

Equation 25 (if only the susceptance of the motional branch is considered) yields 

Equation 26. 

LC
ff EG

⋅
==

1
max,  

Eq. 26 

Figure 6B shows how the situation changes when the capacity 0C  is introduced. Because 

the susceptance is shifted by 0C⋅ϖ  to more positive values max,Gf  is not at resonance 

conditions any more. Still max,Gf  is given by Equation 26, because 0C  does not enter 

Equation 22, but zeroing Equation 25 now yields the resonance frequencies sf  and pf  

expressed by Equations 27 and 28, respectively.  
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At those frequencies the plot in Figure 6B intercepts the x-axis. Although the frequency 

domain is not shown in Figure 6, it is easy to imagine that sf  approaches max,Gf  as 0C  

decreases and that sf  and max,Gf  coincide, when 0C  becomes zero. When L  or C  in 

Figure 5 increase then Ef  and sf  shift by Ef∆  and sf∆ , respectively, to lower frequencies. 

Although Ef  and sf  do not coincide, they are effected similarly by changes in L  or C . 

Hence, sf∆  can be used to approximate Ef∆ . However, sf  and pf  are not easily accessible 

in practical measurements, because measuring θ   requires elaborate impedance analysis 

[62]. In practice instruments usually measure only the absolute value of the impedance |Z| 

and approximate sf  and pf , as those frequencies where |Z| has a minimum ( min,sf , 

maximum in Y ) and a maximum ( max,pf , minimum in Y ), respectively. The absolute value 

of the impedance can be calculated according to Equation 29  

22

11
BGY

Z
+

==  
Eq. 29 

Figure 7A shows a plot of the absolute value of the impedance of the circuit in Figure 5, and 

Figure 7B shows a plot of the phase angle. It should become clear from Figure 7 that there is 

a difference between sf , pf , min,sf  and max,pf  of several Hz. But when doing a QCMB 

experiment the experimentalist is usually interested in detecting mass changes and, 

therefore, in detecting frequency changes. As long as the deposited mass is rigid in nature 

(e.g. sputtered deposited metals) also min,sf∆  instead of sf∆  can be used to approximate 

Ef∆  and the difference between sf  and min,sf  is of no practical importance. 

Figure 7C and D show the absolute value of the impedance and the phase angel in 

the relevant frequency region for an equivalent circuit of the quartz that is missing a parallel 

capacity. Different from the plot in Figure 7B the phase angel passes through zero only once 

in Figure 7D. This is consistent with Figure 6A where the susceptence never becomes 

positive again after passing the into the negative domain. Hence, pf  (and max,pf ) do not 

exist. This is also evident from the plot of the absolute value of the impedance in Figure 7C. 

The resonance frequency sf  and the frequency min,sf  at which the absolute value of the 

impedance becomes minimal coincide in the resonance frequency of the quartz crystal Ef . 
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Figure 7: Absolute value of the impedance (A and C) and phase angle (B and D) of the circuit in Figure 5, with 

R  = 100 Ω, C  = 10 aF,  L  = 75 mH. A and B: 
0C  = 50 pF; C and D: 

0C  = 0 pF. 

 

 

 
Figure 8: Extension of the equivalent circuit in Figure 5. The additional inductor in the motional branch describes 

any mass that is deposited on the quartz crystal and, hence, its inductivity is a function of the deposited mass.  

 

As already pointed out the inductivity L  of the inductor in Figure 5 accounts for the 

inertia of the mass of the quartz crystal. In order to account for the additional mass that is 

loaded onto the crystal the circuit in Figure 5 can be altered: Another inductor is introduced 

into the motional branch (Figure 8). This inductor has an inductivity ( )mLD  that is a function 

of the loaded mass [62].  
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Equation 30a gives the relationship between ( )mLD  and the loaded mass m∆  

(derived from the equation given in Ref. [64], after substitution of a more complicated 

constant by Qµ ). 
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QQ

s
D

D
⋅

⋅

⋅⋅
=

ρm
4

 
Eq. 30a 

A similar expression as that given by Martin et al. can be derived from Equation 15.  
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For small mass changes m∆  and large masses 1m , terms of higher order in m∆  can be 

neglected which yields: 
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Inserting Equations 9, 10 and 15 and assuming sE ff ≈ , yields: 

( ) 21 LLmLD −=  
A
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Finally inserting Equation 15 yields Equation 30b which differs from Equation 30a only by a 

factor 8/3. Possibly this difference results from the approximations made during derivation of 

Equation 30b.  

( )
A
mLf

mL
QQ

s
D

D
⋅

⋅⋅

⋅⋅
=

mρ2
3

 Eq. 30b 

Derivation of Equation 30b shows that a linear relationship between ( )mLD  and m∆  can 

only be assumed for the limiting case of small mass changes. The reader should also note 

that another assumption enters Equation 30b that also led to Equation 12: That any deposit 
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has the same density as alpha quartz. Rearranging either Equation 30a or Equation 30b, 

substitution of m∆  in Equation 12 appears to yield a linear relationship between ( )mLD  and 

Ef∆ . However, it has to be born in mind that the resulting equation is  actually the 

homogeneous Differential Equation 31 

( ) dL
L

mLdf
f

D
s

s

⋅−=
3
41

 Eq. 31 

This notwithstanding, sf∆  is approximately proportional to ( )mLD  as long as the e-function 

can be approximated by ( )x+1 . That is the case when ( )mLD  is small compared to L , 

which is the very same limiting case for which Equation 30b is valid: m∆  is small compared 

to 1m . 

Figure 9 visualises that sf  (calculated from Equation 27) indeed changes linearly with 

( )mLD , as long as the latter remains small. The inset in Figure 9 shows that this is not true 

when large changes in ( )mLD  occur. 

2 4 6 8 10 12

5.4

5.5

5.6

5.7

5.8

0 50 100 150 200 250 300 350

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

f S /
 M

Hz

LD(m) / mH

 

 

f s /
 M

Hz

LD(m) / mH  
Figure 9: Plot sf  versus ( )mLD

. sf  was calculated from Equation 27 for the circuit in Figure 8, assuming the 

following characteristics for the remaining components: R  = 100 Ω, C  = 10 aF,  L  = 75 mH. A: 
0C  = 0 F; B: 

0C  = 50 pF.  Inset: sf  over a larger region of ( )mLD
. 

 

When the deposited mass is rigid in nature then the extension of the equivalent circuit 

in Figure 8 is sufficient. However, when the QCMB is used in electrochemical experiments 

this is not the case anymore. Electrochemical QCMB measurements are possible when one 

of the electrodes, which are used to apply the AC-voltage to the quartz, is exposed to an 

electrolyte and is employed in addition as an electrode for electrochemical experiments. The 

electrolyte at the phase boundary will follow the shear motion of the quartz with the same 
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velocity of the surface of quartz (no-slip-plane conditions). This velocity, however, will decline 

rapidly as the distance to the quartz increases in the direction of the surface normal. The 

mass of the liquid that couples to the motion of the quartz causes an additional mass load 

and the rapid dampening of the motion in the liquid phase (due to different layers of liquid 

that move relative to each other) adds friction [62, 65-67]. This is accounted for by extending 

the equivalent circuit in Figure 8 by an additional resistor and inductor with the resistance LR  

and the inductance LL  (c. f. Figure 10), which are given by Equation 27 and 28, respectively 

(these were derived from the equations given in Ref. [64], after substitution of a more 

complicated constant by Qµ ). 

QQ

LL
sL

f
LfR

ρµπ
ηρ
⋅⋅
⋅⋅

⋅⋅= 2  
Eq. 32 

QQ

LL
sL f

LfL
ρµ
ηρπ
⋅⋅
⋅⋅

⋅⋅= 2  
Eq. 33 

 

Lρ  and Lη  in Equation 32 and 33 are the density and viscosity of the electrolyte and f  is 

the frequency of the AC-voltage. With decreasing velocity of the surface of the quartz crystal 

the velocity profile of the electrolyte in the direction of the surface normal drops to zero more 

rapidly. Hence, less mass couples to the crystal and less friction arises. That is why sf  

enters Equation 32 and 33. When large masses are deposited this has to be taken into 

account, as the load due to the liquid decreases. However, as long as only small mass 

changes occur LL  and LR  should be constant. This statement is only true as long as the 

interaction between liquid and surface remains unaltered. Surface phenomena or 

phenomena in the double layer that occur during an electrochemical experiment might affect 

the interaction between electrolyte and the surface. For instance when due to a weaker 

interaction between electrolyte and surface the liquid at the phase boundary follows the 

motion of the crystal only with a smaller velocity (slip-plane condition) LL  and LR  decrease, 

causing an increase in sf . Electrochemical reactions that affect LL  and LR  can, therefore, 

simulate large mass changes [62]. 
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Figure 10: Equivalent circuit for a QCMB immersed in a liquid. LL  accounts for the mass of the liquid that 

couples to the motion of the crystal and LR  accounts for the additional friction when different layers of liquid 

move relative to each other.  

 

The equivalent circuit in Figure 10 only holds when the deposited mass is rigid. This 

is the case when for instance metals are deposited electrochemically. However, other 

deposits such as polymers can be viscous, elastic or both. In the case of a viscous deposit 

the same considerations apply as for the contact with a viscous liquid such as the electrolyte. 

Therefore, a resistor with resistance ( )ηDR  and an inductor with the inductance ( )ηDL  enter 

the motional branch of the equivalent circuit [62], whereas both ( )ηDR  and  ( )ηDL  are 

functions of the viscosity and the density of the film.  

 
Figure 11: Equivalent circuit for a QCMB immersed in a liquid and loaded with a visco-elastic film. ( )ηDL  

accounts for the mass of the film that couples to the motion of the crystal and  accounts ( )ηDR  for the additional 

friction when different layers of the film move relative to each other. ( )µDC  accounts for the elasticity of the film. 

 

In the circuit of Figure 11 also a capacitor ( )µDC  enters. This capacitor accounts for 

the elasticity of a film. An elastic film coupling to the motion of the quartz, deforms and exerts 

a restoring force in the direction opposed to the shear motion. The capacity C  describes this 

behaviour for the quartz crystal itself, but not for a film on top of it. ( )µDC  is a function of the 

elasticity coefficient of the film. Figure 11 shows the equivalent circuit that accounts for a 
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quartz crystal loaded both with a rigid and a visco-elastic mass immersed into an electrolyte 

[62].  

           

 
Figure 12: Plot of the susceptance versus the conductance (A), and plot of the conductance, the susceptance, 

the absolute value of the impedance and the phase angle versus frequency (B) for a circuit with C  = 10 aF,  

L  = 75 mH, 
0C  = 50 pF and different values for R . 
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When the film is subject to an electrochemical reaction, ( )ηDR , ( )ηDL  and ( )µDC  change if 

during the reaction either the viscosity or the elasticity coefficient changes [62]. Changes in 

the viscosity or the elasticity coefficient, therefore, can simulate mass changes. 

