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Abstract: Discharging of the aprotic Li-O, battery relies on the
O, reduction reaction (ORR) forming solid Li,O, in the
positive electrode, which is often characterized by a sharp
voltage drop (that is, sudden death) at the end of discharge,
delivering a capacity far below its theoretical promise. Toward
unlocking the energy capabilities of Li-O, batteries, it is crucial
to have a fundamental understanding of the origin of sudden
death in terms of reactive sites and transport limitations.
Herein, a mechanistic study is presented on a model system of
Au| Li,O,| Li* electrolyte, in which the Au electrode was
passivated with a thin Li,O, film by discharging to the state of
sudden death. Direct conductivity measurement of the Li,O,
film and in situ spectroscopic study of ORR using "*O, for
passivation and "°O, for further discharging provide compel-
ling evidence that ORR (and O, evolution reaction as well)
occurs at the buried interface of Au|Li,O, and is limited by
electron instead of Li* and O, transport.

The aprotic lithium-air (O,) battery has attracted significant
interest because, theoretically, it can store 2-3 times more
energy than today’s state-of-the-art Li ion technology.!!
Discharging of the aprotic Li-O, battery relies on the O,
reduction reaction (ORR) producing solid Li,O, in the
positive electrode, which, after a more or less constant
voltage plateau, is often terminated by a sharp voltage drop
(that is, sudden death), delivering a capacity far below its
theoretical promise.*® The charging behaviors (O, evolution
reaction, OER), however, vary significantly and strongly
depend on the discharging rate, overpotential and depth of
discharge, in addition to the cell configuration (electrolyte,
catalyst, and cathode material).l*! Usually, a high polarization
(7 >1V) upon charging is observed for Li-O, cells that have
been discharged to the state of sudden death."!

To realize the high energy density of the aprotic Li-O,
batteries, many research efforts have been devoted to the
understanding of the limitations of Li-O, electrochemis-
try.*?" It is generally accepted that at the end of discharge the
cathode active surface has been passivated by solid Li,0,,!
a wide band-gap insulator.”*! A combined theoretical and
experimental study by Viswanathan et al.’! demonstrated that
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a thin film of Li,O, (5-10 nm) can result in the discharging
termination due to a limited electronic conductivity of Li,O,
that prevents the electron transport from the cathode surface
to the reactive site that has been thought to be at the Li,O, |
Li* electrolyte interface.'”! However, Li,O, deposits in the
form of particles as large as 1 um in diameter have been
frequently observed in many reports.'*? To account for the
observation of these large particulate Li,O,, alternative
transport mechanisms, such as transport along metal-type
surfaces or hole polaron transport through bulk Li,O,, are
proposed.®3131 More recently, Aetukuri et al.’® reported
that solvating additives (such as H,O) in aprotic electrolytes
can drive solvent-mediated Li,O, formation by solvating O,
intermediate, which is not limited by the transport properties
of Li,0,. Johnson etal.l'” reported that aprotic solvents
having high solvating capabilities (or donor numbers) can also
promote the dissolution of LiO, and therefore the subsequent
formation of Li,O, in solution phase. Their findings, however,
are in contrast to those of Zheng et al.,!'! who were able to
build an all solid-state Li-O, cell in an environmental
scanning electron microscopic (SEM) chamber without
using any liquid electrolyte and observed the formation of
large toroid particles (>500 nm) at the end of discharge.
Furthermore, they provided evidence that the growth/decom-
position of Li,O, is initialized on the surface of Li,O, and
continues along a certain direction. These findings indicate
that electron and Li* conductivities of Li,O, could support
ORR and OER on Li,0, surface in their system. However,
Zhong et al." drew a different conclusion based on an in situ
transmission electron microscopy (TEM) study of the oxida-
tion of Li,O, particles anchored on multiwalled carbon
nanotubes (MWCNT), in which oxidation of individual
Li,O, particles initiated preferentially at the MWCNT|
Li,O, interface, but not at the interface of Li,O, | LiAISiO,
(a solid electrolyte used to assemble the all solid state Li-O,
cell for the TEM study). This observation suggests that the
electrochemical oxidation of Li,O, is limited by electron
instead of Li" transport. A very recent in situ TEM work on
the Li-O, battery containing liquid electrolyte by Kushima
et al.” showed that the discharging reaction occurred at the
interface between electrolyte and the reaction product,
whereas in charging, the reactant was decomposed at the
contact with the cathode, indicating that the Li* ion diffu-
sivity/electronic conductivity is the limiting factor in discharg-
ing/charging, respectively. However, the above in situ SEM
and TEM studies are conducted under electron beam
radiation (potentially damaging Li,O, and inducing defects
or parasitic reactions) and high charging potentials (>6 or
even 8 V)!8I are applied to decompose Li,O,, which are
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very different to the situation of typical Li-O, cells containing
liquid electrolytes."

