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Negative differential resistance as a critical
indicator for the discharge capacity of lithium-
oxygen batteries
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In non-aqueous lithium-oxygen batteries, the one-electron reduction of oxygen and sub-
sequent lithium oxide formation both occur during discharge. This lithium oxide can be
converted to insulating lithium peroxide via two different pathways: a second reduction at the
cathode surface or disproportionation in solution. The latter process is known to be advan-
tageous with regard to increasing the discharge capacity and is promoted by a high donor
number electrolyte because of the stability of lithium oxide in media of this type. Herein, we
report that the cathodic oxygen reduction reaction during discharge typically exhibits
negative differential resistance. Importantly, the magnitude of negative differential resistance,
which varies with the system component, and the position of the cathode potential relative to
the negative differential resistance determined the reaction pathway and the discharge
capacity. This result implies that the stability of lithium oxide on the cathode also contributes
to the determination of the reaction pathway.
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ARTICLE

he non-aqueous Li-O, battery has received much attention

in the last decade due to its high specific energy, which is

required for automotive applications and future energy
devices!~!7. In such units, the anodic dissolution of Li metal and
the cathodic oxygen reduction reaction (ORR), accompanied by
the formation of Li,O,, both occur during discharge, producing a
high theoretical energy density that surpasses values obtainable
from state-of-the-art lithium-ion batteries. The mechanism for
the ORR-based generation of Li,O, during discharge has been
studied extensively'®-20. During the initial step of the Li-O,
battery discharge process, surface-bound LiO, is generated on the
cathode surface via the one-electron ORR consisting of the
reactions:

0,+e — 05 (1)

and

0, +Lit — LiOj, (2)

where the asterisk denotes surface-bound species. The resulting
LiO5 can partially dissolve in the electrolyte to establish an
equilibrium with soluble LiO3:

LiO; 2 LiO5 (solvated complex : [solvent] [Li*][0;]).  (3)

In the case that the equilibrium lies to the left, the LiO3 can
undergo a second reduction to form insulating Li,O, on the
cathode surface (known as the surface pathway):

LiO; + LiT + e — Li,0,. (4)

In contrast, when the solvated complex is stabilized, LiO, is
precipitated via a disproportionation reaction (known as the
solution pathway):

2Li05 — Li,0, + O,. (5)

The discharge product, Li,O,, is insoluble in common aprotic
solvents and has inherently low electron conductivity, and thus
acts as an insulator on the cathode. Therefore, separation of the
reaction sites at which the ORR occurs and Li,O, is formed,
which is realized by the solution pathway (Eq. (5)), is advanta-
geous for the sustained discharge of Li-O, batteries?!-3°. That is,
displacement of the equilibrium in Eq. (3) to the right by
increasing the solubility of LiO5 is necessary to improve the
discharge capacity??-40. Previous studies have revealed several
factors capable of increasing the solubility of LiO3. As an
example, the Gutmann donor number (DN) of the solvent, which
is an index of Lewis basicity, is an important factor affecting the
equilibrium, and it has been reported that there is a positive
correlation between the discharge capacity and the DN value of
the solvent??. It is also known that the use of additives such as
H,03%, K+3>, and NH, 3¢ is an effective approach to increasing
the solubility of LiO5. However, the effect of these additives also
depends on the solvent used, and certain solvents produce no
effect. In addition, Kwabi et al. reported that the cathode potential
is another important factor that determines the equilibrium3”.
Considering these results, it is evident that the main parameters
that decide between the solution pathway and the surface path-
way have not yet been elucidated. This is unfortunate, because a
systematic understanding of the conditions determining a sus-
tained discharge is important in the design of a Li-O, battery
system with superior performance.

In the present work, we report that the discharge reaction on
the positive electrode generally shows negative differential resis-
tance (NDR) in a specific potential region of the ORR. The
appearance of NDR suggests that an ORR inhibitor species

adsorbs/desorbs in response to the potential. In the case of the
system with large NDR, the discharge capacity is found to change
dramatically as the positional relationship between NDR and the
discharge potential is varied. This result suggests that it appears
that the adsorption/desorption of the inhibitor is closely related to
the stability of LiO5 on the cathode. These findings provide
valuable insights regarding the importance of the stability of LiO5
in determining the discharge properties of Li-O, batteries.

Results

Effects of the electrolyte and the cathode on discharging. A
schematic diagram of the electrochemical cell used in the present
study is shown in Fig. 1a. All components of the electrochemical
cell were dehydrated prior to use, and the water content of the
electrolytes, as measured by Karl Fischer titration, was confirmed
to be less than 30 ppm. The cell was assembled in a glove box
filled with dry argon, after which discharge tests were performed
at a constant temperature of 25 °C under atmospheric conditions.
Carbon paper (CP) or gold mesh (Au-mesh) was used as the
substrate for the positive electrode. Other details of the experi-
mental protocols are described in the section of Methods.

