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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 TBACIO, (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/0, are transferred in the presence of Li*, hence, resulting in the formation of Li,O,. 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/0O, 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/O,. 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 Li,O, 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/O,. 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/O, 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
Li,O, 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’/O, indicative for the oxidation of Li,O, 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 0.3V evolution CO,-evolution takes place which
indicates electrolyte decomposition. The amounts of evolved CO, 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 CO, 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 Li,O, 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 Li,O, 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 Li,O, oxidation.
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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 CO; into the atmosphere. For different reasons
the emission of CO, 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 CO,-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 CO,-neutral forms. One approach, among others, is to make use of
secondary batteries in order to electrify automotive transportation [2, 3]. By doing so CO,-
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 Li,O is formed as the final
discharge product. However, if the weight of oxygen is included and if it is assumed that
Li,O, 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" (SEIl; 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 2.5V (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 Li,O, 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 Li,O, in the described setup. It neither shows that Li,O,
actually forms during discharge via oxygen reduction nor that electrochemically formed Li,O,
is oxidised during charge. (Electrochemically formed Li,O, does not necessarily deposit in
the oxygen electrode. If Li,O, 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 Li,O, formed during oxygen
reduction (e.g. discharge) while the presence of (major amounts of) Li,CO; 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].
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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 Li,CO3, C3Hg(OCO,Li),, CH3CO,Li, HCO,Li, CO, and
H,O [22]. In the subsequent charging these compounds are oxidised, hence, evolving

predominantly CO,. 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 Li,O,
(rather than Li,CO3) 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 CO, 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 CO, evolution takes place during charge when the
employed oxygen electrode consisted of porous gold. On the other hand CO, 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 CO, 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 Li,O,. 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 (TBACIO,4) 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 NH,CIO, 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 NEt,CIO4 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 Li,O, (rather than to other conceivable lithium oxide species such
as Li,O or LiO,). In aqueous electrolytes oxygen is reduced to water (i.e. the proton
analogue of Li,O) 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 H,O, [42]. It appears logic that large molecules of organic solvents adsorbed at
the electrode disfavours the formation of Li,O (although work on that issue is still required).
LiO, on the other hand is known to exist only in the argon matrix and disproportionates to O,
and Li,O, under ambient conditions [43, 44].

Although it is clear that oxygen reduction in organic lithium-containing electrolytes
eventually leads to the formation of Li,O, the path to Li,O, 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 Li,O, 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 Li,O,. 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.

—_—-——

P—-

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 technigues 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 um when aqueous electrolytes are employed to keep

the liquid phase from penetrating the vacuum.

. 2 cos() Eq. 1
patm
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In Equation 1 o is the surface tension of the electrolyte, € is the contact angle

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

pore [52]. Indeed, the pressure difference across the pore rather than p,,, 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 um. In practice and in the current study membranes that feature pore sizes of 0.02 pm
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,

a8 [RT T o) =a-2
=3V ] P =P

where R is the gas constant, T is the temperature, r is the radius of the pore, | is the pore
length, p, is the partial pressure of the solvent and p, 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 nm? the mean free pathway of water is estimated to be larger then
1.7 um. 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 ( A,) times the porosity (). Using a membrane with a porosity of 50%, a total

surface area of 0.28 cm?, a pore length of 50 um and a pore radius of 0.02 um Kohdayari has
recently found experimentally that 0.05 pl/s of liquid water evaporate into the mass
spectrometer. This fits well to the theoretical value of 0.04 pl/s of liquid water that is
calculated from Equation 2 and the ideal gas law.

In order to avoid a pressure higher then 10° hPa the dimensions of the membrane
have to be chosen accordingly. In order to achieve this the effective pumping speed (S) at

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

n-A, -7 =10"hPa-S 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 um and a pore size of 0.02 pm is 1 cm? when the
effective pumping speed is 200 I/s [52]. For the current work a membrane with a porosity of
50%, a thickness of 75 um and a pore size of 0.02 um was used and a surface area of

0.3 cm? was exposed to the vacuum.

The Vacuum System

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

Electro-
chemical Cell lon Mass Filter
\ Source A

TI" L-f N
™
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]

V24 D
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W4 2277 o D
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NNy to '
—> Rotary
Pump
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S =200 I/sec S =50I/sec

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 I/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
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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 |, 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 I/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
n
=[] t-exl-t/0)

p=p,-exp(-t/7) Eq. 4B

Eq. 4A

where t is the time and 7 is the time constant which is given by 7=V /S with V as the
volume of the ionization chamber [46, 52]. p, 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-I/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 I/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 11| and is pumped with an effective
pumping speed of 20 I/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 mbar in the ionization
chamber.

The second turbo molecular pump is necessary to reduce the pressure in the
analyser section to below 10®° 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

3/4

limited current 1, is proportional to u™'"[58, 59], where u is the flow rate of the electrolyte.

However, it was found experimentally that |, is proportional to u*’®[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

|Diﬁ=g'Z'F'C'D2/3'UX Eq5

In Equation 5 gis 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 um[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
® 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 Equation1 p,. 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 I, (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].

. =K°-n Eg. 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

Eq. 7A

where | 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

I Eq. 7B

in which a 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 CO, 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 K* = K°N / F [46].
Eg. 8
I, =(K*/2)l,

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 a-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 f. of the oscillation motion and
the acoustic wave, respectively, are given by Equation 9
Ve Eq. 9
£ 2d
in which v,, 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 v, can be expressed as a function of the density

P and the shear modulus x, of the quartz crystal [62]

Eq. 10
Vie = Iu_Q
Pq

When the thickness of the quartz is increased by Ad then the eigenfrequency will

shift by Af according to Equation 11 [62, 63]
AfE__Ad_ 2-f.-Ad Eq. 11

fe d d-v,

The above equations were converted by Sauerbrey to Equation 12

Am Eq. 12
A Hq " Pqg

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

Af, =-2- 12

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

frequency change Af. is observed. The constants in Equation 12 can be summarised to a
single constant C, , which is determined for each crystal in a calibration experiment [62, 63].

However, it was pointed out by Buttry and Ward that Ad in Equation 11 is converted
to a mass change Am 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 Am and Af_,
correspondingly, remain small [62].

Experimentally the problem arises on how to determine the frequency change Af_.

Luckily the quartz crystal in the field of an AC-voltage can be described by the equivalent
circuit in Figure 5 [62, 63].
R C L

_"_twn_

Co
|1
||

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 C, 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 Hq

(which, for small shear angles, is proportional to the elastic constant ¢, 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].

A&l Eq. 14
c=82¢ _0ar
- -C
ER Eq. 15
:—'OQZz75m|-|
8-A-¢
3. Eq. 16
rR=—9"" ~1000
8-A-¢
D, - &, - A Eq. 17
Cp=—t—— d° ~ 10 pF

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

stress constant of alpha quartz, ¢ is the elasticity constant of alpha quartz, ¢, is the
permittivity in vacuum and D,, is the dielectric constant of alpha quartz.

Sometimes a third capacitor C, parallel to C, 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 C, depends on the specifics of each experiment,

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

be considered 50 pF from now on, and no further reference to C, 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.C,=0F) equals the eigenfrequncy f_. of the quartz crystal. Therefore, the introduction

of the capacitor C, 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 C, 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 B, of the quartz is given by the sum of the susceptance of the

motional branch B,, and the susceptance of the parallel capacitor B,. B, is given by

Equation 18
1 Eq. 18

Bp=—2=w@-C
P )(P 0

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

parallel to the motional branch with the capacity C, and @ is the angular frequency of the

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

X Eq. 19
By =t——"—
Xy +R

where X,, is the total reactance of the motional branch and R is the resistance of the

resistor. The former is given by Equation 20
1 Eq. 20
X, =X, +Xo =@ L-—— a
w-C
where X is the reactance of the inductor with the inductivity L, X 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.
1
— ZUL 4+
— @C + ZDCO Eq. 21

By 1\
(wL—] +R?
aC

The conductance G,, of the motional branch is given by Equation 22.
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R R Eq. 22

RZ+ X2 2
M (wL—wlcj +R?

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

M

conductance of the quartz G, can be approximated to be equal to G, .

0.008 T . T . T ' T ' T : T
0.004 B
0.002 -
n
o 0000
-0.002
-0.004
-0.006 T . T L T i T i T : T
0.000 0.002 0.004 0.006 0.008 0.010
G/S
0.010 . ———— —
f—w
B -4 T T
f1
0.005 - -
|Y| meax —_—
105 4
o ’
"~ 0000 0 A
N
f s
e _:) E
-0.005 -

T T T T T 7 1 71
0.000 0.002 0.004 0.006 0.008 0.010
G/S

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

L =75mH. A: ¢, =0pF; B: ¢, =50 pF.

231166



Figure 6A shows the susceptence as a function of the conductance when the

capacity of the capacitor C, equals zero. Both the susceptance and the conductance
approach zero, when the (angular) frequency approaches zero or infinity. The frequencies f;
and f, in Figure 6A are those frequencies at which the susceptance becomes maximal and

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

G,max *
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.
Y=G+IB Eq. 23

v|- e B Eq. 24

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

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

the existence of a stationary wave). @ is given by Equation 25.
Eqg. 25
0 = tan l(Ej q
G

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

G,max ! G,max
resonance frequency of the motional branch and the eigenfrequency f. 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.

1 Eq. 26

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

the susceptance is shifted by @ -C, to more positive values f is not at resonance

G, max

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

Equation 22, but zeroing Equation 25 now yields the resonance frequencies f, and fp

expressed by Equations 27 and 28, respectively.

>t _ | CoR-C-L:C-2.C; L [G-R®C-L.C-2CoL 1 1 Bq. 27
° 2.C,-L*-C 2-C,-L*-C C,-L*-C L*-C?
C,-R?*-C-L.C-2.C,-L [C,-RE-C—L-C-2-C,-L 1 1 Eq. 28
2.7y = |- - - . P .
2.C, L2-C 2.C, L*-C C,-L2-C L°-C
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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 f, approaches f as C,

G, max

decreases and that f, and f coincide, when C, becomes zero. When L or C in

G, max

Figure 5 increase then f. and f, shift by Af. and Af_, respectively, to lower frequencies.
Although f. and f, do not coincide, they are effected similarly by changes in L or C.
Hence, Af, can be used to approximate Af..However, f; and f  are not easily accessible

in practical measurements, because measuring € requires elaborate impedance analysis
[62]. In practice instruments usually measure only the absolute value of the impedance |Z]

and approximate f, and f_ , as those frequencies where |Z| has a minimum ( f

p’ s,min ?

maximum in [Y|) and a maximum ( f minimum in |Y|), respectively. The absolute value

p,max ?
of the impedance can be calculated according to Equation 29
| | 1 1 Eqg. 29

Y| JG?+B?
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 f_, f_ , f and f of several Hz. But when doing a QCMB

p s,min p,max
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 Af instead of Af, can be used to approximate

s, min

Af. and the difference between f, and f_ . is of no practical importance.

s,min

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, fp (and f ) do not

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

The resonance frequency f, and the frequency f at which the absolute value of the

s,min

impedance becomes minimal coincide in the resonance frequency of the quartz crystal f_.
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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 =100Q, C =10aF, L =75mH. AandB: ¢, =50 pF; Cand D: ¢, =0 pF.

Quartz : Loaded ;
Mass
R C L Lo(m)

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 L (m) that is a function

of the loaded mass [62].
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Equation 30a gives the relationship between LD(m) and the loaded mass Am
(derived from the equation given in Ref. [64], after substitution of a more complicated

constant by ).

L (m)— 4-f L A_m Eq. 30a
o =5 -
VHa " Pq A

A similar expression as that given by Martin et al. can be derived from Equation 15.

A" pg 4z pg with: d = —"
LD(m)le_LZ =8'A'€2_8'A'82 . ApQ
_ m13 ) m23
8-A-p, & 8 Apy-&
1 3 3
=—————m° - (m, +Am
8-A-pQ2-82( 1 ( 1 ))
1

:—22(3~Am-m12+3~Am2 -m1+Am3)
8-A-py ¢

For small mass changes Am and large masses m,, terms of higher order in Am can be
neglected which yields:

L (=L -L 3-Am-m/’
m)=1L, - =%
D 17 2 8-A-pQ2-82
3-d° Am
8-A-g> A

Inserting Equations 9, 10 and 15 and assuming f. = f_, yields:

3.fs' IOQ'd3 Am
16-\/pg -A-e® A

L,(m=L-L, =

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.

Lo(m)= S 1L Am Eq. 30b

- pQ-uQ' A

Derivation of Equation 30b shows that a linear relationship between L (m) and Am 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 Am in Equation 12 appears to yield a linear relationship between L, (m) and
Af. . However, it has to be born in mind that the resulting equation is actually the

homogeneous Differential Equation 31

Ly = _4Lo(m)
f 3

-dL Eqg. 31

S

This notwithstanding, Af, is approximately proportional to LD(m) as long as the e-function

can be approximated by (L+x). That is the case when L,(m) is small compared to L,
which is the very same limiting case for which Equation 30b is valid: Am is small compared
to m,.

Figure 9 visualises that f, (calculated from Equation 27) indeed changes linearly with
LD(m), as long as the latter remains small. The inset in Figure 9 shows that this is not true

when large changes in L, (m) occur.

584 ]
5.7 60] i
551
E 56 5.0-
019 N 4s5] .
~* 55{ 7 - ]
3.0 n
251 .
5.4 0 50 100 150 200 250 300 350 b
L(m)/mH
2 4 6 8 10 12
L (m)/mH

Figure 9: Plot f_ versus LD(m). f, was calculated from Equation 27 for the circuit in Figure 8, assuming the
following characteristics for the remaining components: R =100Q, C =10aF, L =75mH. A: C, = OF; B:

C, =50 pF. Inset: f overa larger region of | (m).

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 R,
and the inductance L, (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 ).

o Eq. 32
R, =2-f, L topoon
7T Hq " Pq

-p - Eq. 33
L =2-f,.L [P

s F g - pg

p. and 7, 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 f
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 L, and R, 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) L, and R, decrease,
causing an increase in f,. Electrochemical reactions that affect L, and R, can, therefore,

simulate large mass changes [62].
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Loaded Loaded

Quartz Mass Liquid

R € L {Lmi L RL

Co

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 RL 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 RD(n) and an inductor with the inductance L (77) enter
the motional branch of the equivalent circuit [62], whereas both R(r) and Lg(7) are

functions of the viscosity and the density of the film.

T loaded | Loaded i Visco-elastic
Quartz : Mass i Liquid Loading
R € L ilpm;i L R. i Lp() Ro(m) Co(ni

H
H
H
H : : : H
H | I Il : 4 H I ¢
H H : H H
H H H H
- * - -
: H
H H
H
: H H

. H . . .
: H
Tesssssssnnssnnsssnssssnsnsssnnssssssssnnnnnssnssssnssnssssssnnsssnsssnssnnsssnnssssssssshosssssssssnnsnnsssnnssssssnnsnnnsssnnansl

Figure 11: Equivalent circuit for a QCMB immersed in a liquid and loaded with a visco-elastic film. LD (77)
accounts for the mass of the film that couples to the motion of the crystal and accounts RD (77) for the additional

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

In the circuit of Figure 11 also a capacitor CD(,u) 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. CD(,u) is a function of the

elasticity coefficient of the film. Figure 11 shows the equivalent circuit that accounts for a
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guartz crystal loaded both with a rigid and a visco-elastic mass immersed into an electrolyte
[62].
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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 =75mH, ¢, =50 pF and different values for R .
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When the film is subject to an electrochemical reaction, R, (77), L, (7) and C,(u) 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 L, (m) and Am, and according to Equation 12 there a

linear relationship between Af. and Am. 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 Af, (i.e. the frequency at which @ is zero) of the

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

by Af (the frequency at which the absolute value of the impedance is minimal and which

s,min
is instrumentally more easily accessible). However, given that a humber 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, R, and RD(ry) iIs 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 f, and fp. 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 f is not affected by the resistance,

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

f, nor f_ ., differ much from f However, while there isno f; or f  for a resistance of

s, min G,max *

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

delivers the frequencies f and f nonetheless. Furthermore, Figure 12B shows that

s,min p,max

a change in the resistance affects both f, and f In either case that means that during

s,min *
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].
Eq. 34

Practically f, and f, 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.

0 fo+f, Eq. 35a
R =
2 f,—f )
f Eq. 35b
Qr = f f
p s
In Figure 12 f, and f, as well as f,; and f . diverge, whereas f, and f,6 converge

when R increases. Hence, Q and Qg .. (the reduced quality factor calculated from f

s,min

and f ) decrease, whereas Q. decreases when R increases. This is also shown in

p,max

Figure 13, where the Q. (Figure 13A) as well as Q and Qg ., (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 f, and f matters and the experimentalist must be aware which

s,min
kind of frequency is detected by the instrument.

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

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

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

s, min

and f In order to calculate Q and Q... the susceptance and the absolute value of the

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

frequencies f,, f, , f and f  were then determined graphically from the

s, min

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

were determined in this way.
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Figure 13: Plot of Q, (A) Q and Q. (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 C, =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 f.

and, therefore, f, 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

( f- fG,max)'

G/mS

109 __ 10aF 1
— 5SaF
84—25aF 1
— 1aF
6 4
4 4 4
2. i
0 -
¥ T T T
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20000

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 Q,

c, =50 pF.
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Figure 15: Plot of the susceptance versus
the conductance (A), and plot of the
the the

conductance, susceptance,

absolute value of the impedance and the
phase angle versus f —f5 _ (B) for a

R=100Q, L =75 mH,
C, =50 pF and different values for C.
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Because fs and f do not coincide
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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 f, and f, is not affected by a decrease of the

overall capacity, whereas f and f as well as f; and f  converge. Since all

s, min p,max !

frequencies f,, f,, f f f, and f, increase along with f

s,min ? p,max ?

also Q, Qy and

G, max
Qr.max 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 CD(,u) (Figure 16C and 16D).
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Figure 16: Plot of Q, (A) Q and Q, ... (B) as a function of the overall capacity of the circuit in Figure 11. Q,
() Q and Qg,,, (D) are also shown as a function of CD(,U) while C is kept constant. The characteristics of

remaining components of the circuit in Figure 11 were chosen as follows: R=100Q, C =10aF, L =75 mH

and ¢, =50 pF.

Figure 16 reveals changes in CD(/J) cause significant changes of the quality factor. It

might appear strange to the reader that very small values of CD(,u) 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 CD(/J) represents a highly elastic film which exerts a large restoring
force. In Figure 17 the quality factor is plotted versus the inverse of CD(y) 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.
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Figure 17: Plot of Q. (A) Q and QR’max (B) as a function of the inverse of Co(ﬂ) while C is kept constant. The

characteristics of remaining components of the circuit in Figure 11 were chosen as follows: R =100 Q,

C =10aF, L =75mHand c, =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 fg .. . In order to

compare at least relative changes of the relevant frequencies when the inductivity changes,

B, G, |Z| and @ are plotted versus (f — f ) for various values of L in Figure 18. As

G, max
with a series of resistors also the inductivity of several inductors in series add up. Therefore

no difference between L, L, and L, () 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 f — f for a circuit with R =100Q, C =10 aF, C, = 50 pF and different values for L . Because

G, max

fs and f do not coincide with f . For various values of L, therefore, the respective values of fS (and

smin G, max

fs,min) do not coincide in the above plot as well. However, "forced to coincide" is meant to emphasis that the

relative changes in fp (and f ) are actually due to relative changes in both, f  and fp )

p 'min

Figure 18 shows that f, and f,, f, . and f  aswellas f, and f converge as

s,min
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 Q. decreases,

whereas Q and Q. increase as L increases.
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Figure 19: Plot of Q, (A) Q and QRmax (B) as a function of the inductivity. The characteristics of remaining

components of the circuit in Figure 11 were chosen as follows: R =100 Q, C =10 aF, and C, =50 pF.

In order to estimate whether changes in the quality factor are due to changes in L,

R or CD(ﬂ) it is necessary to look at f, in addition. It was mentioned before that changes in
each L, R and CD(,u) effect the resonance frequency f.. But for each element the impact
on the quality factor and on f, is different. Figure 20 shows how Qg . relates to the

frequency f of the circuit in Figure 11 when the overall resistance (Figure 20A), the

s,min
capacity CD(/J) (Figure 20B) or the overall inductivity (Figure 20C) changes independent

from the properties of the remaining elements. It is quite clear that f and Qg .. are very

s,min

differently affected by changesin R, L or CD(,u): Large changes in Qg .., dueto R come

along with very small changes in f whereas CD(,u) influences both f, . and Qg ...

s,min ?
Hence, the experimentalist should be able to estimate from the ratio of Qg . to f, .

(considering Equation 345b this ratio equals (fs,min - fp’max)_l) 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 LD(m) )
on the scale required to observe changes in Qg .., should be avoided anyway. Therefore,

the impact of L on the quality factor can be neglected.

39/166



T T T T T
9500
9000
*
g 8500
1.4
o
8000
7500 <
I . 1 8 I & 1 B I
5811.42 5811.44 5811.46 5811.48 5811.50
f,/ kHz

4000 8000 12000 16000 20000
f / kHz

QR.max

92004

91004

4000 5000 6000 7000
f / kHz

Figure 20: Plot of Q, . Versus frequency, when the overall resistance (A, 100 Q - 240 Q), CD(/”) (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=100Q, C =10 aF, and C, =50 pF.
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Figures 20A-B can only give a qualitative relation between f and Q__ but not a

s,min max

quantitative relation. The actual value of Q_. and its sensitivity towards changes in R, L

max
and C depends also on the actual value of C;. As mentioned above C, also contains

parasitic capacities which arise due to the mounting of the quartz crystal (other authors

prefer to introduce a third capacitor parallel to C;). Therefore, C, is different in each

experimental setup and neither absolute values nor relative changes of Q obtained in

max !

different experiments, are comparable.

T/°C Proo | g-mol™ Moo | 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 R, becomes smaller because friction between
different layers of electrolyte moving relative to each other is reduced. However, under these
conditions also L, 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 R, and L, . According to Equation 32 and 33 the viscosity enters both,

R, and L, . 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 R, and L cause both, large changes of Q... and

f This would mean that changes in the overall resistance of the circuit in Figure 11

s,min *
cannot be distinguished from changes in the in the capacity of CD(,u). However, absolute

changes of L, due to changes in viscosity and density are smaller than changes of R,

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

guartz crystal immersed in water is plotted versus the temperature (Figure 21A) and versus

the resonance frequency (Figure 21B). R, and L, that are necessary to determine f

s, min

and fp’m were calculated from the data in Table 1 according to Equations 32 and 33. The

ax
slope of Qg .., 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 C, (,u) cause changes in the quality factor.
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Figure 21: Q. of a quartz crystal described by the circuit in Figure 11, plotted versus temperature (A) and
fomin (B) Qg Was simulated for a quartz crystal immersed in water, RL and LL were calculate form

and f were determined

Equations 32 and 33 taking the values given in Table 1 into account. fsmin p.max

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=100Q, C =10aF, and C, = 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 Al), 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 o and the contact angle 6
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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Cyclic voltammetry and differential electrochemical mass spectrometry (DEMS) have been combined to study the cycling perfor-
mance of the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) at a gold electrode in non-aqueous dimethyl
sulfoxide (DMSQ) and N-methyl-2-pyrrolidone (NMP) based LiCl0Oy and N(Bu)4CIO4 containing electrolytes. An Au-sputtered
Teflon membrane (with a thickness of Au of only 50 nm resulting in an extremely short pore length on the electrolyte side) has
been used as a model for a gas diffusion electrode (GDE) in this study: The oxygen molecules diffuse through a membrane from
the gas side and are reduced at Au on the electrolyte side. The redox couple O, */Q3 is the predominant reaction during ORR in
N(Bu)4ClOy4 based electrolytes whereas the calculated number of electron transferred is one. In presence of Li-ions, the average
number of electrons transferred is 2 during oxygen reduction, which indicates the formation and oxidation of peroxide during
ORR and OER respectively. The mass spectrometric cyclic voltammograms (MSCVs) data show that the maximum true coulombic
efficiency of OER/ORR in DMSO and NMP is about 60% and 25%, respectively, with the evolution of CQ, in NMP at 0.1 V (vs.
AgT/Ag) due to the decomposition of the electrolyte.
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One of today’s challenges is the development of an energy storage
system that can provide both high capacity and good cycling perfor-
mance. Secondary lithium-air batteries are promising candidates as
they provide a high theoretical capacity. However in practice, cycling
performance is bad. The key step in discharging these batteries is the
reduction of oxygen present in air. So far the oxygen reduction reac-
tion has been investigated thoroughly in agqueous media, but only little
fundamental research has been done in non-aqueous solvents.

The first non-aqueous lithium-air battery was introduced in 1996
by Abraham and Jiang' as an alternative energy storage system for
future applications. The specific energy of a Li-air battery amounts
to 5.21 kWh/kg (including the weight of O,), based on the assump-
tion that Li fully reacts with O, to form Li,O.' However, in practice
the route to Li,O has proven irreversible. Hence, a more reason-
able specific energy of 3.5 kWh/kg is obtained assuming lithium
peroxide (Li,0,)* as the sole discharge product. In practice Li-air
batteries suffer from rapid capacity fading due to several obstacles
such as poisoning the lithium electrode with CO,,* moisture and the
instability of organic electrolyte used today against superoxide ion
radical (O, *).* One main challenge to overcome in the attempt to
develop a reversible Li-O, batteries with high capacity is the selec-
tion of an appropriate non-aqueous electrolyte which is characterized
by high stability in the presence of lithium oxide species and a wide
potential window. There are further requirements for the electrolyte
in battery applications, such as low flammability, low vapor pres-
sure and a large temperature range in which it is present in liquid
form.

Li-air batteries based on the non-agueous organic carbonate elec-
trolyte showed poor cycling efficiency due to the decomposition of
the electrolyte to lithinum carbonate (LiCO4) and lithium alkylcarbon-
ate (RO-(C=0)-0Li)** that accumulated on the cathode. In addition
dendrite formation was observed.”

Read® reported an excellent rate capability and good stability of
ether-based electrolyte in Li/O, cell. Recently, Scrosati’® showed by
XRD that tetraglyme-LiCF;50; is a convenient electrolyte for Li-air
batteries whereas Bruce'® using XRD, FTIR- and NMR techniques
demonstrated that tetraglyme-LiPFg is not a suitable electrolyte as
it decomposes in the first few cycles to form a mixture of Li,COs,

*Electrochemical Society Active Member.
*E-mail: baltruschat @uni-bonn.de

HCO,Li, CH;CO,Li, polyethers/esters, CO», and H,0.!” Also Laoire
et al. attributed the low rechargeability of the uncatalyzed Li-O, bat-
tery using tetraglyme-LiPF, based electrolyte to the poor cycling
efficiency of the Li anode and to the high impedance associated with
the deposition of Li;O, on the cathode.'

Recently, dimethyl sulfoxide (DMS0)'*'"* and N-methyl-2-
pyrrodione (NMP)'*!> have been suggested as candidates for a
rechargeable non-aqueous Li-air battery because they show high sta-
bility versus the superoxide ion and the main discharge product is
Li,0,.

In general it seems to be established in literature that the oxy-
gen reduction in organic electrolytes containing lithium ions results
in the formation of lithium peroxide.'>''® For that a number of
techniques have been employed ranging from purely kinetic consid-
erations after recording a CV to more meaningful techniques such
as XRD-profiling,'® SEM-imaging'® and FTIR-,'> Raman-'* and XP-
spectroscopy'’ of the discharge electrode.

Employing cyclic voltammetry (CV) and rotating disk electrode
(RDE) techniques, Abraham group'*'® concluded that DMSO is a
practical electrolyte for Li-O, batteries since it facilitates the re-
versibility of oxygen reduction/oxidation reaction. On the other hand,
Li,O; has been reported as the major discharge product at a nano-
porous gold electrode'* or at a TiC-based cathode' using 0.1 M
LiCl0O4 in DMSQ as the electrolyte in Swagelok design cell for DEMS;
the number of electrons per O; molecule during discharging or charg-
ing is 2.

NMP is one of the most stable organic solvents versus the su-
peroxide anion radical. It has a higher theoretical energy barrier
(=40 kcal/mol) than that of organic carbonates (=20 kcal/mol) for
the nucleophilic attack at any ring carbon atom during oxygen reduc-
tion reaction.'®

Differential electrochemical mass spectrometry (DEMS) has be-
come a versatile tool for the on-line detection of volatile products and
intermediates which are formed during the electrochemical reaction
either in aqueous or non-aqueous electrolytes.’? So far, for instance,
reductive and oxidative decomposition products of organic carbonate
electrolyte solutions used in Li-ion batteries were detected by DEMS
using a porous working electrode®'"** or headspace cell.**?’ Using
a headspace cell for DEMS, oxygen evolution from a Li-O; battery
featuring a LiPFg/PC electrolyte was detected.”

In the papers mentioned thus far only the apparent coulombic ef-
ficiency of ORR and OER was determined by comparing the faradaic
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charge transferred during discharge (Q.) with that transferred upon
charging (Q,). Based on the faradaic charges, Laoire et al.'! for in-
stance found that the Q./Q. 1s 95% in TEGDME-LiPF; based elec-
trolyte whereas Wang et al.'* reported the high ratio (97%) in NMP-
LiClO, based electrolyte. Since the apparent coulombic efficiency is
not a sufficient criterion for the real cycleability of Li-O, batteries,
McCloskey et al.* determined the true coulombic efficiency (the ra-
tio of evolved and reduced amounts of oxygen) of Li-O, battery for a
variety of organic solvents in a head space cell combined with DEMS.
With this setup the true coulombic efficiency of a Li-O, battery with
a DMSO-TFSI and NMP-TFSI based electrolyte was found to be
50 and 60%, respectively.”” The term “coulombic efficiency.” typi-
cally used in batteries research for the ratio of charge during charging
and discharging has to be well distinguished from the current effi-
ciency, relating the true amount of formed or consumed species to the
amounts as calculated from Faraday’s law. A quantitative study, done
by McCloskey et al.*® (again using a head space DEMS cell), demon-
strated that the charging and discharging peaks in a DME-LiTFSI
based electrolyte are due to oxygen reduction and oxidation reactions
with 2e” /0, without any evidence for LiO; or Li,0 formation at any
potential. However only 60% of oxygen reduced are re-evolved in this
experiment. Using the same cell set-up, Barile and Gewirth®! reported
that the presence of Au nanoparticles as a cathode improve the cy-
cleability of the cell and increase the amount of evolved oxygen gas
during the charge process. On the other hand, the presence of Pt, Pd
or Cu(IT)O reduces the cell performance.

