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ABSTRACT

Although Lithium—oxygen batteries (LOBs) hold the promise of high gravimetric energy density,
this potential is hindered by high charging voltages. To ensure that the charging voltage remains
low, it is crucial to generate discharge products that can be easily decomposed during the
successive charge process. In this study, we discovered that the use of amide-based electrolyte
solvents containing a fluorinated moiety can notably establish a sustained voltage plateau at low-
charging voltages at around 3.5 V. This occurs under conditions that can verify the feasibility of
achieving the benchmark energy density value of 500 Wh kg'. Notably, the achievement of the

low-voltage plateau was accomplished solely relying on the intrinsic properties of the electrolyte



solvent. Indeed, synchrotron X-ray diffraction measurements have shown that the use of fluorine-
containing amide-based electrolyte solvents results in the formation of highly decomposable

discharge products, such as amorphous and Li-deficient lithium peroxides.



INTRODUCTION

Lithium—oxygen batteries (LOBs) hold promise for practical applications such as electric
vehicles, drones, and unmanned aircrafts'?. During the discharging process of LOBs, solid-state
lithium peroxide is formed on the positive electrode via the electrochemical reduction of O,.
Ideally, the lithium peroxide is oxidatively decomposed during the subsequent charging process.
However, various side reactions proceed when the charging voltage increases. This increase in
charging voltage is partly due to the fact that lithium peroxide is an insulating solid and hence less
decomposable. In addition, the decomposition of the electrolytes induced by super oxide anion
radical and/or singlet oxygen generated during charge and discharge leads to the formation of
insulative byproducts at the positive electrode, suppressing the battery reaction®>. The
decomposition of the electrolytes also leads to the electrolyte depletion within the porous electrode,
resulting in a reduction of the effective electrode surface area. These factors cause the increase in
charging voltage®'°. The increase in charging voltage consequences in a further increase in

charging voltage via electrochemical oxidation of the electrolytes.

Based on the negative cycle described above, achieving the long-lasting plateaus of low-
charging voltage is crucial for the enhanced cyclability. In order to induce this, it is effective to
obtain highly decomposable discharge products. Previous studies have revealed that Li-deficient
and amorphous lithium peroxide significantly enhance their electronic and ionic conductivities,
resulting in their oxidative decomposition at low voltages!!"!3. The main approach reported so far
to form highly decomposable lithium peroxide has been chemical and/or structural modifications
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of the positive electrode'*!”. However, we have recently shown that the appropriate choice of

electrolyte can lead to the formation of highly decomposable lithium peroxide'®. This is a new



option that is compatible with the conventional approach of structural-chemical modifications of
the positive electrode. In this study, we report that introducing fluorocarbon moiety into the amide-

based solvent enables the appearance of a long-lasting plateau of low-charging voltage.

RESULTS AND DISCUSSION

Cycle characteristics.

Among the electrolyte solvents summarized in Table 1, we first focused on N, N-Diethyl-2,2,2-
trifluoroacetamide (DETFA), a commercially available fluorine-containing amide. Note that
DETFA, as well as 2,2,2-Trifluoro-N, N-dimethylacetamide (DMTFA), were previously used at
only approximately 2% of the total liquid volume, indicating their contribution to stabilization of
the lithium/electrolyte interface'®. However, in the present study, DMTFA and DETFA were used
as the main solvents in the electrolyte. The effects obtained in this case are significantly different
from the previous work, as described below. In the present work, we used LiNOs as the Li salt,
which has been known to form high-quality solid-electrolyte-interphase (SEI) layer on the negative
electrode?®?!. This allows the use of amide solvents, which are generally unstable to lithium?%23,
However, amides with CF3 moiety do not dissolve LiNO; salt. To address this, we mixed them
with N, N-dimethylacetamide (DMA) that has high solubility of LiNOs;. The mixing ratio was set

at 1:1 vol% unless otherwise specified. Table 2 summarizes the electrolyte compositions used and

their abbreviations.