Figure 1b presents representative discharge profiles on CP
obtained in electrolytes consisting of 0.5M lithium bis(trifluor-
omethanesulfonyl)imide (LiTFSI) in MeCN, DMSO, N,N-diethyl-
N-methyl-N-(2-methoxyethyl)Jammonium bis(trifluoromethane-
sulfonyl)imide (DEME-TESI) or tetraethylene glycol dimethyl
ether (TEGDME) at 0.2 mA cm—2. The results shown here are
partially consistent with those provided in a previous report in
which Au was used as the positive electrode?®. The discharge
capacity generally increases in order of the DN value: DEME-
TESI (green, DN = 10)4!, TEGDME (black, DN =17)!8, and
DMSO (blue, DN =30)!8. However, the discharge capacity
obtained using MeCN/CP, which has a relatively low DN of
1418, was much greater than that observed with DMSO/CP,
which has a high DN. A typical discharge profile acquired in
MeCN/CP system, exceeding 200 mAh g ,hode ' and represent-
ing a five-fold increase in capacity compared to DMSO/CP
system, is shown in Fig. 1b (red). These data also demonstrate
that the potential sometimes oscillated in MeCN/CP, and this
peculiar phenomenon is discussed further on.

The discharge capacities in the DMSO/CP and MeCN/CP
systems acquired during the experimental trials were in the
ranges of 25-54 mAh gehode ! and 200-270 mAh g.umode L
respectively. Thus, the capacities obtained in MeCN/CP system
were always much larger (greater by factors of 4 to 10) than those
obtained in DMSO/CP system at 0.2 mA cm~2 (Supplementary
Fig. 1). Previous reports have shown that the thickness of the
Li,O, growth via the surface pathway is limited to approximately
6 nm because of the insulating properties of the oxide*>43. The
specific surface area of the CP cathode was 0.31 + 0.20 m2ggr g1,
and so the maximum capacity via the surface pathway was
calculated to be 3.6 mAh g mode L. The results shown in Fig. 1b
imply that at least some of the Li,O, was formed via the solution
pathway in both the MeCN/CP and DMSO/CP systems. Notably,
the same trend was also observed even when the cell was
discharged in a glove box filled with dry argon. Based on these
results, together with other supporting data discussed further on,
we concluded that any potential contamination with water did
not affect the results obtained in the present work (see Supple-
mentary Information for a discussion of the possible effects of
contamination by water). It was also confirmed that the specific Li
salt used was not a factor in obtaining a prolonged discharge, by
changing the Li salt from LiTFSI to lithium perchlorate (LiClO,)
(Supplementary Fig. 2). It is noteworthy that potential oscillations
do not appear in Supplementary Fig. 2, indicating that these
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Fig. 1 Discharge and charge curves of Li-O, cells employing various solvents with 0.5 M LiTFSI electrolytes. a The schematic illustration of an
electrochemical cell for a Li-O, battery. b-d The discharge and charge curves of the Li-O, cells employing carbon paper (CP) (b), Au-mesh (c),
and Ketjenblack sheet (d) as cathodes. The applied current densities were 0.2 mA cm~2 (b), 0.02 mA cm~2 (c), 1.25 mA cm~2 (d, discharge), and

0.25mA cm~2 (d charge). b The inset shows the magnified image of b

oscillations were not a necessary condition for the sustained
discharge in the MeCN/CP system.

On the other hand, when the same experiment was conducted
with the cathode substrate changed from CP to Au-mesh, the
capacity in MeCN was smaller than that in DMSO (Fig. 1c), in
good agreement with the previous study?®. (Note that the effective
surface area of the Au-mesh electrode is significantly smaller than
that of the CP electrode. See the section of Methods for details.)
These results indicate that an appropriate combination of
electrolyte solvent and cathode substrate is critical for significant
improvement of the discharge capacity. This is an essential point
we claim in this research, and will be discussed carefully later.

Although the discharge capacity was considerably enhanced in
the MeCN/CP system at a higher current density of 0.2 mA cm—2,
the charging reaction did not proceed and the coulombic
efficiency was only 3.5% (Fig. 1b). This low coulombic efficiency
was due to the two-dimensional nature of the CP substrate, which
was unable to re-trap all the LiO$ formed in the electrolyte and
allow this compound to precipitate on the cathode substrate. The

NATURE C

coulombic efficiency was confirmed to be significantly improved
upon employing a Ketjenblack sheet cathode (Fig. 1d).

Characterization of the discharge products. Figure 2a, b pre-
sents respectively the results of Raman and powder X-ray dif-
fraction (PXRD) analyses of the products deposited on CP during
the discharge reaction in an MeCN electrolyte containing 0.5 M
LiTESI at 0.2 mA cm—2. In both cases, it was confirmed that Li,O,
was formed as the discharge product. Figure 3a and Supple-
mentary Figs. 3a and 3b present scanning electron microscopy
(SEM) images of the cathode extracted from the cell of
the DMSO/CP system after discharge at a capacity of 23 mAh
Zcathode |- The CP surface is seen to be fully covered with Li,O,
flakes. In contrast, in the MeCN/CP system, Li,0, was deposited
non-uniformly and many parts of the CP surface remained bare,
as shown in Fig. 3b and Supplementary Figs. 3c and 3d. These
images were obtained using the MeCN/CP system after dischar-
ging under the same conditions as used to obtain the specimen in
Fig. 3a. The sample examined in the case of a discharge capacity
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Fig. 2 Characterization of the discharged obtained from the MeCN system. a Raman spectra of the discharged CP and Li,O, reagent as a reference. b PXRD
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Fig. 3 Solvent and cathode substrate effects on morphology of discharge
product. SEM images of CP obtained after discharge in the DMSO (a),
MeCN (b, ¢), and pristine state of CP (d). All scale bars, Tum

of 100 mAh g hod. ! exhibits more columnar-shaped deposits
(Fig. 3c), which strongly suggest that Li,O, was preferentially
formed via the solution pathway in the MeCN/CP system at
0.2 mA cm—2.