DEMS combined with a sealed battery designed cell was applied
for gquantitative gas evolution analysis during charging of Li-O; battery
in propylene carbonate (PC) and diglyme-LiTFSI based electrolytes.*
The dominant product is O, in case of diglyme electrolyte whereas
PC is not stable at high potential producing CO; gas.

In some of the experiments described here, we mimic the applied
air breathing battery by supplying oxygen from atmosphere at a gas
diffusion electrode. In this study a porous working electrode (50 nm
Anu sputtered onto a teflon membrane) serves as a model for gas dif-
fusion electrodes. The apparent coulombic efficiency was calculated
from the faradaic charge obtained from cyclic voltammetry. However
the true coulombic efficiency of oxygen evolution/consumption in
NMP-LiClO, and DMSO-LiCIO, based electrolytes were determined
from the corresponding ionic charge obtained by means of DEMS us-
ing a conventional DEMS cell. In the later case oxygen was supplied
to the electrode from solution. The main difference (and advantage

Gas n
Inlet ..

electrocatalyst — -
=0.05 pm
teflonmembrane  —»
=75 pm
v

pore size
=002 um

a) clectrolyte

vacuum

for fundamental research) is that the electrode is relatively smooth (as
compared to battery electrodes which have been used in the past for
similar measurements) with a roughness factor of about 10 and a pore
length on the electrolyte site of only about 50 nm. Therefore there are
no diffusion effects in the pores and no complications, i.e. due to pore
clogging (a severe problem observed in model batteries), are to be ex-
pected. This enables us to investigate the underlying electrochemistry
and its limitations to the concept of lithinum-air batteries.

Experimental

Mass spectrometry combined with the conventional DEMS cell
was used in this study to detect in situ the volatile products and inter-
mediates which are produced during electrochemical reactions.?-3

The DEMS cell setup is schematically shown in Figure 1. The
working electrode and a 6 mm i.d-Teflon spacer are clamped between
the glass body and the steel holder whereas the porous steel frit works
as a mechanical support for the Au-sputtered Teflon membrane work-
ing electrode.

This cell is directly connected to the vacuum system through an
angle valve and a T-piece. This cell also has the advantage of the small
electrolyte volume needed (< 1.5 ml) for an experiment.

The gold-sputtered (50 nm Au) Teflon membrane serves both as
a working electrode and as the electrolyte-vacuum interface. Due to
the high surface tension of the electrolyte used here, they do not
penetrate the capillaries of the membrane. An Au wire was used as a
counter electrode. As a reference electrode a silver wire immersed in
a solution of 0.1 M AgNOQ; in the solvent used to prepare the working
electrolyte was employed. Electrically the reference electrode was
connected to the working electrode compartment by a salt bridge
made from a Teflon tube filled with the AgNO; solution. In order to
protect the working electrolyte from contamination with silver ions
the Teflon tube was closed with a rough glass bead. Ion migration
along the glass surface maintains sufficient conductivity. A drawing
of the reference electrode is shown in Figure 2.

The standard electrode potentials of the Ag*/Ag and the Li*/Li
couple were determined versus the standard hydrogen electrode (SHE)
in several non-aqueous solvents by Gritzner.** Taking these values into
account the reference electrode’s potential is calculated to be +0.43 V
in DMSO and +0.54 V in NMP versus SHE. Versus the Li*/Li couple
the respective potentials are —3.89 V and —3.80 V.

Figure 1. Conventional DEMS setup used in gas
diffusion electrode experiments (A). A model of the
gas diffusion working electrode (sputtered Teflon
membrane) (B).
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Figure 2. Design of the used Ag*/Ag reference electrode: A silver wire is
immersed in 0.1 M AgNO; solution. The solvent is either DMSO or NMP.
A Teflon tube filled with silver solution and closed with a glass bead (with a
roughened surface) ensures ionic contact to the electrolyte in the cell.

Highly pure lithium perchlorate (LiC10,) (Sigma-Aldrich, = 98%)
used for preparing the electrolyte was dried under reduced pres-
sure at 180°C until the weight was constant. AgNO; (AppliChem,
p. a grade.) was used as received. N-methyl-2-pyrrolidone (NMP)
(Sigma-Aldrich, anhydrous 99.5%) was used as received and extra
dry dimethyl sulfoxide (DMSO) (Acros Organics, 99.7%) was dried
in addition over activated molecular sieves. The water contents of
the dried electolytes were checked using the Karl-Fischer titration
method. Highly pure Ar (Air Liquid, 99.999%) was used for purging
the electrolyte and highly pure oxygen (Air Liquid, 99.9995%) as a
source for oxygen.

The Au-sputtered electrode was used as a gas diffusion electrode
in some experiments. In contrast to the normal cell setup in which
the electrolyte was saturated with oxygen, in these air was intro-
duced from the gas side (the volume underneath the working elec-
trode). Therefore, during the first cathodic going sweep, the valve (c.f.
Figure 1) which directly connects the electrochemical cell to the vac-
uum system was closed and ion currents cannot be recorded. By
removing the blind flange, atmospheric oxygen diffuses through the
steel frit to the membrane where it is reduced at the electrode surface.

As soon as a potential of —1.25 V was reached, the potential
sweep was stopped and the blind flange was mounted again. The
volume underneath the electrode was then evacuated. By opening the
valve, the electrochemical cell was directly connected to the mass
spectrometer. In the first anodic sweep, the reduced oxygen species
present at the electrode surface were oxidized and the ionic current of
oxygen for mass 32 was recorded.

The calibration constant of DEMS (K®) is defined as the pro-
portionality constant between the rate of species entering the mass
spectrometer (dn;/dt) and the corresponding 1onic current [; (eq 1):

L=k ()2 kel 1
i = T - -n []

The calibration leak experiment was performed under the same con-
dition as the experiments.

The calibration leak was connected through a gas dosing valve
to the T-piece which was directly connected with the cell and the

1.751
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1.60+

I35 (nA)

1.55
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0.46 0.48 0.50 0.52 0.54 0.56 0.58 0.60
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Figure 3. The linear relationship between the ionic current for mass 32 and
the rate of oxygen molecules entering the mass spectrometer from calibration
leak volume.

vacuum system. The calibration volume of 54 mL was repeatedly
evacuated with a Dual-stage rotary vane pump (DUO 2.5, Pfeiffer
Vacuum) to ca. 0.02 mbar and purged with oxygen. A certain amount
of calibrating gas (oxygen) was introduced into the volume to about
8 mbar. Once the dosing valve was opened to introduce the calibrating
gas to the mass spectrometer with a defined flow rate, the reduction in
the pressure was recorded via the attached gauge and the ionic current
for mass 32 was recorded simultaneously.

The linear relationship between the ionic current (I;) vs. dn/dt
gives a slope equal to the value of K° for a given gas as shown in
Fig. 3.

Since the collection efficiency of the DEMS cell in use, the mea-
sured ion current and the calibration constant are all linked to some
uncertainties.’® It is therefore common practice to assume an error of
410 to £20% on DEMS results.***” While we have found a high
accuracy for the collection efficiency (ratio of formed species to those
entering the vacuum system) of our cell in the past (close to 100%
for this kind of cell), the calibration process comes along with uncer-
tainties especially due to the pressure measurements - a well known
problem in vacuum technology.

Results and Discussion

To demonstrate the suitability of the membrane we first performed
typical DEMS experiments with the volume underneath the gas dif-
fusion electrode being evacuated and connected to the MS in an elec-
trolyte of 0.1 M BuyNCIO,4 in NMP (Fig. 4A) and DMSO (Fig. 4B).
The resulting curves are shown in Figure 4 and match well those
curves shown in literature. Since the electrolyte is constantly purged
with oxygen, there is a steady flow of molecules into the vacuum re-
sulting in a relatively high baseline for mass 32, which was subtracted
from the MSCV data shown in Fig. 4.

The potential was cathodically swept starting at —0.5 V. Oxygen
was reduced at a potential of ~1.22 V in NMP and of -1.05 V in
DMSO and is re-evolved in the following anodic sweep at a potential
of —1.38 V in NMP and at —1.15 V in DMSQ, as seen in both the
faradaic and ionic current. Obviously ORR and OER are the dominant
reactions in DMSO. DEMS also allows for a quantitative correlation.
This is not only true for O, evolution; at this type of electrode, the
gas evolved is nearly quantitatively diffusing through the membrane
into the vacuum of the MS. It is also true for oxygen reduction, where
O, is consumed: the flow of oxygen into the vacuum is diffusion
limited and according to Fick’s law determined by the concentration
gradient over the Nernstian diffusion layer. As the dimensions of the
diffusion layer as well as the concentration gradient are fixed for a
given experimental setup (i.e. a given convection as determined by
the oxygen flow through the tubing), the overall flow of oxygen to the
electrode and membrane %3—] = Ry, also is constant. As soon as the
electrode approaches the potential of oxygen reduction a portion 7,
of the influx is consumed electrochemically. Hence the flux of oxygen
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Figure 4. Simultaneously recorded CVs and MSCVs
for mass 32 for oxygen reduction and evolution re-

actions at Au sputtered Teflon membrane in Os-
saturated electrolyte. 0.1 M TBACIO4-NMP (A) and (B)
0.1 M TBACIO4-DMSO based electrolytes. Scan rate:
10 mV/s.
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and thus
— 1, = K" iy + const [3]

(In reality some O, originating from leaks and residual gas in the vac-
vum adds to this, resulting in a slowly changing baseline. Therefore,
in the following, the baseline of ionic current is corrected.)

Since both, faradaic and ionic currents, are proportional to the
amount of oxygen consumed and re-evolved, respectively, we can
calculate from equation 4 the number of electrons transferred per
molecule of oxygen (z in e /O;) both upon reduction and evolution.

_!,.--Kc‘
I, F

whereas [ is the faradaic current with I = z Fn, assuming a current
efficiency of 100%, I; the ionic current, F the Faraday constant and
K a calibration constant determined in a calibration leak experiment
as presented in details in the experimental section.

For DMSO we find 1.02 electrons upon oxygen reduction and 0.96
upon oxygen evolution. A value of z = 1 during oxygen reduction is
indicative for the formation of superoxide. Therefore the formation
of other reduced oxygen species such as peroxides is ruled out. Since
the z-values observed during oxygen reduction and oxygen evolution
match each other, side reactions are unlikely to occur. Side reactions
are improbable to alter z-values for oxygen reduction and oxygen
evolution in the same way. Therefore we can show here that oxygen is
reduced to superoxide in an electrolyte of 0.1 M BuyNCIQy in DMSO,
thus supporting Loire et al. who came to this conclusion by purely
kinetic considerations.'®

The diffusion limited reduction current observed in Figure 4 was
caused by the continuous bubbling with oxygen. Since the correspond-
ing convection is not very strong, one might expect the typical diffu-
sion limited peak as in cyclic voltammetry similar to the re-oxidation
peak. Such a peak is not observed here because the transport of oxygen
to the electrode is always diffusion limited: If oxygen is not consumed
electrochemically it evaporates in to the vacuum. Since the product of
reduction (O, *) is largely transported into the bulk of the electrolyte,
only a small portion re-oxidized is to O,.

In the case of NMP 0.95 e /O, are transferred during oxygen
reduction and 1.07 e” /O; are transferred during oxygen evolution. As
in the case of DMSO superoxide is formed during oxygen reduction

in a NMP-TBACIO; based electrolyte.

[4]

2.0-1.5-1.0-05 0.0 0.5 1.0
E (V vs. Ag'/Ag)

It is important to show that oxygen reduction both in DMSO and
NMP based electrolytes results in superoxide formation when only
TBA cations are present. This reaction can be used in future ex-
periments to calibrate other DEMS cells such as flow trough cells
and dual-thin-layer cells, where calibration through a leak is not an
option.*!

The results of a measurement performed in an electrolyte of 0.1 M
LiClO, in DMSQO are shown in Figure 5. The onset of oxygen reduc-
tion at —1.05 V is at the same potential as in the electrolyte containing
0.1 M BuyNCIO4. Oxygen evolution is shifted by 0.4 V to more posi-
tive potentials with respect to 0.1 M BuyNCIO, containing electrolyte.
Oxygen evolution in Figure 5 has an onset of —0.73 V and a peak
potential of about —0.5 V. It is noteworthy that the electrode is com-
pletely deactivated at —1.75 V. During a full cathodic sweep 19.1 nmol
of oxygen are reduced. If this oxygen is transformed into lithium

15 -1.0 -05 00 05 1.0
E (V vs. Ag'/Aq)

Figure 5. Simultaneously recorded CV (A) and MSCV for mass 32 (B) for
oxygen reduction and evolution reactions at Au sputtered Teflon membrane in
0.1 M LiClO4-DMSO based electrolyte. Scan rate: 20 mV/s.
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Figure 6. The calculated number of electrons transferred per oxygen molecule
during the oxygen reduction (A} and (B) evolution reactions at Au sputtered
Teflon membrane electrode in 0.1 M LiClO4 in DMSO (A: cathodic sweep
only). Scan rate: 20 mV/s. Lower potential limits are: Black: —1.45 V; Red:
—1,55 V: Blue 1.70 V.

peroxide this would correspond to the formation of just 3 monolayer
(we define a monolayer as the ratio of Li,O; units per surface atom
of gold) of lithium peroxide - a very small amount to deactivate the
electrode considering that Li, O, is expected to form crystallites rather
than a film.

Form equation 4, z was calculated for some cathodic sweeps shown
in Figure 5. Calculations were done after correction for double layer
capacity and the results are plotted in Figure 6, showing that roughly
two electrons are transferred per molecule of oxygen. The increase in
the number of electrons transferred as a potential of —1.6 V is passed
1s due to a side reaction that also occurs in Argon saturated electrolyte.
In a potential range from —1.1 V to —1.6 V z roughly equals 2.

For the corresponding anodic sweeps of Figure 5, z-values have
been calculated and are displayed in Figure 6B. The z-value at —0.25 V
(where a peak is present in Figure 5) for oxygen evolution is about
1.9. This value fits well to the oxidation of peroxide. As the potential
is increased further the z-value increases slightly to 2.2. This increase
corresponds to the shoulder observed in Figure 5. At this point we
have no explanation why oxygen evolution in the potential range
from —0.67 V to 0.32 V proceeds in two distinct processes associated
with a slight change in the electron number. But we note that the CVs
in DMSO-based electrolyte at a gold electrode shown by Sharon et.
al.,** by Laoire et al.,'® by Peng et al.'* and by us, differ from each
other in the exact shape in the region of oxygen evolution. However
the general features are the same in all cases. A peak during oxygen
reduction is observed and oxygen evolution has an onset potential
300 mV more positive than the onset potential of oxygen reduction.
In anodic direction there is a continuous current up to at least 0.1 V
(4.0 V vs. Li*/Li).

Literature findings that lithium peroxide is formed in organic elec-
trolytes if Li" is present are based in their vast majority on post mortem
analysis of discharged electrodes. However, this does not demonstrate
that the amount of formed peroxide matches the charge transferred;

-
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Figure 7. lonic charge of oxygen evolution versus the ionic charge of oxygen
reduction. The values are derived from each cycle shown in Figure 5.

the fact that lithinm peroxide is the only product found does not mean
that lithinm peroxide is the sole reduction product, since discharge
products might either not be accessible by the techniques employed
or might remain in the electrolyte. McCloskey et al.** have already
shown by means of DEMS that oxygen reduction in DMSO proceeds
via the consumption of 2 electrons per molecule of oxygen. However
this z-value was determined in a galvanostatic experiment, where the
potential was around 2.7 V vs. Li*/Li (—1.14 V vs. Ag*/Ag) with
a highly porous electrode. Peng et al. on the other hand reported a
z-value ranging from 1.99 to 2.03 in a potentiostatic experiment but
did not give any potential at which they determined those values. In
fact a graphic evaluation of their curves results in an appreciable de-
crease of the z-value from roughly 2 to roughly 1 as the potential is
decreased. The finding that oxygen reduction proceeds by the transfer
of 2 electrons per molecule of oxygen in a potential window ranging
from —1.1 V to —1.6 V at a rough electrode is of importance because
it shows that no Li, O is formed at potentials 400 mV lower than those
used by McCloskey et al. at a rough gold electrode. Furthermore we
are going to show in a subsequent paper that the z vs. E-plot differs
from that shown in Figure 6 if a smooth gold electrode is used. (We
would like to point out that a z-value of 2 for oxygen reduction would
also be obtained, if the peroxide reacts with the solvent molecules in
a subsequent reaction.)

The fact that oxygen reduction sets in at the same potential as in
the electrolyte containing 0.1 M BuyNClQ,, despite the observation
of lithium peroxide formation, might be taken as an indication that
the first electron transfer is the rate determining step.

The true coulombic efficiency of the oxygen reduction/evolution is
evaluated from the integrated ion currents during reduction and oxida-
tion. In Fig. 5 the amount of reduced oxygen is altered by successively
decreasing the lower potential limit. In Figure 7 the ionic charge of
oxygen evolution of each cycle is plotted against the ionic charge of
oxygen reduction of the respective cycle. The slope of the linear fit
represents the true coulombic efficiency of the OER/ORR which is
found here to be about 60%. It is interesting to note that the linear fit
has a negative intercept with the y-axis. While a slope smaller than 1
means that in each cathodic sweep a certain percentage of the reduced
oxygen is not re-oxidized in the following anodic sweep: a negative
intercept means that a certain amount of the reduced oxygen is lost in
each cycle. We are going to address this observation in a subsequent
paper.

[t is obvious, that this is not sufficient for a properly working
lithium-air battery. On the other hand, Peng et al., have recently con-
structed a lithium-air battery and claim that it works on the basis of
highly reversible formation and decomposition of lithium peroxide.'?
Peng et al. undertook much effort to show that the sole reaction prod-
uct upon discharge is lithium peroxide using various spectroscopic

methods. They show DEMS results (obtained with a swagelock type
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Table I. Amounts of oxygen consumed and evolved from a lithium-
air battery derived from the curves published by Peng et al.!
From those values the true coulombic efficiency of OER/ORR was
calculated.

True
coulombic
efficiency (%)

Cycle number n(O2)orr (mmel)  n(O2)opg (mmol)

1 0.39 0.18 46.11
5 0.30 0.13 43.69
10 0.33 0.15 45.67
100 0.26 0.19 72.90

cell) to confirm that only oxygen, but no CO;, SO, or SOs, is evolved
during the anodic scan and that 2 electrons are transferred indeed both
in the anodic and cathodic scan (vide supra).

However, they did not compare the amount of O, consumed with
that evolved in the subsequent anodic cycle. We therefore calculated
the true coulombic efficiency by integrating their curves, thus obtain-
ing the amounts of reduced and evolved oxygen. The results are listed
in Table I, with typical values below 50%. Therefore our results at
model electrodes are in agreement with those of Peng et al. (but not
with their interpretation) and confirm the results of McCloskey et al..*
which have found so far, undeservedly. little attention in literature
among experimenters. With such a poor true coulombic efficiency the
high cycling performance claimed by Peng et al. is bound to be due
to some kind of side reaction. However, Peng et al. rule out the ma-
jor formation of side products, based on several techniques (FTIR-,
SERS-, 'H-NMR and '*C-NMR-spectroscopy). But the low sensi-
tivity of NMR-spectroscopy is well known. In fact the '*C-NMR-
spectrum shown by Peng et al. features no signal from the carbon
atoms of the conducting salt LiTFSI, which have fair intensity at a
chemical shift of 120 ppm,***> rendering the shown spectra mean-
ingless. Furthermore different by-products other than the observed
small amounts of HCO,Li and Li,CO; might form, undetectable by
FTIR and SERS-spectroscopy. Therefore the high apparent cycleabil-
ity of the lithium-air battery published by Peng et al. probably stems
from the involvement of side reactions and the consumption of the
electrolyte.

For instance, Sharon et al. have proposed a decomposition mech-
anism of DMSO resulting either in the formation of sulfate or of
dimethylsolfone initiated by the deprotonation of one methyl group by
either lithium hydroxide or superoxide and a subsequent nucleophilic
attack at sulfur.** Such a mechanism might serve as an explanation
for the reduced reversibility of oxygen reduction/evolution reactions.
However other explanations are possible for the reduced reversibil-
ity of oxygen reduction/evolution reactions. For instance some of the
formed peroxide might precipitate somewhere without electrical con-
tact to the electrode or some larger particles might loss contact to the
electrode in the course of oxygen evolution.

As mentioned above the gold sputtered Teflon membrane can also
serve as a gas diffusion electrode. An experiment in which the elec-
trode was used in such a way is shown in Figure 8. During the first
cathodic sweep in 0.1M LiClO,-DMSO based electrolyte, the elec-
trode was exposed to laboratory air by closing the valve and opening
the blind flange, thus filling the volume underneath the electrode with
air which has been evacuated previously. During the first cathodic
sweep there was no oxygen reduction until the current begins to de-
crease at a potential of —0.72 V. As soon as a potential of —1.25 V is
reached the potential was stopped and the blind flange was mounted
again. The volume underneath the electrode then was evacuated by
opening the valve, thus connecting the electrochemical cell to the mass
spectrometer. As the supply of oxygen from underneath the electrode
is cut-off the current drops to zero.

Since there was no connection to the mass spectrometer no ionic
current was recorded during the first cathodic sweep: nevertheless in
the following anodic sweep the oxidation of those oxygen species
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Figure 8. Simultaneously recorded CV (a) and MSCV for mass 32 (b) during
oxygen reduction and evolution reactions at gas diffusion electrode (Au sput-
tered Teflon membrane) in 0.1 M LiClO4-DMSO based electrolyte. Oxygen
source is atmospheric air in the first cathodic going sweep, electrolyte purged
with oxygen. Blue: first cathodic going sweep: red: first anodic going sweep:
Black: ensuing cycles with oxygen supplied from solution. Sweep rate 10
mV/s.

formed in the first cathodic sweep were observed by mass spec-
troscopy.

In the subsequent cycles, the dissolved oxygen in the electrolyte
was reduced. It is obvious that much larger current are obtained when
the electrode is employed as a gas diffusion electrode, since oxygen
transport is much more efficient from gas phase then by diffusion
through a liquid.

It is important to show that also under these ambient conditions
oxygen reduction and evolution takes place as well. This can be seen
from the ionic current in the first anodic sweep. But a major draw-
back is the lower true coulombic efficiency of OER/ORR under these
conditions, amounting only to 16% (derived from faradaic current).
The reason for that may be humidity and also CO;. In the presence
of CO», carbonate is formed as has been shown previously by both
theoretical calculations and post mortem analysis.*®

Similar to the gas diffusion experiment shown in Figure 8, the CVs
and in situ MSCVs for ORR and OER in 0.1 M LiClO,-NMP based
electrolyte containing 60 and 380 ppm of water were recorded starting
at —0.2 V vs. Ag™/Agmp as shown in Figure 9A and 9B respectively.
That figure shows the sweep starting at —0.2 V in the negative going
scan where the GDE was exposed to the atmospheric air from the gas
side. In the beginning of the cathodic sweep, the current is close to zero
because no oxygen reduction reaction takes place. The onset potential
for ORR is —0.86 V whereas the faradaic current starts to decrease
followed by the reduction peak of oxygen at —1.35 V with a current
density of 500 jLA/cm? (based on geometric surface area). The sweep
was held once the potential reached —1.35 V. The electrochemical cell
was then directly connected to the mass spectrometer by opening the
valve (Figure 1) after evacuating the volume underneath the electrode.

In the following anodic going sweep the evolution of oxygen was
observed in the MSCV. Oxygen evolution has an onset potential of
—0.69 V and continues to proceed until the upper potential limit
is reached with peaks at —0.46 V and 0.52 V respectively. Major
amounts of oxygen are evolved at potentials more positive than 0.23 V
paralleled by the evolution of a signal for mass 44 after the electrode
was employed as a GDE electrode. In the following cycles in which
oxygen is reduced from solution, most of the oxygen is evolved in a
potential range from —0.7 to 0.0 V, while the signal intensity for mass
44 is reduced. Although NMP causes a high baseline for mass 44 due
to a fragment formed during the ionization process, there is no reason
why this baseline should be dependent on the potential applied to the
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Figure 9. Simultaneously recorded CV and MSCV's for mass 32 and mass 44
during oxygen reduction and evolution at gas diffusion electrode (Au sputtered
Teflon membrane) in 0.1 M LiCIO4-NMP based electrolyte containing (A) 60
and (B) 380 ppm of water. Oxygen source is atmospheric air in the first cathodic
going sweep, electrolyte purged with oxygen. Sweep rate 10 mV/s. Black: 1%
cycle, electrode was used as a GDE: Red and blue: 2™ and 3 cycle, oxygen
was supplied from solution.

electrode. Hence the evolution of a signal for mass 44 is probably due
to the formation of CO,. But the only source of carbon in the system
under investigation is NMP. Hence the evolution of CO, indicates the
decomposition of the electrolyte.

Since there is no CO, evolution observable in the same potential
range when the electrode is cycled in Ar-saturated electrolyte (c.f.
Figure 10) and as with decreasing amounts of reduced oxygen in
the previous cathodic sweeps there are also decreasing amounts of
CO,; evolved, there is clearly a connection between oxygen reduction
and CO; evolution. As with DMSO, oxygen reduction proceeds via
the transfer of 2 electrons per molecule of oxygen (c.f. Figure 11).
Hence also here oxygen is reduced to peroxide. But as pointed out in
the case of DMSO the formation of peroxide does not mean that it
precipitates as lithium peroxide. In the case of NMP at least parts of

15 -10 05 00 05
E (V vs. Ag7AqQ)

Figure 10. Simultaneously recorded CV and MSCV for mass 44 in Ar-
saturated 0.1 M LiCl104-NMP based electrolyte.

A485
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Figure 11. z-value of ORR as a function of potential in a NMP-LiClO4 based
electrolyte. The z-value has been calculated for the curves shown in Figure 9.
A: Water content: 60 ppm, B: water content: 380 ppm. Colors are as indicated
in Figure 9.

the formed peroxide react with the electrolyte to form some compound
that ultimately reacts to form CO; in the next anodic cycle at potentials
above 0.1 V.

The black curves in Figure 12 show that the z-value in this potential
region is 2 when the electrode was used as a gas diffusion electrode in
the previous cathodic sweep. However in the same potential range 3 to
7 e /0, were transferred when oxygen was supplied to the electrode
from solution. While a z-value of 2 fits nicely with the oxidation of
peroxide a value of 3 or even 7 is much to large to assume oxygen
evolution as the only source of faradaic current.

In Figure 12C the anodic sweeps of the CV already displayed
in Figure 9A are shown in more detail. In the black curve the peak
potential is at —0.46 V. But at this potential only a faint shoulder
appears in the red and blue curves while the peak potential shifts by
120 mV to a less negative potential of —0.34 V. The corresponding

05 00 05
E (V vs. Ag'/Ag)

0
-1.0 1.0

Figure 12. z-value of OER as a function of potential in a NMP-LiClOy4 based
electrolyte. The z-value has been calculated for the curves shown in Figure 9.
A: Water content: 60 ppm., B: water content: 380 ppm. C: expended faradaic
current of Figure 9. Colors are as indicated in Figure 9.
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shift of the peak potential in the MSCV for mass 32 is only 30 mV.
Hence some other reaction appears in the anodic sweep unrelated to
the OER when oxygen was reduced from solution in the previous
cathodic sweep. This reaction is superimposed to peroxide oxidation
and increases therefore the observed z-value significantly.

As pointed out already in the introduction there should not be
any effect like pore clogging or diffusion effects in pores with the
electrode employed in this experiment. Therefore whether the elec-
trode is supplied with oxygen from solution or from the gas phase
should not have any effect on the shape of the CV other than the ob-
served current densities. However in those experiments where oxygen
is reduced from the solution side, smaller quantities of peroxide are
formed. If a stepwise degradation process of NMP is assumed then a
lower concentration of peroxide might lead to the formation of other
decomposition products than would be observed with larger peroxide
concentrations. Large peroxide concentrations in NMP would then
lead to decomposition products that are oxidized at potentials higher
than 0.1 V to form CO,, while lower peroxide concentrations lead to
decomposition products that are electrooxidized at —0.34 V close to
the potential of peroxide oxidation.

The evolution of oxygen in the second peak might be due to the
oxidation of organic peroxides, but might also stem from lithium
peroxide embedded and insulated from the electrode by a matrix of
decomposition products. As this matrix is oxidized and removed from
the electrode, the lithium peroxide regains electrical contact to the
electrode and is oxidized as well. Despite the presence of lithium
peroxide in the later case, electrocatalysis of electrolyte oxidation
is improbable as CO,-evolution causes lithium peroxide to regain
contact with the electrode, rather than lithium peroxide in contact
with the electrode causes CQO,-evolution.

Decomposition of NMP upon oxygen reduction has previously
been found by Wang et al.'"* The mechanism the authors give is based
on the abstraction of protons by superoxide and a subsequent oxidation
both electrochemically and chemically by oxygen. However as we find
no evidence for electrolyte decomposition upon oxygen reduction in
NMP-TBACIO, based electrolyte this mechanism probably is not
correct.

McCloskey et al. who have observed CO, evolution in NMP
based electrolyte also used an electrode made of carbon for their
experiments.”’ Therefore their assignment of CO,-evolution to elec-
trolyte oxidation is not beyond doubt, as the carbon-electrode is an-
other probable source of CO, evolution. Furthermore McCloskey at
el. suggested the electrooxidation of the electrolyte to be due to the de-
fect states in the semiconductor Li,O, resulting in an electrocatalytic
effect. But in Figure 9A oxygen evolution from Li,O; in contact
with Au terminates before a potential of 0.1 V is reached. Hence no
lithium peroxide with electronic contact to the electrode is left and no
electrocatalytic effect due to defective states in Li, O, is possible.

Figures 9A and 9B do not differ from each other significantly in
shape. However the ratio of evolved to reduced oxygen is seemingly
more favorable in the case of the electrolyte containing 380 ppm
water. In those cycles of Figure 9B where oxygen is reduced from
solution the ratio was on average 29% while in the electrolyte with
a water content of only 60 ppm the ratio was on average 18.5%. On
the other hand, when the electrode is used as a GDE then nearly the
same faradaic charge is transferred but in the electrolyte with water
content of 380 ppm only half the amount of oxygen is evolved than
in the experiment with a water content of 60 ppm. We cannot give
any explanation for this contradicting behavior, but we note that the
presence of water seems to have some influence on oxygen reduction
in NMP. To some extend this is not surprising as 60 ppm and 380
ppm of water content correspond to a water concentration of 3.4 and
21.7 mmol/l respectively. Both values are relatively high as compared
to the solubility of oxygen in NMP, which is 3.2 mmol/l.¥" But on
the other hand with a pk, valve of 31.2 of water on the Brodwell
scale*® and a virtually non-existing proton concentration the source
of any effect of water is hard to imagine. A possible effect might
result from the participation of water in the solvation sphere of the
Li-ions.

