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Rotating ring disk electrode (RRDE) and electrochemical quartz crystal microbalance (EQCM) have been
employed for chronoamperometry of the oxygen reduction reaction (ORR) on gold electrodes in O2 saturated
LiPF6/DMSO electrolyte. The Au ring electrode (ER = 3.0 V) detects a small fraction of soluble superoxide
generated at the disk while EQCM detects the mass of ORR insoluble products. By integration of the ORR current
transient the mass to charge plots exhibit mass per electron (mpe) values which largely exceed those expected
for simple O2 to O2Li or Li2O2 reactions. Therefore the co-deposition of solvent and/or side reactions such as
electrolyte degradation should be taken into consideration to explain the experimental evidence.

© 2014 Published by Elsevier B.V.
1. Introduction

There is a very active search for suitable electrolytes for the
rechargeable lithium–air battery which has a very large theoretical
energy density competitive with fossil fuels for electric vehicle applica-
tions with extended millage range [1–5]. Ogasawara et al. [6] have
shown that the electrochemical reaction of Li+ with oxygen yields
insoluble Li2O2 in non-aqueous electrolyte. Peng et al. [7] claimed that
the Li–air battery can be rechargedwith 95% capacity retention in 100 cy-
cles using dimethyl sulfoxide (DMSO) electrolyte and porous gold elec-
trode in DMSO. There is, however, controversy on the stability of DMSO
in the presence of oxygen reduction reaction (ORR) products [8] in partic-
ular when the electrode area to electrolyte volume is high [9]. Further-
more, solid LiPF6 has been shown to react with Li2O2 by XPS [10].

Rotating ring disk electrode (RRDE) studies failed to detect soluble su-
peroxide ion in acetonitrile with 0.1M LiPF6 [11]. However in DMSO elec-
trolyte re-oxidation of O2

− can be detected in fast cyclic voltammetry if the
cathodic excursion is limited so that further reduction or disproportion-
ation of superoxide is avoided [12]. In DMSO lithium containing solutions,
soluble lithium superoxide has been detected at the ring electrode [11]
and in acetonitrile LiClO4 solutionswith only 0.1MDMSO soluble lithium
superoxide could be detected with a rotating ring disk electrode [13].

On the other hand, a few studies with the electrochemical quartz
crystalmicrobalance (EQCM) have been disclosed for this cathodic elec-
trode process. Uosaki et al. [14] have recently reported EQCM studies of
O2 reduction in LiPF6-DMSO electrolyte deposition on a gold electrode.
These authors reported the mass per electron (mpe) calculated from
the slope of a mass-to-charge plot of 37 g/mol-e in a very limited
potential window of the ORR, suggesting deposition of lithium superox-
ide (LiO2). Aurbach et al. [9,15] reported on similar EQCM studies with
an mpe of 22 g/mol-e in the limited voltage interval of 2.7 to 2.3 V
and larger values that correspond to DMSO decomposition products of
larger molar mass.

In the present communication we present some preliminary results
of rotating ring disk electrode (RRDE) and electrochemical quartz
crystal microbalance (EQCM) in chronoamperometry of the oxygen
reduction reaction (ORR) on gold electrodes in O2 saturated LiPF6/
DMSO electrolyte. These studies disclose new evidence of mass per
electron deposited that cannot be explained by simple oxygen to
lithium superoxide and peroxide reactions and it is suggested that
dimethylsulfoxide is co-deposited with the oxygen reduction products
leading to decomposition products of higher molar mass.