When using the QCMB-technique the experimentalist is usually interested in 

measuring  mass change, hence, the term balance. According to Equations 30a and 30b 

there is a linear relationship between ( )mLD  and m∆ , and according to Equation 12 there a 

linear relationship between Ef∆  and m∆ . It was pointed out before that the change of 

eigenfrequency of the acoustic motion of the quartz crystal can be approximated by changes 

of the electronic resonance frequency sf∆  (i.e. the frequency at which θ  is zero) of the 

quartz crystal in an AC-field and that this frequency change in turn is usually approximated 

by min,sf∆  (the frequency at which the absolute value of the impedance is minimal and which 

is instrumentally more easily accessible). However, given that a number of elements enter 

the motional branch that describes the acoustic motion of the crystal when electrochemical 

experiments are performed it will be elaborated in the following how the relevant frequencies 

are affected by the properties of the elements in the circuit of Figure 11. 

Figure 12A shows the plot of the susceptance versus the conductance for different 

overall resistances. The resistance of several resistors in series simply adds up. That is why 

only a cumulated resistance in the legend of Figure 12 is given and no difference between 

R , LR  and ( )ηDR  is made. The green curve in Figure 12A shows that the susceptance 

never becomes negative, when the resistance is high enough. Hence, resonance condition 

can never be achieved and there are no frequencies sf  and pf . Figure 12B shows the 

conductance, the susceptance, the absolute value of the impedance and the phase angle as 

a function of the frequency. Figure 12B shows that max,Gf  is not affected by the resistance, 

which is not surprising, given that R  does not enter Equation 26. It is also clear that neither 

sf  nor min,sf  differ much from max,Gf . However, while there is no sf  or pf  for a resistance of 

300 Ω a device that only measures the absolute value of the impedance and not the phase 

delivers the frequencies min,sf  and max,pf  nonetheless. Furthermore, Figure 12B shows that 

a change in the resistance affects both sf  and min,sf . In either case that means that during 

an eQCMB experiment a change in friction will show up as a change in the frequency and is, 

therefore, easily misinterpreted as a mass change.  

In order to check whether the frequency change is really due to mass deposition or 

due to changing properties at the phase boundary between electrode and electrolyte it is 

advisable to check whether changes in the quality factor occur. The proper quality factor, that 
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is, the resonance frequency divided by the full width at half maximum is given Equation 34 

[62].  

12 ff
f

Q s

−
=  

Eq. 34 

Practically 1f  and 2f  are only accessible when the instrument performs an impedance 

analysis which is usually not the case. However, also changes in the reduced quality factor 

given by Equation 35a [68] or Equation 35b (provided by Gamry Instruments) can be used to 

estimate whether interactions at the phase boundary change.  
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Eq. 35b 

In Figure 12 1f  and 2f  as well as min,sf  and max,pf diverge, whereas sf  and pf  converge 

when R  increases. Hence, Q  and max,RQ (the reduced quality factor calculated from  min,sf  

and max,pf ) decrease, whereas RQ  decreases when R  increases. This is also shown in 

Figure 13, where the RQ  (Figure 13A) as well as Q  and max,RQ (Figure 13B) are plotted as a 

function of R . Figure 13B shows that in the case of changing friction at the phase bopundary 

the difference between sf  and min,sf  matters and the experimentalist must be aware which 

kind of frequency is detected by the instrument.  

It is relatively easy to simulate the dependence of RQ  on R  (or of L  and C ) 

because the Equations 27 and 28 give an expression for sf  and pf , respectively. But it is 

much more challenging (if possible at all) to derive an analytical expression for 1f , 2f  , min,sf  

and max,pf . In order to calculate Q  and max,RQ  the susceptance and the absolute value of the 

impedance of the equivalent circuit in Figure 11 were simulated for several values of R  . The 

frequencies 1f , 2f  , min,sf  and max,pf were then determined graphically from the 

corresponding plot. All values for Q  and max,RQ given in Figure 13B and later in this section 

were determined in this way. 
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Figure 13: Plot of RQ  (A)  Q  and max,RQ  (B) as a function of the resistance. The characteristics of remaining 

components of the circuit in Figure 11 were chosen as follows: C  = 10 aF,  L  = 75 mH and 
0C  = 50 pF. 

 

It is necessary to show how the inductivity and the capacity affect the quality factor if 

it is to be consulted to determine whether changes in the frequency are really due to the 

deposition of mass or due to changes of the friction. However, it is difficult to show a plot as 

in Figure 12 for various capacities, because according to Equation 26 the eigenfrequncy Ef  

and, therefore, sf  will shift to larger values as the capacity C  decreases. The plot in 

Figure 14 exemplifies this. In order to compare at least relative changes of the relevant 

frequencies when the capacity changes, the data in Figure 15 were plotted versus 

( max,Gff − ). 

 
Figure 14: Plot of the conductance as a function of frequency for different capacities. The characteristics of 

remaining components of the circuit in Figure 11 were chosen as follows: R = 100 Ω,  L  = 75 mH and 

0C  = 50 pF. 
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Figure 15: Plot of the susceptance versus 

the conductance (A), and plot of the 

conductance, the susceptance, the 

absolute value of the impedance and the 

phase angle versus max,Gff −  (B) for a 

circuit with  R = 100 Ω,  L  = 75 mH, 

0C  = 50 pF and different values for C . 

Because sf  and min,sf do not coincide 

with max,Gf . For various values of C , 

therefore, the respective values of sf (and 

min,sf ) do not coincide in the above plot 

as well. However, "forced to coincide" is 

meant to emphasis that the relative 

changes in  pf  (and min,pf ) are actually 

due to relative changes in both, sf  and 

pf . 
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The crucial point of Figure 15B is to show how the relevant frequencies behave 

relative to each other. The difference between 1f  and 2f  is not affected by a decrease of the 

overall capacity, whereas min,sf  and max,pf , as well as sf  and pf  converge. Since all 

frequencies 1f , 2f , min,sf , max,pf , sf  and pf  increase along with max,Gf  also Q , RQ  and 

max,RQ increase with decreasing overall capacity. This is also shown in Figure 16, where the 

different quality factors are plotted as a function of the overall capacity (Figure 16A and 

16B) and as a function of ( )µDC  (Figure 16C and 16D). 

 

  

  
Figure 16: Plot of RQ  (A)  Q  and max,RQ  (B) as a function of the overall capacity of the circuit in Figure 11.  RQ  

(C)  Q  and max,RQ  (D) are also shown as a function of  ( )µDC  while C  is kept constant. The characteristics of 

remaining components of the circuit in Figure 11 were chosen as follows: R = 100 Ω, C  = 10 aF,  L  = 75 mH 

and 
0C  = 50 pF. 

 

Figure 16 reveals changes in ( )µDC  cause significant changes of the quality factor. It 

might appear strange to the reader that very small values of ( )µDC  cause major changes in 

the quality factor.  The series of capacitors in Figure 11 are the electronic analogue of a 

classical picture, where two parallel springs are attached to a weight [62]. The capacity of 

each capacitor is inversely proportional to Hook's constant of one of the springs. It is 
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noteworthy in this context, that the elasticity constant enters Equation 14 as a denominator, 

whereas Hook's constant is proportional to the elasticity constant. Hence, a capacitor with a 

very small capacity ( )µDC  represents a highly elastic film which exerts a large restoring 

force. In Figure 17 the quality factor is plotted versus the inverse of ( )µDC  which should be 

proportional to the elasticity constant of the film on the quartz. It is evident that the quality 

factor changes nearly linearly with changes in the elasticity constant. 

 

  

Figure 17: Plot of RQ  (A)  Q  and max,RQ  (B) as a function of the inverse of ( )µDC  while C  is kept constant. The 

characteristics of remaining components of the circuit in Figure 11 were chosen as follows: R = 100 Ω, 

C  = 10 aF,  L  = 75 mH and 
0C  = 50 pF. 

 

It is apparent from Figure 16 and Figure 17 that changes in the quality factor are not 

only restricted to changes in resistance but also occur when the overall capacity changes. 

Hence, it is not straight forward to assume based on changes in the quality factor, that the 

friction at the interface between electrode and electrolyte changes. However, before it can be 

elaborated how changes in the quality factor can be used to estimate whether changes in R  

or C   appear, the effect of the inductivity must be discussed first.  

As in the case of the capacity C  also L  has a large impact on max,Gf . In order to 

compare at least relative changes of the relevant frequencies when the inductivity changes, 

B , G , Z  and θ  are plotted versus ( max,Gff −  ) for various values of L  in Figure 18. As 

with a series of resistors also the inductivity of several inductors in series add up. Therefore 

no difference between L , LL  and ( )ηDL  is made in Figure 18. 
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Figure 18: Plot of the conductance, the susceptance, the absolute value of the impedance and phase angle 

versus max,Gff −   for a circuit with  R = 100 Ω,  C  = 10 aF,  
0C  = 50 pF and different values for L . Because 

sf  and min,sf do not coincide with max,Gf . For various values of L , therefore, the respective values of sf (and 

min,sf ) do not coincide in the above plot as well. However, "forced to coincide" is meant to emphasis that the 

relative changes in  pf  (and min,pf ) are actually due to relative changes in both, sf  and pf . 

 

Figure 18 shows that 1f  and 2f , min,sf  and max,pf as well as sf  and pf  converge as 

the inductivity increases. This means that the denominator in Equations 34, 35a and 35b 

decreases as L  increases. But also the numerator in these equations (c.f. Figure 9) 

decreases, therefore, it is not straightforward to derive from Figure 18 whether the quality 

factor will change at all when L  changes. Indeed, Figure 19 shows that RQ  decreases, 

whereas Q  and max,RQ  increase as L  increases.  
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Figure 19: Plot of RQ  (A)  Q  and max,RQ  (B) as a function of the inductivity. The characteristics of remaining 

components of the circuit in Figure 11 were chosen as follows: R = 100 Ω, C  = 10 aF,  and 
0C  = 50 pF. 

 

In order to estimate whether changes in the quality factor are due to changes in L , 

R  or ( )µDC  it is necessary to look at sf  in addition. It was mentioned before that changes in 

each L , R  and ( )µDC  effect the resonance frequency sf . But for each element the impact 

on the quality factor and on sf  is different. Figure 20 shows how max,RQ  relates to the 

frequency min,sf  of the circuit in Figure 11 when the overall resistance (Figure 20A), the 

capacity ( )µDC  (Figure 20B) or the overall inductivity (Figure 20C) changes independent 

from the properties of the remaining elements. It is quite clear that min,sf  and max,RQ are very 

differently affected by changes in R , L  or ( )µDC : Large changes in  max,RQ  due to R  come 

along with very small changes in min,sf , whereas ( )µDC  influences both min,sf  and max,RQ . 

