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Abstract

In order to advance the development of metal-air batteries and solve possible problems, it is necessary to gain a fundamental
understanding of the underlying reaction mechanisms. In this study we investigate the oxygen reduction reaction (ORR)
and oxygen evolution reaction (OER, from species formed during ORR) in Na* containing dimethyl sulfoxide (DMSO)
on poly and single crystalline Pt and Au electrodes. Using a rotating ring disk electrode (RRDE) generator collector setup
and additional differential electrochemical mass spectrometry (DEMS), we investigate the ORR mechanism and product
distribution. We found that the formation of adsorbed Na,O,, which inhibits further oxygen reduction, is kinetically favored
on Pt overadsorption on Au. Peroxide formation occurs to a smaller extent on the single crystal electrodes of Pt than on
the polycrystalline surface. Utilizing two different approaches, we were able to calculate the heterogeneous rate constants
of the O,/O,~ redox couple on Pt and Au and found a higher rate for Pt electrodes compared to Au. We will show that on
both electrodes the first electron transfer (formation of superoxide) is the rate-determining step in the reaction mechanism.
Small amounts of added Li* in the electrolyte reduce the reversibility of the O,/O,~ redox couples due to faster and more
efficient blocking of the electrode by peroxide. Another effect is the positive potential shift of the peroxide formation on both
electrodes. The reaction rate of the peroxide formation on the Au electrode increases when increasing the Li* content in the
electrolyte, whereas it remains unaffected on the Pt electrode. However, we can show that the mixed electrolytes promote
the activity of peroxide oxidation on the Pt electrode compared to a pure Li* electrolyte. Overall, we found that the addition
of Li* leads to a Li*-dominated mechanism (ORR onset and product distribution) as soon as the Li* concentration exceeds
the oxygen concentration.

Keywords Oxygen reduction reaction - Metal-air-batteries - RRDE study - Rate constants in Na* electrolyte Li* - Na*
mixed electrolytes

Introduction efficiency/electrochemical reversibility (OER/ORR) is less

than 100% [3, 4]. The equations shown in Table 1 are pos-

For the solution of the energy storage problem, the Li/Air
battery is being discussed as an attractive alternative by
various researchers. The Li/Air system has a high practical
energy density (theo. energy density: 3458 Wh kg™! (Li,0,)
[1]), which is comparable to gasoline [2]. In the Li/Air sys-
tem, the oxygen reduction reaction (ORR) forms first lithium
superoxide (LiO,) which is soluble and afterward lithium
peroxide (Li,0,). Li,0, can be reoxidized which ends in
the oxygen evolution reaction (OER), but the coulombic

< H. Baltruschat
baltruschat @uni-bonn.de

Institute for Physical and Theoretical Chemistry, University
of Bonn, Romerstr. 164, 53117 Bonn, Germany

@ Springer

sible reaction products in the Li/Air system for the ORR
reaction.

Using the tabulated potential values by Gritzner [7],
Table 1 also gives potential values referred to the AglAg™
which is used in this study. Because of the limiting avail-
ability of lithium, researchers are thinking about other alkali
metal-oxygen batteries [8—11]. These have the same work-
ing principle like the Li/Air system, but the anode material
is changed. The next attractive battery system is the Na/
Air system, because of the abundant sodium source, low
manufacturing costs, environmental benignity, high capac-
ity, and a high theoretical energy density of 1108 Wh kg™
(NaO,) [1, 12]. Peled et al. showed 2011 for the first time
that a sodium-air battery, using 1 M NaClO, with 1% Al,O;
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;Z':;it}alftfir;dti;dpeé:;tg?:e Reaction Metal E%vs. M/M* E° vs. Ag/Agt AG

products M + 0, - MO, Li 30V -0.84V — 293 kI mol™' [5]
2M + 0, - M,0, Li 31V -0.74V — 607 kI mol~! [5]
4M + 0, — 2M,0 Li 291V -093V — 1121 kJ mol™! [5]
M + 0O, - MO, Na 226V -1.03V —218.4kJ mol™! [6]
2M + 0, - M,0, Na 233V -097V — 449.6 kJ mol™! [6]
4M + 0, - 2M,0 Na 195V - 134V — 751 kJ mol™' [6]

dispersed in polyethylene-glycol-dimethyl ether in propylen-
ecarbonate (polymer electrolytes) on Au electrodes, which is
running above 100 °C, is a promising alternative battery to
the actual lithium-ion batteries [13]. This cell had a faradaic
efficiency of 85%. Ellis et al. showed in 2012 the possible
reduction products of the ORR in Na*-containing carbonate
electrolytes [14].

Further studies focused on ether [15-21] and carbonate
[6, 17, 18] based electrolytes, while it was found that the
underlying mechanism depends on the solvent [17]. Also,
Aldous et al. showed that by SERS measurements, the sol-
vent controls the formation of the discharge products [22].
Bender et al. showed in 2014 using thermodynamic data that
in ether-based electrolytes, the formation of NaO, together
with Na,0, is favorable, but the formation of Na,O is ther-
modynamically unfavorable [18]. They also studied carbon-
based electrolytes and found as main product NaO, in their
cell design. Schroder et al. used in 2016 three different elec-
trochemical and chemical ways to form Na,O, on Au elec-
trodes, but the main product of each pathway is NaO, [23].
Via a theoretical approach, it was found that under standard
conditions, Na,0O, is stable and NaO, is metastable, but the
partial pressure of O, is a significant parameter to determine
the formation and growth of a particular sodium oxide phase
[24]. Whether the one- or a two-electron process is occurring
is still an open question in the Na-O, cells [25].

Landa-Medrano et al. mixed 2018 Li* and K* salts to a
sodium-containing diglyme electrolyte [26]. By mixing Li*
to the Na* electrolyte, the stabilization of O, is hindered
in the electrolyte and a surface-phase ORR is favored, and
therefore, an early accumulation of the discharge products
occurs. The increase of K* in the Na* electrolyte resulted in
a reduced overpotential for ORR and OER.