2. Experimental

Anhydrous dimethyl sulfoxide (DMSO), ≥99.9% (SIGMA-ALDRICH),
and LiPF6 battery grade, ≥99.99%, were stored in the argon-filled
MBRAUN glove box with the oxygen content≤ 0.1 ppm andwater con-
tent below 2 ppm. DMSO was dried for several days over molecular
sieves, 3 Å (SIGMA-ALDRICH). All solutions were prepared inside the
glove box and the water content was measured using the Karl Fisher
831 KF Coulometer (Metrohm) with typically 50 ppm of water. Since
long term experiments in lithium electrolyte accumulated water from
the ambient, short term experiments with freshly prepared solutions
and short exposure to dry air were preferred. It should be mentioned
that 50 ppm traces ofwater (c.a. 3mM)may affect the stability of super-
oxide ion since its concentration at the electrode surface is of similar
magnitude. Protonation of O2

− would promote the fast disproportion-
ation of HO2.
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Fig. 1. Chronoamperometry for the ORR on Au/Au RRDE in O2 saturated 0.1M LiPF6 DMSO
electrolyte and the simultaneous ring current normalized by the collection efficiency.
ED = 2.0 V ER = 3.0 V. W= 9 Hz.
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Au/Au rotating ring disk electrode embedded in Araldite epoxy resin
(Ciba-Geigy) cylindrical body with disk radius r1 = 0.25, inner and
outer radii (r2= 0.26 and r3= 0.30) was employed. The geometric col-
lection efficiency N0 = 0.29 was calculated using the Albery–Hitchman
theory [16] and experimentally verified with the Fe(CN)64/3− redox
couple in a galvanostatic experiment N0

exp = 0.28. The disk electrode
area was 0.2 cm2.

Electrochemical experiments were performed in an air-tight acrylic
box filled with Ar and dried with phosphorous pentoxide keeping a
positive pressure by a stream of dry oxygen. The motor controller,
motor and disk, and ring mercury contacts in the bearing block are
located outside the air-tight acrylic box and sealed with a rubber ring
with a permanent flow of dry oxygen in the box. The air tight box
contained also the RRDE cylinder immersed in the aprotic electrolyte
in a four-electrode glass cell; the electrolyte was fed from bottles filled
in the glove box by a systemof needles and Teflon tubeswithout contact
with the atmosphere. Large area platinumgauzewas used in a compart-
ment separated from the main compartment by a fritted glass.

A non-aqueous Ag/Ag+ reference electrode was used in a fritted
glass compartment filled with a 0.01 AgNO3 solution in 0.1 M TBA PF6−

acetonitrile. The electrode potential of 3.7 V vs. Li/Li+ (3.2mmdiameter
Li wire, 99.9% trace metals basis ALDRICH, in the Ar filled glove box, in
contactwith 0.1 LiPF6 inDMSO)wasmeasured, and all potentials herein
are referred to the Li/Li+ scale.

The EQCM experiments have been described elsewhere [17], in
brief: A complex voltage divider reported elsewhere was used to
measure the resonance frequency and both components of the quartz
crystal modified Butterworth–Van Dyke (lumped-element BVD) equiv-
alent circuit. This device operates by applying to the quartz crystal a
10 MHz sinusoidal voltage (5 mV peak-to-peak) generated by a
voltage-controlled oscillator (VCO) connected to the D/A output of a
data acquisition system. Both input (Vi) and output (Vo) ac voltage
moduli were amplified and rectified, and the resulting signals were
measured with an A/D converter under computer control. The ratio of
the circuit transfer function modulus, that is, ∣Vo/Vi∣ as a function of
the VCO output signal frequency was fitted to the nonlinear analytical
equation of the BVD transfer function, and the equivalent circuit
elements L, R, C0 and Cwere obtained. For low crystal load by the surface
deposit (ZL ≪ ZQ) a lumped element circuit can be approximated and
the shift in the quartz impedance due to the ORR products deposit can
be written: ΔZ = ΔR + jΔ(ωL), where ΔR and Δ(ωL) are the real and
imaginary parts of the impedance shift with respect to the initial quartz
crystal condition. Thus, equivalent to the Saurbrey equation that relates

the resonant frequencywith the arealmass of deposit:Δf ¼ − 2 f20ð Þffiffiffiffiffiffiffiffiffiffiffiffiffi
ρQ μQð Þp �

Δm
A which applies for acoustically thin films (R→ 0), we have: Δ ωLð Þ ¼
ΔXL ¼ − πZQΔ f

fo
¼ 2πZQΔmffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρQ μQð ÞAp .

