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New Evidence of LiO, Dismutation in Lithium-Air Battery

Cathodes

Maria del Pozo, Walter R. Torres, Santiago E. Herrera, and Ernesto Julio Calvo*™

The dismutation of electrochemically generated soluble lithium
superoxide with the formation of a lithium peroxide deposit
on Au has been studied by addition of lithium ions and follow-
ing the mass uptake detected by the electrochemical quartz
crystal microbalance at the open-circuit potential and the sur-
face morphology evolution by using atomic force microscopy.

The increasing energy requirements of society in recent years
has prompted a large number of studies related to energy
storage and sustainable technologies. In this context, recharge-
able Li-O, batteries appear as a promising alternative and are
conceived primarily for automotive applications, owing to their
high theoretical energy density over lithium-ion batteries."’ In
nonaqueous Li-O, batteries, the discharge process is the
oxygen reduction reaction (ORR) at the cathode in lithium elec-
trolyte, forming insoluble Li,0, as the final product.?’ As dem-
onstrated by Ogasawara et al. by using X-ray diffraction,””! the
recharge process is the oxidation of peroxide, evolving O, and
Li* in solution (oxygen evolution reaction, OER). The battery
success will depend on the reversibility of these two processes
during an extended number of cycles. The electrode kinetics of
the ORR in lithium-air battery cathodes strongly depends on
the solvent, electrolyte, and electrode material.”

Two different mechanisms for the ORR in Li*-containing
nonaqueous solvents have recently been proposed,™** de-
pending on the growth of Li,O, at the cathode surface, that is,
surface reaction or solution-phase reaction, as compared in
Scheme 1. In the surface mechanism, two adsorbed LiO, mole-
cules disproportionate at the electrode surface or undergo two
sequential one-electron transfer steps, whereas the solution-
phase mechanism requires dismutation of two soluble LiO,
compounds, yielding insoluble Li,O, at the surface [Eq. (1)]:

2Li0, — Li,0, + 0, (1)

In nonaqueous solvents, the one-electron O, reduction prod-
uct is the superoxide radical anion (O,7), which is soluble in
some solvents like DMSO and stabilized by large alkylammoni-
um cations. In Li* solutions, however, LiO, is unstable and can
undergo a second electron transfer or dismutate, forming in-
soluble Li,O,. The mechanistic pathway will depend on the ex-
perimental conditions. There has been a recent controversy
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Scheme 1. Scheme of reactions for surface and solution-phase mechanisms
of the ORR in lithium-containing electrolyte.

about the occurrence of the disproportionation reaction based
on Raman evidence of the composition of toroids formed in
an aprotic Li-0, cell.”

The present work focuses on the disproportionation of solu-
ble LiO, into insoluble Li,O, and O, by adding lithium ions to
a tetrabutylammonium (TBA)-stabilized solution of superoxide
electrogenerated by O, reduction at a Au surface. Quartz crys-
tal microbalance under electrochemical control (EQCM) and
atomic force microscopy (AFM) have been employed to find
evidence of LiO, disproportionation through the potentiostatic
generation of O,

The solubility of O, in DMSO containing lithium is 2 mwm;
for Li™ concentrations above this value, that is, in 5 mm LiPF,
solution, however, a new cathodic peak at 2.0-2.5V is ob-
served in addition to the reversible O,/O, peak (Figure 1). This
is attributed to the formation of Li,O, on the surface, as report-
ed for increasing concentrations of lithium ions.”™™” We also
noticed passivation of the surface and the disappearance of
the superoxide oxidation peak in the back scan for Li* concen-
trations larger than 5 mm. During the back scan, we observe
a new peak at 3V, which corresponds to the oxidation of sur-
face Li,O,, as has been demonstrated by differential electro-
chemical mass spectrometry® and Raman spectroscopy.”’ For
a 5 mwm lithium-ion concentration, only one reduction peak is
apparent, which shifts to more positive potentials with increas-
ing lithium concentration, as the electrochemical reduction re-
quires Li* ions.”?!