Bondue et al. focused 2015 on the ORR and OER in
DMSO-based electrolytes [27]. They used different electrode
materials and different cations in the solvent DMSO. Using
DEMS, they found on Au electrode in the sodium containing
electrolyte a transition from the le™ per O, process to the 2
e~ per O, process with increasing overpotential. On the Pt
electrode, the transferred electron number passes a maxi-
mum of 1.5 e~ per O,. Dilimon et al. focused on the stability
of superoxide in the combination of different sodium salts in
DMSO [28]. They found that the C10, /DMSO electrolyte

leads to a stable superoxide product during ORR. The Na,0,
is just formed by a second ORR step of electrochemical
two-electron reduction of molecular oxygen to peroxide. In
PF,"/DMSO, the formed superoxide disproportionates to
the surface adsorbed peroxide. Ma et al. investigated oxy-
gen reduction in a NaClO,/DMSO electrolyte by CV, in situ
SERS and DFT-based theoretical modeling [29]. Their find-
ings suggest that the passivation of the cathode surface can
be avoided in low-overpotential regime, because NaO, is
slightly soluble in the DMSO electrolyte. They measured
the solubility product of NaO, with UV-Vis-spectroscopy
and found a value of 7.95-10~* M assuming dissociation into
0O,” and Na* as compared to the much lower solubility of
LiO, [30].

Sheng et al. studied the disproportionation of sodium
superoxide in different solvents [31] and found for both
superoxide in solution and on the surface (NaO,, and
NaO, ) that the disproportionation kinetics to Na,0,
depends on the solvent. The disproportionation of NaO, ),
is fast in acetonitrile but slow in DMSO or diglyme; there-
fore, the NaO, is found as the major discharge product. In
DMSO, dissolved NaO, accumulates and precipitates, form-
ing flake-shaped particles. The formed Na,O, passivates
the surface, and this results in polarization. Both NaO, and
Na,0, are reactive and would attack electrolytes.

Using EC-SHINERS and cyclic voltammetry for the anal-
ysis of the ORR products on Pt(111), Pt(100), and Pt(110)
in NaClO,/DMSO electrolyte, Galloway et al. showed that
the ORR on platinum is surface specific and that on Pt(110)
and Pt(111) the reduction of NaO, to Na,O, is promoted,
contrary to Pt(100) and polycrystalline Pt [32].

In this study, we are examining the differences in the
kinetics of the ORR in Na*-containing DMSO on Au and
Pt electrode using cyclic voltammetry and the rotating ring
disc electrode. In addition, the effect of mixed Na™-Li* elec-
trolytes on the ORR and OER is elucidated, thus continu-
ing our studies on the Li-O, system [3, 27, 33, 34]. This
will shed some light on the different ORR kinetics in Li*-
and Na™-containing electrolytes. A further motivation for
investigating the mixtures of the two different salts was to
elucidate the prospects of a battery system, which combines
the positive effects of both electrode systems. This means
to get a better reversibility than in the pure Li cell, to avoid
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the higher amount of singlet oxygen like in the pure Na cell
and to enlarge the energy density by adding Li salt [35]. In
particular we will show that the potential of peroxide forma-
tion is shifting to higher (more negative) overpotentials with
increasing Na content.

Experimental
Chemicals

Sodium perchlorate hydrate (NaClO,-H,O, Sigma-Aldrich,
99.99% trace metal basis) was dried at 180 °C at reduced
pressure for two days. Lithium perchlorate (LiClO,, Sigma-
Aldrich, battery grade, dry, 99.99% trace metal basis) was
used as received. Dimethyl sulfoxide (DMSO, 99.7%, stored
under molecular sieve, Acros Organics, H,0 <50 ppm) was
used as received. All electrolytes were prepared in a GS glove-
box with a water content below 0.5 ppm. The water content of
the electrolytes was determined by Karl-Fischer titration after
the experiment and reached values between 30 and 70 ppm.
Silver nitrate (AgNO3, > 99%, ChemPure) was used for prep-
aration of the reference electrode, which was a silver wire
ina 0.1 M AgNO; in DMSO. All electrolytes were purged
either with a custom mixture of argon and oxygen (80:20, Air
Liquide) or with a mixture of highly pure argon (99.9999%,
Alphagaz 2, Air Liquide) and highly pure oxygen (99.9995%,
Alphagaz 2, Air Liquide). The 80:20 Ar-O,-mixtures were
produced by mixing the above mentioned gases using an
electrical flow meters (F-201C-UA-22-V, Bronkhorst, MFT-
V12C Union Carbide). The flow meters were calibrated for
the specific gases.

Electrode Cleaning

For cleaning, the Pt and Au electrodes were cycled in 0.5 M
H,SO, until the well-known CV shape could be observed.

RRDE Setup

The RRDE measurements were performed in a three-elec-
trode arrangement. As electrochemcial cell a three-compart-
ment glass cell with a Luggin-Capillary [36] was used. Elec-
trical contact to the reference electrolyte (0.1 M AgNO; in
DMSO) with the reference electrode (Ag-wire) in one of the
compartments was established by the wetted rough surface
of a closed glass stopcock. As counter electrode a gold wire
was used. As working electrode, a thin-gap RRDE-tip with
an Au-disk and an Au-ring (AFE7R8AuAu, Pine Research
Instrumentation) and a thin-gap RRDE-tip with a Pt-disk
and a Pt-ring (AFE7R8PtPt, Pine Research Instrumentation)
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were used. The thin gap electrode has a theoretical collec-
tion efficiency of N, = 0.22, and the surface of the disk
electrode is A =0.164 cm?. For the data evaluation, the share
of superoxide (X) was calculated. X can be calculated from
the ring current I and the disk current /;, assuming that only
superoxide and peroxide are formed as products and that
only superoxide is oxidized at the ring electrode:

¥ =21,
(NOID) = Iy )
Furthermore, we want to emphasize that in this study we
correct the time offset between the ring current and the disk
current. The time offset results from the transfer time of a
species that is formed at the disk and is transported to the
ring due to the velocity field. At a rotation speed of 4 Hz
this can be estimated with 1 s [37]. If the ring current is
corrected by the time offset, it can be seen that the peak
potentials in the ring current correspond to those in the disk
current. Therefore, a coincidence of the peak potentials was
used to correct the time offset.