Journal of The Electrochemical Society, 162 (3) A479-A487 (2015)

Conclusions

The experiments show that under ambient conditions with humid-
ity and in presence of CO,, oxygen can be reduced from atmospheric
air at a gold sputtered membrane used as a gas diffusion electrode.
In this way we achieve very high current densities upon discharge
of up to 0.53 mA/cm? in case of NMP and 0.97 mA/cm? in case
of DMSO. However, the true coulombic efficiency of OER/ORR (as
obtained from mass spectrometric ion currents) differs clearly from
100% and side reactions take place in both NMP and DMSQ based
electrolytes. Therefore, a cycleable and highly reversible secondary
lithium-air battery with a DMSO based electrolyte is unlikely to work
purely on the principle of reversible formation of lithium peroxide.

By employing in situ techniques we were able to confirm that in
presence of Li"-ions oxygen reduction results in the formation of
peroxide in both DMSO and NMP. For DMSQ it has been shown that
2 electrons per molecule of oxygen are transferred ranging from 1.1
to —1.6 V. No indications for the formation of Li, O have been found.

We have found that superoxide is formed upon oxygen reduction
in TBA containing electrolyte. This claim has previously been based
only on kinetic considerations. The importance of this finding is that
this reaction can be used in future studies to calibrate DEMS cells,
where leakage calibration is not an option and a known reproducible
electrochemical reaction is required.

It has been shown that NMP decomposes during the reduction
of oxygen in the presence of Li". The decomposition is probably
induced by peroxide and results in different decomposition products
depending on the concentration of formed peroxide.
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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 Li,O, 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 Li,O, 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 o and the contact angle 8 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
guadruple 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 a in Equation 7B was unknown (note that a,; 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:
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Introduction

Oxygen reduction and oxygen evolution in DMSO
based electrolytes: the role of the electrocatalysty

C. J. Bondue,® P. Reinsberg,” A. A. Abd-El-Latif°® and H. Baltruschat*®

In the present paper the role of the electrode material in oxygen reduction in DMSO based electrolytes
is elucidated using DEMS. We have found, employing platinum, gold, ruthenium rhodium, selenium
decorated rhodium and boron doped diamond (BDD) as electrode materials, that the actual mechanism
of oxygen reduction largely depends on the electrode material. At platinum, rhodium and selenium
decorated rhodium the final reduction product, peroxide, is formed electrochemically. At gold and at
low overpotentials oxygen is reduced to superoxide and peroxide is only formed by disproportionation
of the latter. No oxygen reduction takes place at the diamond surface of the BDD-electrode, hence,
showing unambiguously that oxygen reduction is an inner sphere reaction. Also, the rate of oxygen
evolution varies with the electrode material, although the onset potential of oxygen evolution is not
influenced. The amount of peroxide formed is limited to 1-2 monolayers. Contrary to intuition oxygen
reduction and oxygen evolution from peroxide, therefore, are heterogeneous, electrocatalytic reactions.
The finding of such an electrocatalytic effect is of great importance for the development and optimiza-
tion of lithium=-air batteries. Aside from the electrode material there are also effects of water as well as
of the cation used in the electrolyte. This suggests an influence of the double layer at the interface
between the electrode and the electrolyte on oxygen reduction in addition to the well-known higher
stability of Na>O; and K>O,. Electrospray ionization (ESI) results show that any effect of water in the Li
containing electrolyte is not due to an altered solvation of the cation.

In lithium-air batteries employing ether based electrolytes some
authors described the formation of toroid shaped Li,O, particles

In 1996 Abraham introduced the concept of lithium-air bat-
teries with a theoretical specific energy density of 18.7 k] g™
based on the discharged battery and assuming Li,O as the final
discharge product.® Since then a lot of effort was put into
research related to lithium-air batteries, mainly because the
construction of a secondary battery with such capacities would
certainly pose a large leap forward in electrifying automotive
traffic.””® It is established now that oxygen reduction in various
organic electrolytes is not reduced to Li,O but forms Li,O,
instead.®? Discharge to Li,0, reduces the theoretical capacity
of the battery to 13.8 kJ g *. This was calculated from thermo-
dynamic data."** Only 90.2% of that energy can be harnessed,
while the remaining 10% are lost to entropic heat flow. Even
though discharge to Li,O, (instead of Li,O) reduces the theore-
tical energy density of lithium-air batteries, they continue to
attract attention.

@ Institut fiir Physikalische und Theoretische Chemie, Universitit Bonn,
Romerstrafie 164, D-53117 Bonn, Germany. E-mail: baliruschat@uni-honn.de
” National Research Centre, Physical Chemistry Department, El-Bohouth St. Dokki,
12311 Cairo, Egypt
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
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upon discharge at low current density, whereas no such particles
were found when large current densities were applied.”*® How-
ever, under similar experimental conditions other authors did not
observe the formation of toroid shaped particles.™'® Although it
was recently suggested that the difference observed in the literature
might be due to different water contents of the electrolyte, with
water favouring the formation of toroid shaped particles, the
growth mechanism of Li,O, remains poorly understood."”'* A
proposed mechanism involves the LiO, mediated dissolution
and re-deposition of Li,O, with water facilitating the formation
of soluble LiO,."” Others proposed the formation of LiO, as an
intermediate of oxygen reduction that adsorbs with higher
probability at certain sites where it is reduced."

All model batteries reported in the literature so far suffer
from large charging overpotentials. Because of that some authors
employed precious metals*®*? or transition metal oxides* 2°
in the oxygen electrode in order to reduce the charging
potential. Given that the batteries in these studies employed
carbonate based electrolytes the claimed catalytic effect is most
probably due to the enhanced kinetics of oxidation of decom-
position products rather than the enhanced kinetics of Li,O,
oxidation.***!

Phys. Chem. Chem. Phys., 2015, 17, 25593-25606 | 25593
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Nevertheless, the choice of electrode material for the gas
diffusion electrode seems to have an effect on the cycleability of
a lithium-oxygen battery. Marinaro et al. found that batteries
employing an oxygen electrode made from gold sputtered
Super-P could be cycled 5 times more often than a battery that
featured an oxygen electrode without any gold coating. In
addition Marinaro et al. found that the Au/Super-P electrode
could sustain larger current densities upon discharge.”® A
similar superior performance of an Au/Super-P electrode over
a Super-P electrode was found by the same group in a battery
featuring a tetraglyme based electrolyte.*”

Beside the construction of model batteries fundamental research
on oxygen reduction has also been carried out.”'*'722283 1t wag
found that the current density for oxygen reduction in ether based
electrolytes depends on the electrode material. Lu et al found a
volcano like behaviour when the potential at which a given current
density was observed is plotted against the binding energy of oxygen
at the given electrode material.**

Laoire et al. reported on both the effect of cations and the
effect of the solvent on oxygen reduction:"*® oxygen reduction
leads to the formation of peroxide in the presence of hard and
small cations like Li", while in electrolytes containing soft and
large cations, such as TBA', oxygen is reduced to superoxide.*®
Lithium superoxide is known only in the argon matrix’” and
disproportionates to lithium peroxide and oxygen under ambient
conditions. Therefore, it is not surprising that oxygen reduction
in lithium containing electrolytes leads to the formation of Li,O,.
The situation in the case of the somewhat larger Na' cation is less
clear. Both NaO, and Na,Q, are metastable and known to exist.
Laoire et al. proposed the formation of Na,O, in an acetonitrile
based and sodium containing electrolyte during oxygen
reduction.?® Also in some sodium oxygen batteries Na,0, was
found as the final discharge product,”®'°
vincingly showed the formation of NaO, under similar experi-
mental conditions in their batteries."""* So far it is entirely
unknown under which conditions NaQ, is formed and under
which Na,0,.*?

To understand when and why oxygen reduction results in
Na,0, it seems helpful to turn to Li,O, where much knowledge
is available on its formation process. There are two conceivable

while others con-

pathways to Li;O,: via an indirect pathway superoxide is formed
electrochemically and then undergoes Li-induced dispropor-
tionation in the aftermath. Via a direct pathway oxygen accepts
two electrons from the electrode and forms peroxide electro-
chemically. Indeed Laoire et al. found superoxide as an inter-
mediate in a lithium containing DMSO based electrolyte”
during oxygen reduction. However, no indication for super-
oxide was found in acetonitrile based electrolytes. Laoire et al
ascribed this difference to the higher donor number of DMSO
of 125 kJ mol '* as compared to that of acetonitrile with
58.9 k] mol™'*? allowing for a better solvation of Li" in DMSO
and therefore for a longer lifetime of superoxide.” Also, others
observed the formation of superoxide in DMSO based electro-
Iytes: Cao et al. employing spin traps showed the presence of
superoxide by means of EPR." During RRDE experiments in
Li*-containing, DMSO based electrolytes positive currents were
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observed at the ring electrode that were ascribed to the oxida-
tion of superoxide.***" Based on the evaluation of CV data by
the Nicholson and Shain relationship Laoire et al proposed
that at higher overpotentials peroxide is formed electrochemi-
cally while at lower overpotentials peroxide is formed indirectly
by the disproportionation of superoxide.’”

Experimental
Chemicals

All electrolytes were prepared in an MBraun glove box. During
electrolyte preparation the humidity in the glove box atmo-
sphere never exceeded 0.6 ppm. After preparation the electro-
Iyte was kept in a sealed vessel and stored inside the glove box.
The electrolyte was used within a time span of one week. The
water content of the as-prepared electrolyte did not exceed
13 ppm (with the exception of the Mg*" containing electrolyte,
which had a water content of ~50 ppm). During transfer the
electrolyte gathered water in the single digit ppm-range.

Extra dry DMSO (99.7%, over molecular sieve, Acros Organics),
LiClO, (battery grade, Sigma-Aldrich), highly pure lithium tri-
fluoromethanesulfonate (LiTfO) (Sigma-Aldrich, =99.995%)
acetic acid (KMF, 96%) and methanol (Fluka, 99.9%) were used
as received. Sodium perchlorate (p.a., Fluka) and potassium
perchlorate (99%, Sigma Aldrich) were dried at 180 °C under
reduced pressure, while magnesium perchlorate (p.a. Sigma-
Aldrich) was dried at 245 °C. Highly pure Ar (air liquid, 99.999%)
was used for purging the electrolyte and highly pure nitrogen
(air liquid, 99.9995%) was used as the auxiliary and sheath gas in
ESI experiments to facilitie the evaporation of solvents. A custom
made mixture of argon and oxygen (Ar: O, = 80: 20) was obtained
from air liquid.

A coulometric KF titrator (C20, Metler Toledo) with a
diaphragm electrode was used to determine the water content.
The sample was taken at the outlet of the dual thin layer cell,
hence, giving the water content after the measurement was
completed. According to the manufacturer of the used electro-
Iyte, the accumulation of DMSO affects the chemistry involved
in the detection process of water. The error was estimated by
adding a water standard. The water contents given in this
article already account for an error of up to 30%.

BDD-electrodes were purchased from Adamant La-Chaux-de-
Fonds, Switzerland. The electrode consisted of a layer of 1 pm
diamond doped with 6000 ppm boron on a 1 mm thick
silicon wafer.

Dual thin layer cell

In the dual thin layer cell the electrolyte flows into the first
compartment where the working electrode is placed. Reaction
products are flushed along with the electrolyte into the second
compartment where a porous Teflon membrane is pressed on a
steel frit. Volatile reaction products evaporate through the
Teflon membrane into the vacuum of the mass spectrometer.
The electrolyte is then flushed to the outlet. The flow of the
electrolyte from the upper to the lower compartment causes a

This jourmal is © the Owner Societies 2015
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delay between the faradaic current and the response in the
ionic current. In all calculations where the ionic current was
correlated with processes appearing at the working electrode
this delay time was accounted for.

The reference electrode is placed at the inlet. The main
counter electrode is placed at the outlet. In order to reduce
electronic oscillations, a second counter electrode is placed at
the inlet. The main counter electrode is connected via a
resistance of 1 Q, the second vig a 1 M resistance to ascertain
an optimal distribution of the current.

A more detailed description of the dual thin layer cell
along with its versatile applications for DEMS can be found
elsewhere.*> "

Calibration for O,

In order to correlate the ionic current observed by mass
spectroscopy with the faradaic current calibration is required.
To account for the collection efficiency of the dual thin layer
cell electrochemical calibration with a reaction of known
stoichiometry is required.

Calibration was done on the same day as the experiment
by reducing oxygen from an electrolyte of 0.5 M KCIQ, in
DMSO where at low overpotentials superoxide is formed. This
potential region was identified by comparing the results to
oxygen reduction in an electrolyte of 0.5 M TBACIO, in DMSO,
where oxygen reduction is known to proceed via the formation
of superoxide.”***” We avoided calibration with TBACIO, in
order to reduce costs and errors. The latter arise when the used
TBACIO, contains impurities, noticeable by electrochemical
side reactions at potentials close to the onset potential of oxygen
reduction. The extent of impurities seems to depend on the
manufacturer and the charge.

Reference electrode

The reference electrode used in this study was a silver wire
immersed in a solution of 0.1 M AgNO; in DMSO. Electrolyte
contact to the working electrode was achieved by filling a Teflon
tube with the silver containing solution and sealing it with a
rough glass bead. The end with the glass bead was immersed
into the working electrolyte, while the other open end was
immersed into the silver containing solution. A drawing of the
reference can be found elsewhere.*

According to the values given by Gritzner et al.”" the reference
electrode described above has a potential of +3.89 V with respect
to the Li'/Li couple.

Determination of the roughness factor and electrode
preparation

Prior to the experiment in the organic electrolyte all electrodes
were cycled in deaerated 0.5 M sulphuric acid until no changes
in the CV were observed. From these CVs the roughness factor
(RF) of the gold electrodes was determined by integrating the
region of oxide formation in the potential range from 1.36 to
1.78 V (vs. RHE) following the method described by Trasatti and
Petrii.”® The roughness factor of the platinum electrodes was
determined by integrating the current due to H-upd in the

This journal is ©the Owner Societies 2015
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potential region from 0.07 to 0.35 V (vs. RHE), in which 77% of a
monolayer are formed.>* Also for rhodium the true surface area
was determined from the charge due to H-upd (0.25 V to 0.0 V).**
The true surface area of the ruthenium electrode was determined
following the method described by Nagel et al. from the charge
due to the dissolution of a monolayer of copper.’! Given that
there is no easy approach to determine the true surface area of the
other electrode materials (glassy carbon, boron-doped diamond
(BDD)) all current densities are given with respect to the exposed
geometric surface area of 0.283 cm’.

The Au(111)-electrode was prepared by the method
described by Clavilier et al.”® for platinum single crystals. The
Au(111) single crystal was flame annealed and was allowed to
cool down to room temperature in an argon atmosphere. The
crystallinity of the surface was checked by recording a CV in
0.5 M sulphuric acid. Before transferring the gold crystal to
the dual thin layer cell the electrode was rinsed with water.
Droplets of water attached to the crystal were carefully removed
by a lint-free laboratory wipe.

Prior to selenium deposition the rhodium electrode was
flame annealed and was allowed to cool down in an atmo-
sphere of argon and hydrogen (approximately 20% H;) in order
to remove any surface oxide. This electrode then was trans-
ferred with a droplet of H,-saturated water attached to its
surface to a cell, where selenium was deposited by a potential
sweep to 0.6 V (vs. RHE) in an electrolyte of 0.1 M HCIO,
containing 10 ° M Se0,.’® From the charge passed during
Se-deposition, and assuming that per Se 4 electrons are passed,
the surface coverage of selenium was determined to be 0.72 ML
(1 ML (=mono layer) is defined here as one Se-atom per
Rh-surface atom).

Some reactions were shown to be sensitive to the surface
termination of the BDD-electrode.”” Therefore, in the present
study experiments at the BDD-electrode were performed both
with oxygen and hydrogen terminated surfaces. In order to
prepare an oxygen terminated BDD-surface (BDD,,) the elec-
trode was swept to 2.5 V versus RHE in 0.5 M H,S0, and was
kept there for at least 10 minutes. The hydrogen terminated
surface (BDD,q) was prepared by the polarisation of the elec-
trode to —1 V versus RHE in 0.5 M H,S0, for at least 10 minutes.

ESI measurements

ESI-MS measurements were performed in the positive electro-
spray ionization mode on a Finnigan MAT SSQ7000 instrument
at 4.5 kv and a capillary temperature of 250 °C. The sample
solution in the gas-tight syringe (Hamilton) was introduced into
the ESI system via a 125 um inner diameter PEEK tube at a flow
rate 20 puL min~ ' using a syringe pump (Syringe Infusion Pump
22, Harvard Apparatus, Inc., Cambridge, MA).

Results and discussion
Oxygen evolution

We have investigated the electrochemistry of oxygen reduction
and oxygen evolution in an electrolyte of 0.5 M LiCIO, in DMSO
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at a variety of electrode materials. Prior to the evolution of any
oxygen in the anodic sweep, Li,O, must be deposited on the
electrode in a preceding cathodic sweep. However, for a better
flow of reading we choose to discuss the oxygen evolution first.
Fig. 1 shows the CV and MSCV for masses 32 and 44 at those
materials with the most striking differences in the potential
region of oxygen evolution: gold and platinum. From the
experiment shown in Fig. 1 and all other DEMS experiments
discussed in this report several cycles were recorded. More than
one cycle is only observed when differences appeared. In the
measurements of Fig. 1 this was not the case. In order to
achieve a large response, especially in the MSCV for mass 32
during oxygen evolution, electrodes with a relatively high
roughness factor were used (Pt: RF = 5.5; Au: RF ~ 3). Fig. 2
shows the CV and MSCV for masses 32 and 44 obtained under
the same experimental conditions as those in Fig. 1 at rhodium,
ruthenium and glassy carbon.

It is clear, both from the CV and the MSCV for mass 32, that
oxygen evolution takes place in two distinguishable waves at the
gold electrode. This is different at the platinum electrode where
oxygen evolution proceeds in a single peak. Indeed among the

120 -
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Fig.1 1st CV (A} and 1st MSCV for mass 32 (B) and mass 44 (C) in an
electrolyte of 0.5 M LICIO, in DMSO purged with a mixture of argon and
oxygen (Ar: O, = 80: 20); sweep rate: 10 mV s~ %; flow rate: 5 uL s~ *; orange:
at a gold electrode (RF ~ 3); purple: at a platinum electrode (RF = 5.5).
Current densities are given with respect to the geometric surface area.
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Fig. 2 1st CV (A) and 1st MSCV for mass 32 (B) and mass 44 (C} in an
electrolyte of 0.5 M LICIO, in DMSO purged with a mixture of argon and
oxygen (Ar: O, = 80:20); sweep rate: 10 mV s %; flow rate: 5 uL s~ red/
dashed: at a ruthenium electrode; magenta/dotted: at a rhodium elec-

trode; black/solid: at a glassy carbon electrode. Current densities are given
with respect to the geometric surface area.

electrode materials under investigation the gold electrode is
unique in this regard as Fig. 2 shows. The current density, based
on the real surface area, at the peak potential of —0.4 V is
24 pA cm 2 at the platinum electrode. At the gold electrode the
largest current density of 17 pA em™? is observed at —0.25 V. Not
only is the current density at platinum higher than that at the
gold electrode, but it is also achieved at a lower overpotential.
There are 2.2 nmol em ™ ? platinum atoms and 2.5 nmol em ™ ?
gold atoms in the surface of the respective electrodes. From that
we calculate a Li,O, coverage of 1 ML at the platinum electrode
and of 2 ML on the gold electrode. (In a previous report we have
determined 3 monolayers of Li,O, from the amount of reduced
oxygen, however, from the amount of evolved oxygen, a coverage
of only 1.7 monolayer is calculated (cf. Table 1).°°) The appear-
ance of two distinguishable peaks in the potential region of
oxygen evolution at gold suggests that the first monolayer of
Li;O, is thermodynamically more stable than the second.
Different from what was proposed by Albertus et al,”® the
charge transfer is not limited by the resistance of Li,O, since
oxygen evolution is the reaction of a mono- or biatomic surface
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Tablel Amounts of reduced and evolved oxygen at various electrode materials, calculated from the ionic charge for mass 32 (Q5). All values are given
with respect to the true surface area. From these values the true coulombic efficiency was calculated. From the amount of evolved oxygen the surface
coverage of Li-O; in terms of monolayers (MLs) deposited on the electrode was determined

n(03)org/(nmol em %)

n(0;)opr/(nmol em™?)

(Qs2/pC em™?) (Qs2/pC em™?) 1(O2)oer/M(O2)orr RF 0(Li»0,)/(ML)

Gold (ref. 50) 6.8 (3738)° 4.2% (2311)° 0.62 10 1.7
Gold (RF ~ 3) 12.2 (11728) 4.9 (4750) 0.41 3 2.0
Gold (RF ~ 1) 21.6 (20 830) 4.4 (4286) 0.21 1 1.8
Gold (Au(111)) 18.2 (17 561) 7.2 (6978) 0.40 1 2.9
Platinum (RF = 5.5) 5.6 (5430) 2.3 (2183) 0.40 5.5 1.0
Platinum (RF = 1.7) 10.3 (9929) 2.8 (2708) 0.27 1.7 1.3
Rhodium 2.8 (2680) 1.5 (1465) 0.55 10.8 0.6
Rh/Se 2.9 (2764) 1.0 (993) 0.36 10.8 (fse = 0.72) 0.4
Ruthenium 25.2 (24 310) 4.2 (4089) 0.17 1.15 2.0
Glassy carbon 32.77 (315019 4.4% (a226%) 0.13
“ values determined from the curves shown in ref. 50. # With respect to the geometric surface area of 0.283 cm?.
layer of Li,O,. The different kinetics at the different electrodes 50 - ~ ~ ~ T T T T T 1]
clearly indicates a catalytic effect on the charge transfer. How- 25 ] i
ever, none of the electrode materials under review have an effect o . |
on the onset potential of oxygen evolution which is at —0.67 V. f= 0 ] [ gl

In order to gain a better understanding on why oxygen Q -254 -
evolution at a gold electrode is different from that on other ‘é_ -504 —— 1% Cycle .
electrode materials we repeated the experiment with an Au(111) < .75 ——2" Cycle b
single crystal. The resulting CVs and MSCVs are shown in Fig. 3. - 100 JI .
Qualitatively the region of oxygen reduction is not different from ) —— AI‘
that obtained at a polycrystalline electrode. The roughness factor 200+ -
of a single crystal is one. Hence, less Li,O, is deposited on the . 1 I
electrode and the electrode is deactivated at lower overpotentials “"E 0+
than at the rough electrode. However, the region of oxygen g 2004
evolution is different from that in Fig. 1. In the first anodic < _
sweep at the single crystal two peaks are present. Because of the £ 4004
bad signal to noise level in the MSCV for mass 32 it is not clear H'% 1
whether both peaks are connected to oxygen evolution. After the -~ 600+
electrode was polarised to a potential, where roughening occurs,
changes appeared in the CV. In the region of oxygen evolution 20+
three peaks appear with the third peak at 0.15 V. Except for the & |
third peak which is much more pronounced, the CV for the g 104
second sweep at the single crystal resembles that of the rough <>é 1
electrode. The changes observed in the CV in the potential s 04
region of oxygen evolution when the surface of the electrode is -~ 1

. . =

roughened suggest a strong interaction between the gold surface - -104

and the deposited Li,O,. This would explain why a portion of
Li;O, appears to be thermodynamically more stable which was
already pointed out for the polycrystalline gold electrode. How-
ever, much work on that issue is required to ensure the inter-
pretation presented herein.

We consider glassy carbon as a model material for carbon
black, which is used to manufacture gas diffusion electrodes in
model lithium-air batteries. Even though oxygen evolution at
glassy carbon proceeds with a low current density (note that
only 4.38 nmol em™? of oxygen are evolved from that electrode)
the overpotential is low. Thus, glassy carbon has reasonable
activity for oxygen evolution. The difference between the onset
potential for oxygen reduction and for oxygen evolution
amounts only to 0.4 V (Fig. 2). Therefore, it seems unlikely
that the lack of activity for Li,O, oxidation of the carbon black
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Fig. 3 CV (A} and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte
of 0.5 M LICIO, in DMSO purged with a mixture of argon and oxygen
{Ar: O, = 80:20); sweep rate: 10 mV s™%; flow rate: 5 uL s7%; electrode:

Au(111) single crystal. Current densities are given with respect to the
geometric surface area.

substrate causes the high charging overpotentials observed in
the literature."’

It has been shown several times before that the true
coulombic efficiency of oxygen reduction (e.g. the ratio of reduced
to evolved oxygen) significantly deviates from 100%.'%3%°
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Table 1 lists the amounts of reduced and evolved oxygen and
the corresponding true coulombic efficiency (defined as the
ratio of the amount of evolved to reduced oxygen) at various
electrode materials with various roughness factors. At no
electrode material the true coulombic efficiency is even close
to 100%. In the present study this is to some degree due to
convection that removes superoxide (vide infra) from the elec-
trode. Therefore, the corresponding amount of oxygen is not
available for oxygen evolution in the anodic sweep. But even
with the rhodium electrode where oxygen reduction nearly
entirely precedes via the direct electrochemical formation of
peroxide the true electrochemical reversibility remains below
60% (vide infra). In addition Table 1 lists the surface coverage of
lithium peroxide which was calculated from the amount of
evolved oxygen. These values show that only very limited
amounts of oxygen are deposited on the electrode and that
the maximum surface coverage of Li,O, depends on the electrode
material. However, we cannot give any explanation at this point
why gold and ruthenium allow the formation of 2 ML of Li;O,,
whereas at platinum only one and at rhodium a submonolayer is
deposited.

At all electrode materials under consideration there is a
signal in the MSCV for mass 44. This signal is most probably
due to CO, evolution. With the exception of the experiments
done with the glassy carbon electrode there is no other source
of carbon except for DMSO. Hence, the evolution of CO, is
indicative for electrolyte decomposition. McCloskey et al. have
proposed for DMSO and other solvents that CO, evolution is
due to a parasitic reaction of Li,0, with the solvent.'® Although
the signal intensity of the ionic current for mass 44 varies with
the electrode material - there is hardly any CO, evolution at
ruthenium and rhodium but a clear signal at the remaining
electrode materials - CO, is probably not the result of mere
electrooxidation of the electrolyte.

The decomposition of the electrolyte consumes a portion
of the reduced oxygen. Hence, there is a deviation of the true
coulombic efficiency from 100%. Therefore, we consider it
important, to look for new electrolytes that are stable against
the exposure to peroxide.

Influence of the electrode material on oxygen reduction

Since the ionic current for mass 32 is proportional to the
amount of consumed and evolved oxygen per time and the
faradic current is proportional to the conversion rate of oxygen
times the number of transferred electrons (z) it is possible to
calculate z from the ratio of Iy and I3, according to eqn (1).

— IF
CIn

z -K* (1)
where K* is a calibration constant obtained in a separate
experiment. In order to calculate accurate z-values I was
corrected for the double layer charging by subtracting a straight
line. Both, double layer charging and side reactions, would alter
the calculated z-value.

Fig. 4 shows the number of electrons that is transferred
per molecule of oxygen during oxygen reduction at various
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Fig. 4 Number of electrons (2) that is transferred per molecule of oxygen in
the potential region of oxygen reduction at various electrode materials.
Electrolyte: 0.5 M LiClO., in DMSO; sweep rate: 10 mV s flowrate: Sul s %

electrode materials. At a gold electrode z initially has a value
of approximately 1e™ per O,. From that we conclude that at low
overpotetentials superoxide is formed upon oxygen reduction.
Although superoxide is unstable in the presence of Li" and
disproportionates to peroxide and oxygen, this reaction is
relatively slow, as no appreciable amount of superoxide has
disproportionated in the time it takes (approximately 2 seconds)
to transport it from the upper compartment of the dual thin
layer cell to the lower compartment. (O, thus formed leads to a
diminution of the amount of consumed O, and thus to an
increase of z). The long lifetime of superoxide in DMSO was
assigned to the high donor number of 125 kJ mol™*,** enabling
the solvent to stabilise Li*.” At —1.2 V the mechanism of oxygen
reduction changes from an indirect pathway to a direct pathway
of peroxide formation. This is indicated by the change in the
zvalue from approximately 1e~ per O, to approximately 2e” per O,.
Qualitatively, this is also visible from the shoulder in the CV for
the Au-surfaces in Fig. 1 and 3, which does not appear in
the MSCVs.

Comparison of the z-values observed at the gold electrode
to the z-values observed at other electrode materials under
review reveals that such a change from the indirect to the direct
pathway of peroxide formation proceeds only at gold. The
difference to the rhodium electrode is most striking. At this
electrode oxygen reduction proceeds via the transfer of 2e™ per
0, throughout the whole potential region of oxygen reduction,
whereas the indirect pathway via superoxide formation is of
little significance.

At platinum, ruthenium and glassy carbon electrodes the
transfer of about 1.5e” per O, is observed during oxygen
reduction. It seems that at these electrodes both pathways of
peroxide formation, the direct and the indirect, are in place at
all potentials, so that roughly half the oxygen is reduced to
superoxide and the other half forms peroxide.

Eqn (1) from which the z-values in Fig. 4 were calculated only
holds when there is no electrochemical side reaction in the
potential region of oxygen reduction. In order to rule out any
such side reaction CVs were recorded in an argon saturated

This jourmal is © the Owner Societies 2015

62 /166



Published on 04 September 2015. Downloaded by Universitat Bonn on 31/03/2016 18:36:46.

PCCP

electrolyte of 0.5 M LiClO, in DMSO at all electrode materials
under review. No such side reaction was observed. However,
especially at rhodium electrodes a surface oxide might form in
an oxygen containing electrolyte, whereas this reaction does not
necessarily occur in an argon saturated electrolyte. Pseudo-
capacitances due to the reduction of such a surface oxide would
significantly alter the observed z-values. For that reason oxygen
reduction was also examined at a selenium decorated poly-
crystalline rhodium electrode. The corresponding CVs and
MSCVs are shown in Fig. S1 (ESI{). It was shown previously
that transition metal surfaces modified with chalcogenides
have enhanced stability and are less likely to form a surface
oxide.” ®! Therefore, in the potential region of oxygen reduction
no contribution to the current due to pseudocapacities is
expected, when a selenium modified rhodium is used as a
working electrode.

Fig. 5 displays the z-values obtained at a Se-modified rhodium
electrode as a function of potential. There are little differences
before (2nd and 4th cycles) and after (5th cycle) Se stripping. In
Fig. 5 oxygen reduction proceeds via the transfer of 2e™ per O, as
already observed at the unmodified rhodium electrode. Since
pseudocapacities due to the reduction of a surface oxide are
unlikely to contribute to the current observed in the potential
region of oxygen reduction at a selenium modified electrode, it is
also unlikely that the observed z-values are distorted by any side
reaction.