Hence, the experimentalist should be able to estimate from the ratio of max,RQ  to min,sf  

(considering Equation 345b this ratio equals ( ) 1
max,min,

−− ps ff ) whether a change in the 

quality factor indicates changes in R  (i.e. friction) or C  (i.e. changes in elasticity). During an 

eQCMB experiment frequency changes due to mass deposition (i.e. an increase in ( )mLD  ) 

on the scale required to observe changes in  max,RQ  should be avoided anyway. Therefore, 

the impact of L  on the quality factor can be neglected.  
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Figure 20: Plot of max,RQ  versus frequency, when the overall resistance (A, 100 Ω - 240 Ω), ( )µDC  (B, 1.11 aF - 

90 aF) or the overall inductivity (C, 50 mH to 150 mH) of the circuit in Figure 11 changes. The characteristics of 

the remaining components were chosen as follows: L  = 75 mH, R = 100 Ω, C  = 10 aF,  and 
0C  = 50 pF. 
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Figures 20A-B can only give a qualitative relation between min,sf  and maxQ but not a 

quantitative relation. The actual value of maxQ and its sensitivity towards changes in R , L  

and C  depends also on the actual value of 0C . As mentioned above 0C  also contains 

parasitic capacities which arise due to the mounting of the quartz crystal (other authors 

prefer to introduce a third capacitor parallel to 0C ). Therefore, 0C  is different in each 

experimental setup and neither absolute values nor relative changes of maxQ , obtained in 

different experiments, are comparable. 

 

T / °C 
OH 2ρ  / g·mol-1 

OH 2η  / mPa·s 

 

10 1.00150 1.3403 

15 1.00900 1.1361 

20 0.99744 1.0000 

25 0.99884 0.8876 

30 0.99744 0.7945 

35 0.99582 0.7171 

40 0.99400 0.6510 

45 0.99199 0.5943 

50 0.98982 0.5456 

55 0.98747 0.5033 

60 0.98498 0.4664 

65 0.98233 0.4336 

70 0,.97954 0.4045 

 
Table 1: Density and Viscosity of water as a function of temperature. The values were taken from Ref. [69]. 

 

Notwithstanding this, it is hard to construct a case where isolated changes in R  take 

place. When the interaction between electrode and electrolyte changes in such a way that 

the no-slip-plane turns into a slip-plane LR  becomes smaller because friction between 

different layers of electrolyte moving relative to each other is reduced. However, under these 

conditions also LL  changes to lower values, because the liquid loading, the mass of liquid 

that moves along with the crystal, is reduced. Changes in the viscosity is another example for 

parallel changes in LR  and LL . According to Equation 32 and 33 the viscosity enters both, 

LR  and LL . Changes in the viscosity of the electrolyte can arise when the temperature 
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changes. As an example Table 1 gives the density and the viscosity of water for various 

temperatures [69]. 

 

One might think that parallel changes of LR  and LL  cause both, large changes of max,RQ  and 

min,sf . This would mean that changes in the overall resistance of the circuit in Figure 11 

cannot be distinguished from changes in the in the capacity of ( )µDC . However, absolute 

changes of  LL  due to changes in viscosity and density are smaller than changes of LR , 

because f  enters the denominator of Equation 33 but enters the numerator of Equation 

32. Therefore, still large changes in the quality factor come along with small changes of the 

resonance frequency. This is shown in Figure 21, where the simulated quality factor of a 

quartz crystal immersed in water is plotted versus the temperature (Figure 21A) and versus 

the resonance frequency (Figure 21B). LR  and LL  that are necessary to determine min,sf  

and max,pf  were calculated from the data in Table 1 according to Equations 32 and 33. The 

slope of max,RQ  in Figure 21B is smaller than in Figure 20A, but still larger then in Figure 20B 

and is sufficient to give the experimentalist a reasonable estimate whether changes in the 

overall resistance or in the capacity of ( )µDC  cause changes in the quality factor.  
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Figure 21: 
max,RQ of a quartz crystal described by the circuit in Figure 11, plotted versus temperature (A) and 

min,sf  (B). 
max,RQ  was simulated for a quartz crystal immersed in water, LR  and LL  were calculate form 

Equations 32 and 33 taking the values given in Table 1 into account. min,sf  and max,pf  were determined 

graphically  after simulation of the absolute value of the impedance. The characteristics of the remaining 

components of the circuit in Figure 11 chosen as follows: L  = 75 mH, R = 100 Ω, C  = 10 aF,  and 
0C  = 50 pF. 
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3. Paper 1 - Quantitative Study for Oxygen Reduction and Evolution 
in Aprotic Organic Electrolytes at Gas Diffusion Electrodes by 
DEMS 
 

3. 1. Introduction to Paper 1 
Paper 1 is the outcome of an electrolyte screening at the beginning of the project. 

DEMS results concerning oxygen reduction in DMSO and NMP based electrolytes are 

presented. The screening also involved other electrolyte systems which were based on 

sulfolane (tetrahydrothiophene 1,1-dioxide; c.f. Appendix A1), benzonitrile (c.f. Appendix A2) 

tetraglyme (2,5,8,11,14-pentaoxapentadecane; c.f. Appendix A3) or nitrobenzene. However, 

efforts to use these solvents were quickly abandoned: In lithium containing electrolytes that 

were based on sulfolane, benzonitrile and tetraglyme oxygen reduction turned out to be 

rather irreversible. (Here "irreversible" is not used in a kinetic sense but to express the fact 

that the ratio of reduced to evolved oxygen is much smaller then one. In the following paper 

we coin the term "true coulombic efficiency" to describe this ratio and irreversibility in the 

above sense is used from now on as "a true columbic efficiency much lower than one"). 

Nitrobenzene on the other hand was considered an unfeasible solvent because it undergoes 

electrochemical reduction to the nitrobenzene anion radical at a potential higher than that of 

oxygen reduction. The amount of experimental data obtained in tetraglyme, sulfolane, 

benzonitrile and nitrobenzene is limited and was, therefore, considered unfit for publication.  

Although there were already DEMS results available on various electrolyte systems 

including those based on DMSO and NMP [35] we felt compelled to do a screening of our 

own. Given the history of carbonate based electrolytes in the lithium-air battery research we 

were weary to trust literature results. Furthermore, the DEMS setup in the present study is 

very different from the DEMS setup used in other studies related to lithium-air battery 

research: Both the McCloskey-group and the Bruce-group [35] [34] employ some sort of 

head space cell. In this setups, as pointed out in Section 2.2. the membrane separates the 

electrolyte from a space at ambient pressure. In our setup, however, the "traditional" or 

"conventional" cell was used, where the membrane constitutes the interface between 

electrolyte and vacuum. As properties like the surface tension σ  and the contact angle θ  

are scarcely available for the solvents and certainly not for the final electrolyte we had to test 

via trial and error whether Equation 1 in Section 2.2. holds for the respective electrolytes.  

In Paper 1 we also show that the metal sputtered Teflon membrane can be used as a 

gas diffusion electrode during oxygen reduction. We have done several experiments, where 

we used a metal sputtered Teflon membrane as a gas diffusion electrode, which have not 

been subject of any publication yet. In Appendix A5 one rather interesting aspect concerning 

this kind of experiments is briefly presented. 
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3. 2. Quantitative Study for Oxygen Reduction and Evolution in Aprotic Organic 
Electrolytes at Gas Diffusion Electrodes by DEMS (as published in JECS) 

The version of record of Paper 1 as published in the Journal of the Electrochemical  

Society is shown in the following. The article was published under the Creative Commons 

Licence (CC-BY-NC-ND; "Open Access"). Therefore, no special permission of the publisher 

is required to display the version of record. Any use of the material of the article shown below 

is permissible only after proper citation:  

 

C. J. Bondue, A. A. Abd-El-Latif, P. Hegemann and H. Baltruschat, J. Electrochem. Soc., 

162, A479 (2015). 
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3. 3. Summary of Paper 1 
In Paper 1 we have investigated the oxygen reduction in electrolytes that were based 

on NMP and DMSO and which contained either TBA or lithium cations. In both solvents 

oxygen reduction is highly reversible in the absence of lithium. Quantitative analysis showed 

that oxygen is converted to superoxide in the presence of TBA, which affirms previous 

studies [39, 40].   

In the presence of lithium cations the reaction becomes irreversible, which has been 

assigned to the formation of Li2O2 in previous studies [39, 40]. Quantitative analysis shows 

that during oxygen reduction in lithium containing electrolytes 2 electrons per oxygen are 

transferred which affirms that Li2O2 is formed during oxygen reduction. However, in the 

present study we failed to observe the transition from an indirect to a direct mechanism of 

peroxide formation as proposed by Laoire et al. for lithium containing DMSO based 

electrolytes [40].  

In both, DMSO and NMP based electrolytes, the true coulombic efficiency deviates 

from one. Based on this observation we challenged the results of Peng et al. [34]  and 

pointed out inconsistencies in their report. This affirms the results presented by McCloskey et 

al. [35]. In the case of NMP sever electrolyte decomposition was observed. Because of this 

and NMPs damaging effect on polymers we did not intensified our studies on oxygen 

reduction in this solvent.  

The most important aspect of the results presented in this study is the fact that our 

DEMS setup is easily employable to investigate oxygen reduction and oxygen evolution from 

organic electrolytes. That is, when the surface tension σ  and the contact angle θ  of the 

used electrolyte are large and the vapour pressure of the solvent small enough. In Paper 1 

we show that it is possible with our DEMS setup to give the number of transferred electrons 

as a function of the applied potential. This has not been done in previous studies. Some 

minor problems occur because the continues influx of vapour of the organic electrolyte into 

the mass spectrometer causes a relatively rapid contamination of the ion source of the 

quadruple mass spectrometer with graphite, but the aging effect on the filament and the 

resulting effort in maintenance is justifiable. However, a more severe problem arises when 

two different electrolytes were used at the same DEMS-system. Due to some undefined 

cross contamination the CVs that were obtained in DMSO based electrolytes are different, 

when NMP was  used within a time span of two weeks (c.f. Appendix A5). We do not 

understand the origin of this problem, but we believe that this is due to the adsorption of 

organic compounds in the vacuum system during one experiment, which then desorb in the 

next experiment. In any case, it is not possible to work with different electrolytes at the same 

time at one DEMS-system.  
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4. Paper 2 - Oxygen reduction and oxygen evolution in DMSO based 
electrolytes: the role of the electrolcatalyst 
 
4. 1. Introduction to Paper 2 

In the previous report (Paper 1) we employed the DEMS technique in combination 

with the traditional or conventional cell to investigate the oxygen reduction reaction in DMSO 

and NMP based electrolytes at gold sputtered Teflon membranes. In Paper 2 we employed 

the dual thin layer cell which allowed us to test the effect of the electrode material more 

effectively and which enabled us to apply defined convection conditions. As pointed out in 

Section 2.2. calibration is needed to correlate the ionic current to the faradic current. In the 

case of the dual thin layer cell this is difficult and impossible if there is no reaction with a 

known stoichiometry available. Therefore, the results presented in Paper 1 are crucial for the 

current study: Only the knowledge that oxygen is converted quantitatively to superoxide 

during oxygen reduction in TBA containing DMSO based electrolytes allowed us to calibrate 

the dual thin layer cell. Although it has been proposed previously that superoxide was formed 

under these conditions [39, 40], it was never shown that this reaction is quantitative. Hence, 

previously effa  in Equation 7B was unknown (note that effa  enters Equation 8 indirectly via 

Equation 6) which prohibited the use of this reaction for calibration of the dual thin layer cell. 
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4. 2. Oxygen reduction and oxygen evolution in DMSO based electrolytes: the role of 
the electrolcatalyst (as published in PCCP) 

The version of record of Paper 2 as published Physical Chemistry Chemical Physics 

(PCCP) is shown in the following. It is the policy of PCCP that versions of record of articles 

can be used in Theses. Therefore, no special permission of the publisher is required to 

display the version of record in here. Any use of the material or content of the article shown 

below is permissible only after proper citation:  

 

 

C. Bondue, P. Reinsberg, A.-E.-A. A. Abd-El-Latif and H. Baltruschat, Physical Chemistry 

Chemical Physics, 2015, 25593 - 25606. 
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4. 3. Summary of Paper 3 
In the presented study we investigated the impact of the electrode material on oxygen 

reduction and oxygen evolution from DMSO based electrolytes. 