To have a better understanding of the limitations of Li-O,
electrochemistry, particularly at the stage of sudden death, we
conducted a combined conductivity and insitu surface
enhanced Raman spectroscopic (SERS, a surface-sensitive
technique that can effectively detect the species in the
immediate vicinity of SERS active substrates) study on
a model system of Au|Li,O,|Li" dimethyl sulfoxide
(DMSO), in which the Au electrode was pre-passivated with
a Li,O, film (ca. 3.8 nm) by discharging to the state of sudden
death. By bringing the Au|Li,O, electrode in contact with
a Hg pool, direct conductivity measurement of the ultrathin
Li,O, film has been achieved for the first time, and the
electronic (0,.,) and ionic (0,,,) conductivities are measured
to be 22x10°" and 3.1x 107> Scm ™, respectively. By con-
ducting an insitu SERS study of ORR using '*O, for pre-
passivation and '°O, for further discharging, it has been found
that the antecedently deposited Li,'O, can be gradually
displaced by the subsequently formed Li,'°O, providing direct
evidence that ORR (and OER as well) occurs at the buried
interface of Au|Li,O,, and is limited by electron instead of
Li* and O, transport.

Passivation of the Au electrode with a Li,O, film has been
achieved by galvanostatic discharging of the Au electrode to
the state of sudden death. Here, Au electrode was used
because it has been proved to be relatively inert in O,
environment®'! and an excellent substrate for SERS.*?!
DMSO was used as the electrolyte solvent because of its
considerable stability toward the reduced O, species.>>! It
has been reported that discharging current density plays
a critical role in the formation of Li,O,, that is, solution/
surface formation of Li,O, can be achieved by low/high
current densities.""'?) Here, a current density of 100 pA cm™2,
which is high enough to ensure the surface-mediated Li,O,
formation,"” was used for the deposition. Discharging of the
Au electrode using two other current densities, including 10
and 300 pAcm 2, has also been conducted (Supporting
Information, Figures S1 and S2).

Figure 1a showed the discharge voltage profile as a func-
tion of capacity (WAhcm™2) or thickness (nm), in which an
initial voltage drop from open circuit potential (OCP) at
about 3.0V to 2.4V (kinetic barrier) followed by a stable
voltage plateau at about 2.4 V and then a sharp voltage drop
to 1.4V (sudden death) has been observed. At the end of
discharge, a charge density of 1.03 pAhcm ™2 has been passed,
corresponding to the deposition of a Li,O, film of about
3.8nm in thickness. The Au electrode before and after
discharge has been studied by SEM (Supporting Information,
Figure S3), in which essentially no change in morphology has
been observed suggesting a limited thickness (or amount) of
Li,O, formed on Au. After passivation the Au electrode was
taken out of the electrolyte and rinsed carefully with dry
MeCN and vacuum dried at room temperature for 12 h. The
conductivity measurement of the Li,O, film was accom-
plished by bringing the Au|Li,O, electrode in contact with
a Hg pool forming an Au|Li,O,|Hg sandwich structure
(ionic blocking electrodes). A combination of AC impedance
and DC polarization techniques has been used to obtain the
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Figure 1. a) Discharging of an Au electrode to the stage of sudden
death at a current density of 100 pAcm ™2 in an O, saturated 0.1m
LiClO, DMSO electrolyte. b) AC impedance and c) DC polarization
measurements of the obtained Li,O, film. Inset in (b) shows the
equivalent circuit used to fit the impedance spectrum.