In aqueous electrolytes platinum is the most active material
for the oxygen reduction reaction among all metals. In addition
oxygen reduction at Pt electrodes results nearly exclusively in
the formation of water, when the reaction is conducted in acid
electrolytes.®*®* For that reason it seems strange that oxygen
reduction in DMSO based electrolytes does not proceed exclu-
sively via the direct pathway of peroxide formation, as observed
at the rhodium electrode.

Fig. 6 compares the z-values observed at a Pt-electrode with a
roughness factor of 1.7 (already included in Fig. 4) with those

4 T I T
3 §
=
2]
X
[
e nd
N 14 ——2 Cycle |
——4" Cycle
.......... 5 Cycle
0 4 T 4 T - T T
-1,4 -1,3 -1,2 -1.1 -1,0

E/V (vs. AglAg")

Fig. 5 z-values during oxygen reduction obtained at a rhodium electrode
modified with approximately 0.72 ML of Se. The values were calculated
according to egn (1) from the curves shown in Fig. 51 (ESIT). Black: before
Se stripping; red: after Se-stripping.
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Fig. 6 Number of electrons (2} that is transferred per molecule of oxygen in
the potential region of oxygen reduction at a platinum electrode. Dotted: with
a roughness factor of 5.5; solid: with a roughness factor of 1.7; electrolyte:
0.5 M LICIO, in DMSO; sweep rate: 10 mV/ s~ %; flow rate: 5 uL s™*.

observed at a Pt-electrode with a roughness factor of 5.5. From
Fig. 6 it becomes clear that the roughness factor has an
influence on the observed z-values. At the rough Pt-electrode
more electrons are transferred per oxygen than at the smooth
electrode throughout the entire potential region of oxygen
reduction. The difference is most pronounced in the potential
range between —0.9 V and —1.0 V, where at both electrodes a
peak appears. The increased portion of oxygen that is reduced
to peroxide at the rough electrode as compared to the smooth
electrode is in accordance with the increased coloumbic
efficiency (cf. Table 1).

This peak is not very distinct at the smooth electrode but at
the rough electrode z increases to 2e” per O, in a small
potential range. During oxygen reduction Li,O, is deposited
on the surface of the electrode. Increasing the roughness
changes the ratio of the portion of the surface that is not
covered with Li,O; to the portion of the surface that is blocked
already. Therefore, a larger portion of the surface of the rough
electrode is still not covered by Li,O, than that of the smooth
electrode at any given potential.

The fact that more electrons per oxygen are transferred when
the electrode is relatively free of any deposit (low overpotentials
and high roughness) than when it is covered to a large degree
by Li,O, (large overpotentials low roughness) points to the
poisoning of the electrode as Li,0O, precipitates. The impact
of a deposit on the z-value is not simply due to a blocking of the
electrode (although blocking of the electrode also occurs). In
this case less oxygen would be reduced and the reduction current
would drop correspondingly, hence, leaving the observed z-value
unaffected. However, the deposition of Li,O, on a Pt-electrode
reduces the ability of the latter to reduce oxygen via the direct
pathway of peroxide formation, while the ability to form super-
oxide is maintained.

As shown above, the deposition of 1 ML Li,O, (here a ML
is defined as a unit of Li,O, per surface atom) blocks the
Pt-electrode entirely. Hence, there is no oxygen reduction taking
place at those parts of the surface that are covered by Li,O,.
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Consequently the increasing degree of superoxide formation
with an increasing degree of surface coverage is not due to the
change of the reaction site.

The catalytic performance of an electrode may be altered by
an adlayer in three different ways: by a bifunctional mechanism,
by a ligand-effect or by a geometric effect." 1t is rather unlikely
that an insulator exerts a ligand-effect. A bifunctional mechanism
is expected when two intermediates adsorbed at the surface of the
electrode react. Such a mechanism is hard to imagine as inter-
mediates other than reduced oxygen species are not expected to
be of any importance for the oxygen reduction reaction in organic
electrolytes. However, Li,O, might exert a geometric effect, when
more than one surface atom of the Pt-electrode is required in
order to form peroxide via the direct pathway.

Working in aqueous electrolytes, Adzi¢ and Wang showed
that oxygen reduction at Pt(111) electrodes is inhibited by
Ag-adatoms.®® From that they concluded that oxygen adsorp-
tion at bridge sites precedes oxygen reduction. Furthermore
they concluded that prior to the 4e -reduction the oxygen-
oxygen bond is disrupted. Similarly in organic electrolytes the
2e -reduction at polycrystalline platinum electrodes could
require the weakening of the oxygen-oxygen bond by adsorp-
tion in a bridge position.

From a fundamental point of view it is interesting to note
that oxygen reduction does not proceed via a 4e -process at
platinum electrodes in DMSO based electrolytes: There is
abundant experimental proof that oxygen is reduced to water
when aqueous electrolytes are employed.®** Indeed, for aqueous
systems the cleavage of the O-O bond is expected at surfaces that
strongly bind oxygen, such as platinum, while a 2e -process is
observed at weakly oxygen-binding surfaces such as Au(111)*° and
on partially blocked Pt-surfaces.®® Also, McCloskey et al. observed
that increasing amounts of CO, were evolved when recharging a
Li-O, battery that employed a DME based electrolyte, when
instead of a gold or carbon electrode a platinum containing
electrode was used.®” The formation of CO, involves at some
point the cleavage of the O-O-bond. However, it is not clear
whether cleavage of the bond occurs during discharge or charge
(e.g. the cleavage could occur during oxidation of an organic
peroxide that favourably forms at platinum electrodes during
oxygen reduction).

Notwithstanding this, we do not observe the cleavage of the
0-0-bond (except for the evolution of minor quantities of CO,)
regardless of the electrode material. However, oxygen reduction
in DMSO based electrolytes shows some parallels to oxygen
reduction in aqueous solution if the direct pathway of peroxide
formation is considered the organic analogue of the 4e -
process. Platinum catalyses in aqueous electrolytes predomi-
nantly the formation of water,*** but shows sensitivity towards
adlayers and impurities, which tilt product distribution towards
hydrogen peroxide formation.®**7° Similarly oxygen reduction in
DMSO based electrolytes at platinum proceeds initially by the direct
pathway of peroxide formation. However, as the electrode is increas-
ingly covered with Li,O, the indirect pathway of peroxide formation
gains importance. At gold electrodes in aqueous solution hydrogen
peroxide is the dominant product of oxygen reduction,”*”?
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whereas only superoxide is formed at low overpotentials in
DMSO based electrolytes. Therefore, we wonder whether the
same mechanisms and parameters that sustain the 4e -process
in aqueous electrolytes are also at work in order to foster the
direct pathway of peroxide formation.

Irrespective of the detailed mechanism of oxygen reduction
at platinum, it is clear that the nature of the surface plays a
crucial role in oxygen reduction. This is not only clear from
what we believe to be a geometric effect of the Li,O, deposit on
the platinum electrode that tilts the mechanism of oxygen
reduction away from the direct to the indirect pathway. Fig. 4
shows that there is a more general influence of the electrode
material: while at gold and at low overpotentials oxygen is
reduced to superoxide, peroxide is formed at rhodium.

It is rather unexpected to observe an electrocatalytic effect of
the electrode material on the oxygen reduction reaction in
organic electrolytes. The oxygen reduction reaction in DMSO
proceeds without the disruption of the oxygen-oxygen bond and
very close to the thermodynamic potential of Li,O,-formation
(onset of oxygen reduction: —0.88 V; thermodynamic potential of
peroxide formation versus Ag/Ag: —0.79 V'°'). Therefore, we
expected the oxygen reduction reaction to be an outer sphere
reaction. At least for the direct pathway of peroxide formation
this is clearly not the case, where the influence of the electrode
material suggests an inner sphere reaction.

Our finding of an electrocatalytic effect of the electrode
material is supported by the findings of Lu ef al** These
authors found a volcano like behaviour, when they plotted
the potential, at which a certain current density was observed,
against the adsorption enthalpy of oxygen at the used electrode
material.

Fig. 7 shows the CV and MSCVs for mass 32 in an electrolyte
of 0.5 M LiCIO, in DMSO at hydrogen terminated BDD-electrodes.
The current density at BDD,.4 reduces from cycle to cycle while the
CV at BDD,, (Fig. S2, ESIT) remains relatively constant and
resembles that obtained in the third cycle at BDD,.q. This observa-
tion might be due to the oxidation of the BDD,g4-electrode at high
potentials. Both at BDD,.4 and BDD,, oxygen reduction takes place
at —0.9 V at the same potential as with the other electrode
materials. However, the observed current densities at both electro-
des are much lower than those at all the other electrode materials
under review.

It was shown for acidic solutions that, contrary to oxygen
evolution and other oxidation reactions which proceed via OH
radicals,””" oxygen reduction proceeds at functional groups
such as quinones, formed from sp*-carbon impurities in the
surface of the BDD-electrode upon oxidation, at potentials
significantly larger than at the diamond surface.”® The nature
of these functional groups and their capacity to catalyse elec-
trochemical reactions depends on the way the electrode is
terminated.””® Both, the overall low current density observed
at the BDD-electrodes as compared to other electrode materials
as well as their sensitivity to the termination mode of the
electrode (terminated by hydrogen or oxygen cf. Fig. S2, ESIT),
suggest that the oxygen reduction observed in Fig. 7 does not
proceed at the diamond surface itself but at functional groups
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Fig. 7 CV (A} and MSCV for mass 32 (B} in an electrolyte of 0.5 M LiCIO, in
DMSO purged with a mixture of argon and oxygen (Ar: O, = 80:20) at
the BDD electrode with the H-terminated surface (BDD,.q); sweep rate:

10 mV s~ flow rate: 5 pL s~*. Current densities are given with respect to
the geometric surface area.

on the BDD surface, as was previously observed in aqueous
solutions.

Reactions that involve the formation of adsorbed inter-
mediates at other electrode materials proceed at BDD electrodes
only at rather large overpotentials. Outer sphere reactions on the
other hand are highly reversible at BDD electrodes. The absence
of oxygen reduction at the BDD-electrode suggests that also
superoxide formation is an inner sphere reaction that requires
the specific adsorption of O, at the surface of the electrode. In
this context it is noteworthy that 1 ML of Li,O, on platinum and
2 ML on gold are sufficient to deactivate the electrode entirely. If
oxygen reduction were an outer sphere reaction, tunnelling of
electrons through the Li,O,-layer would allow the continuous
formation of superoxide.

Influence of cations on oxygen reduction

An inner sphere reaction suggests that the structure of the
electrochemical double layer at the interface between the elec-
trode and the electrolyte exerts an effect on the mechanism of
oxygen reduction. Different conducting salts or additives should
alter the structure of the double layer and consequently could
influence the mechanism of oxygen reduction.

Fig. 8 shows the z-values for the oxygen reduction reaction as
a function of potential observed in an electrolyte of 0.5 M

This journal is ©the Owner Societies 2015

View Article Online

Paper
T T T T T
2,0 4
——Au (RF ~ 1)
....... Rh
1818, =Pt (RF = 1.4)
I --=Ru
__: - JUPEEN —GC
3 S,
ammme o= T, £
Qx' o >
. 1,4 N :
._a_J, ' *. ‘\
= . "t\
L] 5
1,24 Ssel A
.
N
10 i
\ |
Ll T L} 1 T
1,6 15 1.4 1,3 1,2 1,1 -1,0

E/V (vs. AglAg)

Fig. 8 Number of electrons (z} that is transferred per molecule of oxygen
in the potential region of oxygen reduction. Black/solid: at glassy carbon;
red/dashed: at ruthenium; purplefsolid: at platinum; magneta/dotted: at
rhodium; orange/solid: at gold. Electrolyte: 0.5 M NaClO, in DMSO; sweep
rate: 10 mV s~%; flow rate: 5 uL s,

NaClO, in DMSO. The values in Fig. 8 were obtained in the
same way as those displayed in Fig. 4. As an example Fig. 9
shows the corresponding CVs and MSCVs obtained at platinum
and gold. The CV- and MSCV-data at rhodium, ruthenium and
glassy carbon are available in the ESIT (Fig. S3-S5, ESIT).

In Fig. 8 the most pronounced difference to Fig. 4 occurs at
the gold electrode. In both, lithium and sodium containing
electrolytes, the z-value increases from 1e™ per O, to 2e” per O,
as the potential decreases. However, this increase is delayed by
200 mV from —1.2 V in the lithium-containing electrolyte to

1.4 V in the sodium-containing electrolyte. Furthermore the
z-value observed at all electrode materials starts out close to
le  per O, and then increases as the overpotential increases. In
Fig. 4 only gold shows this behaviour. At ruthenium and more
pronounced at platinum the z-value passes through a maximum.
This is probably due to the same effect as observed in Fig. 6.
Deposits on the electrode surface inhibit the ability of the
electrode to sustain the direct pathway of peroxide formation.

From the comparison of the z-values in Fig. 8 to those in
Fig. 4 it becomes clear that the cation exerts an effect on the
oxygen reduction. Since the thermodynamic potential of Na,O,-
formation is at —0.97 V (Eo(Li,0;) = —0.79 V versus Ag/Ag’ ")
and that of NaQ,-formation is at —1.03 V versus Ag/Ag **°! the
observed effect is of kinetic nature. Not only sodium but also
other cations alter the potential at which the direct pathway of
peroxide formation is observed. The charge density of the
cation seems to be the crucial parameter. This is shown by
Fig. 10, where the half wave potential of peroxide formation at a
gold electrode is plotted against the charge density of the
cation. We cannot give any explanation for the linear depen-
dency observed in Fig. 10. However, it was shown by Si and
Gewirth”” that the addition of nitric acid changes the structure
of DMSO adsorbed at the non-polarised Au(111) surface. An
altered structure (due to a change of the conducting salt) at the
interface between the electrode and the electrolyte should have
an influence on an inner sphere reaction.
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Fig. 9 CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte
of 0.5 M NaClO, in DMSO purged with a mixture of argon and oxygen
[Ar:O. = B0:20); sweep rate: 10 mV s~ flow rate: 5 ul gt orange: at a
gold electrode (RF ~ 3); purple: at a platinum electrode (RF = 5.5}, Current
densities are given with respect to the geometric surface area.

‘o
<
[=2]
<
[72]
=
s
w Mg
Na' ———
164 Na® -16 -1.4 2 -0
N E (V, vs AglAg’)
T T T T T T T T - T
0,0 0,2 04 06 08 1,0

p(e) (e/A’)

Fig. 10 Plot of the half wave potential at which the transfer of 2 electrons
per molecule of oxygen is observed at gold, against the charge density ple)
of the cation of the conducting salt. Electrolyte: 0.5 M of the respective
perchlorate in DMSO (0.4 M Mg(ClO.); in DMSO}; sweep rate: 10 mV gt
flow rate: 5 pL s~*. The CV and MSCV of the potassium and magnesium
containing electrolyte are available in the ESI¥ (Fig. S14 and S15, ESIT).
Inset: Number of electrons as a function of potential transferred at a gold
electrode in an DMSO based electrolyte containing various cations.

25602 | Phys. Chem. Chem. Phys., 2015, 17, 25593-25606

View Article Online

PCCP

Alternatively, the relationship between the half wave
potential of peroxide formation and the charge density of the
cation might originate from the mechanism of oxygen reduction.
It is hard to imagine that peroxide formation proceeds via two
subsequent single electron transfers (SET), thus, creating a highly
charged 0,*". 1t is more likely that the coordination of the cation
to adsorbed superoxide is required in order to facilitate the
second SET.

It is clear that the coordination of a cation with larger charge
density would polarise adsorbed superoxide more effectively.
Hence, a cation with large charge density could facilitate the
second SET at lower overpotentials.

The effect of water on oxygen reduction

Metal-air batteries are supposed to work under ambient condi-
tions with oxygen supplied by air. Hence, humidity is always
present and might affect the charge and discharge of the battery.
Therefore, we investigated the effect of the water content on
oxygen reduction reaction. Fig. 11 shows the CV and MSCV for
masses 32 and 44 obtained in an electrolyte of 0.5 M LiCIO, in
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Fig. 11 CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte
of 0.5 M LICIO, in DMSO with various water contents and purged with a
mixture of argon and oxygen (Ar: O, = 80:20); sweep rate: 10 mV s~ 7;
flow rate: 5 ulL s electrode: Aulpc); solid: 20 ppm water (absolute);

dashed: 500 ppm water [added); dotted: 5000 ppm water (added). Current
densities are given with respect to the geometric surface area.
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Fig. 12 Number of electrons (z) that is transferred per molecule of
oxygen in the potential region of oxygen reduction at a polycrystalline
gold electrode in an electrolyte of 0.5 M LICIO, in DMSO with various
water contents. Solid: 20 ppm water (absolute); dashed: 500 ppm water
added); dotted: 5000 ppm water (added}; sweep rate: 10 mV s flow
rate: 5puL st

DMSO with various water contents at the gold electrode. In
addition, Fig. 12 shows the z-values calculated from the CV
and MSCV data shown in Fig. 11. The CVs and MSCVs as well
as the calculated z-values that were obtained with various water
contents in the electrolyte at the remaining electrodes are
available in the ESIT (Fig. $6-513, ESIt).

From the z-values presented in Fig. 12 it is clear that the
presence of water inhibits the ability of the gold electrode to
form peroxide. In this respect gold is unique among the
electrode materials under review as the water content has no
effect on the z-values obtained at the other electrodes. Since
only at gold a step in the z-value is observed when a lithium-
containing electrolyte is employed, it is not surprising that the
water effect is restricted to this electrode material. The direct
pathway of peroxide formation is an inner sphere reaction
(as derived from the results presented in Fig. 4) suggesting
that water also exerts an effect on the double layer structure.
However, it is less clear than in the case of the cation that water
even participates in the formation of the double layer. From the
ESI results presented in Fig. 13 we can at least rule out any
effect of water on the solvation sphere of the cation.

In Fig. 13A the ESI spectrum of 1 mM LiTfO in DMSO is shown.
A peak appears at mass 163 and another at 241 corresponding to
[Li(DMSO),]|" and [Li(DMSO);]", respectively. From that we observe
that lithium is solvated in DMSO by two to three solvent molecules.
When the DMSO based electrolyte is mixed with another electro-
Iyte consisting of a 1:1 mixture of methanol and water plus 1%
acetic acid the spectrum does not change in Fig. 13B. There is no
peak that corresponds to the substitution of DMSO by water or
methanol in the solvation sphere of lithium. Hence, the solvation
shell of Li" remains unaltered when water is added to the electro-
Iyte. The effect of water on the oxygen reduction reaction as
described above does not stem from a solvation effect of lithium.

It was recently found that water favours the formation of large
NaQ, crystallites upon discharge of sodium-oxygen batteries.”®

This journal is ©the Owner Societies 2015
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Fig. 13 ESI spectrum of (A) 1 mM LiTfO in DMSO and (B} 50% 1 mM LITfO

in DMSO and 50% of a 1: 1 mixture of water and methanol containing 1%
CH;COOCH.

The authors of that paper considered water as a proton phase
transfer catalyst, with water donating a proton to NaQ, in order
to solubilize it as HO,. In that view HO, can diffuse to certain
nucleation sites and deposit as NaO,, thus forming larger
particles. Also for the formation of toroid shaped Li,O, particles
in lithium-oxygen batteries a similar mechanism was proposed,
that is driven by a better solubility of LiO, in water containing
electrolytes."” However, we do not believe that the acidity of
water is a viable explanation for the effect observed in Fig. 12.
Water has a pK, value of 31.2 in DMSO, whereas DMSO has a pK,
value of 35.”% With a water concentration of 500 ppm (approxi-
mately 25 mmol L"), at which a clear effect of water is observed
already, and a DMSO concentration of approximately 14 mol L™"
the concentration of protons in the electrolyte is increased 10
fold at best. Considering that the coordination of Li" to DMSO
probably enhances its acidity, the relative increase of the proton
concentration due to water is likely to be lower. However, one
order of magnitude in the proton concentration might make the
difference whether an acid-base reaction occurs or not. But even
if the concentration of protons were sufficient to influence the
mechanism of oxygen reduction we would rather expect protons,
with their high charge density, to favour the direct pathway of
peroxide formation (cf. Fig. 10).

Others, working in the field of Li-O, batteries, have con-
sidered the formation of toroid shaped Li,O, particles of a
mechanism that is driven by an enhanced solubility of LiO,, in
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67 /166



Published on 04 September 2015. Downloaded by Universitat Bonn on 31/03/2016 18:36:46.

Paper

the presence of water.'” Indeed, it has been found that the
acceptor number (AN) of solvent will largely affect the solubility
of superoxide.” Since water has a much larger acceptor number
(AN = 229 kJ mol '*) than DMSO (AN = 81 kJ mol '*"), the
enhanced solubility of water seems to be a viable explanation for
the delayed peroxide formation with increasing water content.

In Fig. 11C the amount of evolved CO, increases as the water
content in the electrolyte is increased. The effect is small, but is
present at all electrode materials. It was reported that CO, is
only formed in this electrolyte after oxygen reduction.'” There-
fore, the evolution of CO; in the anodic sweep is the result of
oxidation of decomposition products formed during oxygen
reduction in the preceding cathodic sweep. However, it is not
clear whether enhanced CO, evolution is due to the facilitated
electrolyte decomposition during oxygen reduction or due to
the facilitated oxidation of these decomposition products in the
presence of water.

Conclusions

By correlating the consumed amounts of oxygen as obtained by
DEMS with the faradaic current, the number of electrons
transferred per molecule of oxygen during oxygen reduction
was calculated as a function of potential. Distinctively different
behaviors were observed at different electrode materials: oxygen
reduction in a lithium containing electrolyte at rhodium electrodes
proceeds via the direct electrochemical formation of peroxide, while
at platinum, ruthenium and glassy carbon electrodes both the direct
and the indirect formation of peroxide take place in parallel. Only at
gold electrodes a transition from the indirect to the direct pathway
was observed when the applied overpotential was increased. Such a
transition at different overpotentials was observed with all electrode
materials when a sodium containing electrolyte was used. This
shows that the electrode material exerts a catalytic effect, and that
peroxide formation is not an outer sphere reaction. Based on the
differences observed in the electron number, when platinum
electrodes with different roughness factors were employed, it
was proposed that the Li,O,-deposit exerts a geometric effect.

The required overpotential to observe the transition from
the indirect to the direct pathway of peroxide formation at gold
electrodes in lithium containing electrolytes is sensitive to the
water content in the electrolyte. With increasing water content
the required overpotential also increases. This effect is not due
to an altered solvation shell of Li" in the presence of water, as it
is always coordinated by two or three molecules of DMSO,
irrespective of the presence of water. Therefore, it was proposed
that the effect is due to an alteration of the structure of the
double layer in front of the electrode.

Comparing the current densities due to oxygen evolution at
platinum and gold electrodes with similar Li,O, coverage
showed enhanced kinetics at the platinum electrode. This also
suggests a catalytic effect for oxygen evolution. In the CV at gold
single crystals differences to polycrystalline gold were observed
in the region of oxygen evolution, suggesting sensitivity to
certain surface sites.

25604 | Phys. Chem. Chem. Phys, 2015, 17, 25553-25606
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Figure S1: CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M LiClO, in DMSO
purged with a mixture of argon and oxygen (Ar : O, = 80 : 20) at a rhodium electrode (RF = 10.8) decorated with
approximately 0.72 ML Se (1 ML is defined as one Se-atom per Rh-surface atom); Sweep rate: 10 mV/s; Flow

rate: SuL/s. Current densities are given with respect to the geometric surface area.

In the CV of Figure 5A a peak appears at 0.5 V once the upper potential limit was increased
from 0.2 V to 1.0 V. This peak is not present in the CV at an unmodified rhodium electrode
and disappears in the subsequent sweeps. Therefore the peak is most probably due to the
stripping of Se from the rhodium electrode. It is however unclear why Se stripping comes
along with the evolution of CO,. Stripping of Selenium has little affect on the general
appearance of the CV and the MSCV for mass 32 in the region of oxygen reduction and

oxygen evolution.
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Figure S2: CV and MSCV for mass 32 in an clectrolyte of 0.5 M LiCl0O, in DMSO purged with a mixture of

argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s; Flow rate: 5uL/s; Electrode: BDD,,. All current

densities are given with respect to the geometric surface area.
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Figure S3: CV (A) and MSCYV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M NaClO, in DMSO

purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s; Flow rate: SuL/s;

Electrode: Glassy carbon. All current densities are given with respect to the geometric surface area.
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Figure S3: CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M NaClO, in DMSO

purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s; Flow rate: SuL/s;

Electrode: Rhodium. All current densities are given with respect to the geometric surface area.
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Figure S5: CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M NaClO, in DMSO

purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s; Flow rate: SuL/s;

Electrode: Ruthenium. All current densities are given with respect to the geometric surface area.
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Figure S6: CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M LiClO, in DMSO with
various water contents and purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s;
Flow rate: 5pL/s; Electrode: Glassy carbon; Solid 20 ppm water; dashed: 500 ppm water; dotted: 5000 ppm

water. All current densitics arc given with respect to the geometric surface arca.
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Figure S7: Number of electrons (z) that are transferred per molecule of oxygen in the potential region of oxygen
reduction at a glassy carbon electrode in an electrolyte of 0.3 M LiClO, in DMSO with various water contents.

Solid 20 ppm water; dashed: 500 ppm water; dotted: 5000 ppm water, Sweep rate: 10 mV/s; Flow rate: SuL/s.
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Figure S8: CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M LiClO, in DMSO with
various water conients and purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s;
Flow rate: 5pL/s; Electrode: Pt(pc) (RF = 1.4); Solid 20 ppm water; dashed: 500 ppm water; dotted: 5000 ppm

water. All current densities are given with respect to the geometric surface area.

Datei-Pfad: S:\Bondii\three\Supporting Information

(81166



S9/815

4 ¥ I T I 1 ' I M
——— 20 ppm
==== 500 ppm

O Mpprn 1

z/ex0,)

44 43 42 41 40 09

E/V (vs. AgIA)

Figure S9: Number of electrons (z) that are transferred per molecule of oxygen in the potential region of oxygen
reduction at a polycrystalline platinum electrode in an electrolyie of 0.5 M LiCl0O, in DMSO with various water
contents. Solid 20 ppm water; dashed: 500 ppm water; dotted: 5000 ppm water; Sweep rate: 10 mV/s; Flow rate:

SuL/s.

Datei-Pfad: S:\Bondii\three\Supporting Information

(91166



S10/S15

3
O

15 10 -05 00 05 1.0

E/V (vs. AglAg’)
Figure S10: CV (A) and MSCV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M LiClO, in DMSO
with various water contents and purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate:

10 mV/s; Flow rate: SuL/s; Electrode: Rh(pc): Solid 20 ppm water; dashed: 500 ppm water; dotted: 5000 ppm

water. All current densities are given with respect to the geometric surface area.

Datei-Pfad: S:\Bondii\three\Supporting Information
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Figure S11: Number of electrons (z) that are transferred per molecule of oxygen in the potential region of
oxygen reduction at a polycrystalline rhodium electrode in an electrolyte of 0.5 M LiClQ,4 in DMSO with various
water contents. Solid 20 ppm water; dashed: 500 ppm water; dotted: 5000 ppm water; Sweep rate: 10 mV/s;

Flow rate: SpL/s.

Datei-Pfad: S:\Bondii\three\Supporting Information
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Figure S12: CV (A) and MSCYV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M LiClO, in DMSO

o

with various water contents and purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate:
10 mV/s; Flow rate: Sul/s; Electrode: Ru(pc); Solid 20 ppm water; dashed: 500 ppm water; dotted: 3000 ppm

water. All current densities are given with respect to the geometric surface area.

Datei-Pfad: S:\Bondii\three\Supporting Information
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Figure S13: Number of electrons (z) that are transferred per molecule of oxygen in the potential region of
oxygen reduction at a polycrystalline ruthenium electrode in an electrolyte of 0.5 M LiClO, in DMSO with
various water contents. Solid 20 ppm water; dashed: 500 ppm water; dotted: 3000 ppm water; Sweep rate:

10 mV/s; Flow rate: SpL/s.
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Figure S14: CV (A) and MSCYV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.5 M KC10, in DMSO
purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s; Flow rate: SuL/s;

Electrode: Gold. All current densities are given with respect to the geometric surface area.
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Figure S15: CV (A) and MSCYV for mass 32 (B) and mass 44 (C) in an electrolyte of 0.4 M Mg(Cl10,), in DMSO

purged with a mixture of argon and oxygen (Ar : O, = 80 : 20); Sweep rate: 10 mV/s; Flow rate: SuL/s;

Electrode: Gold. All current densities are given with respect to the geometric surface area.
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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 Li,O, 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 unigue 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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A Comprehensive Study on Oxygen Reduction and Evolution from
Lithium Containing DMSO Based Electrolytes at Gold Electrodes

C. J. Bondue, M. Hegemann, C. Molls, E. Thome, and H. Baltruschat*-*

Institut fiir Physikalische und Theoretische Chemie, Universitit Bonn, D-53117 Bonn, Germany

In the present study, we investigated the reduction and the evolution of oxygen from lithium containing DMSO based electrolytes at
gold. The number of electrons that are transferred per O (z-value) during oxygen reduction depends on the structure of the electrode:
Despite the presence of Li™, O, is reduced electrochemically to superoxide at smooth gold electrodes and at low overpotentials. At
porous electrodes a z-value close to 2 e” /O3 indicates LizOz-formation even at low overpotentials. This is ascribed to a reaction
of superoxide, which is catalyzed by gold-particles at open circuit. This behavior is also responsible for the non-proportionality
between reduced and evolved amounts of oxygen. Furthermore, we observed a linear relationship between evolved amounts of
CO; and reduced amounts of oxygen, indicative for electrolyte decomposition during oxygen reduction. Combined electrochemical
quartz crystal microbalance (eQCMB) and Differential electrochemical mass spectroscopy (DEMS) measurements reveal that mass
changes that occur in the anodic sweep are due to the evolution of CO;, whereas oxygen evolution takes place without any mass
changes. The observed m.p.e-values (mass changes per transferred electron) are affected by convection due to the formation of
soluble reduction products which observed in rotating ring disc electrode measurements.

© The Author(s) 2016. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.(/), which permits unrestricted reuse of the work in any
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It is common knowledge that, in order to electrify automotive
traffic, portable storage systems for electrical energy are required. For
the time being lithium-ion-batteries are the most promising candidates
for a real life technical application. However, due to the requirement
of heavy metal oxides as cathode material their theoretical specific
energy density is too low to replace current fuels." Due to the low
weight and very negative standard potential of lithium, a lithium-
oxygen battery has, in theory, a specific energy density of 13.8 kl/g
(considering the weight of the discharged state and the formation of
Li, O, rather than Li,O) and a theoretical electrochemical efficiency
of 90.2% as can easily be calculated from thermodynamics®* (10%
of the energy is lost due to the heat flow caused by the entropy).