In the case of oxygen evolution we were able to show that the kinetics of oxygen 

evolution are affected by the electrode material. A strong interaction between the gold 

surface and Li2O2 was proposed based on results obtained at single crystalline gold 

surfaces.  

In addition, the present study reveals that the impact of the electrode material on the 

mechanism of oxygen reduction in DMSO based electrolyte is quite severe. No oxygen 

reduction proceeds at the diamond surface of BDD-electrodes. This shows that oxygen 

reduction requires an interaction between oxygen and the electrode to allow the first electron 

transfer. No cleavage of the oxygen-bond takes place when either peroxide or superoxide is 

formed. It is, therefore, very surprising that oxygen reduction is an inner sphere reaction in 

organic media.   

At other electrode materials such as platinum and rhodium oxygen is reduced via the 

direct pathway of peroxide formation irrespective of the applied potential. On the gold 

electrode a transition from the indirect to the direct pathway of peroxide formation was 

observed, which was proposed previously by Laoire et al. [40] and others [61, 70-72]. We did 

not observe such a transition at the gold sputtered Teflon membrane in Paper 1. 

Furthermore, Paper 2 shows that both water and the cation in the electrolyte affects the 

potential at which the transition from the indirect to the direct pathway is observed.   
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5. Paper 3 - A Comprehensive Study on Oxygen Reduction and 
Evolution from Lithium Containing DMSO Based Electrolytes at 
Gold Electrodes 
 

5. 1. Introduction to Paper 3 
In Paper 2 we observed the transition from the indirect to the direct pathway of 

peroxide formation at a smooth gold electrode. In this respect gold is unique among all 

electrode materials we have investigated so far. However, we did not observe such a 

transition at a gold sputtered Teflon membrane in Paper 1. We felt compelled to resolve this 

difference and to conduct further research on oxygen reduction at gold electrodes. Therefore, 

eQCMB and RRDE-measurements were conducted.  

In Figure 7 of Paper 1 in which the ionic charge of oxygen evolution was plotted 

versus the ionic charge of oxygen reduction a linear fit with a negative intercept with the y-

axis was obtained. The corresponding experiment was done several times always with a 

similar outcome. As already mentioned in Paper 1 we deemed this behaviour strange. In 

Paper 3 we embrace this problem and discuss a mechanism that leads to the described 

behaviour.   
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5. 2. A Comprehensive Study on Oxygen Reduction and Evolution from Lithium 
Containing DMSO Based Electrolytes at Gold Electrodes (as published in JECS) 

The version of record of Paper 2 as published in the Journal of the Electrochemical  

Society is shown in the following. The article was published under the Creative Commons 

Licence (CC-BY; "Open Access"). Therefore, no special permission of the publisher is 

required to display the version of record. Any use of the material of the article shown below is 

permissible only after proper citation:  

 
C. J. Bondue, M. Hegemann, C. Molls, E. Thome and H. Baltruschat, J. Electrochem. Soc., 

163, A1765-A1775 (2016). 
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5. 3. Summary of Paper 3 
In Paper 3 we have addressed the question why there is a negative intercept with the 

y-axis in the plot shown in Figure 7 of Paper 1 and in Figure 2A of Paper 3. In Paper 3 we 

propose that this is either due to the disproportionation of superoxide or due to some other 

reaction in the course of which superoxide is being oxidised. Either reaction takes place only 

at gold particles at open circuit potential. Because of the same reason we do not observe the 

transition from the direct to the indirect pathway of peroxide formation at gold sputtered 

electrodes: The reaction of superoxide becomes too fast to resolve this process from the 

electrochemical processes.  

DEMS and eQCMB results presented in Paper 3 show that electrolyte decomposition 

is related to oxygen reduction. This supports the results presented by McCloskey et al. [35]. 

However, eQCMB results also show that superoxide is not the species that initiates 

electrolyte decomposition. It remains elusive which species initiates electrolyte 

decomposition and whether electrolyte decomposition can be avoided, when Li2O2 is formed 

by disproportionation of superoxide.  

The eQCMB results presented in Paper 3 are rather curious: Missing mass changes 

during oxygen evolution, an effect of the convection on the observed m.p.e values during 

oxygen reduction and changes in the reduced quality factor parallel to CO2 evolution. We 

were able to give a sound model that explains this behaviour, which was also based on 

RRDE measurements. Contradictions in literature concerning eQCMB results on oxygen 

reduction in lithium containing DMSO based electrolytes were (in part) resolved.  
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6. Paper 4 - A New 2-Compartment Flow Through Cell for the Simultaneous Detection 
of Electrochemical Reaction Products by a Detection Electrode and Mass 
Spectroscopy 
 

6. 1. Introduction to Paper 4 
In Paper 3 we have employed the RRDE technique to detect the formation of 

superoxide during electrochemical oxygen reduction in lithium containing electrolytes. Based 

on the DEMS results presented in Paper 2 and 3 as well as in Ref [39, 40, 70, 72] it was not 

unexpected to observe a current at the ring electrode when low overpotentials were applied 

to the disc electrode: Already Torres et al. [70] and Trahan et al. [72] observed in this 

potential region currents at the ring electrode when gold electrodes were employed as disc 

electrodes. This current was assigned to the oxidation of superoxide. This interpretation is in 

good agreement with a z-value of 1 e-/O2 at low overpotentials which was derived from 

DEMS data. However, it was unexpected to find a second peak or a shoulder in the ring 

current as the overpotential at the disc electrode increased. At large overpotentials oxygen is 

reduced to peroxide via the direct pathway at gold electrodes. Hence, a ring current due to 

oxidation of superoxide should not be observed. In Paper 2 we have suggested that a 

deposit of Li2O2 exerts a geometric effect and inhibits the direct pathway of peroxide 

formation. In paper 2 we have, therefore, suggested that a similar process takes place at the 

gold electrode: In the course of rapid deactivation the gold electrode loses its ability to 

catalyse the second electron transfer. Hence, an increasing share of oxygen is reduced to 

superoxide, resulting in an increased current at the ring electrode. However, we left the 

interpretation somewhat open in Paper 3 and mentioned that it is also possible that LiO2
- 

reacts at the ring electrode. Based on the fact that we set the potential at the ring electrode 

to a value at which no CO2 evolution in the DEMS-experiments is observed (0.3 V vs. 

Ag/Ag+), we argue that the current at the ring electrode is not be due to the oxidation of 

decomposition products. This way of argumentation is not entirely flawless: As in the case 

with carbonate based electrolytes [22] a variety of decomposition products might arise upon 

oxygen reduction reaction in DMSO based electrolytes. It is possible that some of these 

decomposition products undergo an electrochemical reaction at lower potentials and that 

their oxidation does not result in CO2 evolution. Figure 8 of Paper 3 underscores this 

argument: The z-value for oxygen evolution exceeds a value of 2 e-/O2 significantly. This 

might be due to the additional oxidation of decomposition products without concomitant CO2 

evolution. 

When during an RRDE-experiment a ring current is observed this does not mean 

anything else but that the electrochemical reaction at the disk electrode results in a soluble 

species that can undergo an electrochemical reaction at the potential and the material of the 
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ring electrode. Identification of that species is of course possible when there is only one 

compound that can undergo an electrochemical reaction at the ring electrode. This is the 

case for instance when it is already known that the material of the ring electrode is selective 

towards one of a variety of possible reaction products formed at the disc electrode. However, 

this is certainly not the case for the oxygen reduction reaction in organic electrolytes where, 

aside from reduced oxygen species, there is the constant possibility of electrolyte 

decomposition via chemical or electrochemical means. It is, therefore, surprising that it is in 

general accepted that the observation of a current at the ring electrode can be assigned to 

the formation of superoxide at the disk electrode, when oxygen is reduced from organic 

electrolytes [39, 40, 70, 72]. 

Therefore, we have designed the 6-electrode cell which is presented in the following 

article. It allows RRDE-like applications in combination with DEMS. With this cell it is possible 

to investigate the reaction that takes place at the detection electrode via mass spectroscopy.  
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6. 2. A New 2-Compartment Flow Through Cell for the Simultaneous Detection of 
Electrochemical Reaction Products by a Detection Electrode and Mass Spectroscopy 
(as published in Electrochimica Acta) 

The version of record of Paper 4 as published in the Elechtrochimica Acta  is shown 

in the following. Publication in this Theses is possible due to kind permission of Elsevier 

(License Number: 3938390105653). Any use of the material of the article shown below is 

permissible only after proper citation: 

 

C. J. Bondue, P. Königshoven  and H. Baltruschat, Elechrochica Acta, 214, 241-252 (2016). 
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6. 3. Summary of Paper 4 
 

In Paper 4 we have introduced the 6-electrode cell. We demonstrate the use of the 

cell for the oxygen reduction reaction in DMSO based electrolytes and developed an 

experimental procedure on how to conduct the experiment. Based on the theories developed 

for the dual thin layer cell we derived important equations, that allowed us to correlate 4 

different quantities with each other: 1WE
FI  (the faradic current at WE1), 2WE

FI (the faradic 

current at WE2), 1
32,

WE
II  (the ionic current for mass 32 due to the reaction at WE1) and 2

32,
WE
II  

(the ionic current for mass 32 due to the reaction at WE2). Hence, we were able to determine 

the number of electrons transferred per oxygen both at WE1 and WE2. Furthermore, we 

could determine the share of oxygen that is reduced to superoxide intermediate by three 

different means.   

The finding that at the detection electrode indeed 1 electron per evolved molecule of 

oxygen is transferred shows that that the intermediates that react at the ring electrode during 

RRED-experiments on the oxygen reduction in DMSO based electrolytes are indeed 

superoxide as proposed previously [39, 40, 70, 72]. This is not only true for low 

overpotentials where we came to the same conclusion based on DEMS-experiments 

conducted in the dual thin layer cell (Paper 2, Paper 3) but also for large overpotentials 

where the direct pathway of peroxide formation should dominate. In Paper 3 we mentioned 

the possibility that the shoulder in the current observed at the ring electrode when the 

potential at the disc electrode passes -1.2 V could be due to the oxidation of LiO2
- that failed 

to nucleate at the disc electrode. This possibility is now refuted.  