DEMS Setup

The dual thin-layer cell used for DEMS measurements has
two compartments, which are connected by six capillaries,
and the electrolyte is flushed with 5 pL s~ through the cell
by a peristaltic pump, which is connected at the outlet of the
cell. In the upper compartment, the electrochemical reac-
tion on the working electrode (Au,,,. Pt,,) takes place.
The lower compartment is connected with a porous PTFE
membrane to the mass spectrometry (MS). Volatile species
in the electrolyte can evaporate through the porous PTFE
membrane into the vacuum of the mass spectrometer and
be detected by the MS. The reference electrode is connected
at the inlet. The main counter electrode is placed at the
outlet. To reduce electronic oscillations, a second counter
electrode is placed at the inlet. For an optimal distribution
of the current, a 1 Q resistance is used at the main coun-
ter electrode and 1 MQ resistance at the second electrode.
A more detailed description of the cell can be found else-
where [38—41]. The DEMS setup is calibrated by using a
system in which the ORR is undergoing with a well-known
stoichiometry. Therefore, the ORR is performed in a 0.5 M
KC10,/DMSO electrolyte in the same cell on the same. It
is known that in this electrolyte, the oxygen reduction takes
place via a one-electron process in a wide potential window
[27, 42]. This allows the calculation of the oxygen flux 2(O,)
and finally the determination of the number of transferred
electrons per oxygen molecule z according to the following
equation [10]:



Electrocatalysis (2021) 12:564-578

567

(07 @

Single-Crystal Setup

Experiments in resting solution were conducted in an H-cell
using the well-known three-electrode arrangement, with the
single crystalline electrodes as working electrode (WE diam-
eter 1 cm; 0.785 cmz), a silver wire immersed into 0.1 M
AgNO; containing DMSO as reference electrode (RE) and
a platinum sheet as counter electrode (CE). CE and WE
were separated by a glass frit. The differential electrochem-
ical mass spectrometry experiments were performed with
the single crystal electrode in the thin layer DEMS cell as
described above.

Preparation of the Single-Crystal Electrodes

The single crystals were cleaned as described above and
annealed in an induction heat cell afterward. To obtain a
well-ordered (111) or (100) surface, the cell was purged with
N, in case of Pt(111) and with (95% Ar+5% H,) in case
of Pt(100) during the annealing procedure (150 s at yel-
low heat) and also during cooling down of the crystal above
Milli-Q water [43, 44]. After cooling down for 10 min, the
electrode was protected for transport by adsorbing a mon-
olayer of bromide from a 1 mM KBr solution. Once every
day, prior to an experiment, the electrodes were character-
ized in H,SO, after bromide protection to proof the setup.
If the single crystals show their typical CV (see Fig. S1)
after stripping of the bromide, the crystals were prepared
again, protected, dried in ambient air, and transferred to the

@@, ] A
1 0.1 M NaCIO,/DMSO
@ Pt electrode 20:80 O,:Ar

-40
-60 —# #5
1 —#2 ——#6
80 #3 —#7
1 —a —#8
-100 T T T T T T T T T T T
-1,5 -1,0 -0,5 0,0 0,5 1,0

E/V vs. AgiAg’

Fig.1 CV study in 0.1 M NaClO, in DMSO electrolyte on (a) Pt
working electrode and (b) Au working electrode at a constant sweep
rate of 10 mV s™' (A=0.164 cm?). The lower potential was reduced

experimental setup. This procedure ensures the protection of
the well-ordered surfaces against contaminants from ambi-
ent air (note that water needs to be avoided for investiga-
tions of the ORR in organic electrolytes) similar to [32]. As
shown in [45], bromide is stripped in DMSO at —0.61 V vs
AglAg* (prior to the ORR onset), and thus, we can safely
assume that the bromine adlayer will not influence the ORR.
This is further supported by a current study [46], where we
found complete, reductive dissolution of the bromine adlayer
(proven with XPS) in DMSO within the first cycle (prior to
the ORR onset).

Results and Discussion

The ORR in Na*-Containing DMSO: a Comparison
Between Au and Pt Electrocatalyst

This study aims at a direct comparison of the ORR and
OER on the electrocatalysts Pt and Au. Therefore, we start
with some fundamental investigations of the ORR and OER
using cyclic voltammetry (CV). Figure 1 shows the CVs of
a potential window opening experiment in 0.1 M NaClO,
in DMSO saturated with a mixture of 20:80 O,:Ar recorded
on a Pt working electrode (a) and on an Au working elec-
trode (b).

Both sets of CVs show two peaks in the cathodic sweep.
The first peak (C,) is associated with the formation of super-
oxide and the second peak (C,) with the formation of per-
oxide. Variation of the lower potential limit confirms the
assignments of the anodic peaks A, and A, (oxidation of
peroxide and superoxide) to the corresponding reverse reac-
tions. This assignment is based on our previous DEMS study

(b)

80 ] A+A, 0.1 M NaClO,/DMSO
60 1 @ Au electrode 20:80 O, / Ar
40
S
o
<
2
#5
] —#2 —#6
.80 4 b #3 —#7
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-100 T T T T T T T T T T
-1,5 -1,0 0,5 0,0 05 1,0

E/V vs. AgiAg

in 100 mV steps in every cycle. The electrolyte was saturated with a
mixture of 20:80 O,:Ar
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where we quantified the number of electrons transferred
per oxygen molecule [27]; a similar DEMS experiment is
reproduced in Fig. S2. In comparison to the Li* system, the
peroxide formation is much more reversible, similar to the
K*-containing system [47]. On both Pt and Au, superoxide
formation starts in the onset of ORR (1 e7/0,), followed by
peroxide formation (2 e7/O,). The formation of superoxide
occurs on both the Au electrode and the Pt electrode at the
same potential (E,;,(C;)=—1.0 V vs. Ag*|Ag). It is notice-
able that the peroxide formation on the Pt surface is starting
180 mV more positive than at Au (E,,(C,, Pt)=—-1.25V
vs. AgtlAg and E,; ,(Cy, Au)= —1.43 V vs. Ag*lAg). In the
anodic sweep, the OER shows two well-separated peaks on
the Pt electrode. On the Au electrode, the oxidation of per-
oxide (A,) and superoxide (A,) is not well separated. In this
case, the oxidation of peroxide is noticeable as a shoulder in
the CV. The dependence on the sweep rate is shown in the
supporting information (Fig. S3). The peak current increases
linearly with the square root of sweep rate on both electrodes
(Randles—Sevcik plot, Fig. S4), which shows diffusion limi-
tation for the first electron transfer. Figure S3 also shows that
the peak potentials depend on the sweep rate. This allows
a determination of the rate constant for the first electron
transfer, as outlined in the supporting information.