Itis in general accepted that reduction of oxygen in Li™-containing
organic solvents yields Li, O, as a reaction product.* ¢ The process of
Li; O, formation in DMSO seems to be unique as it involves the for-
mation of a superoxide intermediate.” !! This has not only been shown
by CV and rotating ring disc electrode (RRDE) measurements but also
by combining electrochemistry with spin-trap experiments and EPR-
spectroscopy'? as well as by DEMS experiments.” The remarkable
stability of superoxide, despite the presence of Li"-cations, was as-
cribed to the large donor number of DMSO®'? of nearly 125 kJ/mol'*
as compared to acetonitrile with a donor number of 58.9 klJ/mol.'*
In the latter solvent superoxide intermediates have not been reported
so far. However, whether Li,O, forms via lithinm induced dispropor-
tionation of superoxide or via a direct electrochemical transfer of two
electrons depends also on the electrode material: At gold and low over-
potentials oxygen is reduced to superoxide, whereas at rhodium direct
peroxide formation takes place even at low overpotentials.” At glassy
carbon both the direct and indirect pathway of peroxide formation take
place in parallel irrespective of the applied potential. The formation of
superoxide and the formation of peroxide are inner sphere reactions,
where the reactants need to adsorb at the electrode surface prior to any
charge transfer.” The difference in the reaction mechanism of oxygen
reduction at gold and glassy carbon might explain why Li-air batteries
employing gold sputtered cathodes show superior performance over
those electrodes that employ carbon cathodes.'>'®

Differential electrochemical mass spectroscopy (DEMS) was em-
ployed to show that oxygen reduction in DMSQO based electrolytes
has a true coulombic efficiency (i.e. the ratio of reduced to evolved
oxygen) of less than 100%.'""* Similar results were also presented
by Peng et al.'? Although the authors of that particular paper did not
discuss that their DEMS measurements show that more oxygen is

*Electrochemical Society Member.
*E-mail: baltruschat@uni-bonn.de

consumed during the cathodic scan than evolved in the subsequent
anodic scan the fact remains.

Electrochemical quartz crystal micro balance (eQCMB) mea-
surements produced largely contradicting results. Jie and Uosaki
found that per transferred mol of electron 7-37 g/mol of mass
were deposited during oxygen reduction.” Torres et al. found 60 to
175 gfm()l.“ while Sharon et al. found nearly 23 gfmnl,n However,
in none of the aforementioned studies the potential region of oxygen
evolution was discussed. Only very recently Torres et al., employing
the more elaborate impedance analysis technique, found a slight de-
crease of mass in the potential region of oxygen evolution viaeQCMB.
Yet, this decrease does not account for mass changes observed in the
potential region of oxygen reduction.”

In the present study we employ RRDE and DEMS in combina-
tion with the eQCMB to gain a better understanding of the oxygen
reduction and subsequent oxygen evolution from lithium containing
DMSO based electrolytes. We try to resolve the different observations
by eQCMB in the potential region of oxygen reduction and we discuss
the potential region of oxygen evolution in detail. [n addition, we will
follow up on one of our own papers'® and will discuss apparently con-
tradicting differences between smooth and porous Au-electrodes in
two of our publications. At porous electrodes the number of electrons
transferred per oxygen 1s higher than at smooth electrodes when low
overpotentials are applied.”'®

Experimental

Chemicals, materials and electrolyte—Battery grade LiClO, was
purchased from Sigma Aldrich and was of 99.99% purity. Tetra-
butyl ammonium perchlorate (TBACIO,) was purchased from Sigma
Aldrich and was of 98% purity. Extra dry DMSO stored over molecu-
lar sieves (3 A) was obtained from Acros Organics and was of 99.7%
purity. All electrodes in the present study were made from gold.

Argon, oxygen and a 80:20 mixture of argon and oxygen were
obtained from Air Liguide. All gases were of 99.999% purity. A mix-
ture of 10% oxygen in 90% argon was used in RRDE measurements.
This mixture was prepared by adjusting the flow of argon and oxygen
correspondingly by the use of two flow metes.

Gold sputtered quartz crystals used for the eQCMB measurements
were either obtained from Indomet GmbH or from Quartztechnik
Daun GmbH. Crystals from the first mentioned manufacturer were
used in combination with the dual thin layer cell (diameter: 14 mm,
6 MHz). Crystals from the second manufacturer were used in quiescent
solution (diameter: 25.4 mm, 5 MHz). The control unit used for the
eQCMB measurements was purchased from Gamiry Instruments. This

Downloaded on 2016-06-20 to IP 131.220.78.33 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use} unless CC License in place (see abstract).
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instrument measures, according to the manufacturer two frequencies
f; and f;, which are not the resonance frequencies (with a phase angle 0)
but the frequencies at which the impedance goes through a minimum
and maximum, respectively.

The electrolyte was prepared under inert gas atmosphere in an
MBraun glove box. When preparing small amounts of electrolyte
(10 ml) and low concentrations (0.1 M) the conducting salt and DMSO
where simply mixed.

If larger quantities of electrolyte (200 ml-500 ml) with larger con-
centrations of LiClO, (0.5 M) were prepared, it was taken special care
that the temperature of the electrolyte did not exceed approximately
50°C. In order to do so the amount of LiClIO, was divided in at least
20 portions and added to the DMSO one at a time under vigorous
stirring. After adding 5 portions, the electrolyte was given time to
cool down to room temperature again.

A coulometric KF Titrator (C20, Metler Toledo) with a diaphragm
electrode was used to determine the water content. The freshly pre-
pared electrolyte, had a water content of 6 ppm. However, the water
content increases significantly during the experiment, the water con-
tent after each measurement is given in the Results section of this
paper. In experiments where the dual thin layer cell was used the
water content was determined at the outlet. It is likely that the water
content in these measurements increases during sampling. Therefore,
the water content given for the dual thin layer cell poses a maximum
value.

According to the manufacturer of the used electrolyte accumula-
tion of DMSO affects the chemistry involved in the detection process
of water. The error was estimated by adding a water standard. The
error is in the range of 30%.

Instruments.—All potentiostats and function generators used in
this study were homebuilt. RRDE measurements were done with a
Ring-Disk Electrode System of EG&G (e.g. the motor and control
unit) while the tip comprising the disk and ring electrode was obtained
from Pine Instruments. The mass spectrometer of the DEMS was a
QMG 422 from Pfeiffer Vacuum.

Reference electrode.—The reference electrode used in this study
was a silver wire immersed in a solution of 0.1 M AgNO; in DMSO.
Electrolyte contact to the working electrode was achieved by filling
a Teflon tube with the silver containing solution and sealing it with
a commercial, rough glass bead. The end with the glass bead was
immersed into the working electrolyte, while the other open end was
immersed into the silver containing solution. A drawing of the refer-
ence can be found elsewhere.'®

According to the values given by Gritzner et al.>* the reference
electrode described above has a potential of +3.89 V with respect to
the Li*/Li couple.

Dual thin layer cell—A drawing of this particular cell type (as
well as of the conventional cell) can be found in Ref. 25 In short: The
dual thin layer cell comprises two compartments that are constantly
flushed with electrolyte. The electrolyte enters the first compartment
where the working electrode is placed and electrochemistry takes
place (upper compartment). Reaction products are flushed along with
the electrolyte into the second compartment (lower compartment). A
porous Teflon membrane pressed on a steel frit forms a barrier between
electrolyte and vacuum. Volatile reaction products evaporate through
the Teflon membrane into the vacuum of the mass spectrometer and
are detected according to their masses. The electrolyte then is flushed
to the outlet. The flow of the electrolyte going from the first to the
second compartment causes a delay between the faradaic current and
the response in the ionic current. In all calculations where the ionic
current was correlated to processes appearing at the working electrode
this delay time was accounted for.

The reference electrode is placed at the inlet. The main counter
electrode (gold) is placed at the outlet. In order to reduce electronic
oscillations, a second counter electrode is placed at the inlet. The main
counter electrode is connected via a resistance of 1 2, the second via
a | M2 resistance to ascertain an optimal distribution of the current.

Journal of The Electrochemical Society, 163 (8) A1765-A1775 (2016)

A more detailed description of the dual thin layer cell along with
its versatile applications for DEMS can be found elsewhere >

Conventional DEMS cell —The conventional cell is a cylindrical
glass body with a surface grinding at its lower part. The surface grind-
ing is pressed on a gold sputtered porous Teflon membrane, which
rests on a steel holder and acts as the working electrode. The steel
holder features a steel frit through which volatile reaction products
flow into the vacuum. The reference electrode, the counter electrode
and a Teflon tube through which gas is bubbled are immersed into the
electrolyte if not stated otherwise. A drawing of the cell can be found
elsewhere, %%

In the classical cell the partial pressure of oxygen at the electrode is
very low because oxygen evaporates immediately at the interface be-
tween vacuum and electrolyte. The exact value of the partial pressure
cannot be determined.

RRDE measurements.—In the RRDE measurements we em-
ployed a tip with exchangeable disc electrodes and a ring electrode
made from glassy carbon. The tip was purchased from Pine Instru-
ments. To ensure that the electrochemical reaction at the ring electrode
and at the applied potential takes place under diffusion limitation we
reduced oxygen under the same conditions from an electrolyte of
0.5 M TBACIO, in DMSO. In this electrolyte oxygen is reduced
quantitatively to superoxide. We checked for various potentials at the
ring electrode whether the observed collection efficiency matches the
theoretical collection efficiency. For a rotation speed of 2940 rpm
the observed collection efficiency matches the theoretical value at a
potential of —0.6 V.

Calibration for O;.—In order to correlate the measured ionic cur-
rent for mass 32 to the amount of oxygen that actually enters the mass
spectrometer, calibration is required.

In order to account for the collection efficiency of the used cells, the
state of the filament and other setting of the mass spectrometer, oxygen
was reduced in an electrolyte of 0.5 M TBACIOy. It is known that
oxygen in this electrolyte is reduced to superoxide.®!'® Therefore, the
ratio of the measured ionic current for mass 32 and the faradaic current
divided by Faraday’s constant gives the calibration constant K*. K*
does not only account for the probabilities of ionization, fragmentation
and detection but also for the probability of a compound to enter the
mass spectrometer (collection efficiency). The collection efficiency of
the dual thin layer cell depends on the flow rate, but also on the exact
geometry of the cell that changes in each experiment, due to different
forces applied to the cell. Therefore, calibration was done after each
experiment (K* of the dual thin layer cell changes by roughly £10%).

In both cells, a baseline was subtracted from the ionic currents.
Therefore, the ionic current for O, (mass 32) appears as a negative
current during oxygen reduction.

Calibration of the eQCMB.—The quartz crystal microbalance
was calibrated by electrodeposition of copper from a solution of
0.1 M CuSOy in 0.1 M H,S0O,. The calibration constant for the quartz
crystal in the dual thin layer cell was 313 Hz/p g and for the crystal
used in stationary solution was 17.49 Hz/pg

Results

Figure 1 shows a number of CV’s and MSCV’s (i.e. mass spec-
troscopic cyclic voltammogram) for mass 32 and 44 that are obtained
when a gold sputtered Teflon membrane is used as a working electrode
in the conventional cell. In this experiment an electrolyte of 0.1 M
LiClO, in DMSO was employed. As the potential approaches —1 V,
oxygen reduction is observed. This is clear from the reduction current
in Figure 1A and the negative ionic current for mass 32 in Figure 1B.
In the potential region of oxygen reduction both the ionic current for
mass 32 and the faradaic current go through a minimum. The peak is
not due to diffusion limitation: In the conventional cell the working
electrode is situated at the interface between vacuum and electrolyte.
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Figure 1. CV (A) and MSCV for mass 32 (B) and 44 (C) obtained at a
gold sputtered Teflon membrane in the conventional cell (porous electrode;
convection only due to purging with pure oxygen). Electrolyte: 0.1 M LiClO4
in DMSQ; water content: 89 ppm; sweep rate: 20 mV/sec. The sequence in
the legend follows the sequence of the experiment. Lower potential limit as
indicated, upper potential limit: 1.0 V. All curves were obtained in the same
experimental set up.

Hence, oxygen that reaches to the electrode passes into the vacuum
immediately if it is not reduced electrochemically first. Therefore, in
the conventional cell the flux of oxygen to the working electrode is
diffusion limited all the time. The peak in Figure 1 A appears because
reduction products are deposited on the surface and block the elec-
trode. When electrochemical reduction of oxygen stops, every oxygen
molecule that reaches the electrode evaporates. Therefore, the ionic
current for mass 32 returns to its baseline value and we observe a
peak in the ionic current for mass 32 (Figure 1B) as well. This also
demonstrates that the pores of the membrane are not blocked.

In the anodic sweep three peaks appear at —(0.3 V, at —0.1 V and at
0.7 V in the faradaic current. The peaks at —0.3 V and at —0.1 V are
paralleled by oxygen evolution. Minor quantities of oxygen are also
evolved during the third peak. However, in Figure 1C a more intense
signal parallel to the third peak appears in the ionic current for mass
44, which is indicative for the evolution of CO,.

In Figure 1 the lower potential window was successively decreased,
and by doing so the amount of oxygen, reduced in each cycle, was
increased. When the amount of oxygen, evolved in the following
anodic sweep of each cycle, is plotted against the amount of reduced
oxygen a straight line is obtained which has a slope smaller than one
and a positive intercept with the x-axis (c.f. Figure 2A). We have
shown similar results in a previous publication, where the intercept
with the x-axis is even more positive.'® In the present paper we will
give an explanation for the smaller slope and the positive intercept with
the x-axis (see below). The curves shown in Figure 1 were reproduced
for the present paper in order to be able to show the MSCV for mass
44 and to be able to give a water content in the electrolyte. (This
information was not given in Ref. 18.)

In Figure 1C a peak appears at 0.7 V in anodic direction, which is
only present when oxygen was reduced in the previous cathodic sweep.

Al1767
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Figure 2. Amounts of evolved oxygen (A) and Amounts of evolved CO, (B)
plotted against the amount of oxygen reduced in the previous cathodic sweep.
Data were obtained from the curves in Figure | (porous electrode; convection
only due to purging with pure oxygen).

This peak does neither appear in Ar saturated solution (when cycling
in the same potential range as in Figure 1) nor in O,-saturated solution
when the potential range of O, reduction was excluded. This is shown
in Figure S1 and Figure S2 of the supporting information. A fragment
with mass 44 is indicative for the evolution of CO;. Since DMSO is
the only carbon source in the system under investigation the evolution
of CO; must ultimately result from electrolyte decomposition.

In Figure 2B the amount of evolved CO, is plotted against the
amount of reduced oxygen during the previous cathodic sweep. From
the resulting linear relationship it is obvious that electrolyte decom-
position relates to oxygen reduction. It is evident from Figure 2 that
the sum of the evolved amounts of oxygen and the evolved amounts of
CO; do not account for the amounts of reduced oxygen. A more detail
discussion on the true columbic efficiency (e.g. the ratio of reduced to
evolved amounts of oxygen is given in the Discussion section of this
paper)

According to Equation 1 it is possible to calculate the number of
electrons that are transferred per reduced molecule of oxygen.

z=1i;-K"/iyp [1]

In Equation 1, z is the number of transferred electrons in € /O3, ir is
the faradaic current, i3, is the ionic current for mass 32 and K* is a
calibration constant.

The z-value was calculated from the data shown in Figure 1 and
the result is plotted as a function of the potential in Figure 3. In
Figure 3 the z-value starts from 1.5 e /O, and increases to 2 e /0,
as the potential decreases beyond —1.2 V. The z-value shown here
resemble those already shown in Ref. 18. However, they differ from
the z-values obtained at smooth gold electrodes, where the z-value at
low overpotentials is close to 1 e /O, (vide infra).

Oxygen reduction in lithium-containing electrolytes leads to the
formation of solid Li;O,.***! In addition, also decomposition products
deposit on the electrode. The formation of decomposition products is
indicated by the evolution of CO,. In order to investigate this deposit
of reduced oxygen species and decomposition products we employed
the electrochemical quartz crystal microbalance technique (eQCMB).
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Figure 3. Number of electrons transferred per oxygen as a function of po-
tential. The curves shown were calculated from the data shown in Figure |
(porous electrode). Color coding as in Figure 1.

Figure 4 shows the results that were obtained in a quiescent solution
in 0.1 M LiClO,4 in DMSO. The curves shown are the average of
12 subsequent cycles in a single set up. In Figure 4A the CV and
in Figure 4B the mass change is shown as a function of potential
(The derivative of the deposited mass is shown because it allows a
better comparison to the current). Note that there is a delay of about
250 mV between the onset of oxygen reduction (CV) and the potential
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Figure 4. QCM-measurement in a quiescent solution at smooth gold elec-
trodes. 0.1 M LiClO4 in DMSO, saturated with oxygen. Sweep rate 10 mV/s,
A: CV; B: First derivative of mass with respect to time as a function of applied
potential (inverted y-axis); C: Quality factor as a function of applied potential.
The curves shown are the average of 12 cycles obtained in a single setup (In
order to average the quality factor the first derivative of Q was formed. dQ/dt
was averaged and the result integrated, by doing so constant value was omitted.
Because of that Q appears to have unreasonably low values). Red anodic run,
black cathodic run.
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Figure 5. m.p.e.-values during oxygen reduction. The values were calculated
from Equation 3 and the averaged curves shown in Figure 4 (smooth gold
electrode; stagnant solution).

at which mass deposition is observed. In the following anodic sweep
a major mass change is only observed at a potential larger than 0.3 V.
At this potential the evolution of oxygen has largely ceased and CO,
evolution starts (c.f. Figure 1). No mass change is observable in the
potential region of oxygen evolution (—0.7 V to 0.1 V).

Figure 4C also features the reduced quality factor Q as a function
of the applied potential. Q is calculated according to Equation 2 from
the two resonance frequencies f; and f,,.

Q=(fi+6)/(2 (t-1) 2]

f; and f}, in Equation 2 are not the resonance frequencies of the quartz
crystal itself (which has only one resonance frequency f) but of the
BVD-equivalent circuit™ that describes how the quartz behaves as an
electronic element in an AC-field. In practice it is difficult to measure
fg, but f; and f, are more easily accessible. Although the exact values
of fg, f; and f;, differ significantly, it is possible to approximate Afg
(changes of fg) by Afy or Af, (changes of f; and f, respectively).
According to the Sauerbrey equation changes in Afg arise when the
mass of the quartz crystal changes.” That is also true for Af; or
Af;, but changes in f; and f, can also appear when the friction at the
interface between electrode and electrolyte changes. fg is not affected
by the friction and it is, therefore, necessary to check whether changes
in f; and f;, are due to mass changes or due to friction. Changes in
friction show up in changes of the reduced quality factor which can be
calculated from Equation 2. A decrease in the quality factor Q indicates
an increase of friction at the interface between the oscillating electrode
and the electrolyte. The latter in turn signifies an altered viscosity of
the matter in contact with the electrode.*

Given the noise level there are no significant changes in the quality
factor in the cathodic sweep. However, considerable changes occur in
the anodic sweep. At about 0.3 V Q decreases and reaches a minimum
at 0.49 V. The change in Q is mirrored by the first peak in the anodic
sweep of the dm/dt vs. E plot. The signal in Q parallel to the second
peak in the dm/dt vs. E plot is much less significant.

m.p.e = F - (dm/dt) /i 13]

the mass change that is due to the transfer of one mol of electrons
(m.p.e. value) was calculated. In Equation 3 i is the current, F is Fa-
traday’s constant and dm/dt is the mass change. The m.p.e value is
plotted as a function of the applied potential in Figure 5. The m.p.e
value steadily increases as the potential becomes more negative than
—1.15 V and reaches a value of 48 g/mol-e™ at —1.35 V. There is
no plateau at either 23 g/mol -e~ or 39 g/mol - e~ that would be ex-
pected for the quantitative deposition of lithium peroxide or lithium
superoxide, respectively. The formation of the latter has been sug-
gested previously in literature.® Above —1.2 V m.p.e values are not
meaningful because the frequency change is negligible.
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Figure 6. QCM and DEMS measurements combined. This was possible by
using a dual thin layer cell. The electrolyte was kept in storage vessel and was
bubbled with a mixture of argon and oxygen (Ar : O; = 80 : 20) throughout
the experiment. The flow rate of the electrolyte was 5 |LL/s and the sweep rate
was 10 mV/s. Water content max. 105 ppm. A: CV; B: MSCV for mass 32;
C: MSCV for mass 44; D: MSCV for mass 29; E: First derivative of mass
with respect to time as a function of applied potential (inverted y-axis); The
shown curves are the average over 38 cycles. The experiment was conducted
at a smooth gold electrode under convective conditions.

The missing mass change in the potential region of oxygen evolu-
tion is strange because oxygen evolution should result in the removal
of solid Li,; O, from the electrode. The data presented in Figure 6 show
that oxygen is evolved from Li;O,, indeed. The curves were obtained
when oxygen was reduced under continuous electrolyte flow. The
convection conditions in this cell are more defined then in the con-
ventional cell**** and soluble reduced oxygen species are transported
away. Hence, they are not available for oxygen evolution. The signal
in the ionic current for mass 32 (Figure 6B) must, therefore, be due to
the oxidation of species attached to the electrode. Yet, oxygen evolu-
tion comes along without mass changes (Figure 6E). A discussion on
that will be given in the Discussion section of this paper.

Aside from the CV (A), the MSCV for mass 32 and 44 (B, C) and
the dm/dt vs. E plot (E) Figure 6 also features the MSCV for mass 29
(D). The latter was collected to ensure that the evolution of a signal
in the MSCV for mass 32 in the anodic sweep can be assigned to
oxygen evolution: In principle it is conceivable that other fragments
than O, " cause a signal for mass 32. For instance methanol, formed
during electrolyte decomposition, could emulate oxygen evolution.
However, organic molecules usually form a CHO™-fragment with
mass 29 as well. The absence of a signal in the MSCV for mass 29 in
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Figure 7. A: z-values for oxygen reduction as a function of potential, calcu-
lated via Equation 1 from the data in Figure 6. B: m.p.e.- and m.p.O;-values
for oxygen reduction as a function of potential, calculated via Equation 3 and
Equation 4, respectively, from the data in Figure 6 (smooth gold electrode,
defined convection).

the potential region of oxygen evolution shows unambiguously that
the signal in the MSCV for mass 32 is due to oxygen evolution.

As in Figure 4, also in Figure 6 there is a delay between onset
of oxygen reduction and mass deposition. This delay correlates to
a step in the CV, which is not present in the MSCV for mass 32.
As was shown previously,’ this step corresponds to a change in the
mechanism of oxygen reduction from the indirect pathway (where su-
peroxide is formed electrochemically and disproportionates to Li;O,
in the aftermath) to the direct pathway (by which peroxide is formed
electrochemically). According to Equation 1 the number of electrons
transferred per reduced oxygen was calculated from the ratio of the
faradaic current and the ionic current for mass 32. The resulting z-
values are plotted in Figure 7A as a function of the potential.

The z-values displayed in Figure 7A show again (c.f. Ref. 7) that a
transition from the indirect to the direct pathway of peroxide formation
takes place. This transition is responsible for the delay between oxygen
reduction and mass deposition: Initially soluble superoxide is formed,
which is transported away from the electrode. Only when the potential
region of peroxide formation is entered the formation of a solid deposit
is expected. In previous eQCMB measurements a lower than expected
mass change was assigned to the formation of soluble superoxide at
low over potentials.*® Indeed, when the potential of —1.2 V is reached,
where Figure 7A indicates that oxygen is reduced nearly entirely to
peroxide, both the m.p.e. and the m.p.O, values, reach a plateau in
Figure 7B. The m.p.e.-values in Figure 7B were calculated according
to Equation 2, while the m.p.O,-values (the mass change that is caused
per reduced oxygen) were calculated according to Equation 4 from
the data in Figure 6:

m.p.0, = (dm/dt) - K* /I, [4]

In Equation 4 dm/dt is the mass change, I3, is the ionic current for
mass 32 and K is the calibration constant for the dual thin layer cell.

Note that the z-plot in Figure 7A differs significantly from the
z-plot in Figure 3. That is, at the smooth gold electrode and at low
overpotentials the z-value is close to one and experiences a steep
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Figure 8. faradaic current (A) and the z-value (B) in the potential range
of oxygen evolution. he z-values were calculated from the data shown in
Figure 6 (smooth electrode, convection) according to Equation 1.

increase as the overpotential increases. On the other hand, when gold
sputtered electrodes were used the z-value is above 1.5 e /O, in the
whole potential range. These results seem to contradict each other,
as in both experiments a Li-containing DMSO based electrolyte and
the same electrode material was used. This difference is discussed in
detail below.

From the data in Figure 6 we have also calculated the z-values
for the oxygen evolution. These data are shown as a function of the
applied potential in Figure 8B. To simplify comparison Figure 8A
also features the faradaic current in the potential region of oxygen
evolution. Oxygen evolution proceeds in two distinct peaks which
we have assigned in a previous publication to the oxidation of two
different monolayers of Li»O» on the gold surface (refer to Ref. 7 for
a detailed discussion of the matter). Oxygen evolution in the first peak
at —0.3 V proceeds via the transfer of 2 e /O, and with 2.4 ¢~ /0, in
the second peak at —0.03 V, which indicates that oxygen evolution
in both peaks is due to the oxidation of peroxide. The slightly larger
z-value of 2.4 ¢7/0O; in the second peak is probably due to some sort of
side reaction. Recently, based on UV/vis and SERS studies, Yuand Ye
have proposed that the second peak is due to the oxidation of LiO,.*
This reaction should come along with a z-value of only one. Based on
the data presented in Figure 8B we have to reject this interpretation.

At even more positive potentials than —0.16 V oxygen evolution
in Figure 6 continues in a shoulder (c.f. ionic current for mass 32).
The z-values are probably distorted due to parallel electrochemical
processes. That is why we cannot assign the evolved oxygen to any
reduced oxygen species, or give any interpretation on its origin.

Figure 9 shows RRDE-results obtained at a gold-disk electrode and
a glassy carbon (GC) ring electrode. The latter was set to a potential
of 0.3 V, which is well inside the potential region of Li,Os-oxidation.
In Figure 9B the current at the disc electrode and at low rotation
speeds experiences a shoulder, much alike to the one observed in
Figure 6, which indicates the change from the indirect to direct path-
way of peroxide formation. The shoulder in the current at the disc
is paralleled by a peak in the current at the ring. This is most prob-
ably due to the formation of superoxide at the disc electrode and its
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Figure 9. RRDE measurement with various rotation speeds at a gold disc
electrode and a GC-ring electrode set to 0.3 V. Electrolyte: 0.1 M LiClOy in
DMSO purged with a mixture of 10% O, and 90% Ar. Sweeprate: 10 mV/sec.
Water content: 100 ppm. The experiment was conducted at a smooth gold
electrode under convective conditions.

subsequent oxidation at the ring electrode, as has been discussed in lit-
erature several times'*'! However, the transition from the direct to the
indirect pathway of peroxide formation has not been observed in an
RRDE-measurement before. This is due to the fact that in the current
study the electrolyte was not saturated with oxygen, but purged with
a mixture of only 10% O, and 90% Ar. Due to the low oxygen con-
centration in our experiment superoxide formation enters diffusion
limitation at low rotation speeds before the mechanism of oxygen
reduction shifts from the indirect to the direct pathway of peroxide
formation. In oxygen saturated solution or with high rotation speeds
(c.f. 2940 rpm in Figure 9) the transition from the indirect to the di-
rect pathway of peroxide formation and electrode blocking, due to the
precipitation of Li,O,, cannot be resolved.

Figure 9 shows that the transition from the indirect to the direct
pathway of peroxide formation comes along with a second peak (low
rotation speeds) or a shoulder (medium rotation speeds) in the cur-
rent at the ring electrode. Since decomposition products are barely
oxidized at the potential that was applied to the ring electrode (0.3 V,
c.f. Figure 1 and Figure 6) the second shoulder is most probably due to
the oxidation of reduced oxygen species. The likeliest reduced oxygen
species that can react at the ring electrode is superoxide. Despite the
fact that oxygen is predominantly reduced to Li,O, at large overpo-
tentials, it is still possible that a fraction of the oxygen is also reduced
to superoxide. Indeed, in Figure 7A the z-value at potentials smaller
—1.2 V remains somewhat below 2. This is also the case in other
studies” which indicates that 10-20% of oxygen is reduced to su-
peroxide in the potential range between —1.2 V and —1.35 V. The
shoulder in the current at the ring is observed at even lower potentials
and appears when the current at the gold (disc) electrode decreases
significantly due to blocking by a film of Li,O,. We have proposed
previously for oxygen reduction at platinum that Li,O, exerts a ge-
ometric effect which increasingly inhibits the formation of peroxide.
Li,0; could influence the mechanism of oxygen reduction at gold elec-
trodes in the same way. As a result the share of oxygen that is reduced
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Figure 10. CV (A) and MSCV for mass 32 (B) and 44 (C) obtained in the
dual thin layer cell with a smooth gold electrode in the upper compartment and
a gold sputtered Teflon membrane (yellow curve; rough gold electrode) or a
Teflon membrane (black curve) in the lower compartment. Electrolyte: 0.5 M
LiCIO4 in DMSO; water content max 22 ppm; sweep rate: 10 mV/sec, flow
rate: 5 pL/sec. The experiment was conducted under convective conditions.

to superoxide increases significantly as the electrode is deactivated.
Hence, we observe a peak in the current at the ring electrode. This
interpretation is also in good agreement with the results presented
by Yu and Ye who have shown by means of UV/vis spectroscopy
that parallel to peroxide also a significant amount of superoxide is
formed and that the share increases as the electrode is deactivated.?’
RRDE-measurements in connection with potential step experiments
also show that ring currents are observed irrespective to which poten-
tial the disc electrode is stepped, whereas the peak height of the ring
current depends on the disc potential.!!

Itis the prevailing view in literature that the species that reacts at the
ring electrode is superoxide.>*!%!! However, it is also conceivable that
hindered nucleation results in the formation of dissolved LiO, ~ which
could react at the ring electrode. Since the value of z, which is below
2 suggestes the formation of superoxide, we deem this interpretation
unlikely, but it cannot be ruled out based on the presented data.

RRDE-results obtained when smaller potentials were applied to the
ring electrode can be found in the supporting information (Figures S3
to S6). Even atring potentials lower than —0.7 V, the onset potential of
oxygen evolution due to Li,O,-oxidation, a second peak in the current
at the ring electrode is observed. This gives further support to the idea
that superoxide reacts at the ring electrode.