The onset of Li,O, formation, according to the Raman inten-
sity at 788 nm,”’ coincides with the peak at 2.55V before

.[4a]
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Figure 1. Cyclic voltammetry of O, in 0.1 M TBAPF, in DMSO (upper panel),
in 2 mm LiPF, with 98 mm TBAPF, (middle panel), and in 5 mm LiPF; 95 mm
TBAPF, (lower panel) on Au at 20 mVs™' and simultaneous EQCM
gravimetry.

reaching the second reduction peak and with the onset of
a mass increase, as shown in Figure 1. Notice that the mass
does not decrease above 3.5V in spite of the Raman spectro-
scopic evidence of lithium peroxide decay,” owing to the for-
mation of decomposition products on the surface, as revealed
by XPS.”!

Lithium peroxide can be formed by disproportionation of
LiO, or by two consecutive one-electron and lithium-ion trans-
fer steps to molecular oxygen [Egs. (2) and (3)]:

LiO, + Li* + e — Li,0, 3.27V (2)

O, + 2Li"+2e —Li,0, 296V (3)

Rotating ring-disk electrode (RRDE) experiments have shown
that soluble superoxide is a stable species in TBA solutions and
can be detected in the solution downstream at the ring elec-
trode,"” whereas Raman studies revealed the formation of
Li,O, in lithium-containing electrolyte.”” A ring-current peak in
the chronoamperometry during ORR at 2.0V (shown in
Figure 2) demonstrates a burst in the yield of soluble superox-
ide during the current decay until the surface is passivated and
the disk and ring currents drop to zero.

Notice that both the disk and ring currents have a steady
value after the superoxide peak, probably owing to reduction
of oxygen at a partly blocked surface before full passivation of
the Au surface! with formation of Li,CO,, LiF, and other sol-
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Figure 2. Chronoamperometry of the Au/Au RRDE in O,-saturated 0.1 m
LiPF¢/DMSO electrolyte with detection of O,  at the Au ring electrode. Disk
electrode potential, E,=2.0 V; ring electrode potential, E;=3.0 V; W=9 Hz;
collection efficiency, N,=0.29.

vent and electrolyte decomposition products at the surface, as
shown by XPS.”! A detailed RRDE study has shown that the
ring-current peak has a maximum at 2.2 V, owing to the com-
petition of superoxide formation and destruction through
a second electrochemical step and disproportionation.”

Bruce et al. have argued that the potential of the 0,/0,~
peak is below the thermodynamic potential for the formation
of Li,0,, so they speculated that spontaneous disproportiona-
tion of 0,” to form Li,0, takes place,"? which is in line with
the mechanism proposed by Laoire et al.**'? They also esti-
mated a first-order rate constant for the dismutation of super-
oxide of 0.03s™' from electrochemical experiments and
0.07 s' from homogeneous experiments by using KO, in lithi-
um-ion solutions.™™ At a fast-potential sweep rate, that is,
100 mV.s™', O, disproportionation is too slow to be observed.

In contrast to the mechanism that involves superoxide dis-
proportionation, Yu and Ye recently concluded that superoxide
does not disproportionate, based on surface Raman studies of
lithium superoxide and peroxide.” They questioned reliable
experimental support for the mechanism of superoxide dismu-
tation in the reports by Bruce et al, because all of the electro-
chemical experiments were under potential control.

Amin and co-workers, however, reported Raman evidence of
the composition of toroids formed in an aprotic Li-O, cell with
outer LiO,-like and inner Li,O, regions, consistent with super-
oxide disproportionation at the solid/solution interface.”

It seems that different experimental results have been re-
ported for experiments carried out under different conditions,
and one should be very careful to assess the contribution of
different possible mechanism pathways for the ORR in aprotic
solutions containing lithium ions.