A similar experiment at 100% O, saturation (Fig. 2)
shows a different behavior of Peak A, on the Pt electrode:
as the potential limit is opened in negative direction, the
peak potential of peak A, is shifting into positive direction
and the peak height is decreasing. We suggest that this effect
is due to a complete blocking of the electrode with Na,O,,
which is only achieved at short times when saturating the
electrolyte with 100% O,. (In Fig. 1, reduction continues
in the anodic sweep after potential reversal (with about 2

@ A, 0.1 M NaCIO, /DMSO
1 o,
100 4 @ Pt electrode 100% O,
— 50
e |
o 04
< 4
=2
I 50
= 100
-150 o
1 —#2 —#7
-200 4 #3 —#8
] C —#4 ——#9
-250 - 45
] c,
-300 —_—
-1,5 -1,0 -0,5 00 05 1,0

E/V vs. Ag/iAg”

Fig.2 CV study in a 0.1 M NaClO, in DMSO electrolyte saturated
with 100% oxygen on (a) a Pt working electrode and (b) an Au work-
ing electrode at a constant sweep rate of 10 mV s~ (4=0.164 cm?).
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HA as opposed to Fig. 2a) where a corresponding current
should be 5 times larger.) It is reasonable to assume that
for an electrode that is completely blocked with a film of
ORR products, the first step of the OER is the formation
of holes in this film. Oxidation of dissolved ORR products
(such as superoxide) can only take place at such holes. For-
mation of a hole by oxidation is more difficult on a complete
film than on an incomplete film because it requires contact
between the peroxide, the electrocatalyst and the solution
phase and therefore requires a higher overpotential—a typi-
cal nucleation phenomenon. This behavior is not observed
on Au because of the less strong interaction of the deposited
ORR products with the Au surface as compared to Pt. Note
that on Au, complete blocking is only achieved at the low-
est potential limit; in the anodic sweep, peroxide oxidation
(to superoxide) is superimposed to the newly starting O,
reduction to superoxide on the freed surface. The DEMS
experiment (Fig. S2) and also the experiments shown below
confirm that roughly a monolayer of Na,0O, is formed.

Ma et al. [29] used surface enhanced Raman spectroscopy
(SERS) to identify the products formed in these peaks. (The
difference between their CV and ours is probably due to the
much higher roughness necessary for SERS and the pausing
during the potential scan for recording the spectra.) They
assigned peak C, to the formation of adsorbed superoxide on
the Au electrode and peak C, to the formation of solid NaO,
on the electrode surface. Only at the negative potential limit
they observed the formation of Na,O, without further charge
flowing. This contradicts our previous DEMS study [27]
(newly confirmed here in the experiment shown in Fig. S2
in the supporting information), where we show that peak
C, is associated with peroxide formation. We believe that
the “late” formation of solid Na,O, observed by Ma et al.

0.1 M NaCIO,/DMSO
@ Au electrode 100% O,

-200

—#4

-300 ; . : . ' . ' . ' . '
1,5 1,0 05 0,0 05 1,0

E/V vs. Ag/iAg”

The lower potential was reduced in 100 mV steps in every cycle. The
electrolyte was saturated with 100% O,
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Fig.3 Cyclic voltammetry of Pt(111) and Pt(100) at 50 mV s in
(100% O,)-purged 0.1 M NaClO, vs AglAg™. The faradaic current
is normalized to the geometric surface area. Shown is the first cycle
respectively

is due to the necessary accumulation of peroxide. Also, the
assumption of a second peak for the one electron reduction
process is unreasonable, since the first peak C, is diffusion
limited and 400 mV more negative the O, concentration in
the vicinity of the electrode is zero; therefore, there is no O,
available for reduction and a further charge flow (giving rise
to a 2nd peak) is only possible if the superoxide is reduced
to peroxide.

Galloway et al. published the cyclic voltammograms for
Pt single-crystal electrodes in Na*-containing DMSO com-
bined with varied anions (in addition to their characteriza-
tion of the reduction products by SHINERS). They observe
a clear separation of peak C, and C, for Pt(111) and Pt(110)
which they ascribe to the formation of a surface peroxide,
but not at Pt(100) and pc Pt. In particular, the anodic oxida-
tion peak A, is only visible for Pt(111) and Pt(110). Since
these features resemble our measurements in 20% O,, and
also because their peak currents when using perchlorate are
much lower than expected (542 pA cm™ calculated from
Randles—Sevcik equation for a reversible 1-e™ process; this
corresponds to theoretically 242 uA cm™2 for 10 mV s~ as
compared to: 274 uA cm™~2 in Fig. 2), we recorded the cyclic
voltammograms for Pt(111) and Pt(100) under the condi-
tions they used, in particular 100% O,).

Figure 3 shows our result for the voltammetry of Pt(100)
and Pt(111) under similar conditions. Concerning the vol-
tammetry of Pt(100) and Pt(111), starting cathodic, the
ORR starts at —0.9 V and the current density increases to a
maximum at —1.25 V. After reaching the maximum, the cur-
rent density decreases due to electrode deactivation by most
likely the adsorbate layer of Na,O,. Continuing in anodic
direction, the reduced oxygen species is reoxidized in one
peak for Pt(111) and in two peaks for Pt(100). Comparing
the single crystal results with those for the polycrystalline

first cycle
50 — Pt(111) T
| - - -Ms-cv
—— Pt(100)
ok---Ms-cv e = |

= =

cathodic n, vs E

j! (UA cm™®)

-100 f

-150 |-

-1,5 -1,0 -0,5 0,0 0,5

E/V vs. Ag|Ag"

Fig.4 Voltammetry (solid line) and MS-CVs (dashed line, mass 32)
of Pt(100) (red) and Pt(111) (black) in (20% O,+80% Ar)-purged
0.5 M NaClO, containing DMSO at 10 mV s~! and 5 ul s~! flow rate.
The ion current in the MS-CV is normalized to the MS-calibration
constant and thus refers to the same scale. Potential resolved number
of transferred electrons is shown in the inset

Pt (at 100% O, saturation and 10 mV s™!) shows a simi-
lar overlapping of C, and C,, which is more pronounced in
Fig. 3, as the sweep rate is faster. During the OER peak A,
cannot be observed in Fig. 3, which might also be due to
the faster sweep rate. A clear difference is the appearance
of the anodic peak close to 0.0 V vs AglAg™ for Pt(100). In
an earlier publication [48], we found a similar behavior for
Pt(100) in LiT-containing DMSO. We have to mention that
this feature at 0.0 V vanishes during the second cycle and
was not observed by Galloway et al. under the same condi-
tions. We further have to note that our results for Pt(111)
in Na(ClO,) containing DMSO fit to the voltammetry
Galloway et al. observed for Na(Otf) and Na(TFSI) con-
taining DMSO, but not to what they found for Na(ClO,)
containing DMSO. Furthermore, we were able to reproduce
the second anodic peak close to 0.0 V for Pt(100) in a DEMS
experiment under convection.