Furthermore, we can show that at a certain point an increasing share of oxygen is 

again reduced to superoxide as the electrode is covered with lithiumperoxide. We have 

discussed in Paper 2 that Li2O2 exerts a geometric effect on the platinum electrode that 

inhibits the second electron transfer. The gold electrode appears to be effected in the same 

way by the Li2O2-deposit.  

In Paper 3 we have found that the MSCV for mass 32 changes when a metal 

sputtered Teflon membrane is place in the lower compartment of the dual thin layer cell. At 

open circuit potential the metal electrode appears to have the capacity to evolve oxygen from 

the incoming superoxide intermediates. We can show in Paper 4 that the reaction that takes 

place at the metal sputtered Teflon membrane is not the dismutation of superoxide but a 

heterogeneous catalysed oxidation of superoxide. This reaction is only possible when other 

compounds are reduced at the same time. It is still unknown which compound is reduced by 

superoxide but the electrolyte is the most probable source of electrons. If true, this has larger 

implications for current battery research: Superoxide induced electrolyte decomposition 

catalysed by construction parts of the electrode must be avoided under any circumstances.  
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7. Summary of the Presented Results and Discussion in Light of 
Literature Results 
 

In the presented studies, we have investigated the oxygen reduction reaction in 

organic electrolytes, particularly in DMSO based electrolytes. We have shown in Paper 1 that 

in the presence of TBA+, electrochemical reduction of oxygen results in the quantitative 

formation of superoxide. Although Laoire et al. have proposed that in organic electrolytes and 

in the absence of hard lewis acids oxygen is reduced to superoxide, it was not shown that 

this reaction is quantitative [39, 40]. In our first study, we were able to establish the 

quantitative nature of this reaction. This finding allowed us to calibrate the dual thin layer cell 

and is, therefore, the fundament for the studies that followed.  

Based on kinetic considerations, Laoire et al. have suggested that the presence of 

hard lewis acids, such as Li+ and Na+ cause the formation of peroxides, whereas soft lewis 

acids favour the formation of superoxide [39, 40]. Indeed, the thermodynamic instability of 

lithium superoxide [43, 44] suggests that in the presence of Li+, oxygen reduction will 

eventually lead to the formation of Li2O2. But thermodynamics do not give any information on 

how Li2O2 is formed: Laoire et al. proposed that at low overpotentials and in Li+-containing 

DMSO based electrolytes, oxygen is reduced to superoxide, whereas electrochemical 

oxygen reduction results in peroxide at high overpotentials [40]. RRDE- [70, 72] and EPR-

measurements [73] in DMSO based electrolytes, also suggest that superoxide forms at low 

overpotentials. This findings support the mechanism presented by Laoire et al. [40].  

The results which we have presented in Paper 2 and in Paper 3 show that a transition 

from the indirect to the direct pathway of peroxide formation takes place, indeed. However, 

this is only true for the gold electrode. Laoire et al. have based their mechanism on 

experiments that were performed with a glassy carbon electrode [40], whereas we have 

shown that the indirect and the direct pathway of peroxide formation proceed in parallel at 

this electrode material, irrespective of the applied potential. Also the EPR-studies performed 

by Cao et al. [73] and the RRDE-measurements presented by Trahan et al. used carbon 

electrodes. This raises the question whether it is just a coincidence that the mechanism 

presented by Laiore et al. turned out to hold only for gold electrodes in our experiments or 

whether the history of the carbon electrode exerts an influence on the actual mechanism of 

oxygen reduction (e.g. through functional groups that form on the carbon electrode in 

previous experiments).  

However, hard lewis acids do not necessarily cause the formation of peroxides: Upon 

discharge of sodium-air batteries, the formation of both, NaO2 [74, 75] and Na2O2 [76-78] 

has been observed. In these batteries, tetraglyme based electrolytes were employed. 

Therefore, comparison to the results presented in Paper 2 is difficult, because in these 
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experiments, DMSO based electrolytes were employed. However, similar to battery studies 

we have found that under some conditions NaO2 is formed and under other conditions 

Na2O2 is formed. In our case, the electrode material is the defining factor. It was shown that 

the differences in the above mentioned Na-air battery studies are not due to the electrode 

material [75]. Instead, these differences apparently are due to the presence of trace amounts 

of water [79].  

Thus, the lewis acidity of the cation is only one factor among others that defines the 

product of electrochemical oxygen reduction. In the absence of hard lewis acids, the 

formation of peroxide appears to be impossible, but it depends on the kinetics of the 

electrode process, whether peroxide or superoxide is formed in the presence of hard lewis 

acids (although the instability of superoxide in the presence of Li+ means that oxygen 

reduction leads to Li2O2 eventually if Li+ is available). Figure 10 in Paper 2 shows that the 

charge density of the cation exerts an influence on the kinetics of oxygen reduction. We were 

the first to quantify this effect in the form presented in Paper 2, where it was shown that a 

direct relationship between the charge density of the cation and the half-wave potential of 

peroxide formation exists. But aside from the cation, there is a range of parameters that also 

influence the kinetics of the oxygen reduction reaction in organic media, such as the solvent 

of the electrolyte. Laoire et al. proposed that a large donor number of the solvent will favour 

the indirect pathway of peroxide formation [39, 40]. This view has been supported by various 

groups [61, 71, 72]. However, recently others have suggested that instead of the donor 

number, the acceptor number of the solvent is the decisive parameter [80].  

In Paper 2, we were able to show that the presence of water favours the indirect 

pathway of peroxide formation when a gold electrode is used. This finding is in line with the 

observation that trace amounts of water lead to the formation of toroid shaped particles upon 

discharge of lithium-air batteries operating with various solvents [81, 82]. It was suggested 

that large Li2O2 particles form because oxygen is first reduced to superoxide which will then 

be deposited as Li2O2, preferentially at certain sites of the electrode. In addition, Xia et al. 

have recently shown that very low amounts of water in tetraglyme based electrolytes of 

sodium-air batteries tilt the distribution of discharge products away from Na2O2 towards 

NaO2 [79].  

Given that water has a lower donor number than DMSO (75 kJ/mol compared to 

125 kJ/mol), it is unlikely that the effect of water is due to the donor number. On the other 

hand water has a larger acceptor number than DMSO (54.8 compared to 19.3). Therefore, 

the effect of water which we have described in Paper 2 might support the theory by Khetan et 

al., who suggested that a large acceptor number favours the indirect pathway of peroxide 

formation because a better solvation of superoxide can be achieved.  
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This actually does not contradict the idea of an additional effect of the donor number 

of the solvent on the peroxide/superoxide formation: In Paper 2 we have pointed out that the 

effect of the cation might result from its need to coordinate to superoxide in order to enable 

the second electron transfer that leads to the formation of peroxide. It is conceivable that a 

solvent with a large donor number will mask the cation which is therefore not available to 

coordinate to superoxide. However, too little is known about the double layer region to decide 

whether this is a likely scenario. Xia et al. have pointed out that the water concentration in 

their experiments is too low to assure a proper solvation of the superoxide [79], which 

contradicts the effect of the acceptor number proposed by Khetan et al. [80]. Instead, Xia et 

al. suggested that water acts as a phase transfer catalyst. We have suggested in Paper 2 

that water interferes somehow with the electrode kinetics, by participating in the double layer 

region. But also here it must be pointed out that because of lack of knowledge on the nature 

of the double layer structure this is speculative.  

A further influencing factor on the mechanism of oxygen reduction is the electrode 

material. We have shown in Paper 2 that at gold electrodes a transition from the direct to the 

indirect pathway of peroxide formation takes place. At rhodium the electrochemical oxygen 

reduction always results in the formation of peroxide, that is, even at low overpotentials. This 

is also true for platinum, although the formation of a Li2O2 deposit appears to exert a 

geometric effect that increasingly tilts product distribution towards superoxide formation. We 

also found that at carbon and ruthenium both the indirect and the direct pathway of peroxide 

formation take place in parallel, irrespective of the applied potential. Finally, the most 

important finding from a fundamental point of view is that no oxygen reduction takes place at 

the diamond surface of the BDD-electrode. This shows unambiguously that oxygen reduction 

is an innersphere reaction: Even the first electron transfer that leads to the formation of 

superoxide can only take place when oxygen is specifically adsorbed at the surface of the 

electrode. Hence, oxygen reduction is a heterogeneous, electrocatalytic reaction. Although 

Lu et al. have previously reported that the achievable current density at a given potential 

during oxygen reduction depends on the electrode material [36], we were the first to show 

that the electrode material influences the pathway by which oxygen is reduced or whether 

oxygen reduction can take place at all. But it remains elusive, which characteristic of the 

electrode material influences the reaction pathway: Theoretical calculations for the oxygen 

reduction reaction in aqueous electrolytes where either hydrogenperoxide or water is formed, 

suggest that the difference between the free adsorption enthalpy of OH and OOH at the 

electrode material defines whether the 2e-- or the 4e--process dominates [41]. In analogy to 

the oxygen reduction reaction in aqueous electrolytes it is conceivable that the free 

adsorption enthalpy of O2
- determines whether the indirect or the direct pathway of peroxide 

formation takes place in non-aqueous electrolytes. In that line of thought, O2
- (or O2Li) 
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remains adsorbed and a second electron transfer is possible when the free adsorption 

enthalpy is large, whereas O2
- desorbs otherwise. However, more data are required to 

decide whether this is a plausible scenario. 

In addition to the electrode material, the structure of the electrode has an impact on 

the oxygen reduction reaction in lithium containing DMSO based electrolytes as well. In 

Paper 2 we have inferred from a step in the z-value that at gold electrodes the mechanism of 

oxygen reduction changes from the indirect to the direct pathway of peroxide formation at 

gold electrodes when the overpotential is increased. As was shown in Paper 1 and Paper 3, 

such a step is less pronounced (if present at all) when a gold sputtered electrode is used. In 

paper 3, we have attributed this difference either to the disproportionation of superoxide or 

due to another (unspecefied) reaction during which superoxide is oxidised which is catalysed 

by gold at open circuit potential. Portions of the porous electrode might be at open circuit, 

because they have lost their connection to the electrode. Indeed, we were able to show that 

at metal electrodes at open circuit potential an unknow reaction takes place. Our 

experiments with a novel two compartment cell revealed that this reaction consumes 

superoxide and evolves oxygen. Such a reaction has not been discribed before and it is not 

clear which compound in the electrolyte has the capacity to oxidise superoxide.  