In the present Communication, we report the effect of
adding LiPF, to an O,-saturated DMSO/TBA solution after gen-
erating stable soluble superoxide on the Au surface as the
electrode open-circuit potential was followed from the 0,/O,”
(2.65 V) to the 0O,/Li,0, (2.96 V) equilibria, as shown in Figure 3.
Above the reversible 0,/0,” potential, no electroreduction of
LiO, [Eq. (2)] is possible and any formation of Li,O, on the sur-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!

CHEM


http://www.chemelectrochem.org

(V;* ChemPubSoc
Europe

+
+
*

*

TBA + 0+ Li*

z/nm

o & o N
z/nm

o & o

o 100 200 300 400 0 100 200 300 401
d/nm d/nm

3.2

0,/Li,0,

3.0}
2.8}
< Li*injection

26}

241

Evs Li/Li' IV

221

<«—— 05 reduction

20

0 200 400 600
tls

Figure 3. A) AFM images after the reduction of O, in TBAPF, 0.1 M in DMSO
and with lithium ion addition. B) Potential monitored during experiment
with lithium addition.

face most likely results from the chemical disproportionation
of superoxide in the presence of lithium ions. Furthermore, in
the absence of Li* ions after switching off the cell, the open-
circuit potential reached a plateau at approximately 2.65 V and
the surface was examined by using AFM. (Figure 3A top left).
Topography AFM images show no significant formation of in-
soluble products by dismutation of soluble O, in the absence
of soluble Li*. However, in a second experiment, after reaching
the open-circuit potential plateau at 2.65 V, which corresponds
to O0,/O,  (Figure 3B), 0.1m LiPF, was added to reach a final
concentration 10 mm. This resulted in an increase of the open-
circuit potential to a value close to 3V, as a result of the Li,O,/
0, surface reaction. After rinsing with solvent, the surface was
examined again through AFM, and Figure 3 A right shows a ho-
mogeneous deposit of 10-14 nm nanoparticles on the Au sur-
face. Under similar conditions, Yu and Ye” found a Raman
signal at 788 cm™', owing to the O—O stretching of Li,0, for
only a 2mwm lithium-ion concentration. The morphology and
height of the Li,O, deposit is similar to that reported by direct
0, electroreduction in DMSO containing Li™."“"® The nanopar-
ticles at the Au surface resulted from the electrogenerated O,
in the solution adjacent to the electrode and the lithium ions
added to the electrolyte. We take this as strong evidence for
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Figure 4. AmA™" and electrode potential, £, as a function of time during the
EQCM experiment. Arrows indicate the injection of lithium solution.

the homogeneous dismutation of soluble lithium superoxide
into insoluble Li,0, at the Au surface.

Further evidence was obtained with EQCM in a similar ex-
periment, where a 1.6V potential was applied for a few mi-
nutes to generate O, in the solution adjacent to the Au-
coated quartz crystal (see Figure 41 and 1’), and the gravimet-
ric mass density (AmA™") value remains practically constant
during the potentiostatic pulse.

After injection of 0.1m LiPF, AmA™" increases and reaches
2.2 ugem™?, which is interpreted as the deposition of Li0,
onto the surface, and the open-circuit potential evolves to
a value close to 3V (Li,0,/0, equilibrium potential). The open-
circuit potential follows the same behavior as that registered
in the AFM experiment and, regardless of the superoxide gen-
eration time, the open-circuit potential evolves to practically
the same value after lithium injection.

Finally, the electrode was oxidized (Figure 42 and 2') in
order to dissolve the lithium peroxide formed on the surface.
A pronounced decrease in the gravimetric mass is observed,
but the initial mass cannot be recovered by electrochemical
oxidation.