Therefore, the quartz resonator resonance frequency responds both
to changes in the inertial mass as well as viscoelastic changes of the
liquid electrolyte in contact with the quartz crystal and the surface
deposit. For acoustically thin films (ΔR ≪ Δ(ωL)) changes in resonant
frequency or Δ(ωL) can be related to changes in the mass per unit
area deposited on the Au coated quartz crystal. Calibration of the
EQCM was done with electrochemical deposition of silver and the
operational conversion factor used is 5.3 × 10−8 g·Ω−1·cm−2.
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Fig. 2. Chronoamperometry for the ORR on Au/quartz EQCM in O2 saturated 0.1 M LiPF6
DMSO electrolyte. ED = 2.55 V and simultaneous Δm/A.
3. Results and discussion

In oxygen saturated 0.1 M 0.1 LiPF6 in DMSO the electrochemical
oxygen reduction takes place in the potential range of 2.75 to 1.8 V
with passivation of the Au electrode surface by oxygen reduction
products [12]. Fig. 1 depicts a rotating ring disk electrode (RRDE)
chronoaperometric transient of a Au electrode at 2.0 V in the ORR
potential range and the simultaneous collection of soluble lithium
superoxide at the Au ring electrode poised at 3.0 V. While the ORR
disk current decays first to a constant current and then drops to zero,
the O2

− oxidation ring current goes through a maximum, then follows
a constant disk current and finally dies away as the disk current does.
Notice that the ring current normalized by the geometric collection
efficiency measures the flux of soluble lithium superoxide species at
the disk electrode surface and represents only a small fraction of the
total ORR disk current since most of the charge is accumulated as ORR
surface products as confirmed by EQCM.

The disk current transient results from the ORR on the Au surface
partly covered by an in-soluble insulating Li2O2 deposit that progres-
sively blocks the electron transfer at the surface. In the constant current
region, it appears that the oxygen reduction still can proceed on a Li2O2

thin film but at a lower rate until a critical peroxide film thickness is
reached. Simultaneous to the disk current transient, a ring current
transient after the peak follows the disk current and the superoxide
flux at the disk (IR/N0) is only 10% of the disk current so that the fraction
of soluble superoxide is small. The ring current peak for the collection of
superoxide ion under convective-diffusion conditions at constant disk
potential exhibits a maximum at 2.2 V which can be explained by the
buildup of surface LiO2 concentration at the disk electrode with further
bimolecular disproportionation at low cathodic over potentials or direct
two electron reduction to Li2O2 at higher over potentials [18].

The electrochemical quartz crystal microbalance simultaneous to a
similar chronoamperometric transient shows a mass uptake due to
the deposition of O2 reduction products as depicted in Fig. 2 under
non-stirring conditions. The micrograms per square centimeter deposit

image of Fig.�1
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formed during the ORR on the Au surface are much larger than
the expected coverage for a lithium peroxide monolayer [19],
c.a. 260 μC·cm−2 or 135 ng·cm−2. The morphology and quantity of
Li2O2 deposited depend on the experimental conditions, i.e. current
density or time of deposition [20].

With the EQCMderivedmass and integration of the ORR current, we
have obtained themass to charge ratio and from that themass permole
of electrons (mpe). The mpe was calculated as Δm.F / ΔQ, with F as the
Faraday constant. In Li+ containing CH3CN electrolyte soluble lithium
superoxide could not be detected with the RRDE [11,13] and from the
EQCMexperiments amass per electron of 23 g per equivalent can be de-
rived which corresponds to a deposit of Li2O2 [21]. However, the almost
0.5 V difference in the Li/Li+ electrode potential [22] is a strong evidence
of the preferential solvation of Li+ by DMSO even at a high molar frac-
tion of CH3CNwhichwould explain the high stabilization of soluble lith-
ium superoxide.