It is not straightforward to relate the above mentioned results to current battery 

research, that is based on the construction and cycling of model lithium-air batteries: 

Because model batteries are closed systems, it is hardly possible to investigate which 

processes take place during operation and, therefore, it is not possible to infer beyond doubt 

why certain observations appear. As pointed out previously, post mortem analysis of 

discharge batteries revealed the formation of toroid shaped particles of Li2O2 in some cases 

[81-85] and films of Li2O2 in others [83-85]. Film formation is observed in the absence of 

water [85] and at large current densities [83-85], whereas particles form in the presence of 

water [81, 82, 85] and at a low current densities [83-85]. Apparently the formation of toroid 

shaped Li2O2 particles allows for a deeper discharge of the battery [81, 82], most probably 

because no insulating film of Li2O2 is formed which deactivates the electrode. It has also 

been observed that a deeper discharge is possible when the oxygen electrode is made from 

gold instead of carbon black [32, 34, 86]. Hence, conditions under which a favourable 

discharge behaviour was observed (presence of trace amounts of water, use of gold 

electrodes, high overpotentials) are the same conditions under which oxygen reduction 

proceeds via the indirect pathway of peroxide formation. Indeed, some authors in the above 

mentioned battery studies have proposed the involvement of superoxide. Our studies 

substantiate these assumptions and therefore make a significant contribution to the lithium-

air battery research.  
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But it has to be emphasised that severe problems on the route to practical lithium-air 

batteries remain: Although parameters have been identified that lead to a favourable 

discharge behaviour, charging of these batteries remains problematic: Already in the initial 

stage of charge rather high potentials are required. But at a certain point during charging the 

potential starts to increases to levels that stop short of DMSO oxidation (during charge of 

model batteries the experimentalist defines a certain charging current and the potential is 

adjusted to sustain this current) [32, 86]. Such an increase of the charging potential of model 

lithium-air batteries operating with ether and carbonate based electrolytes was previously 

related to a change from a desired to in undesired charging reaction. McCloskey et al. 

showed that the increase of the potential from one plateau to another takes place when 

oxygen evolution stops and CO2-evolution starts [87]. The observed increase of the potential 

is probably due to the depletion of reduced oxygen species in the electrode in the course of 

oxygen evolution (charging). As no reduced oxygen species are available for oxidation at a 

given potential, the potential has to increase to allow other reactions in order to sustain the 

preset charging current. As carbonate based electrolytes undergo a reaction with reduced 

oxygen species during discharge, only a very small fraction of the reduced oxygen is 

deposited as Li2O2 in the electrode [21-28]. During charging of the battery most of the Li2O2 

is oxidised after a short period of time. After this periode charging (defined as the same 

amount of charge passed as during discharge) of the battery is not yet complet. Hence, the 

potential increases to levels where decomposition products of the electrolyte are oxidised to 

CO2. A similar behaviour of the charging potential in model batteries employing DMSO 

based electrolytes [34, 88] can indicate that the evolution of oxygen does not produce 

sufficient charge to complete the charging cycle of the battery. However, this is no proof that 

the true coulombic efficiency is lower one. An increase of the charging potential can also take 

place when  due to a thermodynamic stabilisation a fraction of the Li2O2 is more difficult to 

oxidise.  

We have shown in Paper 2 that not only the reduction of oxygen but also the 

oxidation of Li2O2 is an electrocatalytic reaction. The oxidation of Li2O2 proceeds faster at 

platinum electrodes than at gold electrodes. In addition, the oxidation of Li2O2 takes place in 

two distinguishable waves at gold electrodes. We have ascribed this behaviour to the 

formation of two monolayers of Li2O2 on gold whereas one monolayer interacts more 

strongly with the gold surface than the other. This interpretation was supported by 

measurements at gold Au(111) single crystals.  

Even if the increasing charging potential comes along with a true coulombic efficiency 

lower one, this does not necessarily indicated the consumption of reduced oxygen species 

via parasitic reactions such as electrolyte decomposition. In model batteries Li2O2 might 

have been deposited at sites in the electrode without electric contact. Li2O2 deposited on 
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these sites cannot be re-oxidised and the potential needs to increase in order to sustain 

other reactions. It is therefore of interest whether all the reduced oxygen eventually forms 

Li2O2. By means of redox titration Schwenke et al. have shown that only 65% of the reduced 

oxygen form Li2O2 in tetraglyme based electrolytes [82] and Aetukuri et al. found a Li2O2-

yield between 75 - 82% in DMSO based electrolytes [81]. Similarly we have shown in 

Paper 1 and in Paper 3 that only 2/3 of the reduced oxygen can be re-evolved as oxygen in 

the following anodic sweep. However, as in a model battery there are two possible reasons 

for a true coulombic efficiency much smaller one: (1) Electrolyte decomposition during 

oxygen reduction and (2) incomplete oxidation of reduced oxygen species.  

However, it is clear that at least a fraction of the reduced oxygen species that are 

unavailable for oxygen evolution, participate in electrolyte decomposition during oxygen 

reduction. We observe CO2 (Paper 2 and Paper 3) evolution in the anodic sweep only when 

oxygen was reduced in the previous cathodic sweep and, since DMSO is the only source of 

carbon, CO2 evolution indicates unambiguously electrolyte decomposition. Indeed, the 

relationship between evolved amounts of CO2 and reduced amounts of O2 (Paper 3) are a 

strong indication that electrolyte decomposition takes place during oxygen reduction. In 

addition, larger than expected m.p.e-values indicate the deposition of decomposition 

products during oxygen reduction. This is in agreement with literature results where XPS- 

[89, 90], eQCMB- [91] and DEMS- [35] measurements show that electrolyte decomposition 

occurs in DMSO based electrolytes during oxygen reduction. Electrolyte decomposition 

reduces the true coulombic efficiency because reduced oxygen species undergo an 

irreversible chemical reaction. Electrolyte decomposition during discharge, therefore, is a 

possible explanation for the bad charging behaviour of model lithium-air batteries that employ 

DMSO based electrolytes. However, a bad charging behaviour is also observed in batteries 

that favour the indirect pathway of peroxide formation. So far we can ascribe electrolyte 

decomposition only to the direct pathway of peroxide formation. But the absence of any proof 

for electrolyte decomposition during the indirect pathway of peroxide does not mean that it 

does not take place. In our view it is not yet clear whether DMSO is stable under operation 

conditions of lithium-air batteries. At any rate it has to be taken into account that superoxide 

can undergo a reaction at metals at open circuit potential as shown in Paper 4. This reaction 

depletes the electrolyte of reduced oxygen species which cannot be reoxidiesed. Whether 

this reaction occurs in model lithium-air batteries is unknown, but it might take place at 

construction parts of the battery. If so other reactions have to take place during battery 

charging in order to complete a full charging cycle. 

It needs mentioning that other authors, in contradiction to our view, consider DMSO 

based electrolytes stable and fit for operation in lithium-air batteries [34, 92]. In Paper 3 we 

gave a discussion on why the data presented in Ref. [92] and [34] do not provide sufficient 
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evidence to support that statement. Notwithstanding this, there is no conclusion on the 

stability of DMSO that is generally accepted. This is best exemplified by the group of Calvo 

where in one publication the authors provide spectroscopic evidence for the stability of 

DMSO during oxygen reduction [93] and in another publication spectroscopic evidence for 

the instability of DMSO (neither author provided a discussion on the contradiction) [90].  

Sharon et al. provided eQCMB results which were considered to show that oxygen 

reduction in lithium containing DMSO based electrolytes leads to the quantitative formation of 

Li2O2 which is then oxidised again quantitatively in the anodic sweep [94]. However, Sharon 

et al. did not consider the partial formation of superoxide during oxygen reduction which is 

not deposited quantitatively as Li2O2 when the m.p.e-values were determined (the m.p.e-

values therefore only appear to fit well to the quantitative formation of Li2O2). In addition, 

Sharon et al. assigned mass changes to the oxygen evolution although the potential region 

does not fit to this interpretation. In our eQCMB studies we found no mass changes during 

oxygen evolution. We have ascribed this finding to the formation of an inhomogeneous film 

during oxygen reduction that consists of both, Li2O2 and decomposition products. In the 

anodic sweep, Li2O2 is oxidised first, leaving behind cavities on the surface that are filled 

with electrolyte. The additional mass of the electrolytes offsets the mass loss due to Li2O2 

oxidation. Larger mass changes occur when the decomposition products are oxidised.  

We have shown in Paper 3 that superoxide is not the active species that initiates 

electrolyte decomposition (at least not the kind of electrolyte decomposition that leads to 

solid decomposition products detectable by eQCMB). This suggests that it is possible to 

avoid electrolyte decomposition during discharge of lithium-air batteries by favouring the 

indirect pathway of peroxide formation. But as pointed out above this is not necessarily true, 

because electrolyte decomposition might also occur during disproportionation of superoxide. 

Further research is required to investigate whether electrolyte decomposition is only due to 

the electrochemical formation of peroxide or also occurs during disproportionation of 

superoxide. Previous studies that aimed to show that electrolyte decomposition occurs were 

done under conditions where it is to be expected that oxygen reduction proceeds at least 

partially via the direct pathway of peroxide formation (Indeed, this might be the reason for 

contradicting results on CO2 evolution concerning model battery studies performed by 

McClosky et al. [35] and Peng et al. [34].) It is a significant question whether electrolyte 

decomposition can be avoided if proper discharge conditions are chosen that favour the 

indirect pathway of peroxide formation. So far ensuring electrolyte stability has been a 

challenge. 

If it turns out that DMSO is stable under conditions where the indirect pathway of 

peroxide formation is favoured, then two of the above mentioned reasons would explain the 

unsatisfying charging behaviour: Firstly, larger Li2O2 particles might lose mechanical and 



144 / 166 

electronic contact to the electrode when Li2O2 layers that adhere to the electrode are 

oxidised. Secondly, Li2O2 might be preferentially deposited on sites in the electrode that do 

not have any electric contact in the first place. (It is conceivable that carbon, of which most 

gas diffusion electrodes at present are manufactured, does not catalyse the heterogeneous 

oxidation of superoxide by an unknown compound in the electrolyte) In either case, oxygen 

evolution would cease at an early stage of charge and the true columbic efficiency would 

remain far below 1. In both cases only redox mediators would help to achieve a full recharge 

[95]. However, redox mediators are likely to introduce new problems: They are usually 

organic molecules that feature conjugated π-electron systems and are, therefore, prone to a 

chemical attack of reduced oxygen species.  
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8. Outlook 
 

As outlined in detail in the previous section, our work relates well to the current lithium-air 

battery research. Our results are significant as they provide approaches to the understanding 

of observations made in studies on lithium-air batteries. I consider this significant, because I 

find it hard to belief that practical lithium-air batteries can ever be realised without a profound 

understanding of the oxygen reduction reaction in organic electrolytes. Our work has 

contributed to deepen the understanding of the oxygen reduction reaction, but truth be told 

we are only scratching at the surface. The discussion of our results in Section 6 has revealed 

that we know that there are a number of parameters that influence the mechanism of oxygen 

reduction reaction, but we do not know why and how.  

However, in my opinion the most pressing and interesting question is whether the 

effects of cation, electrolyte, additives, and electrode materials work independently from each 

other or whether they interact. For instance: Does gold always favour the indirect pathway of 

peroxide formation at low overpotentials or do combinations with other parameters exist 

which cause gold to favour the direct pathway of peroxide formation, whereas platinum 

favours the indirect pathway under the same conditions? To address this question it is 

necessary to create a larger data stock and to systematically investigate the impact of a 

variety of combinations of different electrolytes, additives, cations, and electrode materials on 

the mechanism of oxygen reduction. In such a study it would be relatively irrelevant whether 

the electrolyte undergoes a chemical reaction with reduced oxygen species (as long as it is 

possible to discriminate between the direct and the indirect pathway of peroxide formation). 