The amounts of Li,O, formed and O, consumed during
discharge were subsequently quantified, and the associated e~/O,
ratios were estimated. It was confirmed from the O, consumption
values calculated from the pressure inside the cell during
discharge that the e /O, ratio during the discharge reaction
was ~2.0 (Supplementary Fig. 4). The yields of Li,O, (Yri202)
based on the discharge capacity values were compared to values
determined using the iodometric titration method*4. The
amounts of Li,O, produced corresponded to approximately
80% of the values estimated from the discharge capacity, and the
ratio of Li,O, formation to the electrochemical reduction reaction
was equivalent to that reported in a previous publication
(Supplementary Table 1)*4-47. The missing 20% of the discharge
capacity that was not evident from the iodometric titration results

is attributed to various previously reported side reactions. On the
basis of these quantitative experiments, it was concluded that
Li,O, formation proceeded primarily via the ORR in Eq. (1), in
agreement with previous reports.

Negative differential resistance. As noted, a spontaneous
potential oscillation appeared over a specific current density
range in the case of the MeCN/CP system, in which a significantly
higher discharge capacity was obtained (Fig. 1b and Supple-
mentary Figs. 5 and 6). This potential oscillation was not a
necessary condition for the sustained discharge observed in the
MeCN/CP system. However, the appearance of these oscillations
is important with respect to understanding the origin of the
sustained discharge in the low-DN MeCN/CP system?, as dis-
cussed further on.

NDR is typically observed in electrochemical systems that
exhibit spontaneous oscillations of current and/or potential4s.
The existence of NDR in the battery systems that we investigated
is evident from the potential oscillation in Fig. 1b and from the
results obtained from the electrochemical analysis of the ORR, as
described below. Figure. 4a shows two consecutive cyclic
voltammetry (CV) cycles acquired in MeCN. It should be
emphasized that the CV data in Fig. 4a were obtained at a slow
scan rate of 0.5mVs~!, and CV data essentially equivalent to
those in the literature were obtained when the scan rate was
increased to 100 mV s~! (Supplementary Fig. 7). The absolute
value of the cathodic current (I,p) initially increased during the
negative sweep and reached a peak at approximately 2.5V (the
region between points a and b in Fig. 4a). A second reduction
peak then occurred at lower potentials (points b-c). During the
positive sweep, a constant I, was observed in the region between
points ¢ and d. However, when the voltage exceeded approxi-
mately 2.3V, I, began to slightly increase, despite the decrease
in the overpotential (points d-e), which clearly indicates the
presence of the NDR. The onset of NDR was also confirmed for
the DMSO systems as well during trials in which the positive
electrode was changed from CP to Au (Supplementary Fig. 8).
These results indicate that NDR is inherent to the positive
electrode reaction during the discharge process.

The second reduction peak observed in this study is typically
assigned to the reductive formation of Li,0,'8-2029. Although
Li,O, will not decompose in the potential range over which the
CV data were acquired in the present work, I, increased
between points d and e. In addition, the I, value was almost the
same as that during the previous cycle (Fig. 4a). Thus, it appears
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that a reaction-inhibiting species other than Li,O, was reversibly
adsorbed and desorbed on/from the cathode surface in response
to the potential change. The 2e™ reduction reaction to form Li,O,
was also slow in this potential region, as has been previously
suggested based on in situ spectroscopic investigations*. Thus,
these CV results confirmed that I, increased (or decreased) with
a decrease (or increase) in the overpotential within a specific
potential region, demonstrating that NDR appears in this
electrochemical system. The presence of NDR (and the reversible
activation/passivation of the cathode) was further confirmed by
observing the time course of the I, at different potentials.
Figure 4b shows that I, increased and decreased repeatedly
when the cathode potential was alternated between 2.0 and 2.4V
using the MeCN/CP system, providing further evidence for
NDR.

NDR potential region and correlation with discharge capacity.
As detailed above, the ORR in aprotic electrolytes containing Li*
ions typically shows the occurrence of NDR. Meanwhile, it has
been reported that Li,O, is preferentially formed via either the
solution or surface pathways at higher or lower potentials,
respectively’”-38. Based on the above, we hypothesized that the
transition from the solution pathway to the surface pathway
results in the expression of NDR. To verify this hypothesis, it was
necessary to investigate the correlation between the working
potential of the positive electrode and the discharge capacity.
However, in general, the relationship between the set and
observed potential in an experiment, U, and the true electrode
potential (or Helmholtz double layer potential), E, that is a critical
factor determining electrode reaction mechanisms, will differ
based on the ohmic drop (IR, where R is the resistance of the
solution between the electrode surface and the reference electrode
and I is negative for the reduction current) according to the
equation U= E + IR. Furthermore, during the discharge of a Li-
O, battery, Li,O,, which is a poor conductor, accumulates and
gradually covers the cathode surface so that the IR value changes
with time during the discharge process. Because of this compli-
cated set of interconnections, potentiostatic experiments are more
suitable for a qualitative evaluation of the correlation between the
NDR region of the true electrode potential (Expr) and the dis-
charge capacity, than potentiodynamic experiments shown in
Fig. 4a and Fig. 1a. For this reason, we conducted discharge tests
under constant potential conditions, as described below.