Figure 4 shows the DEMS experiment with calculated,
potential resolved, and cathodic number of transferred elec-
trons (n,). The mass spectrometric cyclic voltammogram
(MS-CV, dashed line) is directly comparable to the faradaic
current (solid line), as the ion current was normalized to the
MS calibration constant for O,. Comparing Pt(111) with
Pt(100), one observes an earlier deactivation of ORR for
Pt(111). The absolute faradaic current in case of Pt(111)
increases to a maximum close to —1.25 V and decreases
continuously during the sweep. For Pt(100), the absolute
current shows a shoulder close to —1.25 V and increases
further up to a potential of —1.5 V. Even during the anodic
sweep, no complete electrode deactivation is observed.
Only a hysteresis hints to the formation of an (incomplete)
blocking layer (of most likely adsorbed Na,0,). In case of
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Fig.5 RRDE studies in 0.1 M NaClO,/DMSO with different rotation
rates on (a) Pt (Rp=1.5) and (b) Au (Rg=1.6) (A=0.164 cm?). The
electrolyte was saturated with a gas mixture containing 20% O, in Ar.
The sweep rate was v=10 mV s~! and the ring potential was held at

Pt(111), the OER is dominated by one peak close to —0.8 V
due to reoxidation of superoxide, while in case of Pt(100),
one observes in addition a peak at —0.2 V, probably due to
reoxidation of an additional layer of peroxide, as the total
OER charge density corresponds to approximately 2 ML of
peroxide. Thus, we have to conclude that Pt(100) is more
slowly blocked compared to Pt(111) and the complete reox-
idation of the adsorbed/deposited ORR products requires
higher potential. The formation of 2 ML peroxide exclu-
sively on Pt(100) is also observed in Li*-containing DMSO
[48]. The number of transferred electrons during the ORR
(around —1.2 V) further hints an earlier peroxide formation
on Pt(111) compared to Pt(100), which might be the reason
for the earlier electrode deactivation for Pt(111). Differently
from the DEMS experiment with the pc Au electrode, the
peroxide formation is less separated from the potential of
superoxide formation; therefore, the change of the number
of electrons is not clearly visible.

The ORR on both electrodes was also investigated using
the RRDE. The CVs at different rotation rates are displayed
in Fig. 5. The measurements on the Pt electrode (see Fig. 5a)
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+0.3 V vs AglAg* during all experiments. Disk-current is normalized
to the geometrical surface area and ring-current is normalized to the
theoretical collection efficiency (N;) and geometrical surface area of
the disk electrode

and Au electrode (see Fig. 5b) show a decrease of the disc
current at the most negative potentials instead of a diffusion
limited plateau. This is due to the formation of an insulating
layer of ORR products which is deposited on the electrode
surfaces, which is well known for other metal-O, systems
[10, 34, 49]. In the cyclic voltametric experiments in qui-
escent solution, this formation of a blocking layer is only
observed for high O, concentrations, as discussed above
(Fig. 2); at low O, concentration, formation of this blocking
layer is too slow in the absence of convection. For the Au
electrode, the transition between the 1 e reduction and the
2 e reduction at more negative potentials is clearly visible
particularly at low rotation speed.

Correlating the ring and disc current according to Eq. (1),
the potential dependent shares of superoxide can be calcu-
lated, as displayed in Fig. 6. It is seen that in the beginning
of the ORR, on both electrodes the formation of superoxide
is dominant (share of superoxide x=1). During the cathodic
sweep, the share of superoxide is undergoing a minimum on
the Pt electrode at —1.3 V vs. AglAg™ for Pt (see Fig. 6a) and
at—1.5 V vs. AglAg* for Au. These minima are representing
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tion for the (a) Pt electrode and (b) Au electrode

the peroxide formation, which are in good agreement with
the potentials for the observed peaks for the second electron
transfer in the CVs without convection (see Fig. 1). This
is confirmed by the DEMS measurement (Fig. S2) which
shows a transition from the one-electron process to a sec-
ond-electron transfer. For low rotation speed, the increased
share of peroxide around 1.3 V shows up as a peak in the
disc current and a minimum in the ring current (Fig. 5a).
An increase of the rotation frequency results in an increase
of the share of superoxide in the minima just mentioned
because with increasing rotation frequency more superoxide
is formed, whereas the amount of peroxide is surface—lim-
ited to a monolayer (of the DEMS experiment Fig. S2). We
also observed a similar trend in a RRDE study on the ORR
in Li* containing DMSO: after the peroxide formation, a

Platinum electrode
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transition to an increased share of superoxide formation was
observed again [3, 27, 34, 50]. This process was explained
by a geometrical effect: the formed peroxide blocks the elec-
trode surface and thus the active centers on the electrode,
which are necessary for peroxide formation. Therefore, the
formation of superoxide starts again because of less require-
ments for surface sites. The extent of superoxide formation
in this more negative potential region is larger in the Na*
electrolyte. When the O, concentration is higher, peroxide
formation and the blocking of the surface starts earlier, and
so does the 2nd transition to superoxide formation, and the
minima in the share of superoxide are less clear (see Fig. S5
and Fig. S6 in the supporting information for a measure-
ment with 100% oxygen). Remarkable is the reappearance

— Pt

—1.00 - Au

—1.05 1

135 mV/dec

—1.10
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log (ix / mA)

Fig.7 (a) Exemplary Levich—Koutecky extrapolations for the Pt electrode at different disk potentials. (b) Generated Tafel plot using the deter-
mined kinetic currents from the Levich—Koutecky plot in (a). Shown are the Tafel lines for the experiments on Au and Pt
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of oxygen reduction on Au in the anodic sweep similar to
that in Fig. 2b which is less clear for 20% O,.