Such a vast scale study would still only address the question "what is?", but it could be 

flanked with efforts to address the question "why is?". 

 

Adsorption Isotherm of Superoxide 

In Section 6 I mentioned the theory that similar to the situation in aqueous 

electrolytes, the free adsorption enthalpy of O2
- on the respective surface might be the factor 

that decides whether the electrode favours the direct or the indirect pathway of peroxide 

formation. To test this theory, it is necessary to determine the free adsorption enthalpy of O2
-. 

Anson et al. [96] and Christie et al. [97] have demonstrated that double potential-step 

chronocoulometry can be used to determine the surface concentration of an adsorbate at a 

given potential. These measurements can be used to determine the adsorption isotherm of 

O2
- from a solution of superoxide at various temperatures. A plot of the logarithm of the 

surface concentration at a given potential versus the reciprocal temperature should yield the 
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free adsorption enthalpy. It would be interesting to see whether the potential at which the 

transition from the indirect to the direct pathway of peroxide formation takes place correlates 

to the potential where the free adsorption enthalpy of superoxide exceeds a certain threshold 

value (this threshold value is likely to depend on the cation, but the determination of the 

adsorption isotherm must be done in the absence of hard lewis acids, so that superoxide 

cannot be reduced further). To provide theoreticians who could derive a causation from such 

a correlation with an adequate data base, these measurements should be conducted at 

single crystal surfaces (Au(111) and Pt(111) are experimentally best accessible).  

 

Reaction Order of Oxygen and Lithium 

Also because of other reasons the knowledge of the adsorption isotherm would be 

quite interesting: Our group has recently found that the reaction order of oxygen for the 

oxygen reduction reaction in Mg2+-containing DMSO based electrolytes at platinum 

electrodes is close to zero [98]. This indicates that the surface is saturated either with oxygen 

or superoxide in the investigated potential range. Knowledge of the adsorption isotherm 

would allow us to decide whether the surface is saturated with oxygen or superoxide. Indeed, 

it would be interesting to conduct the measurements done by Reinsberg also in Li+ containing 

solutions and at gold electrodes, where a transition from the indirect to the direct pathway of 

peroxide formation is observed. Is the reaction order in oxygen and in Li+ also zero 

(Reinsberg also found a reaction order of zero in Mg2+) in the potential range where oxygen 

is reduced electrochemical only to superoxide? Does the reaction order in oxygen increase 

with the temperature (which would be expected as the surface should not be saturated with 

adsorbates at high temperatures) and does the temperature influence the potential at which 

the transition from the indirect to the direct pathway of peroxide formation takes place? 

 

Properties of the Solvent: Donor Number, Acceptor Number or Something Else? 

In Section 6 I have pointed out that it is still not well understood how the electrolyte 

influences the mechanism of oxygen reduction reaction, or indeed, which property of the 

electrolyte is of importance: The acceptor or the donor number? To answer this questions, it 

is necessary to examine whether the potential at which the transition from the indirect to the 

direct mechanism takes place depends on the acceptor, the donor number, or on other 

parameters of the solvent. DEMS measurements in the dual thin layer cell should be 

conducted for a variety of solvents with different donor and acceptor numbers at least at gold 

and platinum electrodes.  

If the free adsorption enthalpy of superoxide must exceed a certain threshold value, it 

is likely that the acceptor number exerts an effect: A larger acceptor number will cause a 

better solvation of superoxide (i.e., a more negative free solvation enthalpy). Hence, the 
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adsorption enthalpy of superoxide will become less negative in a solvent with a large 

acceptor number. This is likely to have an influence on the potential at which the transition 

from the indirect to the direct mechanism takes place. A small adsorption enthalpy means 

that the residence time of superoxide at the surface is smaller than the time required to 

transfer the second electron. Therefore, the second electron transfer is only possible when 

its rate constant exceeds that of the desorption of superoxide. An increase of the former 

requires a higher overpotential. An alternative view is that a higher overpotential is required 

to keep superoxide adsorbed. Given that superoxide is an anion that should desorb as the 

potential becomes more negative this appears to be a rather unlikely scenario. However, as 

pointed out in Paper 2 the transfer of the second electron requires probably the coordination 

of a cation to superoxide, which would result in a neutrally charge particle. In addition, 

superoxide as a weak lewis base should be very well polarizable, so that confined between a 

positive charged cation and a negative electrode superoxide forms a dipole. It is, therefore, 

conceivable that superoxide will adsorb more strongly with its positive charge end to the 

electrode as the potential becomes more negative. 

It seems to be clear from literature results that a large donor number in the solvent is 

required to observe the formation of superoxide during oxygen reduction [40, 61, 71]. But 

does this also mean that superoxide can only be generated in solvents with a large donor 

number? Indeed, it is conceivable that a large donor number causes a very good solvation of 

Li+ and, therefore, introduces an activation barrier for the Li+-induced disproportionation of 

superoxide. In this case, the donor number would only slow down the disproportionation of 

superoxide and, hence, would only affect our ability to detect superoxide. That is, the indirect 

pathway of peroxide formation could also take place in acetonitrile where superoxide 

formation has never been observed via the RRDE-technique [70, 72]. In this line of though 

the donor number of acetonitril would be too small to stabilise superoxide long enough to 

detect it during an RRDE-experiment. The RRDE-technique allows the detection of 

intermediates only if its half-life is larger than 10-3 seconds [99].  

 

Effect of Additives: Another Way to Investigate the Effect of  Solvent Properties 

Additives like water can work in the same way as already discussed for the solvents. 

Hence, additives might just add a large donor or acceptor numbers to the solvent or they 

could undergo a strong interaction with the electrode material, which might reduce the ability 

of the electrode material to transfer the second electron. The above suggested experiments 

(DEMS-measurements, double potential step chronocoulometry) could also be done to 

investigate the influence of additives. Aside from water, other additives could be investigated: 

NH3, NH(3-x)Rx, R2O, R2S, urea, and organic compounds of boron (although here both 

stability of the compound and safety might be an issue). The first of the aforementioned 
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compounds feature a free electron pair and could, therefore, act as electron donors, whereas 

boron compounds have an electron deficiency and might, therefore, act as electron acceptor. 

The influence of the acceptor number of the additive should be studied in a solvent with a low 

acceptor number and a solvent with a low donor number should be used to study the 

influence of the donor number of the additive.  

 

Geometric Effect: Potential Step Experiments and Adsorption Mode 

On the other hand it is also likely that a specific interaction between solvent and 

electrode influences the mechanism of oxygen reduction. This is possible, for instance, when 

the adsorbed solvent exerts a geometric effect which prohibits the adsorption of superoxide 

or oxygen in a certain mode. This, however, is a prerequisite for the reduction to peroxide. In 

this case, there would be no correlation between the acceptor / donor number and the 

potential at which the transition from the indirect to the direct pathway of peroxide formation 

takes place. However, it is not clear beyond doubt whether a certain adsorption mode of 

superoxide or oxygen is required to form peroxide. Based on what we think is a geometric 

effect of electro-deposited Li2O2 on the oxygen reduction reaction, we have proposed that 

oxygen must adsorb in a bridge position at platinum to form peroxide. To strengthen the case 

for a geometric effect, it would be advisable to conduct potential step experiments in the dual 

thin layer cell and to check whether the z-value really depends on the amount of deposited 

Li2O2. Such an experiment would eliminate any effect of the potential that may overlie the 

respective measurements described in Paper 2 (indeed those experiments should not be 

limited to platinum, but all electrode materials should be subject to potential step 

experiments). But it will be difficult to determine the adsorption mode of oxygen or 

superoxide at the polarised electrode. In the case of superoxide, SERS or ATR-FTIR 

(attenuated total reflection fourier transformed infrared)  spectroscopy may be employable to 

that end.  

Another way to check whether it is possible to exert a geometric effect on the oxygen 

reduction reaction is to block certain adsorption sites (threefold hollow site, bridge position) 

with adsorbates. If peroxide formation or oxygen reduction is strongly inhibited on these 

surfaces, this would be a strong indication that a geometric effect exists. However, it will be 

difficult to find surfaces where adsorbates block certain sites, but do not alter the electronic 

properties of the surface via a ligand effect.  

 

Spectroscopic Investigations on the Effect of the Cation 

In Section 6 I have considered the possibility that solvents with a large donor number 

mask the cation, which we think must coordinate to adsorbed superoxide in order to facilitate 

the second electron transfer. It will be difficult to test whether the solvent can inhibit the 
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cation to coordinate to superoxide. Again, SERS or ATR-FTIR spectroscopy might show 

whether M-O stretching modes (M = Li+, Na+, K+ etc.) appear at potentials close to the 

transition from the indirect to the direct pathway of peroxide formation. Furthermore, it would 

be interesting to see whether complexing agents like crown ethers might able to inhibit the 

appearance of M-O stretching modes under similar conditions. 

 

Electrolyte Stability 

Aside from these fundamental questions for the oxygen reduction reaction in organic 

electrolytes, some questions with more direct consequences for the lithium-air battery 

research remain. The most important question is whether electrolyte decomposition also 

occurs during disproportionation of superoxide. Oxygen should be reduced to superoxide for 

a prolonged period of time from the gas phase in the conventional cell in quiescent solution. 

The formation of superoxide should take place although we observe a z-value of 1.5 e-/O2 

even at low overpotentials and in this kind of cell. The larger than expected z-value was 

assigned to a chemical reaction of superoxid at gold particles at open circuit potential that  

releases oxygen (e.g. disroportionation of superoxide). However, superoxid that does not 

undergo a reaction at those particles will be deposited sooner or later as Li2O2 on those 

parts of the gold electrode which are under potential control. An additional faradic charge that 

does not corresponds to the evolved amounts of oxygen in the following anodic sweep would 

occur if electrolyte decomposition takes place during disproportionation of superoxid and if 

the resulting decomposition products are electrochemical active.  

 

The Effect of CO2 

In the lithium-air battery literature, the effect of CO2 on the oxygen reduction reaction 

has largely been neglected. However, Gowda et al. [100] and Lim et al. [101] have 

conducted practical and theoretical studies on the matter. They have concluded that the 

irreversible formation of Li2CO3 during oxygen reduction in the presence of CO2 is inevitable. 

Lim et al. found experimentally that Li2CO3 is the sole discharge product in DMSO based 

electrolytes, whereas both, Li2O2 and Li2CO3 are formed in DME (Dimethoxyethane) based 

electrolytes. Therefore, it should be tested whether the Li2CO3 formation is really inevitable. 

Based on DFT calculations, Lim et al. suggested that the dielectric constant of the solvent 

decides whether superoxide will form a complex with Li+ (LiO2) that will ultimately lead to 

Li2O2 or whether it forms a complex with CO2 (CO4
-) that will ultimately lead to Li2CO3. 