Both the nanoparticle deposit seen with AFM as well as the
change in open-circuit potential and the gravimetric mass con-
firm, for the first time, that LiO, disproportionation takes place
in solution near the Au electrode after adding lithium ions to
the electrochemically generated superoxide ion. In this experi-
ment, a two-electron transfer to oxygen to form Li,O, is pre-
cluded, as the electrode potential was always more positive
than 3 V.
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Surface superoxide dismutation does not require two adja-
cent O,” molecules, because electrons are mobile at the under-
lying Au electrode, unlike bimolecular collision dismutation of
soluble superoxide with a first-order rate constant for O, in
DMSO of 0.07 s."

Therefore, it is more likely that, upon addition of lithium
ions, adsorbed superoxide dismutates to yield insoluble Li,O,
and release oxygen.

In summary, this work has demonstrated, for the first time,
the dismutation of electrochemically generated TBA-stabilized
superoxide in DMSO by injecting 0.1m LiPF4 to yield Li,O,
nanoparticles on the surface with the release of O,. Although
the experimental design excludes the possibility of two hetero-
geneous one-electron transfers to oxygen, EQCM and AFM re-
sults show the evolution of stable O,”TBA™ into unstable LiO,,
which undergoes homogeneous disproportionation with fur-
ther deposition on suitable surface sites.

Experimental Section

Anhydrous dimethyl sulfoxide (DMSO, >99.9%; Sigma-Aldrich),
lithium hexafluorophosphate (LiPF,, battery grade, >99.99 %, trace
metals basis; Sigma-Aldrich), and tetrabutylammonium hexafluoro-
phosphate (TBAPF;, >99.99%; Sigma-Aldrich), Li wire (99.9%,
trace metals basis; Aldrich) were stored in the argon-filled
MBRAUN glove box with an oxygen content < 0.1 ppm and water
content below 1.4 ppm. All solutions were prepared inside of the
glove box and the water content was measured by using a Karl
Fisher 831 KF coulometer (Metrohm).

EQMC has been described elsewhere."” The Au-coated crystal was
mounted in the EQCM cell by means of O-ring seals with only one
face in contact with the electrolyte; this electrode was a common
ground to both the ac and dc circuits. The reference electrode was
a Pt wire coated with LiMn,0,/Li,Mn,0, inside of a capillary with
1M LiPFg in DMSO. This reference electrode was calibrated with re-
spect to the Li/Li™ couple inside the argon glove box (3.7 V vs. Li/
Li+). All of the potentials herein are referred to the Li/Li* sytem. A
Pt gauze (Good-fellow PT008710/43) was used as the auxiliary
electrode.

For exsitu AFM experiments, a three-electrode EC-AFM electro-
chemical cell was built using Teflon® and a Kalrez O-ring pressed
onto a gold sample with a 0.64 cm? area. A LiMn,0,/Li,Mn,0,-
coated platinum wire was used as the reference electrode and
a platinum coil as the counter electrode. The cell was contained in
a glass cylinder environmental chamber filled with dry oxygen. The
experiments were carried out with a potentiostat/galvanostat con-
nected to the AFM (EC-AFM, Agilent 5500 AFM/SPM). The surface
was scanned by using AFM with an insulating triangular Si tip
PointProbe® Plus NCL non-contact/soft tapping mode (radius
<10 nm force constant 48 Nm™', resonance frequency 157.85 kHz)
using tapping mode. Image analysis was performed with Gwyd-
dion 2.33 software (http://hwyd dion.net/).

The main experiment was chronoamperometry performed at 1.6 V
for 2 or 5 min in 0.1 M TBAPF, in DMSO. After this time, the system
was registered at the open-circuit potential and then a few millili-
ters of 0.1 m LiPF, were added to the cell. In the case of the EQCM
experiment, the evolution of the potential and the change of gravi-
metric mass were registered simultaneously for 15 min. After this
time, a potential of 4.7V was applied with the aim of oxidize the
surface products. In AFM measurements, after adding the lithium
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solution, the open-circuit potential was monitored for 15 min. After
this time, the solution was removed and the surface was rinsed
with ten aliquots of DMSO (100 puL) and dried under Ar before
scanning the surface.
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