Figure 5b presents the discharge profiles acquired at different
potentials employing the MeCN/CP system. At a positive
electrode potential lower than 1.9V, a large current was initially
observed but gradually decreased with time. The final discharge
capacity was only approximately 2.5mAh ge.hode ' (cut-off
current density: 0.05mA cm~2). Conversely, at a positive
electrode potential higher than 2.0 V, a small but steady current
continued to flow and the discharge capacity reached more than
110 mAh geuhoqe ! The discharge capacities measured at various
potentials using the MeCN electrolyte are summarized in Fig. 5d
(circles). These discharge capacities undergo a significant change
in the vicinity of 1.9 to 2.0 V. When the positive electrode
potential was varied across this potential, it was confirmed that
the current reversibly increased and decreased, just as in Fig. 4b
(Supplementary Fig. 11), indicating the presence of NDR in this
potential region. Notably, the discharge capacity at lower
potentials almost coincided with the theoretical value for the
reaction solely by the surface pathway (the horizontal dashed line
in Fig. 5d). However, a large discharge capacity exceeding 100
mAh g.,mode ! Was obtained at higher potentials, suggesting that
the solution pathway was predominant in this potential region
(see Supplementary Information for a more detailed discussion of
the relationship between the NDR and the reaction pathway).

Qualitatively similar potential-dependency data were obtained
for the DMSO/CP system, as shown in Fig. 5c¢ and d. As
previously observed in Supplementary Fig. 8, the NDR also occurs
in the DMSO/CP system although, unlike the MeCN/CP results,
the NDR is not clearly evident in Fig. 5d (squares). Nevertheless,
the discharge capacity is evidently lowered as the potential
becomes negative. Another notable difference from the MeCN/
CP system is that the discharge capacity is much greater than
3.6 mAh g node ! (dashed line) even at lower potentials (Fig. 5d).
These results suggest that the solution pathway was dominant
over the entire potential region in the DMSO/CP system,
although the proportional contributions of the solution and
surface pathways depend on the potential, which has NDR
characteristics.

The Expr value is, in principle, determined by the adsorption
isotherm of the inhibitor. That is, Expr will vary with the system
components, such as the electrolyte and electrode material. In
addition, as described earlier, U and E will differ due to the ohmic
drop, the value of which changes with the electrode structure and
with past battery operation. Therefore, the NDR potential region
is not absolutely set and will appear in a specific region in
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different systems. Based on this, we can qualitatively explain the
larger discharge capacity obtained from the MeCN electrolyte
(having a lower DN) compared to the DMSO electrolyte (having
a high DN). Figure 5a demonstrates that the operating potential
for the MeCN system is in the range of 2.2 to 2.3 V (that is, higher
than the NDR potential region), at which the discharge proceeds
via the solution pathway. The discharge capacity is therefore
significantly increased, exceeding that obtained from the DMSO
system (Fig. 5d). This occurs because the operating potential is in
the potential region over which the reaction proceeds via the
solution pathway in MeCN, as shown in Fig. 5d

When Au-mesh was applied to the cathode, significant
differences in discharge capacity were observed between
DMSO/Au and MeCN/Au systems although both systems
showed a gentle potential dependence of the discharge capacity
as shown in Supplementary Fig. 13. The average discharge
capacities at each potential for the MeCN/Au system were around
60 uAh  g.ahode ', while the higher capacity than 100 pAh
Zeathode | Were obtained for the DMSO/Au system when the
measurement potentials were set above 2.2V (cut-off current
density: 0.005 mA cm~2). The theoretical maximum capacity via
surface pathway on Au-mesh, which was based on the specific
surface area of Au-mesh (8.7 x 1073 m2gey g~ 1), was estimated at
61 pAh g..mode !, therefore, the results shown in Supplementary
Fig. 13 suggest that the surface and solution pathways were
dominant in the MeCN/Au and DMSO/Au systems, respectively.
The conclusions regarding the Au-mesh systems derived from
Supplementary Fig. 13 are in good agreement with reports in
the literature that Li,O, on Au electrode formed mainly via the
solution pathway in the high-DN DMSO electrolyte, while the

surface pathway is dominant in low-DN electrolyte, MeCN, at all
potentials2?.

Here, let us briefly summarize the similarities and differences
in all the systems (i.e, MeCN/CP, DMSO/CP, MeCN/Au, and
DMSO/Au systems). As described above, Supplementary Fig. 8
was the clear evidence that the ORR in Li-O, batteries inherently
involve the NDR. However, the magnitude of NDR and potential
dependency of the discharge capacity varies with the combination
of electrolyte and electrode substrate of each system which is
classified in three types, Type-1, 2 and 3 for the later discussion.
The MeCN/CP system, which is classified as Type-1, showed a
clear potential dependency of the discharge capacity and a large
NDR (Fig. 5d, circles). For the other three systems, unlike the
MeCN/CP system, both of the NDR and the potential
dependence of the discharge capacity were not clear as those in
the MeCN/CP system. The discharge capacity in the DMSO/CP
and DMSO/Au systems was significantly larger than the
maximum capacity via the surface pathway, indicating that the
solution pathway is dominant in these two systems (Type-2).
Meanwhile, the discharge capacity for the MeCN/Au system was
nearly equivalent to the theoretical capacity via surface pathway
at all potentials (Type-3).