Table 1 List of solvent abbreviations.
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DMA N,N-Dimethlyacetamide Haca°~,|./
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DETFA N,N-Diethyl-2,2 2-trifluoroacetamide FiC NK/\
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CH3;CON(Me)(iPr) N-Methyl-N-(1-methylethyl)acetamide )'\T)\
. 2,2,2-Trifluoro-N-methyl-N-(1- S
CE;CON(Me)(iPr) methylethyl)acetamide A
X
CH3CON(nPr), N, N-Dipropylacetamide N
. , . P
CF;CON(nPr), 2,2,2-Trifluoro-N, N-dipropylacetamide ; H
Table 2 Given names of the electrolytes.
Given names Electrolyte composition
G4 100 vol% Tetraglyme + 1M LiNO3
DMA 100 vol% DMA + 1M LiNOs3
DMTFA-50 50 vol % DMTFA+ 50 vol% DMA + 1M LiNOs
DEA-50 50 vol % DEA+ 50 vol% DMA + 1M LiNOs3

DETFA-50 50 vol % DETFA+ 50 vol% DMA + 1M LiNO3



CH;CON(Me)(iPr)-50 50 vol % CH;CON(Me)(iPr) + 50 vol% DMA + 1M LiNOs

CF3CON(Me)(iPr)-50 50 vol % CF3CON(Me)(iPr) + 50 vol% DMA + 1M LiNO;
CH;CON(nPr)-50 50 vol % CH;CON(nPr),+ 50 vol% DMA + 1M LiNO;
CF3CON(nPr),-50 50 vol % CFsCON(nPr)y+ 50 vol% DMA + 1M LiNOs

Figures 1a and b show the cycle test results at a current density of 0.2 mA ¢cm 2 and an electrolyte
volume of 31.4 pL cm 2 using DMA and DETFA-50 electrolytes, respectively. The DETFA-50
electrolyte exhibited a notably sustained low voltage plateau, in contrast to the DMA electrolyte.
Figure 1c shows the average charge voltage plotted against the number of cycles for both
electrolyte systems, where a reduction in charge voltage of approximately 0.3 V was observed with
DETFA-50. In this study, where the cut-off voltages for discharge and charge were set to 2.0 V

and 5.0 V respectively, the number of cycles in DETFA-50 was 16.
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Figure 1 (a,b) Discharge—charge cycles under current-controlled conditions at 0.2 mA ¢cm 2 with
a fixed capacity of 1.0 mA h cm? in (a) DMA and (b) DETFA-50 electrolyte. (c) plots depicting
the average charge voltage vs. cycle number constructed from the charging profiles. KB-based

porous carbon was used as the positive electrode.

To elucidate the impact of the CF3 moiety, we compared CF3-containing DETFA (Figure 2a)
and CF3-free N,N-Diethylacetamide (DEA) (Figure 2¢), both having ethyl groups adjacent to the

amide group. (The behavior under the same conditions in G4-based electrolyte, which is one of



the standard electrolytes in LOB studies®*, is shown in Figures 1b, 1c, and S1 in reference 18.) In
these tests, the current density was increased to 0.4 mA cm™ and the capacity was raised to 4 mAh
cm 2, resulting in a slight increase in the charge voltage for DETFA-50 compared to Figure 1b.
The effect of the CF3-moiety was confirmed even at the larger discharge capacity of 10 mAh cm’
2 (Figure S1). This test condition is to evaluate the feasibility of achieving the expected gravimetric
energy density of 500 Wh kg! for LOBs*>*¢ (Table S1). CF3-containing DETFA-50 maintained
the charging voltage around 3.5 V for more extended period compared to CF3-free DEA-50 even
under these relatively severe conditions. This fact can be clearly seen in the dQ/dV plot obtained
from the charging profiles (Figures 2b and d). DETFA-50 has large peaks around 3.5 V. The above
trend for charging voltages was more pronounced for higher ratio of DETFA mixed in the solvents
(Figure S2). These findings revealed the role of the CF3; moiety in DETFA as an electrolyte solvent

in establishing the low-charging voltage plateau.
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Figure 2 (a, c¢) Discharge—charge cycles and (b, d) the corresponding dQ/dV plots constructed
from the charging profiles under current-controlled conditions at 0.4 mA cm 2 with a fixed
capacity of 4.0 mA h cm2 in (a,b) DEA-50 and (c, d) DETFA-50 electrolyte. KB-based porous

carbon was used as the positive electrode.