When oxygen is reduced via the indirect pathway of peroxide
formation, Li; O, results from chemical disproportionation of super-
oxide. In order to investigate whether the presence of gold at open
circuit can influence this reaction we performed the following exper-
iment. We conducted oxygen reduction in our dual thin layer cell. In
the first measurement (black curve in Figure 10) we used an unaltered
Teflon membrane in the lower compartment as an interface between
vacuum and electrolyte. In the second measurement this membrane
was replaced by a gold sputtered Teflon membrane (yellow curve in
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Figure 10). Figure 10 shows the CVs and the MSCVs for masses 32
and 44 for both measurements.

In Figure 10 the CV remains largely unaffected, when the Teflon-
membrane is changed to a gold sputtered Teflon-membrane. A shoul-
der due to superoxide formation appears in both cases, followed by
a peak when the mechanism of oxygen reduction shifts to the direct
pathway of peroxide formation.

The intensity of the ionic current for both mass 32 and 44 is re-
duced when the Teflon membrane is changed to a gold sputtered Teflon
membrane. This might be due to changes in the exact geometry of the
cell setup, when the membrane is changed (the geometry might be al-
tered, when the spacers used are compressed). However, the changes
in the MSCYV for mass 32 go beyond a reduced sensitivity: The shape
of the MSCV in the potential region of oxygen reduction now follows
the shape of the CV and features a shoulder at low overpotentials.
This means that in the potential region of superoxide formation less
oxygen is consumed as compared to the potential region of peroxide
formation. This is not the case when a Teflon membrane is used (black
curve of Figure 10): Equal amounts of oxygen are reduced regardless
whether superoxide or peroxide is formed electrochemically. Since
the electrochemical process is not affected by the type of membrane
in the lower compartment there is bound to be another process that
yields oxygen and is indeed affected by the presence of gold. One
possible reaction that would result in oxygen evolution is the dispro-
portionation of superoxide to peroxide. This reaction is slow on the
timescale of a DEMS experiment when a Teflon membrane is used
(otherwise the transition from z =~ 1 ¢ /O, to z &= 2 ¢ /0O, would
not be observable). However, the disproportionation of superoxide
could be heterogeneously catalysed by gold at open circuit potential.
Notwithstanding this, also any other gold catalysed reaction in which
superoxide is oxidized could cause the changes in the MSCV for mass
32 in Figure 10B. We will follow up on this in another publication
that will give further support to the notion that superoxide undergoes
a heterogeneous reaction at gold at open circuit potential.

Discussion

Superoxide versus peroxide formation.—It is evident from
Figure 7A that the z-value increases from approximately 1 e /0,
at low overpotential to approximately 2 /O, as the potential passes
—1.2 V, which indicates that oxygen is reduced to superoxide at low
overpotentials and at gold electrodes. At higher overpotentials oxygen
is reduced to peroxide, which has also been proposed by others %7638

Also the QCMB-results support the idea that the product distri-
bution of oxygen reduction shifts from superoxide to peroxide: In
Figure 4 there is a delay of about 250 mV between the potential at
which oxygen reduction starts and at which the formation of a deposit
is observed. A similar delay is present in Figure 6. Since superoxide is
considered soluble its formation should not result in the formation of a
deposit, whereas peroxide precipitates as Li»O,. The formation of the
latter causes a frequency shift. The potential at which the formation
of a deposit is observed corresponds well to the potential at which z
increases from 1 e /O, to 2 e /O,.

Decomposition of the electrolyte.—The evolution of CO, only
occurs in the anodic sweep when oxygen was reduced in the previ-
ous cathodic sweep. The evolution of CO; indicates that electrolyte
decomposition takes place (c.f. Figure 1 and Figure 6). The electro-
chemical oxidation of the electrolyte (which is the only carbon source
in the system under investigation) should not depend on the reduction
of oxygen in a previous cycle. Therefore, CO, evolution is the result
of the electrochemical oxidation of decomposition products which
form during oxygen reduction. The formation of decomposition prod-
ucts also shows up in the m.p.e.-values of the quiescent solution:
Figure 5 shows that the m.p.e-values that are observed in the po-
tential range of peroxide formation are much larger than expected
for Li; O, which indicates the additional deposition of decomposition
products. However, it needs to be pointed out that in the absence
of convection most of the reduced oxygen will precipitate as Li,O,,
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eventually. Hence, in addition to oxygen that is reduced to Li,O; via
the direct pathway also superoxide will be reduced to Li, O, via the
transfer of 1 electron. The expected m.p.e value for the latter reaction is
46 g/mol - e~ . It can be expected that superoxide is present at potentials
where the direct pathway of peroxide formation prevails because it was
formed at low overpotential and remained at least partially in front
of the electrode. A distortion to higher than expected m.p.e-values
in the potential range of peroxide formation is, therefore, expected.
However, when the overall mass change and the total charge in the
potential region of oxygen reduction is considered, then the m.p.e-
value amounts to 30 g/mol - e~ which is still larger than the expected
23 g/mol - e~ for Li, O, formation.

On the other hand, an m.p.e.-value of 21.5 g/mol-e~ and an
m.p.0;-value of 42 g/mol - O, is observed under convection condi-
tions (c.f. Figure 7B). These values correspond well to those expected
for Li,O, formation. This appears to contradict the notion of an addi-
tional deposition of decomposition products which we derived from
the larger than expected m.p.e-values obtained in quiescent solution.
However, even at high overpotentials where peroxide formation domi-
nates not all the electrochemically reduced oxygen species precipitate
as Li,0 on the surface of the electrode (c.f. RRDE measurements
in Figure 9). When a portion of the reduced oxygen species is trans-
ported away under convection conditions then lower than expected
m.p.e- and m.p.0O,-values would be observed because a portion of the
current is not due to the formation of a solid deposit. Hence, the fact
that the observed m.p.e.-values match well those expected for Li> O,
formation is just a coincidence that results from the additional depo-
sition of decomposition products and an incomplete precipitation of
reduced oxygen species.

Our results appear to be in contradiction to the results presented
by Sharon et al. who found m.p.e.-values that fit well to the quan-
titative precipitation of pure Li»0,.”> However, Sharon et al. used a
cell that contained a fairly low volume of 3 ml electrolyte that was
purged with oxygen throughout the experiment. Considering our re-
sults concerning superoxide formation and the influence of convection
on the observed m.p.e.-values, the well fitting m.p.e.-values observed
by Sharon et al. might be the result of convection caused by electrolyte
purging.

Also the work of Torres et al. suggests that the exact experimental
conditions have a significant effect on the observed m.p.e-value:*"%
Due to a rough morphology of the Li,O, deposit solvent molecules
can be entrapped in the Li, O, layer which results in very large m.p.e-
values of 61 to 175 g/mol- e~ during oxygen reduction in DMSO
based electrolytes.”’ The formation of a rough film was confirmed
by impedance analysis of the eQCMB. The experiment showed that
the resistance in the BVD-equivalent circuit®? increases, which shows
up when the friction at the electrode electrolyte interface increases.?
However, the experimental conditions in our study (cycling to large
overpotentials) are different from those in the study of Torres et al.
(step to moderate overpotentials)*® and different morphologies of the
deposit can be expected.* Notwithstanding this, it was also proposed
that under the experimental conditions a reaction between Li, O, and
DMSO occurs that results in decomposition products.*'** The forma-
tion of the latter was confirmed via XPS.*

It is evident that interpretation of m.p.e-values is not straight for-
ward as many effects can distort eQCMB results. If parts of the current
result in the formation of soluble species parallel to the formation of
a solid deposit, the m.p.e-values calculated according to Equation 3
are distorted to lower values. On the other hand electroless processes
parallel to electrochemistry can also result in mass changes. The for-
mation of decomposition products (this study) or voids in the deposit
that entrap solvent molecules (Torres et al.**) are examples for the dif-
ficulties that arise if the oxygen reduction reaction in organic solvents
is investigated.

Electrolyte decomposition takes place during oxygen reduction,
but since two different reduced oxygen species are formed - super-
oxide and peroxide - the question arises which of these species (or
intermediates that arise during its formation) initiates electrolyte de-
composition. No mass deposition takes place in the potential range of

Journal of The Electrochemical Society, 163 (8) A1765-A1775 (2016)

superoxide formation, hence, no decomposition products precipitate
on the electrode, whereas parallel to Li;O;-formation the deposi-
tion of decomposition products is observed. Therefore, peroxide or
species that form during peroxide formation are the active species
that initiates electrolyte decomposition - or at least causes the forma-
tion of those decomposition products that precipitate during oxygen
reduction. The formation of a deposit would be expected at low over-
potentials if superoxide was the active species that initiates electrolyte
decomposition. Sawyer et al. have shown previously that a solution
of superoxide is stable in DMSO over weeks.*' This is supported by
the fact that we have never observed formation of CO, after reduc-
tion of oxygen in an electrolyte of 0.1 M TBACIOy4 in DMSO (c.f.
Figure S7). Since no mass deposition is observed above —1.2 V in
our eQCMB measurements this is also true for Li*-containing elec-
trolytes, where the polarization of DMSO, by the large charge density
of the Li™-cation could facilitate any reaction between superoxide and
DMSO. Electrolyte decomposition, therefore, takes place during per-
oxide formation. However, we cannot rule out that superoxide causes
the formation of other decomposition products that remain in solution
and are not detectable via eQCMB. Based on our results we cannot
decide whether solid Li»O, or any intermediate that occurs during
peroxide formation initiates electrolyte decomposition.

It has been suggested before that decomposition of DMSO based
electrolytes occurs during oxygen reduction.'”?*#04243 However, our
results might be perceived to contradict the results of others: Schroeder
et al. have shown that DMSO exposed to Li,O; does not undergo any
decomposition.* Even though DMSO exposed to solid Li, O, does
not undergo any decomposition this does not mean that DMSO is
stable when exposed to intermediates of electrochemical peroxide
formation. Another report that appears to be in contradiction to our
results is the work presented by Peng et al.'” who conducted DEMS
measurements on oxygen reduction and evolution from DMSO based
electrolytes at gold electrodes. Peng et al. did not observe any CO;
evolution at gold electrodes. However, the spectra presented exclude
the potential range in which we observe CO; evolution. Furthermore,
it is noteworthy that CO; evolution in our study takes place at the
very same potential at which Peng et al. observe the evolution of CO»
at carbon based electrodes (0.7 V vs Ag/Agt =~ 4.6 V vs Li/Li™).
It is rather unlikely that the evolution of CO, observed by Peng
et al. is due to carbon corrosion: The curves presented in Ref. 7
show that at glassy carbon similar amounts of CO, are evolved as at
other electrode materials. By means of FTIR Peng et al. have shown
that relatively small amounts of Li,CO; and LiHCO; form when a Li-
O, battery is discharged that employs a DMSO based electrolyte and
an oxygen electrode manufactured from gold. The amount of Li,CO;
and LiHCO; formed upon discharge increases significantly when the
oxygen electrode is manufactured from Super-P. Model batteries are
discharged with low current densities and, therefore, at low overpo-
tentials (different from the DEMS results shown by Peng et al. where
the electrode was cycled into the potential window of direct peroxide
formation). Under these conditions oxygen is reduced to superoxide
at gold electrodes.” Li;O, is formed afterwards via the chemical,
lithium-induced disproportionation of superoxide where we do not
observe electrolyte decomposition. However, at glassy carbon elec-
trodes roughly 50% of oxygen is converted to peroxide via the direct,
clectrochemical transition of two electrons.*® Since we have shown
that electrolyte decomposition occurs during electrochemical perox-
ide formation the formation of decomposition products upon discharge
of batteries with carbon based electrodes is expected. The effect of the
electrode material on the formation of decomposition products upon
discharge of lithium oxygen batteries which was observed by Peng
et al. is understandable by the results presented here and in context
with the results presented in Ref. 45.

The water content of 90 ppm in the DEMS measurement of
Figure 1 is relatively high. It cannot be excluded that trace amounts
of water have an effect on the evolution of CO,. In fact, this is quite
likely: From the supporting information of Ref. 7 it is clear that the
evolved amounts of CO, tend to increase as the water content in
the electrolyte increases. However, it is not clear whether there is a
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primary or secondary effect of water. In the former case water would
enhances electrolyte decomposition in the latter case water would fa-
cilitate oxidation of decomposition products and, hence, would make
electrolyte decomposition more visible. Notwithstanding this, CO,
evolution is also observed at a water content of only 20 ppm.”

Without spectroscopic evidence it is hard to comment on the exact
nature of the decomposition products. The fact that CO;-evolution
proceeds without further consumption of oxygen gives a hint that
CO,-moiety is preformed in the decomposition product and can be
released upon electrochemical oxidation (c.f. Supporting Information
and Figure S8).

Our results suggest that it is beneficial to avoid the direct
pathway of peroxide formation during battery discharge. Although
Figure 2 suggests that the actual amounts of oxygen that are re-evolved
as CO; are rather small, prolonged battery operation is not possible
even when only small amounts of electrolyte are decomposed in each
charge-discharge cycle. However, whether it is really beneficial to
favor the indirect pathway of peroxide formation depends on the sta-
bility of the electrolyte under these operation conditions. We did not
observe any electrolyte decomposition when oxygen was reduced to
superoxide, however, intermediates that occur during disproportiona-
tion of superoxide might be able to induce electrolyte decomposition
as well.

z-values at gold sputtered Teflon membranes.—In Ref. 18 we
have shown that oxygen reduction at a gold sputtered Teflon membrane
proceeds via the transfer of more than 1.5 electrons per oxygen over the
whole potential region of oxygen reduction. This appears to contradict
the results presented in Figure 7A and elsewhere’ where we have
shown that a transition from the direct to the indirect pathway of
peroxide formation occurs as the overpotential increases. Yet, both
results are reproducible: At smooth gold electrodes used in the dual
thin layer cell we always observe a step in the z-value from close
to 1 e /0, to nearly 2 e /O, (c.f. Ref. 7), while this step is far
less pronounced when gold sputtered Teflon membranes are used as
working electrode in the conventional cell (c.f. Figure 3 and Ref.
18). There is one obviouse difference between the experiments of
Figures 1 and 6: The partial pressure of oxygen at the electrode.

In the conventional cell with the porous electrode electrochemistry
takes place at the interface between electrolyte and vacuum. At the
working electrode the concentration of oxygen is very low because
oxygen readily passes over into the vacuum. In the dual thin layer cell
electrochemistry does not take place at the interface between elec-
trolyte and vacuum and the concentration in front of the electrode
equals the concentration of oxygen in the bulk electrolyte (as long
as no Oy is reduced electrochemically). The Tafel-slope for the for-
mation of superoxide is 120 mV/dec,® and, hence, a reduction of the
concentration in oxygen by one decade will reduce the potential (i.e.
increase the overpotential) at which a certain current due to superox-
ide formation is observed by 120 mV. At higher overpotentials the
superoxide is reduced further to peroxide. The formation of lithium
peroxide in the direct path is a surface limited (adsorption) process.
At this point we do not know the reaction order with respect to O, or
which reaction step is the rate limiting. However, it is not unreason-
able to assume that the second electron transfer is slower than the first
one, which corresponds to a Tafel slope of 40 mV. For a reaction order
of one with respect to oxygen, this means that to maintain a given
current at a lower O, concentration, the potential has to be decreased
by only 40 mV per decade of concentration. In this case, the potential
region of superoxide formation is much smaller in the conventional
cell and is not well resolved form the potential region of peroxide
formation. This might be one reason why we observe a z-value of
1.5 e7 /O, in the conventional cell and at low overpotentials, whereas
z-value in the conventional cell in the same potential region is close
to 1e7/0;.

Another possible reason for a larger than expected z-value in the
potential region of superoxide formation is the structure of the elec-
trode: The thickness of the gold-layer is only 50 nm. Due to mechan-
ical wear or due to shadowing during the sputter-process, it is likely
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that parts of the gold layer remain without electrical connection to the
potentiostat and are, therefore, at open circuit potential. As already
pointed out gold at open circuit potential causes oxygen evolution by
catalysing disproportionation of superoxide to oxygen and peroxide
or by some other reaction that results in the oxidation of superoxide
(c.f. Figure 10). When parts of the gold electrode under potential con-
trol are close to those parts without, then diffusion to and reaction of
superoxide at these sites is fast. This causes a lower lonic current for
mass 32 whereas the faradaic current remains the same. Therefore,
the calculated z-values are larger than expected. That is, oxygen is
released in a reaction that requires no net charge transfer. This effect
on the z-values is limited to measurements in the conventional cell
because only there a rough gold electrode was used this. Both the on-
set potential for oxygen reduction (c.f. Figure | and Figure 6) and the
transition potential from the indirect to the direct pathway of peroxide
formation (c.f. Figure 3 and Figure 7) are shifted by 100 mV to lower
potentials in the conventional cell. This is due to a Nernst shift be-
cause of the lower concentration of oxygen at the porous membrane.
Therefore, it is more likely that the z-value of 1.5 /O, at low over-
potentials is due to the effect of gold particles at open circuit potential
than due to the effect of kinetics.

True coulombic efficiency.—We have shown here and elsewhere'®
that there is a non-proportionality between the reduced and the evolved
amounts of oxygen. We pointed out that a positive intercept with the
x-axis (i.e. negative intercept with the y-axis) means that in each cycle
a constant amount of the reduced oxygen is not available for oxygen
evolution, while a slope smaller than one means that in addition also
a certain portion of the reduced oxygen cannot be re-evolved.

In each cycle the potential passes through the region of indirect
peroxide formation and, therefore, a constant amount of oxygen is
reduced to superoxide. The superoxide produced in this potential
region is either transported away from the electrode (due to convection,
caused by purging of the electrolyte with oxygen) or undergoes a
reaction under oxygen release at those parts of the gold electrode that
are at open circuit. The z-value in the potential range of superoxide
formation is then defined by the ratio of superoxide that undergoes a
reaction to the superoxide that diffuses away (mind that also in the
case of the gold sputtered Teflon membrane usually a minor step is
observed). In either case oxygen that is reduced to superoxide cannot
be evolved again in the anodic sweep. In each cycle the same amount
of superoxide is formed which is not reoxidized to oxygen. Therefore,
a positive intercept with the x-axis results.

As the potential region of direct, electrochemical peroxide for-
mation is entered, electrolyte decomposition starts as well. For each
carbon atom that is evolved as CO, in the anodic sweep at least one
molecule of reduced oxygen is consumed irreversibly. This reduces
the slope of the straight line in Figure 2A. CO; is only the end prod-
uct of DMSO oxidation and it is, therefore, likely that the evolved
amount of CO; does not represent the total amount of oxygen that is
consumed due to electrolyte decomposition. In addition to electrolyte
decomposition some of the reduced oxygen species will be transported
away and may precipitate at locations without any electrical contact to
the electrode. Both processes only consume a portion of the reduced
oxygen, and reduce the slope of the straight line in Figure 2A.

It is also possible that water exerts an effect: It was shown by
Andrieux et al.*® that oxygen reduction in DMSO based electrolytes
and in the presence of weak acids results in the formation of H,O,. The
formation of soluble H,O; in the presence of water upon discharge
of Li-air batteries was also suggested by others.’®*" The formation of
soluble H>O, in our study would reduce the slope in Figure 2 further.
However, Andrieux et al. used acids with a much larger pka-value
then water in DMSO.*® Therefore, it is not clear whether the acidity
of water is sufficient to provide protons. Furthermore, formation of
H,0; comes along with the formation of LiOH (as OH™ is bound
to precipitate as LiOH). Accumulation of LiOH from cycle to cycle
should show up with an increasing loss of activity, which we do not
observe.
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Characteristics of the deposit.—Both Torres et al. and Jie and
Uosaki who investigated oxygen reduction in an electrolyte of 0.1 M
LiPFg in DMSO by means of eQCMB did not consider the potential
region of oxygen evolution.?®2! Sharon et al. on the other hand only
state that the same mass that was deposited during oxygen reduction
was removed during the anodic run.>> From that it was concluded that
Li, O, formation was reversible. However, closer examination of the
curves shown by Sharon et al. reveals that the mass changes in the
anodic run are observed at potentials positive of oxygen evolution. In
a more recent study also Torres et al. have pointed out that the loss
of mass in the potential region of oxygen evolution does not account
for the masses that were deposited during oxygen reduction and that
large overpotentials are required to return to the original state of the
quartz.?

There are several phenomena in eQCMB measurements that can
distort the observed mass changes significantly: The formation of a
deposit on the electrode has a different interaction with the electrolyte.
Therefore, a non-slip plane at the interface between electrolyte and
electrode can turn into a slip plane or vice versa.? In addition, different
double layer structures at the electrode and the deposit can distort
mass changes significantly: When ions or molecules are specifically
adsorbed at the electrode (or the deposit) they will be removed once
the deposit forms (or once the deposit is removed).” In the case of
thick coats solvent molecules and ions can be entrapped in the formed
deposit.”® However, those effects should not only affect the mass
changes during oxygen evolution but also during oxygen reduction.
These effects are, therefore, not fit to explain the missing mass changes
during oxygen evolution.

In eQCMB studies connected to the oxidation of metal surfaces
Schumacher et al. observed mass changes that were several times
larger than expected from the transferred charge.®! Schumacher
et al. were able to assign the additional mass changes to a roughening
of the metal surface. Cavities on the surface will cause electrolyte to
be dragged along with the movement of the crystal which causes an
additional mass load. It is important to note that the eQCMB does not
measure the mass that rests on top of the quartz crystal (i.e. not the
entire mass of the column of electrolyte that rests on top of the crystal)
but the mass of the surrounding matter that follows the shear motion
of the AT-cut quartz crystals. In a similar way also Torres et al. explain
larger than expected mass changes during oxygen reduction.** We are
going to elaborate in the following, why the cavity-effect described
by Schumacher et al. is a reasonable explanation for the missing mass
changes during oxygen evolution:

Figure 11 illustrates the mechanism we believe to be responsible
for the missing mass changes in the potential region of oxygen evo-
lution: Initially the electrode is free of any deposit (Figure 11A). As
the potential region of direct, electrochemical peroxide formation is
entered an inhomogeneous film of decomposition products (blue) and
lithium peroxide precipitates on the electrode (Figure 11B), which
results in a mass change. The deposition of decomposition products
and Li,O; goes on until the whole electrode is covered and oxygen
reduction ceases (Figure 11C). Since the evolution of oxygen and CO,
are two well separated processes Li, O, is oxidized and removed from
the electrode while a frame of decomposition products is left behind
(Figure 11D). The remaining cavities in this frame are filled up with
electrolyte, that is now forced to follow the oscillation movement of
the crystal. Since the mass of Li,O; is replaced by the mass of the
electrolyte the expected mass changes are due the differences in the
densities of the electrolyte and Li,O,, which are below the sensitiv-
ity limit. Only when the potential region of CO, evolution is entered
(Figure 11E) a mass change is observed, because the mass of decom-
position products is removed and the frame that forces the electrolyte
in the cavities to follow the oscillation movement is destroyed.

In Figure 4C we have observed that initially the reduced quality
factor decreases parallel to CO, evolution and returns to its original
value once CO, evolution has stopped. This decrease indicates an
increased friction at the interface between the electrode and the elec-
trolyte parallel to CO;, evolution. It is quite possible that the friction at
the interface increases as the decomposition products lose contact to
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Figure 11. Illustration for the mechanism responsible for the missing mass
change during oxygen evolution. During oxygen reduction an inhomogeneous
deposit of Li; O, and decomposition products forms on the electrode (B, C). In
the potential region of oxygen evolution Li> O, is oxidized and the remaining
cavities are filled up by electrolyte (D). At even higher potentials decompo-
sition products are oxidized to CO; (E). Although the above drawing might
suggest otherwise we have recently shown that during oxygen reduction only
2 ML of Li, 05 are formed.”
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the electrode. This situation is depicted in Figure 11E. Once CO, evo-
lution has ceased also the reduced quality factor returns to its original
value.

Conclusions

By means of DEMS it was shown that in addition to O, formation
CO; evolution takes place in the anodic sweep, and that the evolved
quantities of CO, linearly depend on the quantities of oxygen that
were reduced in the previous cathodic sweep. Since DMSO is the
only carbon source in the system under investigation, the evolution of
CO, shows unambiguously that DMSO is decomposed during oxygen
reduction. From the ratio of the faradaic current to the ionic current
for mass 32 it was shown again that oxygen reduction at gold and
in DMSO based electrolytes proceeds via the formation of superox-
ide at low overpotentials. Direct, electrochemical peroxide formation
takes place only at high overpotentials. This transition is observed
only to a limited degree when a gold sputtered Teflon-membrane
is used as a working electrode. This fact has been assigned to the
disproportionation of superoxide that is catalysed by gold at open
circuit.

During oxygen reduction larger than expected m.p.e-values were
observed, in quiescent solution. This has been assigned to the addi-
tional deposition of decomposition products, which are formed during
oxygen reduction. When convection is applied m.p.e- and m.p.O,-
values fit very well to the expected formation of solid Li;O,. How-
ever, these values are just the result of incomplete precipitation of
reduced oxygen species and additional deposition of decomposition
products. No mass deposition in e€QCMB measurements is observed
when electrochemical oxygen reduction results in the formation of
superoxide. From that we concluded that superoxide is not the active
species that induces electrolyte decomposition. This finding has prac-
tical implications for lithium-air batteries: In order to avoid electrolyte
decomposition it appears to be favorable to construct batteries in such
a way that oxygen is reduced primarily to superoxide upon discharge.
Superoxide undergoes lithium induced disproportionation in the after-
math. However, whether or not this discharge mode is really favorable
depends on the stability of DMSO against intermediates that form
during the disproportionation of superoxide.

In the anodic sweep no mass changes due to the oxidation of Li, O,
have been observed, although the evolution of oxygen under convec-
tion condition implies that Li,O> must adhere to the electrode. This
observation has been assigned to the structure of the deposit: The
surface is covered by a heterogeneous film of Li, O, and decomposi-
tion products. As Li, O, is oxidized cavities remain in this film that
are filled with electrolyte, hence offsetting the mass change due to
removal of Li, 0.

It was shown that gold at open circuit catalyses a reaction that
releases oxygen from superoxide either by disproportionation or ox-
idation of the latter. This reaction appears to be responsible for the
differences observed in the z-values obtained at smooth and porous
electrodes.
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Figure S1: Potential scan in the conventional cell in the potential limits -0.75 V - 1.0V (excluding the potential
region of oxygen reduction). Electrolyte 0.1 M LiClO, in DMSO. The electrolyte was purged with 100%

oxygen.
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Figure S2: Potential scan in the conventional cell in the potential limits -1.4 V - 1.0V. Electrolyte 0.1 M LiClO,

in DMSO. The electrolyte was purged with Argon.
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Figure S3: RRDE-measurement with various rotation speeds in an electrolyte of 0.1 M LiCIO, in DMSO. The
electrolyte was purge with a mixture of 10% oxygen and 90% argon. Disc: Gold; Ring: Glassy carbon (at
-0.8 V). Water content: 400 ppm. Sequence in the legend follows the sequence of the experiments. The First

experiment 540 rpm was repeated to check for superimposed time effects.
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Figure S4: RRDE-measurement with various rotation speeds in an electrolyte of 0.1 M LiClO, in DMSO. The
electrolyte was purge with a mixture of 10% oxygen and 90% argon. Disc: Gold; Ring: Glassy carbon (at
-0.6 V). Water content: 400 ppm. Sequence in the legend follows the sequence of the experiments. The First

experiment 540 rpm was repeated to check for superimposed time effects.
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Figure S5: RRDE-measurement with various rotation speeds in an electrolyte of 0.1 M LiClO, in DMSO. The
electrolyte was purge with a mixture of 10% oxygen and 90% argon. Disc: Gold; Ring: Glassy carbon (at
-0.3 V). Water content: 400 ppm. Sequence in the legend follows the sequence of the experiments. The First

experiment 540 rpm was repeated to check for superimposed time effects.
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Figure S6: RRDE-measurement with various rotation speeds in an electrolyte of 0.1 M LiClO, in DMSO. The
electrolyte was purge with a mixture of 10% oxygen and 90% argon. Disc: Gold; Ring: Glassy carbon (at 0.0 V).
Water content: 400 ppm. Sequence in the legend follows the sequence of the experiments. The First experiment

540 rpm was repeated to check for superimposed time effects.
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Figure S7: Oxygen reduction and evolution in a conventional cell in an electrolyte of 0.1 M TBACIO, in DMSO
(oxygen saturated). Sweep rate: 20 mV/sec. A: Faradaic current; B: Ionic current for mass 32 (e.g. Oxygen); C:

Tonic current for mass 44 (e.g. CO,).

S71719

106 / 166



0 : I ' I : ' ] 100 T T T v T T T T T v T

200 ] & 1 L
<
ﬁg -400- J 3 ! ]
— 6001 | = U l l C1_
'800' A T . T - T - T " I . I
10 0 10 20 30 40 50 60 2 600+ 7
t/ sec ; 300 - |
N ]
ot )
= 0 1
C2;
iR e e e s 1
g 600-_ ]
0 2 300 .
1 P 2 S‘_’_ d d
-5 - 04 C3_
-104 | -300 +vr—r——
< 45 =10 =05 00 05 1.0
2 159 1 E/V (vs Ag/Ag’)
-20- EB-
25

2000 4000 6000
t/ sec

Figure S8: A and B: current time transient after a potential step to -1.6 V (A and B have different time scales).
The experiment was done in a conventional cell. Oxygen is supplied to the electrolyte of 0.1 M LiClO, in DMSO
from the gas side (200 mbar), while the electrolyte is purged with argon. C: CV and MSCV for mass 32 and
mass 44 (nine cycles) obtained with a sweep rate of 20 mV/s. The space underneath the electrode is evacuated
(no supply of oxygen) and the electrolyte is still purged with argon. C1: faradic current; C2: Ionic current for

mass 32; C3: lonic current for mass 44.

The experiment of Figure S8 was done in the conventional cell when the space underneath the
working electrode was not connected to the vacuum of the mass spektrometer but filed with
oxygen. Under these conditions the gold sputtered Teflon membrane operates as a gas

diffusion electrode. We performed a potential step to -1.6 V and Figure S8A and S8B show
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the current time transient. during oxygen reduction. After two hours the space underneath the
working electrode was evacuated and the cell was connected to the mass spectrometer. We
held the potential for 10 minutes at -1.6 V and purged the electrolyte with argon. Then we
cycled in anodic direction and recorded 9 cycles in a potential window between -1.0 V and
1.0 V. Figure S8C shows the CV and the MSCV for mass 32 and mass 44.