Possible origin of NDR and correlation with the reaction
pathway. The Faraday current (Iz) in an electrochemical system
can be expressed as the product of the number of electrons (1),
the Faradaic constant (F), the reaction rate constant (k), the
effective surface area (A), and the concentration of electroactive
species (c). Because n, F, and c are all constants, the differential
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resistance in an electrochemical system can be expressed as*®:

dl/dE = d(nFckA)/dE = nFCk dA/dE + nFCA dk/dE.  (6)

Therefore, for NDR to appear, either dA/dE < 0 or dk/dE < 0 must
be true. Each of these two conditions can be induced with an
increase of the overpotential by an increase in the coverage of
the reaction-inhibiting adsorbed species or by a decrease in the
coverage of the reaction-promoting adsorbed species. In the
present work, the current was found to decrease over time during
the discharge of Li-O, batteries, indicating that the former
mechanism was associated with the appearance of NDR.

At this point, it is helpful to consider the identity of the
reaction-inhibiting species. It is known that the cathode potential
partly affects the equilibrium in Eq. (3). More specifically, the
extent of coverage by LiO5 is larger or smaller at lower or higher
cathode potentials, respectively, which determines whether the
surface or solution pathway occurs?>37. Density functional theory
(DFT) calculations have also suggested that the stability of LiO5 is
affected by potential®®. Furthermore, it is believed that the ORR
cannot proceed on LiOF because O, must be adsorbed on the
active sites of the cathode during the ORR. Therefore, as the
potential is lower (or higher), the coverage of LiO5 becomes
larger (or smaller), and eventually the ORR current becomes
smaller (or larger). In other words, the system exhibits NDR
characteristics. On this basis, LiO5 is considered to be the most
likely ORR inhibitor (Fig. 6a). However, it should be noted that
the precise identity of the adsorbed species was not identified by
spectroscopic means in this work.

Discussion

The correlation between the LiO3/LiO$ ratio and the potential,
which represents the LiO3 adsorption isotherm and Expg, varies
with the system components such as the electrolyte and electrode
material. Figure 6a schematically shows the LiO3 adsorption
isotherm with respect to the potential in the ORR region. The
adsorption isotherms are classified into the following three types.
That is, Type-1 in which the ratio of LiO5/LiO§ varies largely
below and above the NDR region, Type-2 in which the ratio is

small at all potentials, and Type-3 where the ratio is totally large.
The results of potentiostatic discharging shown in Fig. 5 and
Supplementary Fig. 13 provided a clue to how each system draws
its specific adsorption isotherm. The MeCN/CP system, which is
attributed to Type-1, the reaction proceeded predominantly via
the surface pathway at an operating potential lower than the NDR
potential region resulting in inevitable early cell death (Fig. 6b-
(). In contrast, at an operating potential higher than the NDR
potential region, the solution pathway become relatively domi-
nant, which led to an enhanced discharge capacity (Fig. 6b-(ii)).
The formed LiO$ disproportionates immediately to form Li,O, in
the MeCN electrolyte because MeCN has low DN. However, the
deposition of Li,O, and the ORR of Eq. (1) proceed at the dif-
ferent positions of the cathode, therefore, the whole surface of the
cathode cannot be covered by the deposition, as shown in Fig. 3b,
resulting in a higher discharge capacity. Meanwhile, the DMSO/
CP and DMSO/Au systems draw the adsorption isotherm of
Type-2 where the solution pathway was encouraged at all
potentials. The adsorption isotherm for the MeCN/Au-mesh
system is assigned to Type-3 where the surface pathway was fully
dominant (Fig. 6a). Differences in the geometry of the CP and
Au-mesh might affect the actual adsorption isotherm. However,
the result that the discharge capacity obtained in MeCN/CP
system was larger than that in DMSO/CP in a specific potential
region implies that the difference in adsorption isotherm derived
from the cathode material is more essential.

It is noteworthy that the extent of NDR in the MeCN/CP
system was significantly higher than that in the other three sys-
tems of DMSO/CP, MeCN/Au, and DMSO/Au systems, although
NDR was commonly observed in all of them. Given that elec-
trochemical oscillations tend to occur more readily in systems
having more pronounced NDR*3, it is not unexpected that elec-
trochemical oscillations were observed only in the MeCN system
(Fig. 1b and Supplementary Figs. 5 and 6). A detailed mechanism
for these oscillations is provided in Supplementary Information.

In conclusion, we demonstrated that ORR-inhibiting species
are generated during the discharge of Li-O, batteries, resulting in
the appearance of NDR. When the operating potential is higher
than the NDR potential region, more continuous discharge is
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obtained as a result of the solution pathway because of the
reduced coverage of the cathode by the inhibitor. It is evident that
the NDR potential region is an important factor determining the
continuity of the ORR. Considering the behavior of the inhibitor
formed along with the ORR on the cathode and adsorption/
desorption in the potential region of the ORR, the inhibiting
species is most likely LiO3 or a related compound. In principle,
the equilibrium potential of Eq. (3), and thus the NDR potential
region, is determined by the relative stabilities of LiO5 and LiO3.
The stability of LiO3 is affected by the DN value of the solvent
and also by the presence of additives or contaminants, as pre-
viously reported, while the stability of LiO5 is determined by the
electrolyte as well as the cathode material and potential. A greater
discharge capacity can be achieved even in a solvent having a low
DN value if the cell is operated such that the cathode potential is
more positive than the NDR potential region when the system
shows a large NDR. Our results demonstrated that the discharge
capacity can be increased higher than the value which is obtained
in a solvent with a high DN even in a solvent having a low DN
such as MeCN by selecting the appropriate operating potential.
The operating potential is generally determined by the balance
between the applied current density and the external load, the
latter of which is affected by various factors, including reaction
kinetics and the geometrical structure of the cathode. Therefore,
these parameters should be adjusted accordingly for sustained
discharge along with verifying the specific NDR for each system.
This fundamental study of the ORR in Li-O, batteries is expected
to lead to an improved understanding of the underlying chem-
istry, which is necessary to realize the development of more
sophisticated Li-O, units.