Next, to verify whether such phenomena occur with other fluorine-containing molecules as well,
we synthesized several fluorine-containing amides (Figure S3) and their corresponding CF3-free
amides (Figure S4). Generally, amides are synthesized by condensing an acyl molecule with an
amine. However, since amines with fluoroalkyl groups are unstable, synthesizing a diverse range
of amides with fluoroalkyl groups presents a challenge?’. Therefore, we made comparisons among
molecules where a fluorine group was introduced into the amides in the form of a trifluoroacetyl

group. Same trend for charging voltages was also observed in other CF3-containing electrolytes
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except for DMTFA. These results clearly indicate that CF3-containing amides generally lead to
long-lasting plateaus of low-charging voltage. The lack of a charging voltage plateau in DMTFA
is attributed to the electrochemical instability of the molecule in the voltage range of 2.4—4.0 V,

which will be elaborated on later.

As it is known that even trace amounts of water can significantly affect the morphology and
composition of discharge products®®, it is important to investigate the potential impact of water
contamination. Our experiments were conducted in a tightly sealed system, and we have confirmed
that the water content in the electrolyte is less than 50 ppm. In fact, the cycle characteristics
remained unchanged even when the sealed cell was placed in an argon-filled glove box with a dew
point of —80 °C or lower, suggesting that our sealed cell setup provides a high level of isolation

from external conditions.

Characterization of the electrolytes

As mentioned above, CF3-containing amides exhibited significantly lower charge voltages.
Understanding the characteristics and properties of the electrolyte is essential for further
examining the reasons behind this lower charge voltage. Therefore, we first evaluated the
electrochemical stability of various electrolyte solvents through cyclic voltammetry under argon-
atmosphere using the same LOB cells with same electrolyte volume as all other experiments
(Figure S5). For DETFA-50, CF;CON(Me)(iPr)-50, and CF3CON(nPr)-50, clear redox peaks
were not observed except for a small oxidation peak at around 3.6 V. This small peak can be
assigned to oxidation of trace amount of NO>~, which can be generated by reduction of NO3™ by

lithium during cell assembly?. Thus, the electrolytes are electrochemically stable at in the range
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of 2.4-4.0 V at levels where their decomposition is not detected in cyclic voltammetry. However,
an oxidation peak was clearly observed at around 3.5 V for DMTFA-50. Therefore, the absence of
a charging plateau during cycle tests with only DMTFA-50 among the CF3-containing amides, as
illustrated in Figure S2a, is thought to be due to the electrochemical oxidative decomposition of
DMTFA. Since the other CF3-containing amides demonstrated electrochemical stability within the
charging voltage range where a plateau was observed, it is unlikely that the observed lower
charging voltage plateau results from the electrochemical instability. It should be noted here that
the NO;™ species constitutes a redox pair NO2 /NO> with a redox potential approximately in the
range of 3.6 to 3.8 V¥. While it can function as a redox mediator if its concentration is sufficiently
high?’, the observed redox peak near 3.6-3.8 V are significantly small and sometimes absent
(Figure S5). The above results clearly demonstrate that the concentration of the NO2/NO; pair is

sufficiently low that its influence as a redox mediator can be neglected.

Table 3 shows the physical properties of the four main electrolyte solvents used. Generally, when
the viscosity is low and the solubility of lithium salts is high, the ionic conductivity of the
electrolyte increases. High-rate Oz diffusion is also important to achieve large discharge current
densities. CF3-containing molecules are expected to have high O» transport properties due to their
low polarizability***!. Indeed, as expected, DETFA with CF3 moieties exhibited a larger diffusion
coefficient (Doz) and Henry’s law solubility constants of O than those for DEA, which is the
corresponding CF3-free amide. Although the Do, became smaller with longer alkyl chains as
reported previously using glyme-based solvents*!, we found that introducing CF3 moieties into the
amides reduces such negative effects. Table S2 shows the properties of electrolytes prepared using

the solvents, in which it can be seen that. lonic conductivity, viscosity, and salt dissociation of
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DETFA-50 were poorer than those of DMA with the simplest structure, while O» transport in

DETFA-50 was comparable to that in DMA.

Table 3 Physical properties of the electrolyte solvents.