Most of the oxygen is evolved in the first cycle. This is different in the case of CO, evolution
where a signal in mass 44 is observed in 9 consecutive cycles. It is noteworthy that CO;
evolution takes place in the absence of oxygen (the electrolyte was purged with argon after
oxygen reduction was finished). Hence, CO; is evolved via oxidation of decomposition
products without adding oxygen to the carbon atom. Hence, the decomposition products that
evolve CO; already contain a COs-unit. In addition, CO; evolution is a potential dependent
process that requires the transfer of charge. Therefore, CO, is not evolved from compounds
like LiHCOj3 or Li,COj (although their presence cannot be ruled out). Carboxyl functions on
the other hand would fit to the above description. Their oxidation releases CO; without further
consumption of oxygen. However, we lack spectroscopic evidence to identify the exact nature

of the decomposition products.
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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 Li,O, 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 CO, 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/O, 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 Li,O, 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 LiO,
reacts at the ring electrode. Based on the fact that we set the potential at the ring electrode
to a value at which no CO, 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 CO, evolution. Figure 8 of Paper 3 underscores this
argument: The z-value for oxygen evolution exceeds a value of 2 €/O, significantly. This
might be due to the additional oxidation of decomposition products without concomitant CO,
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. ldentification 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. Konigshoven and H. Baltruschat, Elechrochica Acta, 214, 241-252 (2016).
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In this article we present a novel 2-compartment flow through cell (6-electrode cell). The 6-electrode cell
allows the operation of two working electrodes independent from each other one of which serves as a
detection electrode. A current at the detection electrode signifies the formation of soluble species at the
generator electrode. This approach is reminiscent of an RRDE arrangement.

However, the 6-electrode cell allows combination of RRDE-analogue experiments with differential

Keywords: electrochemical mass spectroscopy (DEMS). Volatile products formed at the detection electrode,
DEMS therefore, can be identified via mass spectroscopy, which is not possible with an RRDE-arrangements. At
;E‘)"’;;hmugh Cell the same time it is possible to identify volatile products formed at the generator electrode.

Oxygen Reduction
Organic Electrolytes

We demonstrate the application of the 6-electrode cell for the oxygen reduction reaction in Li*-
containing DMSO based electrolyte. We will show that soluble products that react at the detection

electrode are due to the oxidation of superoxide.

© 2016 Published by Elsevier Ltd.

1. Introduction

The detection of electrochemical reaction products and
intermediates is an ongoing challenge. A reasonable distribution
of current and a continuous, well defined transport of reactants to
the electrode as well as a short detection time, has to be ensured.
To this end several cells have been designed to combine
electrochemistry with mass spectroscopy [1-7].

Of these the dual thin layer cell has found ample applications in
our group. It was introduced by Jusys et al. in 1999 [4] and was only
slightly modified ever since. The cell was originally designed to
combine electrochemical quartz crystal micro balance (eQCMB)
measurements with differential electrochemical mass spectrosco-
py (DEMS) [4]. The dual thin layer cell is operated under
continuous electrolyte flow, which causes a defined mass transport
[8-12].

It is an interesting feature of the dual thin layer cell that the
combination of eQCMB and DEMS allows both the detection of
solid and volatile products of electrochemical reactions [4].
However, the most important benefit of the dual thin layer cell
is that it allows to conduct DEMS measurements at smooth and

* Corresponding author.
E-mail address: baltruschat@uni-bonn.de (H. Baltruschat).

http://dx.doi.org/10.1016/j.electacta.2016.08.008
0013-4686/© 2016 Published by Elsevier Ltd.

even single crystalline electrodes under defined convection
conditions. The dual thin layer cell made it possible to conduct
DEMS studies on the electrochemical oxidation of fuels such as
methanol [13-16] and ethanol [17-19]. Others investigated the
effect of the oxidation of small molecules at BDD-electrodes [20-
22]. Using the dual thin layer cell, the effect of the surface state of
single crystal electrodes on the CO-oxidation [23] or hydrogen
evolution were investigated [24]. Recently we have employed the
dual thin layer cell to investigate oxygen reduction from organic
electrolytes [25,26].

Extensive studies have been conducted to characterise the
convection conditions in the dual thin layer [8-12]. This allowed us
to use the cell in combination with mass spectroscopy to
determine the solubility of gases and their diffusion coefficient
in various electrolytes [12].

A modification of the original dual thin layer cell allows the
combination of ATR-FTIR spectroscopy with DEMS [27]. This
arrangement was used to investigate the CO-oxidation at platinum
[27]. Another modification of the dual thin layer cell allows RRDE-
like applications [28]. In those arrangements the steel holder (with
the steel frit covered by the porous Teflon membrane) in the lower
compartment is replaced by a second working electrode that is
used to detect incoming electrochemical active products of the
working electrode in the upper compartment [28]. This cell was
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Fig. 1. Schematic drawing of the 6-electrode cell. A: Top view; B, C and D: cross section. E: cross section of the assembled cell.

used to study the oxygen reduction reaction at single crystal combined with DEMS. Wanget al. have introduced a double-band-
electrodes, which is hardly possible in an RRDE experiment [28]. electrode channel flow differential electrochemical mass spec-
However, the arrangement described by Jusys et al. cannot be trometry cell that allows RRDE-like applications in combination
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with DEMS [7]. In that arrangement the electrolyte flows past a
generating electrode, a porous PTFE membrane and afterwards
past a detection electrode. Volatile products formed at the
generating electrode evaporate at the PTFE membrane into the
vacuum and electrochemical active products undergo a reaction at
the detection electrode [7].

Arrangements as those described by Wang et al. [7] and Jusys
et al. [28] for RRDE-like applications are possible, when the
employed electrolyte has sufficient conductivity. With acidic or
alkaline electrolytes of high enough concentration this is usually
the case. However, the low conductivity of organic electrolytes
prohibits such an RRDE-analogous use of the dual thin layer cell.
Therefore, the conductivity of the electrolyte must be high in order
to avoid a severe iR-drop.

Here we present a G-electrode cell which is a modification of the
dual thin layer cell that allows RRDE-like DEMS-experiments when
electrolytes of low conductivity are employed or when a large iR-
drop is expected. In the present study we demonstrate how the 6-
electrode cell can be used to identify which intermediate of oxygen
reduction in DMSO based electrolytes reacts at the detection
electrode. Identification of this intermediate is possible due the
quantitative detection of volatile reaction products formed at the
second working electrode.

The 6-electrode cell is also of interest for studies of other
reactions where selectivity of the ring electrode in an conventional
RRDE-arrangement cannot be taken for granted. This is for instance
the case for CO, reduction [29] or oxidation of NH3 [30]. Large
current densities due to concomitant hydrogen during CO,
reduction and the iR-drop associated therewith render an RRDE-
like application of the dual thin layer cell even in aqueous
electrolytes impossible. However, the 6-electrode cell is of general
interest for the investigation of any electrochemical reaction in
organic electrolytes that involve gashouse species (e.g. hydrogen
evolution, CO,-reduction) because these electrolytes are usually
low conducting and there is a persistent danger that electrolyte
decomposition occurs. Hence, it is necessary to ensure that the
species reacting at the detection electrode is not a product of
electrolyte decomposition.

RRDE-like applications in the 6-electrode cell despite low
conductivity of the electrolyte are possible due to the use of a
second reference electrode that probes the potential of the
working electrode in the lower compartment separately.

2. Experimental
2.1. Chemicals

Tetrabutylammonium perchlorate (electrochemical grade) and
lithium perchlorate (battery grade) were purchased from Sigma
Aldrich. Dimethyl sulfoxide (extra dry over molecular sieve) was
purchased from across organics. The electrolyte purged with a
custom made mixture of argon and oxygen (Ar: O,=80: 20) that
was obtained from AirLiquide. Argon which was used to purge the
same cell was of 99.999 purity and was obtained from the same
company.

2.2. DEMS Setup

Experiments were performed at a differentially pumped DEMS-
system. The first pumping stage was pumped with a turbo
molecular pump with a suction power of 200 L/s and the second
stage was pumped with a turbo molecular pump with a suction
power of 50 L/s. The ionic current was recorded with a quadrupole
mass spectrometer (QMA 430, Pfeiffer Vacuum).

The data of the electrochemical experiments were acquired
with an A/D converter card (NI6021, National Instruments) in

conjunction with an connection box (BNC-Connector block 2110,
National Instruments).

2.3. Cell design

The described cell is manufactured from Kel-F"* and is a
modification of our dual-thin-layer-cell [4]. Fig. 1 shows a
schematic drawing of this cell in an on top view (Fig. 1A) and in
three different side views (Fig. 1B-D). The exact geometries of the
cell can be found in the Fig. S1 in the supporting information. The
cell is circular and an extrusion is placed in the centre of the cell
both on the top side as well as on the bottom side. The extrusions
are necessary to hold the working electrode (upper side) and the
steel holder (bottom side) which is shown in Fig. 1E. The side view
in Fig. 1E shows that the steel holder and working electrode are
placed on PTFE spacers. The space that is left between cell body and
working electrode is called upper compartment and the space
between cell body and steel holder is called lower compartment.
Six capillaries arranged in a hexagon (Fig. 1A) connect the upper
compartment with the lower compartment (Fig. 1B-E). In the
centre of the cell a drilling connects the upper compartment via
cross capillary 1 to the electrolyte inlet, to the counter electrodes
CE1.1 and CE1.2 as well as to the reference electrode Refl (Fig. 1B
and E). Cross capillary 2 is rotated by 30° to cross capillary 1 and
connects the lower compartment to the electrolyte outlet, to the
counter electrodes CE2.1 and CE2.2 as well as to the reference
electrode Ref2 (Fig. 1D). Except for the six connection capillaries
there is no direct connection between cross capillaries 1 and cross
capillary 2. A screw joint at both ends of the cross capillaries allows
to mount T-pieces to the cell. The reference and the counter
electrodes are inserted into the T-piece via Luer locks. Also the
electrolyte inlet is connected via a Luer lock to a glass storage
vessel.

Fig. 1E shows a schematic cross section of the cell during an
experiment. The working electrode is pressed on the PTFE spacers
via a Kel-F" cap that can be screwed into the cell body. In order to
achieve a good distribution of the applied force, an O-ring is placed
between cap and working electrode. (This approach is problematic,
though, if single crystals are to be used because the crystal might
grind on the Teflon spacers. When working with the dual thin layer
cell we usually use a clamp to apply a strong enough force to avoid
electrolyte leakage at the interface between spacers and electrode.
In order to enable experiments with single crystals it would be
possible to use a clamp with this cell as well. However, given that
so many items are attached to the periphery of the cell already, a
screw-in cap is the much more comfortable solution.)

Oxygen reduction from air at the backside of the electrode is a
parasitic process. In addition, oxygen that diffuses through the
Teflon spacers and enters the mass spectrometer causes an
unsteady baseline. Therefore, the cell is purged with argon
throughout the experiment. This is achieved via the argon inlet.
A Luer lock allows the connection to a PTFE tube. Argon is inserted
to the upper and lower compartment via two capillaries. There it is
led via countersinks around the working electrode and the steel
holder, respectively, and leaves the cell through two pinholes
afterwards (Fig. 1C).

During an experiment the electrolyte is placed in a storage
vessel which is connected to the electrolyte inlet via a Luer lock.
Due to hydrostatic pressure the electrolyte flows through the cell
on its own. A peristaltic pump placed at the outlet slows the
electrolyte flow down to the favoured level. The electrolyte enters
the cell through the electrolyte inlet and flows through cross
capillary 1 to the upper compartment. From there it enters the
lower compartment through six connection capillaries. The
electrolyte leaves the lower compartment through cross capillary
2. The blue arrows in Fig. 1E show the pathway of the electrolyte,
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In order to prevent liquid electrolyte from entering the vacuum
of the mass spectrometer, a PTFE membrane with an average pore
diameter of 20 nm is placed on top of the steel holder. A steel frit
provides mechanical support for the membrane. In order to allow
the use of the membrane as a working electrode a metal film of
50 nm thickness is sputter deposited. A 0.05 mm gold wire pressed
between membrane and spacers connects the membrane to a
potentiostat. The gold wire is placed in the capillary that leads
argon from the lower compartment to the outside (c.f. Fig. 1C).

2.4. Instrumental Arrangements

We modified the dual thin layer cell in the presented form in
order to be able to introduce a second reference electrode that
allows us to probe the potential of a working electrode in the lower
compartment. Because of the large electrolyte resistance in the
small capillaries the usual 4-electrode arrangement (as for RRDE
studies) is not possible. In the 6-electrode cell the current of WE1
does not flow through the 6 connection capillaries to the counter
electrode placed at the outlet (as in the duel thin layer cell) but
through cross capillary 1 to CE1.2. Therefore, no iR-drop occurs
when the potential of the working electrode in the lower
compartment is probed by reference electrode 2 via cross capillary
2. However, this arrangement requires two potentiostats, each of
which is connected to a working electrode, to a reference electrode
and a set of two counter electrodes. The counter electrodes CE1.1
and CE1.2 are the set of counter electrodes that belong to working
electrode WE1 and correspondingly CE2.1 and CE2.2 belong to
working electrode WE2. CE1.2 and CE2.2 are connected via a 1 M)
resistance to the respective potentiostat, whereas CE1.1 and CE2.1
are connected via a 1 ) resistance. This arrangement was found to
be necessary to achieve an optimal distribution of current. To avoid
any current flow between the counter electrodes connected to the
two different potentiostats, which would lead to an additional iR
drop within the cell, the two potentiostats have to be electronically
decoupled.

Therefore, only one potentiostat can be employed as a grounded
source, whereas the other potentiostat is used as a floating source.
We chose to employ potentiostat 1 which is connected to WE1 as a
grounded source. Potentiostat 2 which is connected to WE2 along
with the function generator is decoupled from ground via an
isolation transformer. Special care must be taken to avoid
grounding by other means (e.g. dangling cables).

The data of both potentiostat were acquired with the same
computer with an inbuilt A/D converter (differential input). The
connection box of the A/D converter card allows to decouple the
signal source from ground via a 100 M{) resistance.

3. Calibration

Baltruschat [8] has discussed in detail that calibration of the
dual thin layer cell is necessary to correlate faradaic current and
ionic current in a (semi)quantitative way. This can only be done by
performing an electrochemical reaction of known stoichiometry
under similar conditions as the actual experiment [8].

In the case of the G6-electrode cell two calibration measure-
ments are necessary because four quantities have to be correlated
to each other. These quantities are the faradaic current at WE1
(IWEY), the faradaic current at WE2 (I12), the ionic current for mass

32 due to the reaction at WE1 (IVE') and the ionic current for mass

32 due to the reaction at WE2 (I/%5%).

We will derive in Appendix A.1 the theory that underlies the
application of the 6-electrode cell. In the following paragraphs,
however, we will restrict ourselves to the most relevant equations
in a simplified form.

3.1. Calibration Reaction of the 6-Electrode Cell

As in the case with the dual thin layer cell [31,32] also in the
present study calibration was achieved by reduction of oxygen
from an electrolyte of 0.5M TBACIO, in DMSO. Fig. 2 shows the
resulting curves of the calibration measurement. Both in the red
and in the black curve of Fig. 2A WET1 is cycled in the potential
range between 0.0 V and -1.6 V. As the potential at WE1 becomes
more negative than -1.0 V oxygen is reduced quantitatively to
superoxide (i.e. all the reduced oxygen forms superoxide, not all
oxygen in the electrolyte is reduced). At potentials lower than -1.2
V the reaction becomes diffusion limited. Once oxygen reduction
starts at WE1 the ionic current for mass 32 decreases below zero
(Fig. 2C). (The negative ionic current is due to the subtractions of
the background current caused by the continues, diffusion limited
evaporation of dissolved O, into the vacuum.)

The difference between the red and the black curve in Fig. 2C is
quite severe. This is due to the experimental arrangement: A
platinum sputtered Teflon membrane is used in the lower
compartment, which was kept at a potential of 0.0 V. This
potential is sufficient to evolve oxygen from superoxide that is
generated at WE1. Hence, the evolution of oxygen at WE2 offsets
the consumption of oxygen at WE1. The current due to the
oxidation of superoxide at WE2 is shown in Fig. 2B (we will discuss
in the Appendix A.1 Eq. (A1.14) why a small faradaic current at WE2
can offset the ionic current due to the reaction at WE1).
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Fig. 2. A: CV at WE1 and B: corresponding current at WE2 (if present) obtained in
an electrolyte of 0.5 M TBACIOQ4 in DMSO which was purged with a mixture of argon
and oxygen (Ar: 0, =80: 20). C: MSCV for mass 32. The red curves were obtain when
a potential of 0.0 V was applied to a platinum sputtered Teflon membrane and the
black curves were obtained when a ordinary Teflon membrane was placed in the
lower compartment. Sweep rate: 10 mV/sec; Flow rate 5 p.L/sec. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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In Fig. 2C the measured ionic current is called 3" I; 32, because

the ionic currents I}%5' and I}%5* are superimposed. In the black

curve a Teflon sputtered membrane is placed in the lower
compartment. Therefore, no electrochemical reaction can take
place in the lower compartment. Hence, the ionic current
3" Iy 3preflects only the consumption of oxygen at WE1 and no
other signal is superimposed.

3.2. Introduction and Determination of the faradaic transfer efficiency
NE su

In the calibration experiment of Fig. 2 superoxide that is
transported from the upper compartment to the lower compart-
ment can be re-oxidised to oxygen at WE2. However, only a
fraction of the superoxide will actually undergo a reaction at WE2
(the majority of superoxide will leave the cell along with the
electrolyte through the outlet). This share is the faradaic transfer
efficiency Nrg, (the index “Su” indicates superoxide), which is the
analogue of the collection efficiency N of an RRDE arrangement.
According to Eq. (1) Ngs, can be determined from the ratio of the
faradaic current at WE1 and WE2 (c.f. Appendix A.1)

IWEZ
F
N FSu =

I;VE] (] )
From the red curves in Fig. 1A and B we obtained a faradaic

current of -20.97 pA at WE1 and a faradaic current of 5.41 pA at

WE2. Hence, the faradaic transfer efficiency of superoxide is

Npgy = 0.26

3.3. Introduction and Determination of the Calibration Constants K7 3,
and K3 4,

DEMS is a (semi)quantitative method and, therefore, the ionic
current is proportional to the faradaic current. The relationship is
given by Eq. (2) (c.f. Appendix A1),

z- =K -Ip (2)

in whichz is the number of transferred electrons, I; is the ionic
current, I is the faradaic current and the proportionality constant
K" is called the calibration constant. K* contains the sensitivity of
the mass spectrometer but also the probability that the product of
an electrochemical reaction passes into the vacuum of the mass
spectrometer. The latter depends on the cell geometry and will be
far larger for WE2 than for WE1 because WE2 is placed
immediately at the interface between vacuum and electrolyte.
Hence, two calibration constants are required: One to correlate
IYEY and IE! (which is K%) the other to correlate [E2 and /£
(which is K3). In K* also the fragmentation pattern of oxygen
enters: We measure the ionic current for mass 32 rather than the
much smaller ionic current for mass 16. Hence, we add the index
“32" to K. For the present study where we want to correlate the
ionic current for mass 32 with the faradaic current due to oxygen
reduction we require Kj ;5 and K3 5.

It is straight forward to determine K7 5, from the black curves in

Fig. 1A and C. The faradaic current at WE1 is I'E! = —20.84p.A. In
the black curve of Fig. 1C " I3, equals 1,_“;5‘ because no reaction

takes place at WE2 and I)%4% is zero. Hence, with a ionic current
I/%' = —99.87pA and a z-value of one (superoxide) we obtain

K3 =4.79.107°
via Eq. (2).

In principle it is possible to obtain K33, by the reduction of
oxygen at WE2, while WET is disconnected. However, we chose a
different approach: the calibration constant K3 5, is obtained from

the red and the black curves in Fig. 1. From the black curve in Fig. 1

we obtain I}%5!. However, we can only determine 3" 1I;3; not I}%5?

from the red curve (3 I;3; =—12.54pA) and [1}%5* remains

inaccessible through direct measurement. Notwithstanding this,

we can determine I}%5? when I}'45! is subtracted from S I; 35. By this

procedure we obtain I'%E? = 87.3pA and from the faradaic current

at WE2 which is I'®2 = 5.41 A, we obtain via Eq. (2)
Kjq, —16.14-107°

In the calibration measurement that led to the black curve in
Fig. 1 we did not simply disconnect WE2 but we removed it all
together and replaced it with a Teflon membrane. This procedure
causes a change of the geometry of the cell, which affects the
transfer efficiency.

Therefore, we conduct our experiments in the following
sequence: First we calibrate the cell via the reduction of oxygen
from an electrolyte of 0.5M TBACIO, in DMSO at WE1 and re-
oxidation of the formed superoxide at WE2 (red curve in Fig. 1).
Then we change to an electrolyte of 0.5M LiCl0,4 in DMSO. From
this electrolyte we reduce oxygen at the electrode in the upper
compartment and re-oxidise soluble species that are transported
from the upper compartment to the lower compartment at WE2
which is placed at 0.0 V (red curve in Fig. 2).

For the second set of measurements we remove the 6-electrode
cell from the steel holder and replace both the Teflon spacers and
the membrane. After we have reassembled the 6-electrode cell we
reduce oxygen in the first measurement from the lithium
containing electrolyte (black curve in Fig. 2) and then (after
extensive washing of the cell and of the storage vessel with dried
DMSO) we reduce oxygen from the TBA™ containing electrolyte in
the second measurement (black curve in Fig. 1).

Any changes of the geometry factor will affect both the
calibration measurements and the measurements in Li-containing
electrolyte in the same way. These changes enter the calibration
constant K3 5, which corrects the effects of an altered geometry
factor during evaluation.

4, Results and Discussion

In the present study we want to demonstrate the use of the 6-
electrode cell by investigation of oxygen reduction in lithium
containing DMSO based electrolytes at a polycrystalline gold
electrode. In the past we have used the dual thin layer cell to the
same end [31,32].

Fig. 2 shows two sets of curves which were obtained in the same
way as those in Fig. 1 when a Li-containing electrolyte is used: The
red curves were obtained when a platinum sputtered Teflon
membrane was used as a working electrode (Ewgz=0.0 V) in the
lower compartment and the black curves were obtained when the
platinum electrode was changed to an ordinary Teflon membrane.
The CVs resemble those curves we have obtained in previous
studies at gold electrodes [31,32]. This is also true for the MSCV for
mass 32 that was obtained when no second working electrode was
employed. In the potential region of oxygen reduction, the CV has a
shoulder at low overpotentials. This shoulder is due to the
reduction of oxygen to superoxide. At larger over potentials lithium
peroxide is formed electrochemically via the direct transfer of two
electrons [25]. Since Li,0, is deposited on the working electrode,
the working electrode is deactivated and a peak is observed both in
the CV and in the MSCV for mass 32.
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From the black curves in Fig. 2 we obtain I}'®" and %! (because

there is no WE2 and ¥ I; 3; equals I/ ). Therefore, we can calculate

from Eq. (2) the number of electrons that are transferred at WE1
per reduced molecule of oxygen (zWF!). The z-value is shown in Fig.
3 as a function of the applied potential. The curve resembles those
shown in previous studies [25].

zWE1 js only an average value because oxygen can be reduced to
several products (superoxide, peroxide, oxide) and z"F! is a
function of product distribution. Therefore, it is possible to
calculate the share of oxygen x(Su) that is reduced to superoxide
from zWE! according to Eq. (3) (c.f. Appendix A.2)

X(Su) =2 — 2*! 3)

In Fig. 2 the CV remains unaffected when a potential is applied
to the second working electrode (red curve) in the lower
compartment. This is not surprising since there is a spatial
separation between WE1 and WE2. Therefore, the electrochemis-
try at WE2 should not affect the electrochemistry at WE1 in any
way. Notwithstanding this, the MSCV for mass 32 changes
significantly. The potential of 0.0 V at WE2 is sufficient to oxidise
all the incoming superoxide and to re-evolve oxygen. Hence, in
total less oxygen is consumed and the ionic current for mass 32
decreases less. The shape of the MSCV for mass 32 now somewhat
resembles the shape of the CV. At low overpotentials there is a
shoulder and as the potential decreases a peak appears.

In a previous study we have shown an RRDE measurement on
the reduction of oxygen from a Li-containing DMSO based
electrolyte [31]. The shape of the ring current observed in that
study resembles the shape of the current observed at WE2 in Fig. 2.

B oy ——WE2at00V ]
. ] Teflon Membrane
= e 204 4

! WA
T

WE2
E

/ pA
&

1,32

15 10 05 00 05 10
E/V (vs. Ag/Ag")

Fig. 3. A: CV at WE1 and B: corresponding current at WE2 (if present) obtained in
an electrolyte of 0.5 M LiClO4 in DMSO which was purged with a mixture of argon
and oxygen (Ar: O, = 80: 20). C: MSCV for mass 32. The red curves were obtain when
a potential of 0.0 V was applied to a platinum sputtered Teflon membrane and the
black curves were obtained when a ordinary Teflon membrane was placed in the
lower compartment. Sweep rate: 10 mV/sec; Flow rate 5 pL/sec. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

The current at WE2 increases as WE1 enters the potential of oxygen
reduction. Once the overpotential at WE1 becomes large enough,
that oxygen is reduced electrochemically to peroxide the current at
WE2 decreases, but does not drop to zero. At those potentials at
which the activity of WE1 sharply decreases and the current drops
to zero, a shoulder appears in the current at WE2. In a previous
study we wondered whether this shoulder is due to the formation
of superoxide formed parallel to peroxide or whether other
intermediates of electrochemical peroxide formation (e.g. LiO; ")
are transported away [31]. We are now able to address this
question with the help of the 6-electrode cell.
WE2 JWE2

The cross-hatched area in Fig. 2 corresponds to I;35". /35" was
calculated from 3" I; 3z (red curve in Fig. 2) and I3’ (black curve in

Fig. 2)and is plotted along with I?’D as a function of the potential at

WET in Fig. 4. I}E? follows the general shape of I}/, Initially I}%5?

increases as the overpotential increases, passes through a
maximum and at even larger overpotentials a shoulder appears.
From I[['¥? and I/%5* we can determine via Eq. (2) the number of
electrons zWE2 that are required to re-evolve one molecule of
oxygen. zE2 remains close to 1 e /O, irrespective of the potential
at WE1 in Fig. 5, we can show that only superoxide reacts at WE2. It
is a very interesting feature that we cannot only detect the
formation of intermediates, but that we can also identify the
intermediate in question. In that respect the 6-electrode cell is
superior to a conventional RRDE-arrangement.

Aside from Eq. (3) it is also possible to determine x(Su) in two
other ways. In Eq. (4) x(Su) is determined from the faradaic
currents at WE1 and WE2 (c.f. Appendix A.3). This approach is the
same that is usually used in RRDE measurements. Similar to Eq. (4)

the share of oxygen that is reduced to superoxide can also be

calculated from the ionic currents I%5' and 1% via Eq. (5) (cf.

Appendix A.4).In Eq. (5) N, is the transfer ratio, which is defined in
Appendix Al.

2.
Su)y=——F—— 4
x(5u) N - [WEL | [WEZ (4)
[WE2
x(Su) = W (5

It is noteworthy that we can determine the ionic current
independent from the faradaic current. Therefore, the values
determined for x(5u) by Egs. (4) and (5) are independent from each

o |
N W WN"”*'\“\AJ‘W'W '

2" (70,)"

1.0

T T T T

-1.5 -1.4 -1I.3 -1I.2 -1.1 -1.0
E/V (vs. Ag/Ag)

Fig.4. z"F'-value plotted as a function of the potential. The values on display
were calculated according to Eq. (2) from the data presented in Fig. 3.
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Fig.5. [® (A) and I}Y5(B) as a function of the potential applied to WE1. I}%5?

was calculated by subtraction of [[%' from I3, (obtained from the data

WE2
IF

presented in Fig. 3). was already shown in Fig. 3.

other. However, the values determined from Equation 3 are not
linearly independent from those determined by Equation 4 and 5.

In Fig. 6 we show the share of oxygen that is reduced to
superoxide as a function of potential. We obtained the displayed
values from Eqgs. (3)-(5). At low overpotentials oxygen is largely
reduced to superoxide. As the overpotential increases the share of
oxygen that is reduced to superoxide drops to 20 to 40%. However,
in the course of rapid deactivation of WE1 oxygen is reduced to

20 T T T T
1.54 J
ON
E 1.04 -
x
a
=
N 054 4
0.0 - T v T T T
-1.5 -1.4 -1.3 -1.2 -1.1 -1.0

E/V (vs. AgiAg’)
Fig. 6. Average z"F-value plotted as a function of the potential. The values on
display were calculated according to Eq. (2) from the data presented in
Fig. 5.

superoxide again. This finding is in good agreement to the
spectroscopic studies performed by Yu et al. in the same electrolyte
system at gold electrodes [33]. The finding that we obtain the same
results by Eqgs. (3)-(5), which are in good agreement with the
results of others [33], emphasise the reliability and quality of the
data gathered with the 6-electrode cell.

As pointed out above it is not possible to simply leave the metal
sputtered working electrode at open circuit because superoxide
undergoes a heterogeneous reaction at the second working
electrode that results in oxygen evolution. We have shown in a
previous study that a gold sputtered electrode in the lower
compartment at open circuit changes the MSCV for mass 32
significantly [31]. In that study we wondered whether gold at open
circuit catalyses the disproportionation of superoxide or whether
gold catalyses a reaction between superoxide and components in
the electrolyte, which results in the evolution of oxygen. With the
G-electrode cell we are able to address that question at least
qualitatively. Fig. 7 shows the CV and MSCV for mass 32 when
oxygen is reduced from an electrolyte of 0.5M LiClO,4 in DMSO at
WET and when WE2 is kept at open circuit potential (green curve).
In Fig. 7 for comparison also the MSCVs for mass 32 are added
when a potential is applied to WE2 (red curve) and when WE2 is
replaced by a Teflon membrane (black curve). Both curves were
already shown in Fig. 2.