conductivities according to a procedure by Gerbig et al.’! (see
also Experimental Section in the Supporting Information for
details). The o,,, and o, of the Li,O, film were measured to
be 3.1x1072Sem ™ and 22x107® Sem™!, respectively (see
Figure 1b,c; Supporting Information, Table S1), which are
close to the values of nano-Li,O, measured at room temper-
ature by Dunst et al.*! If we assume that ORR occurs at the
interface of Li,O,|Li" electrolyte, then it follows that
electrons can transport from the Au to the outer surface of
Li,O, facing Li* electrolyte and the ORR is limited by Li"
and O, transport. However, an 0., of 22x10""Scm™
assisted by an overpotential of ~1.6 V (the cutoff is 1.4V
vs. Li/Li") is not enough to sustain a current density of
100 pAcm™2  (the expected current density = 0,,n/d =
0.93 uA cm?). Similarly, if we presume ORR occurs at the
buried interface of Au|Li,O,, then the limiting factor is the
electron instead of Li" and O, transport through the pre-
deposited Li,O,. However, an g, of 3.1 x 107> Sem " is still
too low to sustain a current density of 100 pAcm 2 (the
expected current density = 0,,,77/d = 12.3 pA cm™?), and more-
over, whether O, can transport through the Li,O, film is yet
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uncertain. It shall be noted that the Li,O, film subjected to
the conductivity measurement was in a “dry” state, which may
have very different electrical properties to the “wet” Li,O,,
provided that the Li,O, film contains certain defects that can
facilitate the transport of Li" and O,. The discrepancy
between the discharging experiment that a current density
of 100 pA cm ™ can be sustained on Au electrode coated with
a 3.8 nm Li,O, film assisted by an overpotential of 1.6 V in the
presence of Li" electrolyte, and the conductivity measure-
ment that neither o,,, nor o., can support the charge
transport through the same Li,O, film in the “dry” form
suggests that there must exist alternative mechanisms to
maintain the ORR at the stage of sudden death.

One possibility is that the Li,O, film contains certain
defects through which Li* and O, can transport to reach the
interface of Au|Li,O,. To verify this hypothesis, an in situ
SERS study of ORR on Au using '*O, for pre-passivation and
160, for further discharging was conducted. Before pre-
passivation, a SERS spectrum was collected at OCP of about
3.0 V vs. Li/Li", in which only the Raman bands associated
with electrolytes have been observed (Figure2a, black
curve). Then the Au electrode was discharged under O, at
a current density of 100 pA cm? to the state of sudden death,
and the discharge curve was essentially identical to that shown
in Figure 1a. The SERS spectrum collected at the end of
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Figure 2. a) In situ SERS spectra collected at OCP (black) and at end
of passivation under '®0, (red) followed by other spectra at various
times (0-5 h) of further discharging under '°0, at 2.0 V vs. Li/Li".

b) The current—capacity (thickness) results of the further discharging
under '°0,.
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discharge showed a new band at about 745 cm™" (**0-0'%),*"!
confirming the formation of Li,'*0, (Figure 2a, red curve).
Replacing '*O, with 'O, was realized by 10 minute purging
%0, through the Raman cell, during which the Au electrode
potential was set to be 2.4 V. At the end of gas exchange,
in situ SERS showed that Li,'O, still dominates on Au as
expected (Figure 2 a, green curve). Further discharging under
%0, was conducted by polarizing Au electrode at 2.0V,
a typical cathodic cutoff potential for the discharging of
aprotic Li-O, batteries. Figure 2b showed the current—
capacity (or thickness) curve of the further discharging.
After 1 h discharging at 2.0 V, a weak band at about 790 cm
ascribed to the formation of Li,'°O, was observed (Figure 2a,
blue curve).”>? The intensity of the Li,'°O, band increases as
a function of discharging time, and one prominent feature is
that prolonged discharging time (for example, > 5 h) leads to
the complete disappearance of the antecedently formed
Li,'®0, and only Li,'®O, remains, indicating that the former
has been replaced by the latter. The displacement of Li,"*O,
by Li,'%0, detected by surface-sensitive SERS technique
suggests that the reactive sites of ORR are at the Au|Li,O,
interface, which in return provides evidence that at the stage
of sudden death ORR is limited by the electron transport
instead of Li" and O, transport. The SERS results also
indicate that the antecedently deposited Li,O, film, although
apparently passivating, contains certain defects, through
which the Li* and O, in electrolyte can find their way to
approach the underlying Au cathode, albeit in a very slow
manner. Here we did not exclude the possibility of Li,O,
growth via polaron transport/tunneling, particularly at the
early stage of discharge;***) however, we think its contribu-
tion was minor at the stage of sudden death.