In the onset of the ORR the blockage of the electrode sur-
face with insoluble Na,O, should be negligible, because of
superoxide formation. Therefore, an analysis of the kinetic
currents using the Levich—Koutecky equation should be pos-
sible here:

T_1 11, v 5
I I Iy Iy 062:FAD cvJ@

Here, I is the disk current, I is the kinetic current, and I},
is the diffusion limited current. Furthermore, z is the number
of transferred electrons, F is the Faraday constant, A is the
geometric electrode surface, D is the diffusion coefficient
of the electrochemically active species (here O,), c is the
concentration of O,, and w = 2zf denotes the angular rota-
tion frequency of the RRDE. Equation (3) shows that with
the help of a plot of % as a function of @2 at the same disc
potential, an extrapolation of I is possible. As an exam-
ple, the Levich- Koutecky plot for the measurements on the
platinum electrode is shown in Fig. 7a (for gold, it is shown
in Fig. S7). The kinetic current /; can be determined from
the Levich—Koutecky plot, which can be used to determine
the Tafel slope (see Fig. 7b). The Tafel slope shows a value
of 135 mV dec™! for the measurements on the Pt and Au
electrode. These values (ideally 120 mV dec™!) indicate that
the first electron transfer (formation of superoxide) is the rate
determining step in the ORR. As the potential is lowered,
the Tafel slope is increasing particularly for Pt. This is due
to the blockage of the electrode by the deposition of insulat-
ing Na,O,.

From the slope of the Levich—Koutecky plot, we
determine the diffusion constants for oxygen and obtain
D(0,)=22.5-10° cm*s™" on Ptand (D(0,)=23.4:10° cm?s™!
for the Au electrode, in good agreement with the value of O, in
0.1 M NaClO, in DMSO determined by a nonelectrochemical
method (D(0,) = 23.8:107% cm? s~ [51]) From the y-intercept
of the Levich—Koutecky plot, the determination of the rate con-
stant is possible with the following equation (A = geometric
surface; F'=Faraday constant; c,”=oxygen concentration).

k E — sc
&) AFc;, 4

For the determination of the rate constant, k, it is necessary
to determine the equilibrium potential out of the half-wave-
potential of the reduction peak (see supporting information
Fig. S8). For the half-wave potential, the currents are used,
which are obtained at a rotation rate of f=4 Hz. (This low
rotation frequency was used because diffusion limitation is
most obvious here.) This potential is used to determine the
equilibrium potential with the following equation and has a
value for Pt of — 0.970 V (Au: E,=—1.088 V):

2/3
D(O
( 2)) ) )

D(0;)

The k, values which we get from the Levich—-Koutecky anal-
ysis are for the Pt electrode k,=3.77-107> cm s~! and for the Au
electrode k,=0.46-10" cm s~!. (Strictly speaking, this k, (and
E,) refer to the equilibrium potential at which the concentration
of superoxide is identical to the oxygen concentration, whereas
the true standard equilibrium potential refers to the standard
state, which is an activity of 1 M for superoxide and 1 bar for
oxygen, corresponding to a concentration of 1.85 mM.)

Using this information and the shown CVs without con-
vection at different sweep rates (see Fig. S3 in the supporting
information), a further kinetic analysis of the redox system
(0,/0,7) is possible. The sweep rate dependency of the peak
positions shows especially on the Au electrode a huge shift
compared to the experiments on the Pt electrode. Therefore, we
used this behavior to analyze the kinetics of the O,/O,™ redox
couple on both electrodes. The redox couple formed by C,
and A, (see Fig. 1) can be used for the heterogeneous kinetical
analysis from Lavagnini and Nicholson [52] [47]. The evalua-
tion results in a slope of 3.98 (mV s™1%3 for the measurements
on the Pt electrode and 0.43 (mV s~)°? for the measurements
on the Au electrode (see supporting information Fig. S9b)).
Using Eq. (2) (see supporting information) gives a k; of 0.40-
1073 cm s~! for the Au electrode and 3.79 1072 cm s~ for the
Pt electrode. We have already performed the same analysis in
a previous publication for the O,/O,~ redox couple in K* con-
taining DMSO [47]. A comparison with the values determined

RT
Ey=E, ,+ —I
0= Eipt ”((

Table 2 (_Zomparisgn of the Na* K*[47]

ky(O,/O,7) values in the

electrolytes ky(0,/0,7) Pt Au Pt Au
Levich—Koutecky 3.77-10% cm 57! 0.46:107 cm 57! 5.7-102 cm 57! 1.28:103 cm 57!
Lavagnini 3.79:-103 cm s~ 0.40-103 cm 57! 4.06:107 cm s~ 0.94:10 cm 57!
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here shows that the two systems are comparable (Table 2). The
heterogeneous rate constant is smaller on Au than on Pt. Fur-
thermore, the determined values of k; show a good agreement
regarding the order of magnitude. This comparison shows that
k, is influenced more strongly by the electrode material than
by the cation in the electrolyte.

The ORR in Li*/Na* Mixed Electrolytes

We investigated the influence of Li* on the ORR and OER
in the Na*-containing electrolyte by partially substituting
NaClO, by LiClO,. The ionic strength of the electrolyte was
kept constant at 0.1 M. A CV study for the electrode materi-
als Pt and Au is shown in Fig. 8.

At the Pt electrode (Fig. 8a), the peak C, disappears with
an increase of the Lit content. However, the absolute cur-
rent of peak C, does not change much. At the Au electrode
(Fig. 8b), peak C, increases with very small additions of Li*
and then shifts in positive direction. For both electrodes,
peak A, corresponding to superoxide oxidation diminishes
even after addition of 0.1% Li™. Instead, re-oxidation peaks
evolve at larger overpotentials. An interpretation of this
effect is possible with the help of further RRDE measure-
ments (see Fig. 9).

The RRDE measurements in Fig. 9a show that by
increasing the Li* content in the electrolyte, the flowing
electrical charge required to block the electrode decreases.
Thus, the flowing charge in the ORR (between the onset of
ORR and the negative potential limit in both, cathodic and
anodic direction) is 2451 uC for the pure Na*-containing
electrolyte, 1570 pC for the mixture 62:1 Na*:Li* and
844 uC for the pure Li-containing electrolyte. Increasing
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Fig.8 CV measurements with different mixtures of the conducting
salts LiClO, and NaClO, in DMSO. The mixing ratios are shown in
the figures and correspond to Li* concentrations of 0, 0.1, 1.6, 19.2,
and 100 mM. The ionic strength was kept constant at 0.1 M. The