According to Lim et al., the activation barrier for the formation of LiO2 results from the need 

of Li+ to leave its solvation sphere. Hence, if the solvation of Li+ is reduced, the activation 

barrier for the Li+-induced disproportionation of superoxide is lower and the formation of 

Li2O2 is favoured. However, this would also mean that the lifetime of superoxide is reduced. 
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Since a long lifetime of superoxide appears to be desirable to allow the formation of large 

Li2O2 particles upon discharge of lithium-air batteries, such an approach seems 

disadvantageous. Thus, a relatively high activation barrier for the lithium induced 

disproportionation of superoxide and an even higher activation barrier for the formation of 

CO4
- are required. A better solvation of superoxide should increase the activation barrier for 

the formation of both, LiO2 and CO4
-. Maybe it is possible to maintain a large enough 

activation barrier for the formation of LiO2 when the acceptor number of the solvent is 

increased. That way, the formation of Li2O2 particles may still be possible when the donor 

number is decreased at the same time. The formation of Li2CO3 could be inhibited when the 

activation barrier for the formation of LiO2 is sufficiently decreased below the activation 

barrier for the formation of CO4
-. The easiest approach to test whether Li2CO3 formation can 

be avoided by choosing the proper solvent (or additive) is to conduct DEMS measurements 

on the oxygen reduction reaction in a variety of solvents and in the presence of CO2. The 

formation of Li2CO3 should show up in a z-value of 4 e-/O2, whereas Li2O2 formation comes 

along with a z-value of 2 e-/O2. Indeed, the observation of a z-value of 1 e-/O2 would be 

desired, because this would mean that superoxide does not undergo reaction with CO2 or Li+ 

on the investigated time scale.  

However, even if a z-value of 1 e-/O2 is observed it is still not clear whether 

superoxide will eventually form Li2O2, Li2CO3, or both. UV/vis experiments could be 

conducted to determine the rate constant of Li+-induced disproportionation of superoxide. If 

the time constant for the decline of the adsorption band due to superoxide does not depend 

on the presence or absence of CO2, then Li2O2 formation takes place. Finally, these 

measurements should be conducted in a temperature range that is expected during 

operation of a practical lithium-air battery.  

The above mentioned finding that oxygen reduction in the presence of CO2 leads to 

Li2CO3 is quite curious. The formation of Li2CO3 requires the cleavage of the O,O-bond. This 

should raise the question how CO2 brings about the cleavage of the O,O-bond as it is hard to 

understand at this point why the activation barrier for this step is acceptable in the presence 

of CO2 but not in its absence. Although I cannot suggest any concrete experiments to 

conduct, I belief it is worthwhile to investigate the mechanism of the oxygen reduction 

reaction in the presence of CO2 further. The evolution of oxygen from Li2CO3 takes place at 

~900 mV more positive than from Li2O2 [6, 7]. In principal this is in the potential range where 

DMSO is still stable. There are probably large activation barriers for this reaction (in 

particular since an O,O-bond has to be formed) but if conditions could be found that make 

this reaction possible this would be highly interesting for applications in lithium-air batteries.  

Both, Gowda et al. [100] and Lim et al. [101], have suggested that the dielectric 

constant of the solvent determines the share of reduced oxygen species that eventually form 
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Li2O2  (in competition to Li2CO3). The mechanism on how the  dielectric constant affects the 

final product of oxygen reduction is similar to the effect I proposed for the effect of the donor 

number on the indirect pathway of peroxide formation. Indeed, I do not belief that it can be 

ruled out that other properties than the donor or the acceptor number define the mechanism 

of oxygen reduction reaction. In fact I belief that the scientific community in the field has 

fixated on the donor number as the defining parameter, prematurely. However, farther above 

I have suggested to use additives to alter the properties of electrolytes and to check by these 

means how the donor and acceptor number affect the oxygen reduction reaction. If the 

finding of these experiments is that there is no correlation between the effect of the additive 

on the mechanism of the oxygen reduction reaction and its donor or acceptor number, it 

would be easy to check whether there is another property of the additive (dielectric constant, 

pka-value, polarity, etc.)  that correlates with the observed effects. 
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9. Appendix 
A1 Sulfolane 
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Figure A1.1: CV and MSCV for mass 32 an oxygen saturated electrolyte of 1 M LiClO4 in sulfolane. The 

experiment was done in the classical cell and a gold sputtered Teflon membrane was used as a working 

electrode. 

 

Both the reductive current in the CV and the consumption of oxygen in the MSCV in 

Figure A1.1, indicate that oxygen reduction begins at -0.75 V in an electrolyte of 1 M LiClO4 

in sulfolane. In the anodic sweep oxygen evolution starts at -0.2 V. The true columbic 

efficiency in Figure A1.1 is about 30%. That is not much but comparable to DMSO based 

electrolytes.  
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A2 Benzonitrile  
Figure A2.1 shows the CV and MSCVs obtained in an argon saturated electrolyte of 0.2 M 

LiClO4 in Benzonitrile. For this DEMS measurement the classical cell with a working 

electrode of gold sputtered Teflon was employed. Severe electrolyte decomposition takes 

place at potentials smaller -1.3 V which is evident from the large reductive current in the CV 

and the evolution of H2.  
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Figure A2.1: CV and MSCV for mass 32, 44 and 2 obtained in the classical cell at a gold sputtered Teflon 

membrane. Electrolyte 0.2 M LiClO4 in Benzonitrile. The electrolyte was purged with argon. 
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Figure A2.2: CV and MSCV for mass 18 and 2 obtained in the classical cell at a gold sputtered Teflon 

membrane. Electrolyte 0.2 M LiClO4 in Benzonitrile. The electrolyte was purged with argon. 

 

The consumption of H2O (signified by a negative ion current for mass 18) parallel to the 

evolution of a signal an mass 2 in Figure A2.2 suggests that water is the source of hydrogen. 

Benzonitrile is immiscible with water, but trace amounts of water still dissolve in Benzonitrile. 

The water content is unknown and the solvent was used as received.  
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Figure A2.3: CV and MSCV for mass 32 obtained in the classical cell at a gold sputtered Teflon membrane. 

Electrolyte 0.2 M LiClO4 in Benzonitrile. The electrolyte was purged with oxygen. 

 

Figure A2.3 shows the CV and MSCV for mass 32 in an O2 satturatedelectrolyte of 0.2 M 

LiClO4 in Benzonitrile. Both the reduction current in the CV and the consumption of oxygen in 

the MSCV indicate that oxygen reduction begins at -0.65 V in this electrolyte. However, 

oxygen reduction in the cathodic run is not followed by oxygen evolution in the subsequent 

anodic run. Furthermore the current in the potential region of oxygen reduction drops from 

cycle to cycle. No reactivation is achieved in the potential range between -1.1 V and 0.4 V. 
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A3 Tetraglyme 
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Figure A3.1: CV and MSCV for mass 32 an oxygen saturated electrolyte of 0.1 M LiClO4 in tetraglyme. The 

experiment was done in the classical cell and a gold sputtered Teflon membrane was used as a working 

electrode. 

 

Both the reductive current in the CV and the consumption of oxygen in the MSCV in 

Figure A3.1, indicate that oxygen reduction begins at -0.75 V in an electrolyte of 0.1 M 

LiClO4 in tetraglyme. In the anodic sweep oxygen evolution starts at -0.2 V. The true 

columbic efficiency in Figure A3.1 is about 10%.  
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A4 Memory effect of the DEMS 
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Figure A4.1: CVs obtained in a classical cell with a gold sputtered Teflon membrane as working electrode. The 

used electrolyte was 0.1 M LiClO4 in DMSO purged with oxygen. A: CV in a classical cell, that was connected to 

a rotary pump that was not in contact with NMP prior to the experiment. B: CV in the very same cell and with the 

very same electrolyte as in A, after transfer of the cell to a DEMS at which NMP was used in prior experiments.  

 

Figure 4.1 shows how the CV obtained in 0.1 M LiClO4 in DMSO changes when it is 

recorded in a classical cell that is connected to a rotary pump (Figure 4.1A) and when this 

very cell is transferred to a DEMS system where NMP was used prior to the experiment. In 

order to rule out any effect due to contaminations, glassware and tubes were cleaned in 

chromic acid and dried at 100°C prior to the experiment. CVs as those in Figure 4.1B were 

observed several times, but only when a classical cell was attached to a DEMS system at 

which previously NMP was used. We call the impact of old measurements on the 

electrochemistry "memory effect of the DEMS".  

The CV in Figure 4.1B cannot be generated, when NMP is added to a DMSO based 

electrolyte. Therefore, NMP it self is not responsible for the changes in the CV. However, 

NMP-vapour might damage construction parts of the DEMS made from plastics which 

causes them to release semi-volatile reaction products. Given that transport through the 

porous Teflon membrane is highly effective, even low vapour pressures of reaction products 

might affect the electrochemistry.  

We were not able to determine the exact cause of the observed contamination, but CVs like 

those observed in Figure 4.1B were never observed again, once work with NMP was 

stopped in the group. Whether cross contaminations as those observed between NMP and 

DMSO also exist with other electrolyte systems is not known. 
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A5 Porous Teflon membranes as gas diffusion electrodes 
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Figure 5.1: CVs obtained in the classical cell (A-C), when the space below the metal sputtered Teflon membrane 

the indicated oxygen pressures were applied. A: Pt-electrode in 0.5 M H2SO4; B: Ag-electrode in 0.1 M KOH; C: 

Au-electrode in 0.1 M TBAClO4 in DMSO. In the layers D-F the current at a given potential is plotted as a function 

of the logarithm of the oxygen partial pressure. D: At 0.5 V at platinum; E: At 0.3 V at silver; F: At -1.6 V at gold. 

 

In DEMS volatile compounds in the electrolyte evaporate at the interface between vacuum 

and electrolyte and diffuse through the Teflon membrane to the mass spectrometer. The 

opposite is also possible: Gaseous compounds can diffuse through the Teflon membrane 

into the electrolyte. In an arrangement where underneath the Teflon membrane not vacuum 

but a certain partial pressure of an electrochemical active gas is applied the membrane 

works as a gas diffusion electrode. The transport of gases through the gas phase is highly 

effective compared to the transport of dissolved gases through the liquid phase of the 
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electrolyte. Therefore, the amount of current in an electrochemical experiment is not limited 

by mass transport through the electrolyte, but by the kinetics of the electrochemical reaction. 

This is of course of importance when in an electrochemical process involving gaseous 

reactance, such as the discharge of a lithium-air battery, high conversion rates are aimed for.  

Figure 5.1 shows how the current during oxygen reduction from the gas phase at metal 

sputtered Teflon membranes in aqueous and non-aqueous electrolytes depends on the 

partial pressure  of oxygen. Surprisingly, there is no linear relationship between partial 

pressure and current but a logarithmic relationship. We do not know yet, why this is. A 

possible explanation could be the exposed surface area when the pressure is alter. In that 

view the electrolyte would penetrate deeper into the pores when the pressure underneath the 

membrane is low and a larger share of the sputtered deposited metal would be in contact 

with the electrolyte. This theory could be checked in experiments in which the overall 

pressure underneath the membrane is kept constant. This could be achieved by using 

mixtures argon-oxygen mixtures with different concentrations of oxygen. Under these 

conditions the exposed surface area should not change. 
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