Methods

Electrochemical measurements. Assembly of cells and introduction of oxygen gas
were carried out in the glovebox filled with dry Ar gas, using fully dried instru-
ments and materials. All electrolytes were dried for several days over freshly
activated molecular sieves. The water content of the prepared electrolytes, mea-
sured by Kerl Fischer titration, are <30 ppm except for the DEME-TFSI electrolyte
(the water content of DEME-TFSI electrolyte is <60 ppm). A typical experimental
procedure is described below. The anode and cathode compartments of the
Swagelock-type cell were separated by a solid-state Li ion-conductive glass-ceramic
film (LIC-GC, Ohara Inc., 150 um of thickness) to prevent side reactions between
the Li metal and electrolytes applied to the cathode side (Fig. 1a). This cell system
allows us to employ MeCN as an electrolyte solvent to a Li-O, battery with Li
metal anode, even though MeCN shows crucially poor reductive stability. CP
(TGP-H-060, Toray Industries, Inc., 190 um of thickness) or Au-mesh (Nilaco, 100
mesh) was used in a diameter of 20 mm for a cathode electrode. After drying CP
cathodes in vacuo at 150 °C for 5 h, the cathodes were transferred to a glove box
without exposure of ambient air. Au-mesh was cleaned in acetone with ultrasonic
cleaning apparatus before use. The average masses of CP and Au-mesh were
0.0260 g and 0.180 g, respectively. The specific surface areas were 0.31 % 0.20 m%pgy
g*1 and 0.0087 m2gr g~ L, respectively, which were measured by Kr (99.999%)
physisorption with a BELSOAP-MAX (MicrotracBEL) at 77 K employing the
Brunauer-Emmett-Teller isotherm. 200 uL of 0.5 M LiTFSI (Tokyo Kasei) in
MeCN (Wako) was added into the cathode-side chamber of the cell and high-
purity O, gas (0.15 MPa, >99.99%) was introduced into a 50 mL cylinder which
was attached to the cell during the electrochemical measurements. Li foil (Honjo
Metal, 0.4 mm of thickness) and 1 M LiTFSI in the mixed solvent of EC and DEC
(Kishida Chemical) were used as an anode and an electrolyte for the anode-side,
respectively. After that, the assembled cells were taken out from the glovebox, and
the battery characteristics were determined using an Aska Electronic ACD-01
battery performance analyzer under atmospheric condition at 25 °C. The cell was
allowed to rest at open circuit voltage for at least 12 h before measurements. The
galvanostatic discharging experiments were performed to a reductive potential of
1.5V at a current density of 0.2 mA cm~—2.

Potentiostatic discharging was performed using Li-O, cell setup which was
assembled in the same way described above. The potentiostatic discharge
characteristics were determined using a Bio-Logic VMP3 system at 25 °C. For the
pre-discharging experiment of the MeCN/CP system, 1 mAh g~! of discharging
was performed at 2.4 V. After that, the potentials of the cells were immediately
shifted to various potentials for the potentiostatic discharging test and
potentiostatic discharging was performed until the current density reached 0.05
mA cm~2. For the DMSO/CP system, the pre-discharging experiment was carried
out for ImAglat27V.

CV (2-electrode setup) was performed using the Li-O, cell setup which was
similar to the above and HZ-5000 (Hokuto) at 25 °C.

Characterization of the discharged cathodes. For the characterization of dis-
charged cathodes, the cells were disassembled in an Ar glovebox and the discharged
cathodes were extracted from the cells. The cathodes were immersed in anhydrous
MeCN for 24 h and rinsed with MeCN for three times to remove electrolytes and
dried in vacuo at room temperature for 2 h. SEM images were obtained using SEM
system (Hitachi high-technologies, S-4300) at an acceleration voltage of 1kV. The
samples were transferred from a glove box to the SEM chamber using a closed
vessel to avoid exposure to the air. Powder X-ray diffraction (PXRD) patterns of
the discharged cathodes were measured with a powder X-ray diffractometer
(Rigaku, UltimalV) in an air-sensitive sample holder. Measurements were per-
formed at room temperature from 5 to 70° 26. Raman spectra were measured in an
airtight quartz cell on a Raman spectrometer (JASCO, NRS-3200).

Data availability

The authors declare that data supporting the findings of this study are available within
the paper and its supplementary information file or from the corresponding author on
reasonable request.

Received: 16 October 2017 Accepted: 16 January 2019
Published online: 05 February 2019

References

1. Girishkumar, G., McCloskey, B., Luntz, A. C., Swanson, S. & Wilcke, W. Lithium-
air battery: promise and challenges. J. Phys. Chem. Lett. 1, 2193-2203 (2010).

2. Bruce, P. G, Freunberger, S. A., Hardwick, L. J. & Tarascon, J.-M. Li-O, and
Li-S batteries with high energy storage. Nat. Mater. 11, 19-29 (2012).

3. Christensen, J. et al. A critical review of Li/Air batteries. J. Electrochem. Soc.
159, R1-R30 (2012).

4. Li, F, Zhang, T. & Zhou, H. Challenges of non-aqueous Li-O, batteries:
electrolytes, catalysts, and anodes. Energy Environ. Sci. 6, 1125-1141 (2013).