the amount of Li* in the electrolyte results in a shift of
peroxide formation to more positive potentials and, more
importantly, more severe blocking, as also visible from the
lower ring currents. Li,0, is well known to effectively block
the electrode [3] [46] as opposed to Na,O, (cf. the RRDE
results above), and Li,0, is formed at more positive poten-
tials than Na,O,; therefore, it is indeed expected that the
electrode is blocked earlier. The experiment shows that this
is the case even for very low concentrations of Li*. Its con-
centration of 0.1 mM is comparable to the oxygen concen-
tration in this electrolyte of approximately 0.4 mM for 20%
saturation. Therefore, as soon as the Lit concentration is
sufficient to completely react with oxygen during its reduc-
tion, the formation of Li,O, is the dominating reaction.
(Strictly speaking, the diffusion rates of O, and Li* toward
the surface would have to be comparable.) The transition
from Na*-dominated to Li*-dominated mechanism also
explains the small changes in peak C, with increasing Li*
concentration in Fig. 8 (CV in quiescent solution): super-
oxide formation occurs at a very similar potential for both
cations, but only for Li* the peroxide formation is occurring
in parallel at Pt. The slight increase in C; current therefore
is due to the additional contribution of the 2 e~ process,
which however is not a purely diffusion controlled, but also
surface limited process because of the adsorbate character
in the case of Li*. In the case of Au, superoxide forma-
tion and peroxide formation are well separated even in the
case of pure Li* electrolyte and therefore peak C, does not
vanish [27]. Also, the shift of the minimum in superoxide
share in Fig. 10b (maximum in peroxide formation) which
is caused by the transition from the superoxide to peroxide
formation and then again to superoxide formation to more

60
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measurements were performed (a) on a Pt electrode and (b) on an
Au electrode (A =0.164 cm?). The sweep rate was 10 mV s~! and the
electrolyte was saturated with a 20:80 mixture O,: Ar (corresponding
to an O,-concentration of 0.37 mM [51]
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Fig.9 (a) RRDE study with a Pt electrode (A=0.164 cm?) with

various mixtures of NaClO, and LiClO, in DMSO. The rotation fre-
quency was 4 Hz, and the sweep rate was v=10 mV s~!. The ring
potential was held at 0.3 V. (b) Calculated share of superoxide x for

positive potentials is due to the change from Na*-dominated
to Li*-dominated ORR.

Concerning the OER, already the CVs without rotation in
Fig. 8 show that the O,/O,™ redox pair, which is fairly revers-
ible in 0.1 M NaClO, DMSO (peaks C; and A,), becomes
irreversible by small amounts of Li* in the electrolyte. With
convection, already in presence of the smallest Li* content,
re-oxidation currents, which are hardly visible in pure Na*
electrolyte, indicate the presence of peroxide adsorbed or
deposited on the surface.

The reason for this is that superoxide is less stable in
the presence of Li* [31, 53] and therefore is quickly further
reduced to peroxide [3], whereas NaO, dissolved in DMSO
is kinetically stable [31] and only further reduced at lower
potentials, as also visible in the shifted reduction peaks.
(Since superoxide is detected at the ring electrode also in
presence of Li*, the disproportionation reaction to peroxide
and oxygen[31, 53] obviously occurs on a timescale lager
than 1 s as this time corresponds to the transfer time of a
soluble species between the disc electrode and the ring elec-
trode at 4 Hz. The reversibility of the reduction to LiO, is

@ Springer

(b) 1.1
1,0 4 ~_
9 \R
© 094
o
x
[
g
3 0,8 4
5 Na : Li
I 1:0 \
8 "7 ——1000: 1
@ —62:1
064 —5:1
0:1
0,5 T T T T T T T T T T T T 1
-1,6 -1,5 -1,4 -1,3 -1,2 -11 -1,0

E/V vs. Ag/Ag”

the measurements shown in (a). Disk-current is normalized to the
geometrical surface area and ring-current is normalized to the theo-
retical collection efficiency (N,) and geometrical surface area of the
disk electrode

also visible in cyclic voltammetry if the potential is reversed
at a high enough potential (cf. Fig. S12).

When only Na* ions are present, the blocking peroxide
is also formed, but reoxidized at potentials below the onset
of superoxide formation, cf. peak A, in the CVs without
convection (Figs. 1, 9). This is also confirmed in the RRDE
experiments (Figs. 10, 11) where for Au the shoulder in
both disc and ring current indicates continuous superoxide
formation and any hysteresis disappears around the onset
potential. In the case of Pt, even a small positive peak due to
reoxidation of peroxide is superimposed to the reductive disc
current and a peak in the ring current indicates increased
superoxide formation due to peroxide oxidation.

Peaks in the OER region shift to more positive poten-
tials as the Li* content is increased in the electrolyte. It
is noticeable that on the Au electrode as well as on the
Pt electrode for a mixture of 1000:1 Li*:Na* a similar
shape in the CV is observed in the potential range of the
OER. There a wide OER region with small Faraday cur-
rents is observed. It is conceivable that a mixed lithium/
sodium peroxide phase, which shows kinetic inhibition in
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Fig. 10 (a) RRDE study with an Au electrode (A=0.164 cm?) with
various mixtures of NaClO,4 and LiClO, in DMSO. The rotation fre-
quency was 4 Hz and the sweep rate was v=10 mV s~!. The ring
potential was held at 0.3 V. (b) Calculated share of superoxide x for

its electrochemical oxidation, is formed in this electrolyte.
If the Li* content in the electrolyte is further increased, the
onset of the OER shifts further to positive potentials. On
the Pt electrode, oxidation of the peroxide occurs in a peak
shifting positively with increasing Li* concentration. On
the Au electrode, however, the known shape of the OER
region in Li*-containing DMSO occurring in several peaks
is observed. The reason for the appearance of multiple peaks
in the OER on Au electrodes is still not completely under-
stood [27, 54].

Using the RRDE measurements, it is possible to calculate
the relative contribution of the disk current i, ., responsi-
ble for the deposition/adsorption of ORR products (mainly
peroxide) on the disk electrode and its oxidation. This will
additionally illuminate and summarize what is said above.

Lurface ©an be calculated using the following expression:
. . iRing
Lsurface = Disk — T (6)

0

the measurements shown in (a). Disk-current is normalized to the
geometrical surface area and ring-current is normalized to the theo-
retical collection efficiency (N;) and geometrical surface area of the
disk electrode

Herein, ip; is the disk current, ig,,, the ring current and
N, the theoretical collection efficiency of the RRDE elec-
trode. The disc current for soluble (and oxidizable) species
(somanie) 18 calculated according to:

lRing
NO

)

Usoluable =

Figure 11 shows the calculated values of i,z and i, ,qp
as a function of the disk potential are shown for the RRDE
measurements in the Li*/Na® mixture already shown in
Figs. 9, 10.