In Fig. 8 there is no difference between the MSCV for mass 32
that was obtained when WE2 was left at open circuit and the MSCV
for mass 32 that was obtained when a potential of 0.0 V was
applied to WE2. When a potential of 0.0 V is applied to the WE2,
every incoming superoxide is oxidised electrochemically to
oxygen. If platinum at open circuit catalysed the lithium induced
disproportionation of superoxide, only every second superoxide
would release oxygen while the other half would be precipitated as
Li»0,. Hence, it would be expected that the green curve in Fig. 7 is
located between the red and the black curve if superoxide
disproportionated. This is evidently not the case and a strong
indication that superoxide undergoes some other reaction at the
surface of the platinum electrode. Currently we do not know what
compound in the electrolyte acts as a oxidising agent. There are
several possibilities: CIY" in perchlorate has a large capacity to
accept electrons, but due to the high activation barrier for the
reduction of perchlorate especially in the absence of protons this
seems unlikely. Superoxide reacts with DMSO to DMSO;

1.0 T

0.8

0.6+

0.4

%(Su)

0.2

0.0 T T T T " T T
-1.5 -1.4 -1.3 -1.2 -1.1 -1.0

E/V (vs. Ag/Ag")

Fig. 7. Share of oxygen that is reduced to superoxide at WE1 plotted as a function of
potential. Black: calculated according to Eq. (3) from the average z"*' values
presented in Fig. 4; red: Calculated according to Eq. (5); blue: Calculated
according to Eq. (4) from the data presented in Fig. 3. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 8. CV (A) and MSCV for mass 32 (B) when oxygen is reduced at gold from an
electrolyte of 0.5M LiClO4 in DMSO and when no potential is applied to WE2
(green). For comparison the MSCVs for mass 32 are added that were obtained when
a potential of 0.0 V was applied to a platinum sputtered Teflon membrane (red) and
when an ordinary Teflon membrane was place in the lower compartment (black).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

(dimethylsulfone) rather then to DMS (dimethylsulfide) [34]. This
renders DMSO an unlikely oxidizing agent as well. There are rather
large oxidation currents at WE1 when the potential surpasses 0.8
V.Itis likely that oxidation products formed at WE1 adsorb at WE2
and stick to the surface until they are reduced by superoxide.
However, DMSO is oxidised electrochemically to DMSO,, [35]
which should not be reduced by superoxide.

It is not improbable to assume that in gas diffusion electrodes of
Li-O, batteries a number of particles are not in contacted and are at
open circuit potential. The reaction between compounds in the
electrolyte and superoxide at metal electrodes at open circuit could
also occur at these sites in a Li-O, battery. If true, this would have
wider implications for the design of gas diffusion electrodes for Li-
0, batteries. However, whether the reaction between compounds
in the electrolyte and superoxide has any implication for current
Li-O, battery research depends on the exact nature of the reaction
which is still elusive.

5. Conclusion

In here we have presented a 6-electrode cell which is a
modification of the dual thin layer cell introduced by Jusys et al. [4].

The 6-electrode cell and the experimental procedure described in
this work allow to combine RRDE-like experiments with DEMS.
This is even possible when electrolytes with low conductivity are
employed

We have demonstrated the use of the cell for oxygen reduction
from Li-containing DMSO based electrolytes at gold electrodes.
This allowed us to identify the exact nature of electrochemical
active compounds that were generated at WE1 and detected at
WE2. In addition, we were able to rule out that the disproportion-
ation of superoxide at metal electrodes is responsible for the
electroless evolution of oxygen. We were unable to answer these
questions beyond doubt in a previous study [31].
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Appendix A. A.1 Introduction to the Theory of the 6-Electrode
Cell

(A1.1) A.1 Introduction to the Theory of the 6-Electrode Cell

In the following section we will introduce a large number of
quantities which often only differ in a super- or subscript. We have
listed all quantities in Table 1 to assist the reader.

In this theory section we will consider the following scenario:
During the experiment the potential at the working electrode in
the upper compartment (WE1) is cycled in a potential range that is
chosen in accordance with the redox system in solution. An
electrochemical reaction at WE1 produces species x which, due to
forced convection, is transported into the lower compartment.
There, species x can evaporate into the mass spectrometer which
causes a positive contribution to the ionic current for species x. At
the same time a fixed potential is applied to the second working
electrode. The potential is chosen such that species x undergoes a
diffusion limited electrochemical reaction in the lower compart-
ment (or a potential is chosen such that no reaction occurs at WE2).
Due to the electrochemical reaction at WE2 the amount of species
x entering the mass spectrometer will be reduced. Hence, the
contribution of WE2 to the ionic current for species x will be
negative. There is also the case that volatile species x reacts to non-
volatile species y at WE1 which reacts back to species x at WE2.
Transfer of the equations that are derived in the following to that
case is straight forward and will not be discussed in detail.

Derivation of the faradaic transfer efficiency: The current at the

second working electrode (I'¥?) is proportional to the amount
ﬂﬁ‘fz of species x that undergoes an electrochemical reaction per
unit of time and is given by Eq. (A1.1)

WE2 _ -WE2 _WE2
IF =MNpx 2 F

(A1.1)

In principle Eq. (A1.1) is the first derivative of Faraday's law with
respect to time where z/V¥? is the number of electrons that are
transferred when one molecule of species x undergoes a reaction at
WE2. F in Eq. (A1.1) is Faraday's constant. Eq. (A1.1) is only valid
when all the current at WE2 is due to the reaction of species x to
the same product. If also other substances then species x undergo a
reaction at WE2, we have to consider the current efficiency a(‘,}’fi.
The current efficiency is the fraction of the overall current at WE2

(I¥'¥%) that is due to the reaction of species x (I;*2). In that case

Eq. (A1.2) instead of Eq. (A1.1) has to be used.

WE2 WED _ WE2 _ pWE2 WE2 [

O""eff.x F Fx —Mrx % (A]-Z)
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Table 1
List of quantities that will be introduced in the following section.

B! Faradaic current measured at WE1

[¥2?  Faradaic current measured at WE2

Ipx Amount of the faradaic current due to the generation/consumption of species x, without any regard where the faradaic current was measured.

¥E' Amount of the faradaic current at WE1 due to the generation/consumption of species x

IYE2 Amount of the faradaic current at WE2 that is due to the electrochemical reaction of species x

we lonic current for mass m due to species x that was generated/consumed at WE1 and that (does not) enter(s) the vacuum.

Lmx

WE2
X
Tmx

lonic current for mass m due to species x that was generated/consumed at WE2 and that (does not) enter(s) the vacuum.

lonic current for mass m due to species x that (does not) enter(s) the vacuum, without any regard at which working electrode species x was formed/consumed.

ZI”” Overall ionic current for mass m due to species x entering the vacuum.

WEL Amount of the current at WE1due to the generation of superoxide; subscript Su is used when species x is superoxide

F.Su

I}"(fj Amount of the current at WE1due to the reduction of oxygen; subscript Ox is used when species x is oxygen

WE1

@, Current efficiency; the share of the faradaic current at WE1 that is due to the generation/consumption of species x

WE2

A, Current efficiency; the share of the faradaic current at WE2 that is due to an electrochemical reaction of species x

z¥E'  number of electrons that are transferred during generation/consumption of one molecule of species x at WE1

€2 number of electrons that are transferred per molecule of species x that undergoes electrochemical reaction at WE2

F Faraday's constant
h}"f' Amount of species x that is generated/consumed per unit of time at WE1
n}”fz Amount of species x that undergoes an electrochemical reaction at WE2 per unit of time
ﬁlwx” Amount of species x that is generated/consumed per unit of time at WE1 and that (does not) enter(s) the vacuum
ﬁLWxFZ Amount of species x that is generated/consumed per unit of time at WE2 and that (does not) enter(s) the vacuum

1, Amount of species x that that (does not) enter(s) the vacuum per unit of time, without any regard at which working electrode species x was formed/consumed.

N Collection efficiency of an RRDE arrangement

Nex  Faradaic transfer efficiency; share of the species x that is generated at WE1 and undergoes reaction at WE2

NWEL lonic transfer efficiency; share of species x generated/consumed at WE1 that (does not) enter(s) the vacuum.

N¥  lonic transfer efficiency; share of species x generated/consumed at WE2 that (does not) enter(s) the vacuum.

mx
fragment with mass m is detected.
K3 mx

WE1 WE1

WE2

Calibration constant of the mass spectrometer; it contains the probabilities that species x is ionized, that species x forms a fragment with mass m and that the

Calibration constant that allows correlation of I¢," with I}}, when species x has a fragment with mass m

Kamx  calibration constant that allows correlation of IYE2 with 1[Y22 when species x has a fragment with mass m

K

mx  Calibration constant that allows correlation of I, with I, , when species x has a fragment with mass m, without any regard to the working electrode.

We will not consider here the more general case that species x
can react to various products with various values for zWE2,

Similar to Eq. (A1.1) the faradaic current at WE1 (ﬁm) is given
by Eq. (A1.3).

WEL _ pWET _WEl |

I =ng, -z, (A1.3)

in which 1"} is the amount of species x that is generated at
WET1 per unit of time and z//#'is the number of electrons that are
transferred, when one molecule of species x is formed at WE1.

Eq. (A1.3) only holds when all the faradaic current that is
following at WET1 results in the generation of species x. Otherwise
the current efficiency a;}}f_}( has to be introduced into Eq. (A1.3). The
current efficiency is the fraction of the overall current that is used
to generate a particular species. In that case Eq. (A1.4) instead of
Equation A1.3 needs to be used

WE1 IWE'I 7IWEI - WE1 WE1 F
IF ~ 'Fx |

Qeffx =MNpx 2

(A1.4)
Only those molecules of species x that are generated at WE1 can
react at WE2. Therefore, h}‘_ﬂfz is proportional (but not equal) to

ﬁffl . According to Eq. (A1.5) the proportionality constant between

- WE2 - WE1

ng,~ and ng,  is the faradaic transfer efficiency Ng,

. WE2 - WE1
= Npx Mg,

gt (A1.5)

Inserting Eqs. (A1.1) and (A1.3) into Eq. (A1.4) and rearrange-
ment yields Eq. (A1.6)

WE2  WE1 _ WE2

Neo — Qofry - Zx I

Fx = JWET _wea  [WEI
effx " “x F

(A1.6)

Are z)'F!, ZVE2, i yFl and a2 known, then the faradaic transfer
efficiency Np, can be determined. Eq. (A1.6) becomes Eq. (1) when
ZVE1, ZVR2, ayfland oty are considered one. Since, oxygen is
reduced quantitatively to superoxide in an electrolyte of 0.5M
TBACIO4 in DMSO this assumption is valid.

At this point it is worthwhile to emphasise that there is a
difference between the collection efficiency and the transfer
efficiency of the dual thin layer cell. No discussion on the difference
will be given here and the interested reader is referred to Reference
[8] for further information. Unfortunately the faradaic transfer
efficiency Npy of the 6-electrode cell is the analogue of the
collection efficiency N of an RRDE-arrangement. For obvious



250 CJ. Bondue et al./Electrochimica Acta 214 (2016) 241-252

reasons we will stick to the terminology introduced for the flow
through thin layer cell and for the dual thin layer cell [8].

RRDE arrangements are often used to determine the share of
intermediates or side products formed during electrochemical
reactions. In order to be able to do so at least the collection
efficiency N needs to be known. The 6-electrode cell can be used to
the same end if the faradaic transfer efficiency Ng, is known.
However, different from N it is not possible to calculate Ng, purely
from the geometry of the cell, because the geometry is much more
complex (as well as the geometry factor [8,11,12]) and changes with
every setup of the 6-electrode cell. This is due to the compress-
ibility of the Teflon spacers. In addition, it was shown for the dual
thin layer cell that the transfer efficiency is a function of the flow
rate [8]. This is different for an RRDE-arrangement where, as long
as conditions are chosen under which laminar flow prevails, N is
independent of the rotation speed. The dependence of Ny and the
performance of the 6-electrode cell was tested in an aqueous
chloride containing electrolyte by the reduction of Cu?* to Cu* at
WE1 and subsequent oxidation of Cu* at WE2 (c.f. Supplemental
Information).

Derivation of the calibration constants K3 ,,, and K5, .: Accord-
ing to Eq. 1;,(A1.7) the ionic current I}, , for a fragment with the
mass m equals the overall influx n;, of a species x into the mass

spectrometer that has a fragment with this mass m times K, , [8].

Timx = Ky - i (A1.7)

K,, in Eq. (Al7) is the calibration constant of the mass
spectrometer that contains all parameters and settings which
influence the signal intensity via the probabilities of ionization and
detection as well as the fragmentation pattern [8]. i, in Eq. (A1.7)
is proportional (but not equal) to ng, which is the amount of
species x that is formed at the working electrode. The relationship
between n;, and ng, is given in Eq. (A1.8)

ﬁl.x = Nl.x : ﬁF.x (A]-S)

whereN is the ionic transfer efficiency. Insertion of Eq. (A1.8) into
Eq. (A1.7) and considering Faraday's law yields Eq. (A1.9)

o o, -IF
j‘J’.rru: = K"u . Nf.x L

A1.9
2 F (A1.9)

Eq. (A1.9) is valid irrespective of the working electrode. However,
considering different parameters at WE1 and WE2 we obtain Eqs.
(A1.10a) and (A1.10b).

WE1 WE1 a‘%’m "?{El
“ eff.x
mx = Koy - Niy CTLWETLF (A1.10a)
X
WE2 WE2 av}/fm She
° eff.x
Iy = Ky - Nix™- TLWEZ . E (A1.10b)
X

IVE! is the contribution of WE1 and I)¥2 is the contribution of
WE?2 to the overall ionic current % I; , « for mass m. The latter is

given by Eq. (A1.11)
Z Limx = I}Afrﬂ + fwrf?c
WE1

It is noteworthy that the ionic transfer efficiencies N/”' and
NY¥E2for WE1 and WE2, respectively, differ significantly from each
other. WE2 is a metal sputtered Teflon membrane placed at the
interface between electrolyte and vacuum. Naturally the ionic
transfer efficiency is high as volatile species formed at or very close
to the interface can easily pass into the gas phase and have little
chance to diffuse into the bulk of solution. For such electrodes and

(A1.11)

in the absence of convection Tegtemeyer et al. found a transfer
efficiency of 0.95 for the oxidation of pre-adsorbed CO [3]. The
ionic transfer efficiency N}'£! of WE1 is much smaller because it is
necessary to transport species x from WE1 in the upper
compartment to the lower compartment, where it can pass into

the gas phase. In the course of this transport process species X can

diffuse into the bulk of the electrolyte. Therefore, the value of N}/E!

deviates significantly from 1. The ionic transfer efficiency of both
WE1 and WE2 depend on the exact convection conditions [3,8].
One might assume that the ionic transfer efficiency N}%' and the

faradaic transfer efficiency Ng, of species x are equal. That is, the

same transport process is responsible for the detection of nj.'

either via ny.> or via ;"' . Indeed, this is true if the transfer to the

gas phase and the electrochemical reaction at WE2 itself are very
fast,i.e. in the limiting case of diffusion limitation. However, if due
to a lower volatility transfer of the species into the vacuum is
slower, N**' will be much smaller. Eg. the faradaic transfer
efficiency of superoxide is 0.26 while the ionic transfer efficiency of
superoxide N}%! is zero, as superoxide is not volatile enough to
pass into the gas phase.

The calibration constant K, , and the ionic transfer efficiency of

species x Ny, can be combined to a single calibration constant

K, =K;n,,,'NfoF- Substitution in Eqs. (A1.10a) and (A1.10b) yields
Eqs. (Al1.12a) and (A1.12Db).
aWE ~I}Q"E‘
I = K % (A1.12)
aWE A!JU__“VEZ
Ik = Ko effz"ém (A1.12b)

In order to correlate the ionic current to the faradaic current

*

quantitatively K}, , must be known. Therefore, calibration with an
electrochemical reaction of known stoichiometry (i.e. known er}ff},

WE2  ,WEI WE2Y +
Coffy Zo o and ') is necessary. In that case Kj,, can be
WE1

calculated via Eq. (A1.12a) from I[[V:} and If*'. Accordingly, K3, ,

can be calculated from [ﬁfi and IEVH via Eq. (A1.12b). Eq. (2) is a

simplification of Eqs. (A1.12a) and (A1.12b).

S~ Imx as afunction ofI;':'VE] : I?"Ez is proportional to I},""El, ifall the
current at WE2 is due to the reaction of species that were formed at
WET1. In that case it is possible to express the ionic current at WE2

I"E2 as a function of the faradaic current at WE1 I}YE'. We obtain

Eq. (A113) when we rearrange Eq. (A1.6) and insert it in
Eq. (A1.12b).

WE1  JWEI1
Npy-agiy I

1% = Kam - =0t (A1.13)
X

The overall ionic current > I, can then be expressed as
Eq. (A1.14), which we obtain when we insert Egs. (Al.12a) and
(A1.13) in Eq. (A1.11).

WE1 | [WE1

K, «o
3 = S S e e ) .14
X
As pointed out before the ionic transfer efficiency NL"V,('\S2

to one. In addition, the ionic transfer efficiency N/E! and the

faradaic transfer efficiency N, are of similar magnitude. Therefore,
the expression in the parenthesis is close to zero. That is the reason

is close
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why 3" I} x is close to zero when in the calibration measurement
of Fig. 1 oxygen is reduced at WE1 and evolved at WE2.

We can also define a transfer ratio of species x N . This transfer
ratio can be derived by division of Eq. (A1.12a) through Eq. (A1.13)
which yields:

[}«'\;;El B NKH Nr.x

e — = Al1.15
IK\-.;Ez NKEZ . NF‘X ( )

(A2.1) A.2 Derivation of Eq. (3)

When z}{f! is determined from Eq. (2) or, more accurately, from
Eq. (A1.12a) we only obtain an average value of zZ}/*!, which is given
by Eq. (A2.1)

-WE1 - WET - WE1

n n n

WE1 __ '""FSu  F.pe _FO

Z0x = TWET 2 - WE1 - WE1 (A2.1)
F.Ox F.Ox F.Ox

- WE1

In Eq. (A2.1) r_];i", is the share of oxygen that is reduced to

F,0x
« WE1 - WE1

. Nipe - s . Mgy -
superoxide, 5 is the share that is reduced to peroxide and 5, is
n
F.Ox F.Ox

the share that is reduced to oxide. /! in Fig. 3 is always smaller 2

e [0,. Therefore, we can assume that the share of oxygen that is
reduced to oxide is negligible. Hence, we can simplify Eq. (A2.1) to
Eq. (A2.2).

e (i
u -l
23;51 =wEr 2 (] - -wm) (A22)
ME ox ME ox
Rearranging Eq. (A2.2) yields Eq. (3)
[WE
S
X(Su) = ey = 2 - 24" (3)
N ox

(A1.6) A.3 Derivation of Eq. (4)

The faradaic transfer efficiency Nr, for species x is defined by
Eq. (A16).

WE2 | ,WEL | [WE2
N, — Qv e IF
Fx ™= QWET Zwe2 jWE
effx “x F

(A1.6)

Usually both aff} and aff? is unknown. Therefore, it is not

possible to determine from Eq. (A1.6) the share of species x with
respect to other species formed at WE1, without additional
information.

However, for the reduction of oxygen in lithium-containing
DMSO based electrolyte we know that aff2 is one. We arrived at

that conclusion because we found that the average value of z{/? in
Fig. 5 is one which is a strong indication that oxygen evolution at
WE2 is due to the oxidation of superoxide. For the formation of
superoxide at WE1 in lithium containing DMSO based electrolyte
Eq. (A1.6) simplifies to Eq. (A3.1).

WE2
I¢

Nesy = (A3.1)

WE1  [WEI
effsu °F

The current efficiency of superoxide is given by Eq. (A3.2)

W - WE1
WEl _ F.5u Mg sy

o = =
effSu = JWET , JWEl , jWEl _ -WEI WET “WEL
Igsy +1kpe t1IEg Mgy +2-App, +4-1ig

(A3.2)

In Fig. 3 the average value of z§F' never exceeds 2 e7/O,.
Therefore, we can assume that the formed amount of oxide is
negligible and Eq. (A3.2) simplifies to Eq. (A3.3).

ﬁ?fssl
aWEl — T (A3.3)
T 2
Insertion of Eq. (A3.3) into Eq. (A3.1) yields Eq. (A3.4)
IWEZ
NF.SU = .me (A34)
FSu -IWE]
—TWET WET F
Mgy +2Npe

rearanging leads to

- WE1
nF,Su
- WE1 . WE1 Ve
n +2-n ot 2/
FSu FPe = o o 12/
- WE1 WE1 - WE1
AWEL 5 MEpe NEsy - I§ | NEpe
F.Su ’ -WET WE2 - - WET
2-ngg, 2-Ig 2-fpg,
SWE1 | - WEI WE1 - WE1
Npgy +Ngpe  Nesy-Ir Ng pe
“WET WEZ - WE1
2 fgg, 2-0p 2 Npg,
o SWED _ WE1 | WEL sWEl _ I SWEL _ I ;
With ng'o, = Ng'sy + Nepe s Nppe = S5 and figg, = 5~ we obtain
- WE1 WE1
Meox  Nesu-Ip ™ ,/ W8
2., 20 2
s oWEL _ M e WE1 _ jWEl _ jWEL;WE1 _ WEl _ [WEI
with Ipg) = =g and ;™ — g, =Igpe Ie - —Iesy =Iepe
we obtain
- WE1
Mg ox — N IWE] . zNHu(':vu—fxvﬂ)
Zﬁw — INFSu *If - e
“HFSu
. WE1 1 WE1 WE2
Mrox '/ oNesu-IF +1F ‘()"/1
- WE1 WE2 bl
2-Npgy 2-Ig 2

We finally arrive at Eq. (4) from which we can determine the
share x(Su) of oxygen that is reduced to superoxide

ﬁgvsfl 2. IWEZ
X(Su) = g = E (4)
AL Nes. I + 12

(A4.1) A.4 Derivation of Eq. (5)

We can also determine the amount of oxygen that is reduced to
superoxide from the ionic currents I/%, and I}, . Combining
Egs. (A1.5) and (A1.8) yields Eq. (A4.1)

. n
M = e (A4.1)

Considering Eq. (A4.1) we can write the share of oxygen that is
reduced at WE1 to superoxide as in Eq. (A4.1)

hwm
SWEL O
Mesu _ Nioe Nesu
. WE1 — - WEI
NE ox N,

WET
1.0x

(A4.2)
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Inserting Eq. (A1.8) in Eq. (A4.2) and considering the transfer
ratio N, x5, We obtain Eq. 5a

. WEI WE2
N5, o

)((Sli) = = N—T(XIWE 5)
Mg, r.ow/Su 'l .0x

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in

the online version, at http://dx.doi.org/10.1016/].
electacta.2016.08.008.
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Figure S1: Technical drawing of the 6-electrode cell
Figure S1 shows the exact measures of the 6-clectrode cell introduced in the present paper.
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Characterisation of the 6-Electrode Cell

Following the procedure described by Hamann and Vielstich [1] the 6-electrode cell was
characterised in an aqueous electrolyte of 0.5 M KCI that contained 1 mM CuCl,. The
working clectrode WEI1 in the upper compartment was a polycrystalline platinum electrode
and the working electrode WE2 was a platinum sputtered Teflon membrane. All counter and
reference electrodes were cupper wires. Different from the case in an organic electrolyte
CEl1.2 and CE2.2 are connected via a 100 kQ and CEI.1 and CE2.1 are connected via a
100 Q resistance. During the experiment WEI was cycled in a potential window between
-400 mV and 900 mV, and WE2 was held at 550 mV throughout the experiment.

Figure S2 shows the cathodic sweeps of the CVs that arc obtained for four different flow
rates. As the potential at WE1 decreases below 350 mV Cu'" is reduced to Cu'. As WE2 is set
to 550 mV the reverse reaction takes place and I)** becomes positive. As soon as the
potential becomes more negative then -220 mV at WEI the bulk deposition of copper takes

place. Hence, the amount of /"' increases twofold. In parallel 7" drops to zero, because the

supply with Cu' ceases.
In Figure S3 1) t -180 mV (diffusion limited) is plotted versus u'”® whereas u is the flow
rate of the electrolyte. Figure S3 shows that a linear relationship exists between I}*' and u??.

For the dual thin layer cell and for flow rates larger ~SuL/s the relationship in Equation S1
was found which evidently also holds for the 6-electrode cell [2].

! g.Z.F.(:.DE"'}.u" eq.Sl

Diff =
In Equation SI gis a geometry factor that varies in each cell setup, D 1s the diffusion
coefficient of the reactant, ¢ is the concentration of the reactant and x 1s either 1 (at low

flow rates) or 1/3 (at large flow rates).
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In Figure S4 Ny is plotted as a function of the flow rate. Ny was calculated from Igwg; and
lgwr2 according to Equation 1. As already shown for the dual thin layer cell Ny decreases

significantly as the flow rate increases [3].

0- =
<
=+ .50 -
~—
£ u
— -100 A -
-150 -
121 -
8 —— 8 ul/sec ‘
< ] —— 14 pl/sec |
3- —— 24 ulL/sec 1
o~ 4. —— 33 pl/sec |
£
0- 2

05 00 05 10
E /V (vs Cu/Cu®")

Figure S2: [ :FE] and [ :f’m as a function of the potential applied to WE!1 in an aqueouse electrolyte of 0.5 M KC1

containing | mM CuCl,.
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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: 1¥' (the faradic current at WE1), 1/%(the faradic

IWE2
1,32

current at WE2), 1)"5; (the ionic current for mass 32 due to the reaction at WE1) and
(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 LiO," 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 Li,O, 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 Li,O,-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
guantitative 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 Li,O,. But thermodynamics do not give any information on
how Li,O, 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, NaO, [74, 75] and Na,O, [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 NaO, is formed and under other conditions
Na,O, 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 Li,O, 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 Li,O, particles form because oxygen is first reduced to superoxide which will then
be deposited as Li,O, 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 Na,O, towards
NaO, [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 Li,O, 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 O,  determines whether the indirect or the direct pathway of peroxide

formation takes place in non-aqueous electrolytes. In that line of thought, O,  (or O,Lli)
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remains adsorbed and a second electron transfer is possible when the free adsorption
enthalpy is large, whereas O,  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 Li,O, in some cases
[81-85] and films of Li,O, 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 Li,O, particles allows for a deeper discharge of the battery [81, 82], most probably
because no insulating film of Li,O, 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 CO,-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 Li,O, in the electrode [21-28]. During charging of the battery most of the Li,O,
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
CO,. 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 Li,O, is more difficult to
oxidise.

We have shown in Paper 2 that not only the reduction of oxygen but also the
oxidation of Li,O, is an electrocatalytic reaction. The oxidation of Li,O, proceeds faster at
platinum electrodes than at gold electrodes. In addition, the oxidation of Li,O, takes place in
two distinguishable waves at gold electrodes. We have ascribed this behaviour to the
formation of two monolayers of Li,O, 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 Li,O, might

have been deposited at sites in the electrode without electric contact. Li,O, 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
Li,O,. By means of redox titration Schwenke et al. have shown that only 65% of the reduced
oxygen form Li,O; in tetraglyme based electrolytes [82] and Aetukuri et al. found a Li,O,-
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 CO, (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, CO, evolution indicates unambiguously electrolyte decomposition. Indeed, the
relationship between evolved amounts of CO, and reduced amounts of O, (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
Li,O, 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 Li,O, when the m.p.e-values were determined (the m.p.e-
values therefore only appear to fit well to the quantitative formation of Li,O,). 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, Li,O, and decomposition products. In the
anodic sweep, Li,O, 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 Li,O,
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 CO, 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 Li,O, particles might lose mechanical and
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electronic contact to the electrode when Li,O, layers that adhere to the electrode are
oxidised. Secondly, Li,O, 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 1-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. | consider this significant, because |
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 | mentioned the theory that similar to the situation in aqueous
electrolytes, the free adsorption enthalpy of O, 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 O,".
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
O, 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 Mg*-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 Mg®) 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 | 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 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:
NH;, NHsoRy, R0, 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 Li,O, 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
Li,O,. 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 | 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/0,
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 Li,O, 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 CO,

In the lithium-air battery literature, the effect of CO, 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 Li,CO3; during oxygen reduction in the presence of CO, is inevitable.
Lim et al. found experimentally that Li,COj is the sole discharge product in DMSO based
electrolytes, whereas both, Li,O, and Li,CO3; are formed in DME (Dimethoxyethane) based
electrolytes. Therefore, it should be tested whether the Li,CO; 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* (LiO,) that will ultimately lead to
Li,O, or whether it forms a complex with CO, (CO,) that will ultimately lead to Li,COs.
According to Lim et al., the activation barrier for the formation of LiO, 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

Li,O, 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
Li,O, 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
CO, are required. A better solvation of superoxide should increase the activation barrier for
the formation of both, LiO, and CO,. Maybe it is possible to maintain a large enough
activation barrier for the formation of LiO, when the acceptor number of the solvent is
increased. That way, the formation of Li,O, particles may still be possible when the donor
number is decreased at the same time. The formation of Li,CO3 could be inhibited when the
activation barrier for the formation of LiO, is sufficiently decreased below the activation
barrier for the formation of CO,". The easiest approach to test whether Li,CO; 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 CO,. The
formation of Li,CO3; should show up in a z-value of 4 €/0O,, whereas Li,O, formation comes
along with a z-value of 2 €/O,. Indeed, the observation of a z-value of 1 e/O, would be
desired, because this would mean that superoxide does not undergo reaction with CO, or Li*
on the investigated time scale.

However, even if a z-value of 1e/O, is observed it is still not clear whether
superoxide will eventually form Li,O,, Li,COs, 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 CO,, then Li,O, 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 CO, leads to
Li,COg is quite curious. The formation of Li,CO3 requires the cleavage of the O,0-bond. This
should raise the question how CO, brings about the cleavage of the O,0-bond as it is hard to
understand at this point why the activation barrier for this step is acceptable in the presence
of CO, but not in its absence. Although | cannot suggest any concrete experiments to
conduct, | belief it is worthwhile to investigate the mechanism of the oxygen reduction
reaction in the presence of CO, further. The evolution of oxygen from Li,CO; takes place at
~900 mV more positive than from Li,O, [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,0-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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Li,O, (in competition to Li,CO3). The mechanism on how the dielectric constant affects the
final product of oxygen reduction is similar to the effect | proposed for the effect of the donor
number on the indirect pathway of peroxide formation. Indeed, | 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 | 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
Al Sulfolane
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Figure A1.1: CV and MSCV for mass 32 an oxygen saturated electrolyte of 1 M LiCIO4 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 Al.1, indicate that oxygen reduction begins at -0.75 V in an electrolyte of 1 M LiCIO,
in sulfolane. In the anodic sweep oxygen evolution starts at -0.2 V. The true columbic
efficiency in Figure Al1.1 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
LiClIO, 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 H,.
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E/V (vs Ag/Ag)

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 H,O (signified by a negative ion current for mass 18) parallel to the
evolution of a sighal 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 O, satturatedelectrolyte of 0.2 M
LiClO,4 in Benzonitrile. Both the reduction current in the CV and the consumption of oxygen in
the MSCV indicate that oxygen reduction begins at -0.65V 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 -1.1V 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 LiCIO4 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 -0.75V in an electrolyte of 0.1 M
LiClIO, in tetraglyme. In the anodic sweep oxygen evolution starts at -0.2V. 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 LiCIO4 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 H,SO4; B: Ag-electrode in 0.1 M KOH; C:
Au-electrode in 0.1 M TBACIO4 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-agqueous 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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