5. Lu, Y.-C. et al. Lithium-oxygen batteries: bridging mechanistic understanding
and battery performance. Energy Environ. Sci. 6, 750-768 (2013).

6. Imanishi, N, Luntz, A. C. & Bruce, P. G. Lithium Air Batteries: Fundamentals
(Springer, New York, 2014)

7. Luntz, A. C. & McCloskey, B. D. Nonaqueous Li—Air batteries: a status report.
Chem. Rev. 114, 11721-11750 (2014).

8. Chang, Z.-W.,, Xu, J.-J., Liu, Q.-C,, Li, L. & Zhang, X.-B. Recent progress on
stability enhancement for cathode in rechargeable non-aqueous lithium-
oxygen battery. Adv. Energy Mater., 1500633 (2015).

9. Grande, L. et al. The lithium/air battery: still an emerging system or a practical
reality? Adv. Mater. 27, 784-800 (2015).

10. McCloskey, B. D., Burke, C. M., Nichols, J. E. & Renfrew, S. E. Mechanistic
insights for the development of Li-O, battery materials: addressing Li,O,
conductivity limitations and electrolyte and cathode instabilities. Cherm.
Commun. 51, 12701-12715 (2015).

11. Geng, D. et al. From lithium-oxygen to lithium-air batteries: challenges and
opportunities. Adv. Energy Mater. 6, 1502164 (2016).

12. Aurbach, D, McCloskey, B. D., Nazar, L. F. & Bruce, P. G. Advances in
understanding mechanisms underpinning lithium-air batteries. Nat. Ener 1,
128 (2016).

13. Feng, N., He, P. & Zhou, H. Critical Challenges in Rechargeable Aprotic Li-O,
Batteries. Adv. Energy Mater. 6, 1502303 (2016).

14. Yao, X,, Dong, Q., Cheng, Q. & Wang, D. Why Do Lithium-Oxygen Batteries
Fail: Parasitic Chemical Reactions and Their Synergistic Effect. Angew. Chem.,
Int. Ed. 55, 11344-11353 (2016).

15. Luo, W.-B. et al. Investigation of promising air electrode for realizing ultimate
lithium oxygen battery. Adv. Energy Mater. 1700234 (2017).

16. Li, F. & Chen, J. Mechanistic evolution of aprotic lithium-oxygen batteries.
Adv. Energy Mater. 1602934 (2017).

17. Hase, Y. et al. A highly efficient Li,O, oxidation system in Li-O, batteries.
Chem. Commun. 52, 12151-12154 (2016).

18. Laoire, C. O., Mukerjee, S., Abraham, K. M., Plichta, E. J. & Hendrickson, M.
A. Influence of Nonaqueous Solvents on the Electrochemistry of Oxygen in the
Rechargeable Lithium-Air battery. J. Phys. Chem. C. 114, 9178-9186 (2010).

19. Abraham, K. M. Electrolyte-directed reactions of the oxygen electrode in
lithium-air batteries. J. Electrochem. Soc. 162, A3021-A3031 (2015).

20. Peng, Z. et al. Oxygen reactions in a non-aqueous Li* electrolyte. Angew.
Chem., Int. Ed. 50, 6351-6355 (2011).

21. Adams, B. D. et al. Current density dependence of peroxide formation in the
Li-O, battery and its effect on charge. Energy Environ. Sci. 6, 1772-1778
(2013).

8 | (2019)10:596 | https://doi.org/10.1038/s41467-019-08536-z | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Lacey, M. J,, Frith, J. T. & Owen, J. R. A redox shuttle to facilitate oxygen
reduction in the lithium air battery. Electrochem. Commun. 26, 74-76 (2013).
Sun, D. et al. A solution-phase bifunctional catalyst for lithium—oxygen
batteries. J. Am. Chem. Soc. 136, 8941-8946 (2014).

Matsuda, S., Hashimoto, K. & Nakanishi, S. Efficient Li,O, formation via
aprotic oxygen reduction reaction mediated by quinone derivatives. J. Phys.
Chem. C 118, 18397-18400 (2014).

Yang, L., Frith, J. T., Garcia-Araez, N. & Owen, ]. R. A new method to prevent
degradation of lithium-oxygen batteries: reduction of superoxide by viologen.
Chem. Commun. 51, 1705-1708 (2015).

Zhu, Y. G. et al. Dual redox catalysts for oxygen reduction and evolution
reactions: towards a redox flow Li-O, battery. Chem. Commun. 51, 9451-9454
(2015).

Gao, X,, Chen, Y., Johnson, L. & Bruce, P. G. Promoting solution phase
discharge in Li-O, batteries containing weakly solvating electrolyte solutions.
Nat. Mater. 15, 882-888 (2016).

Takechi, K., Singh, N., Arthur, T. S. & Mizuno, F. Decoupling energy storage
from electrochemical reactions in Li—Air batteries toward achieving
continuous discharge. ACS Energy Lett. 2, 694-699 (2017).

Johnson, L. et al. The role of LiO, solubility in O, reduction in aprotic solvents
and its consequences for Li-O, batteries. Nat. Chem. 6, 1091-1099 (2014).
Aetukuri, N. B. et al. Solvating additives drive solution-mediated
electrochemistry and enhance toroid growth in non-aqueous Li-O, batteries. .
Nat. Chem. 7, 50-56 (2015).