For the pure NaClO,-containing electrolyte, the CVs of
Lurface @€ Showing a peak in the ORR on the Pt and Au elec-
trode (see black dotted lines in Fig. 11). The peak potential
correlates with the second ORR peak (peak C, in Fig. 1) in
the CV without convection and can therefore be assigned
to the peroxide formation. By increasing the Li* content
in the electrolyte, the peroxide formation shifts to higher
potentials. This effect is expected because the redox poten-
tial of Li,O, formation is shifted about 200 mV positively
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Fig. 11 Calculated currents for the deposition f solid products on the surface i, and for the RRDE data shown in Figs. 9, 10 for (a) the Pt

electrode and (b) the Au electrode

compared to Na,O, formation (see redox potentials in the
introduction). (An exception is the case of 0.1% Li*, where
at Pt the superoxide is formed negative of Na,O, forma-
tion and where reoxidation is also occurring at more posi-
tive potentials than in the other cases, possibly because of
the formation of a mixed Li-Na-oxide.) Experimentally, we
observe a positive shift of the peroxide formation from a
pure Na'-containing electrolyte to a pure Lit-containing
electrolyte of 200 mV on the Pt electrode and 240 mV on
the Au electrode. In general, the peroxide is kinetically
less stable on the Pt electrode relative to the Au electrode,
which shows the earlier onset of peroxide formation on the
Pt electrode and its earlier reoxidation. In fact, the peroxide
formation on Pt electrode shifts to the ORR onset, whereas
on Au electrode, the peroxide formation is well separated
from the superoxide formation and starts thereafter. Fur-
thermore, the absolute peak current in i,,,4,., increases with
an increase of the Li concentration on the Au electrode.
On the Pt electrode, no clear increase of the peak current
is observed. A possible explanation for this is that on Au
electrodes a parallel, direct reduction of oxygen to peroxide

@ Springer

is possible without forming a soluble reaction intermediate
(soluble superoxide). This reaction channel was not found
on Pt electrodes and is probably the reason for the difference
described above [34].

For the electrolyte systems with higher Li* content,
the decrease of the peroxide current of iy, correlates
with a blockade of the electrode, which is therefore no
longer active for ORR. This can be recognized by a drop
Of i apie AT iy, Nas dropped to the baseline. A differ-
ent behavior is observed in the Na* containing electrolyte
with a low Li* content: there, the current of i, can be
maintained even after the electrode is blocked with perox-
ide. This suggests a more porous or defect rich structure
of the deposited layer through which mass transport can
occur. On the Au electrode i, 1S €ven split into two
peaks. The peak at more negative potentials is observed
just after iy, has described its maximum. Thus, this
second peak can be assigned to a second mechanism of
superoxide formation, namely the reduction of oxygen
on the peroxide layer, while the continuous drop in cur-
rent further indicates that superoxide formation is only
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possible as long as the peroxide layer is incomplete. Due
to the positive potential shift of the reduction peak in
Igurfuce DY increasing the Li* concentration, the blockage
of the electrode occurs earlier in the sweep, which also
ends up in earlier collapse of i, ;,p-

In general, we observed a higher charge for the formation
of the surface species (integration of of i) on the Au
electrode than on the Pt electrode. The mean value of the
charge on the Pt electrode 780 uC cm~2 and 1300 uC cm™>
on the Au electrode (normalized to the real surface area of
the electrocatalyst, corresponding to 1.2 and 2.1 ML, cf.
Table S1). There is no clear trend for the dependence on
the Li* content. These values are very comparable to the
charges for reoxidation of the adsorbed peroxide (average
for the Li* containing electrolytes 640 uC cm=2 and 1060
uC cm™2, corresponding to 1.3 and 1.7 ML), except for the
pure Na* electrolyte in which the peroxide is reoxidized
in the potential range of superoxide formation already. We
already observed the capability of an Au electrode to host
about twice the amount of Li,O, compared to a Pt electrode
in an earlier study [27].

Conclusion

Using cyclic voltammetry and the rotating ring disc elec-
trode, we investigated the ORR and OER Na* contain-
ing DMSO, as well as in Li*-Na* mixed electrolytes. We
focused on a comparison between the electrode materials
Pt and Au. For the pure Na* electrolyte, we could make the
following observations:

e In the onset of the ORR mostly superoxide is formed.
The analysis of the rotational dependency of the share of
superoxide in the region of peroxide formation indicated
soluble superoxide as reaction intermediate.

e On Pt and Au electrode, the first electron transfer (for-
mation of superoxide) is the rate determining steps as
indicated by a Tafel slope of 135 mV dec™".

¢ The heterogeneous rate constant for the redox couple O,/
O, is determined from Levich-Koutecky-plots and with
the Nicholson-Lavagnini-Methode in Na* and K* con-
taining DMSO and summarized in Table 2.

e Formation of the surface blocking Na,O, is faster on the
Pt surface than on the Au surface and therefore formed
at higher electrode potentials (lower overpotentials).

e Superoxide continues being formed on the initially defect
rich or porous peroxide layer before it is slowly becoming
completely blocking.

e Reoxidation of Na,O, is much more reversible than that
of Li,0, and occurs already in the potential range of
ORR to superoxide, thus leading to superoxide.

e Peroxide formation occurs to a smaller extent on the
single crystal electrodes of Pt. Blocking is more slowly

on Pt(100) than on Pt(111), but the peroxide also seems
more stable.

By adding Li* to the electrolyte, we found:

e The ORR and OER show a transition from Na*-dominated
to Li*-dominated mechanism as soon as the Li* concen-
trations reaches the magnitude of O, concentration: the
redox couple O,/O,~ seems to become less reversible,
which is due to the earlier blocking of the electrode sur-
face by peroxide, which is more stable and re-oxidized
only at much higher potentials than in pure Na* electro-
lyte.

e With the help of the RRDE measurements the CV was
deconvoluted into a current responsible for the formation
of solid product on the disc electrode (peroxide) and the
formation of soluble products (superoxide). By doing so,
we could demonstrate that:

o With a higher Li* content in the electrolyte the per-
oxide formation is shifting to more positive poten-
tials, which is an expected effect according to the
available thermodynamic data.

o The reduction of oxygen to superoxide on the per-
oxide layer becomes visible as a peak in the current
distribution for the formation of soluble products
parallel or even after the formation of peroxide has
reached its maximum. It is maintained as long as the
peroxide layer is incomplete or defect rich, which is
the more the case, the lower the Li*™ content is.

o The amount of peroxide formed is rather independ-
ent of the Na™ to Li* ratio in the DMSO electrolyte.
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