In Fig. 3 the mass-to-charge plot corresponding to the transient in
Fig. 2 exhibits two linear regions of 175 g/mol-e at short times and
61 g/mol-e at longer times. Similar slopes have also been observed in
cyclic voltammetry and galvanostatic pulses in DMSO solutions of
lithium salts [21]. Thempe values obtained are far too large as compared
to the expected values for the ideal Li–O2 cathode reactions indicated for
the following reactions: [9]

O2 þ Liþ þ e → O2Li½ �surf mpe ¼ 39 ð1Þ

O2Liþ O2 → Li2O2↓þ O2 mpe ¼ 23 ð2Þ

O2Li½ �surf þ Liþ þ e → Li2O2↓ mpe ¼ 7 ð3Þ

O2 þ 2Liþ þ 2e → Li2O2↓ mpe ¼ 23: ð4Þ

Since the molecular weight of DMSO is 78 g/mol we speculate that
solvent molecules are co-deposited with either LiO2 or Li2O2 which
may be further decomposed at the solid/liquid interface as suggested
by Aurbach et al. [9,15]. Also, some side reactions due to traces of
water such as superoxide protonation and further disproportionation
and partial Li2O2 solubilization cannot be ruled out.

At short times during the potentiostatic transient the RRDE detects a
burst of soluble lithium superoxide while the EQCM detects a mass per
electron too high for LiO2 species (mpe=39), andwe speculate that the
dimethylsulfoxide molecules strongly coordinated to lithium cations
are co-deposited giving rise to mpe values between 115 and 200. At
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Fig. 3. Integrated mass to charge plot for chronoamperometry data in Fig. 2.
longer times, after the IR peak most probably Li2O2 partially solvated is
deposited to account for the 45–70 g per electron observed in several
experiments.

Molecular dynamic simulations of Li+ ions in DMSO-acetonitrile
mixtures have shown that for very low molar fraction four molecules
of DMSO are present in the first solvation shell of Li+ [23]. Therefore
we speculate that strongly coordinated DMSO to lithium ions form
[Li+]DMSOO2

− ion pairs that adsorb and then disproportionate to partly
solvated Li2O2.

In our hands, XPS studies of the electrode surface after the ORR
under similar experimental conditions have shown the presence of
carbonate, organic molecules and sulfur from DMSO decomposition as
well as LiF and phosphorous compounds from decomposition of PF6−

[24]. All of these decomposition products would account for the mass
in excess seen in EQCM chronoamperometric experiments. Sharon
et al. [9,15] have proposed a mechanism for the decomposition of
DMSO by reaction with ORR products such as LiO2 and Li2O2 with the
formation of a dimsyl anion-Li+ ion pair (84 g/mol) and hydroperoxyl
radical or lithium hydroperoxide radical anion pair (40 g/mol). The
co-deposition of DMSO which strongly coordinated to lithium ions
would be essential for its decomposition by lithium peroxide on the
surface.
4. Conclusions

Rotating ring disk electrode (RRDE) and quartz crystal microbalance
(EQCM) experiments simultaneous to chronoamperometry of the
oxygen reduction reaction (ORR) on Au electrodes in O2 saturated
LiPF6/DMSO electrolyte have produced experimental evidence for an
excess mass to charge ratio of the ORR surface deposition products.
Such high mass per electron can be tentatively explained by the co-
deposition of dimethyl sulfoxide strongly coordinated to Li+ ions
forming ion pairs with superoxide anions, [Li+]DMSOO2

−. Further forma-
tion of Li2O2 and heterogeneous reaction with DMSO and LiPF6 would
explain the XPS evidence of carbonate, fluoride, sulfur, phosphorous
and organic molecules on the surface due to side reactions.
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