Schwenke, K. U., Metzger, M., Restle, T., Piana, M. & Gasteiger, H. A. The
influence of water and protons on Li,O, crystal growth in aprotic Li-O, cells.
J. Electrochem. Soc. 162, A573-A584 (2015).

Burke, C. M., Pande, V., Khetan, A., Viswanathan, V. & McCloskey, B. D.
Enhancing electrochemical intermediate solvation through electrolyte anion
selection to increase nonaqueous Li-O, battery capacity. PNAS 112,
9293-9298 (2015).

Gunasekara, I., Mukerjee, S., Plichta, E. J., Hendrickson, M. A. & Abrahama,
K. M. A study of the influence of lithium salt anions on oxygen reduction
reactions in Li-Air batteries. J. Electrochem. Soc. 162, A1055-A1066 (2015).
Sharon, D. et al. Mechanistic role of Lit dissociation level in Aprotic Li—O,
battery. ACS Appl. Mater. Interfaces 8, 5300-5307 (2016).

Matsuda, S., Kubo, Y., Uosaki, K. & Nakanishi, S. Potassium Ions Promote
Solution-route Li,O, Formation in the Positive Electrode Reaction of Li—O,
Batteries. J. Phys. Chem. Lett. 8, 1142-1146 (2017).

Matsuda, S., Uosaki, K. & Nakanishi, S. Enhanced energy capacity of lithium-
oxygen batteries with ionic liquid electrolytes by addition of ammonium ions.
J. Power Sources 356, 12-17 (2017).

Kwabi, D. G. et al. Controlling solution-mediated reaction mechanisms of
oxygen reduction using potential and solvent for aprotic lithium—oxygen
batteries. J. Phys. Chem. Lett. 7, 1204-1212 (2016).

Zhang, Y. et al. Potential-dependent generation of O, and LiO, and Their
Critical Roles in O, Reduction to Li,O, in Aprotic Li—O, Batteries. J. Phys.
Chem. C. 120, 3690-3698 (2016).

Kwabi, D. G. et al. The effect of water on discharge product growth and
chemistry in Li-O, batteries. Phys. Chem. Chem. Phys. 18, 24944-24953
(2016).

Amina, H. M. A,, Mollsa, C., Bawola, P. P. & Baltruschat, H. The impact of
solvent properties on the performance of oxygen reduction and evolution in
mixed tetraglyme-dimethyl sulfoxide electrolytes for Li-O, batteries:
mechanism and stability. Electrochim. Acta 245, 967-680 (2017).

Park, J.-W. et al. Solvent effect of room temperature ionic liquids on
electrochemical reactions in lithium—sulfur batteries. J. Phys. Chem. C 117,
4431-4440 (2013).

Viswanathan, V. et al. Electrical conductivity in Li,O, and its role in
determining capacity limitations in non-aqueous Li-O, batteries. J. Chem.
Phys. 135, 214704 (2011).

Luntz, A. C. et al. Tunneling and polaron charge transport through Li,O, in Li
—O, batteries. J. Phys. Chem. Lett. 4, 3494-3499 (2013).

44. McCloskey, B. D. et al. Combining accurate O, and Li,O, assays to separate
discharge and charge stability limitations in nonaqueous Li-O, batteries. J.
Phys. Chem. Lett. 4, 2989-2993 (2013).

45. Xie, J. et al. Achieving low overpotential Li-O, battery operations by Li,O,
Decomposition through one-electron processes. Nano. Lett. 15, 8371-8376
(2015).

46. Zhang, X. et al. LiO,: cryosynthesis and chemical/electrochemical reactivities.
J. Phys. Chem. Lett. 8, 2334-2338 (2017).

47. Qiao, Y. et al. From O, to HO,: reducing by-products and overpotential in
Li-O, batteries by water addition. Angew. Chem., Int. Ed. 56, 4960-4964
(2017).

48. Krischer, K. Advances in electrochemical sciences and engineering (Wiley-
VCH, 2003).

49. Yu, Q. & Ye, S. In situ study of oxygen reduction in dimethyl sulfoxide
(DMSO) solution: a fundamental study for development of the lithium
—oxygen battery. J. Phys. Chem. C. 119, 12236-12250 (2015).

Acknowledgements

The authors thank Dr. S. Matsuda and Dr. K. Takechi for valuable discussions. The
authors are also grateful to Dr. Y. Kato and Dr. N. Setoyama for acquiring Raman spectra
and Brunauer-Emmett-Teller surface area data, respectively, as well as to Mr. T. Uyama
for performing PXRD measurements.

Author contributions

All authors contributed to the design of the research and performed the experimental
data analysis. Y.H., YK, T.K, J.S. and T.H. prepared materials and carried out the
experimental work. T.S. and K.K. provided some scientific suggestion. Y.H., Y.K. and S.
N. co-wrote the manuscript. All authors discussed the results and commented on the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-08536-z.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:596 | https://doi.org/10.1038/s41467-019-08536-z | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-019-08536-z
https://doi.org/10.1038/s41467-019-08536-z
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Negative differential resistance as a critical indicator for the discharge capacity of lithium-oxygen batteries
	Results
	Effects of the electrolyte and the cathode on discharging
	Characterization of the discharge products
	Negative differential resistance
	NDR potential region and correlation with discharge capacity
	Possible origin of NDR and correlation with the reaction pathway

	Discussion
	Methods
	Electrochemical measurements
	Characterization of the discharged cathodes

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