As noted above, in situ SERS showed that ORR occurs at
the buried interface of Au|Li,O, at the end of discharge.
Subsequent recharging involves the oxidation of Li,O, and
therefore it would be interesting to know whether the reactive
sites of OER are located at the interface of Au|Li,O, or
Li,O, | Li* electrolyte. To probe OER, we deposited a mixture
of Li,'*0, and Li,'°O, on Au by discharging to the state of
sudden death under 'O, (see Figure 1a) followed with
a further discharging under '°O, at constant potential of
2.0 Vfor 1 h (see Figure 2b). The formation of a mixed film of
Li,'®0, and Li,'®O, has been confirmed by insitu SERS
(Figure 3a, red curve), and in this case Li,'"*O, on Au has been
partially displaced by subsequently formed Li,'O, so that
both Li,'*0, and Li,'°0, can be detected by SERS effectively.
Electrochemical oxidation of the mixed film was conducted
by a linear potential scan (2 mVs™") from OCP (ca. 2.8 V) to
4.0 V (Figure 3b), and the corresponding charge and amount
of Li,O, (transformed into thickness) were also plotted as
a function of potential (Supporting Information, Figure S4).
Before the onset potential of oxidation (ca. 3.0 V), two bands
at 745 and 790 cm ! were observed, indicating the coexistence
of antecedently deposited Li,'*O, and subsequently formed
Li,'°O,. Following potential scan showed that the subse-
quently formed Li,'®O, is the species that is earlier to
decompose than pre-deposited Li,'*O, because when the
790 cm ! band disappears the 745 cm ™' one still remains. It is
interesting to note that two oxidation peaks and one oxidation
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Figure 3. a) In situ SERS spectra collected during a linear potential
scan from 2.8 to 4.0V vs. Li/Li* on an Au electrode passivated by

a mixed film of Li,'®0, and Li,"®0,. b) The current—potential curve of

the linear potential scan. Scan rate is 2 mVs™".

tail were observed for the Li,O, oxidation process. We assign
the peak at about 3.15 V to the oxidation of Li,O, immedi-
ately adjacent to Au electrode, and the peak at about 3.55V
and the tail higher than 3.8 V to the oxidation of Li,O, away
from the Au surface. At the end of the first oxidation peak
a circa 0.6 nm Li,O, layer has been removed (Supporting
Information, Figure S4), and the corresponding SERS spectra
showed the disappearance of both the Li,'*O, and Li,'°0O,. At
this moment a gap was formed between the Au and the
remaining Li,0,, and the electrolyte could fill in the gap
because the signal of CIO, ions (931 cm ') was significantly
enhanced, indicating their adsorption on Au. The remaining
Li,O, that is not in direct contact with Au needs a higher
voltage to decompose and is out of the detection range of
SERS and therefore loses its Raman signal.™! At the end of
the second oxidation peak at about 3.8V (Supporting
Information, Figure S4), a 1.8nm Li,O, layer has been
removed, and at the end of potential scan to 4.0V, 2.2 nm
Li,O, in total has been decomposed, which is still far below
the deposited Li,'*O, (3.8 nm, refer to Figure 1a) and Li,'°O,
(0.8 nm, see Figure2b). The above insitu SERS results
indicated that the oxidation of the Li,O, film initializes at the
interface of Au|Li,O, and is limited by the electron transport.
Furthermore, those parts of the Li,O, away from the cathode
surface, which cannot be efficiently oxidized even at high
voltages (> 4.0 V), highlights the importance of using soluble
molecular catalysts (that is, redox mediators) to improve
OER efficiency.”!
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In conclusion, by carrying out direct conductivity mea-
surement of a Li,O, film formed by discharging to the state of
sudden death, and by performing an in situ SERS study on
ORR using 'O, for passivation and '°O, for further
discharging, we provide evidence that at the end of discharge,
ORR (and OER as well) occurs at the buried interface of Au |
Li,O, and is limited by electron instead of Li" and O,
transport. These new findings and improved understandings
of the O, electrochemistry at the stage of sudden death of Li-
O, batteries suggest that morphology control of the discharge
phase of Li,O, (preferably porous and amorphous) and
employing soluble redox mediators will be promising strat-
egies to improve the electrochemical performances of the
aprotic Li-O, batteries.
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