Boiline point Viscosity Density Do Henry’s law solubility
Solvent / Ogcp /mPas /gem’ /107 cm? 57! constants of O,
(25°C) (25°C) (25°C) / mmol L! bar'(25°C)
DMA 16532 0.919% 0.936 8.03 4.8
DEA 185 1.485 0.905 7.00 4.7
65-67
DETFA (24 mmHg)® 1.372 1.145 10.8 12.9
G4 275% 3.255%2 1.071 3.0 5.23

Oz evolution efficiency during charging

To further verify that the electrode reactions underlying the charging plateau in Figures 1b and
2c¢ originate from the ideal oxidative decomposition of discharge products, we quantitatively
investigate the Oz evolution efficiency by differential electrochemical mass spectrometry (DEMS)
(Figure 3). We also evaluated the O evolution efficiency in DMA and G4 electrolytes, which are
the standard electrolytes in LOB studies®*, for comparison. First, each cell was discharged at a
constant capacity for 4.0 mAh cm using G4, DMA, and DETFA-50 electrolytes. Linear sweep
voltammetry was then conducted at a positive sweep rate of 0.05 mV s !. The overlaid I-V curves
obtained in these experiments are shown in Figure S6. Consistent with the fact that a low-voltage
plateau was observed, it was confirmed that the oxidation current flows from the lowest voltage in
the DETFA-50 electrolyte. Notably, simultanecous DEMS measurements confirmed that this

oxidation current was accompanied by O evolution. Thus, it was clearly shown that the discharge
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products are oxidatively decomposed from lower voltages in the DETFA-50 electrolyte. Based on
these results, it is concluded that the low charging voltage obtained with CF3-containing DETFA

is due to the formation of highly decomposable discharge products.
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Figure 3 DEMS analyses during the linear sweep voltammetry at a positive sweep rate of 0.05
mV s°!. Prior to the voltammetry, the cells were discharged in (a) G4, (b) DMA, and (c) DETFA-

50 at 0.4 mA cm 2 for 4.0 mAh cm 2. KB-based porous carbon was used as the positive electrode.

Similar experiments were also conducted under constant current charging conditions (Figure 4).
The O» evolution efficiencies for the entire charge process was 70.6 % for DEA-50 and 80.0 % for
DETFA-50 electrolyte. The overall O, evolution efficiencies with CH3CONMe(iPr)-50,
CF3CONMe(iPr)-50, CH3CON(nPr)2-50, and CF3CON(nPr)2-50 electrolytes were 51.7, 70.2, 63.2,
and 80.0 %, respectively (Figure S7). Thus, the O> evolution efficiencies were always higher with
the CF3-containing electrolytes compared to the corresponding CF3-free electrolytes. When the

voltage range was limited to 3.5 V or lower, the Oz evolution efficiency was 79.0 % for DEA-50
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electrolyte and 86.2 % for DETFA-50 electrolytes, indicating that lithium peroxide can be
decomposed more easily for the CF3-containing electrolyte. The results in Figure S8 further
support this result. DEMS measurements tend to have higher charging voltages than those on
closed systems'®. This could be due to the high volatility of solvents in the DEMS measurement
system, which requires gas flow, resulting in changes in electrolyte volume. Higher charging
voltages lead to electrochemical decomposition of the electrolyte, which reduces Oz evolution
efficiency. Therefore, the Oz evolution efficiency estimated above is an underestimate, and the

true Oz evolution efficiency in the electrolytes should be higher.
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Figure 4 DEMS analyses during charging. The cells were discharged and subsequently charged in
(a) DEA-50 and (b) DETFA-50 at 0.4 mA cm 2 for 4.0 mAh cm 2. KB-based porous carbon was

used as the positive electrode.
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Characterization of the discharge products

In order to understand the reason why discharge products formed in DETFA electrolyte are
highly decomposable, we conducted a structural analysis of the discharge products. First, we
attempted to observe the discharge products through SEM observation. It should be noted that in
this experiment, we used a carbon paper electrode to facilitate the observation of individual
discharge product particles, thereby distinguishing them from the carbon particles on the porous
positive electrode!®. The deposits assignable to lithium peroxide formed in the DETFA-50
electrolyte were smaller in size and less-uniform in shape compared to that formed in the DMA
electrolyte (Figure 5). After charge for 1 mAh cm 2, the deposits disappeared from the positive

electrode.

Figure 5 SEM images of CP electrodes discharged at 0.1 mA c¢cm 2 for 1.0 mAh cm 2in (a) DMA
and (b) DETFA-50, and subsequently charged for (c¢) 0.5 mAh cm 2 and (d) 1.0 mAh cm 2 in

DETFA-50. Each scale bar indicates 1 um.
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Next, we performed a crystal structure analysis of the discharge products using synchrotron X-
ray diffraction (XRD). Figure 6 shows synchrotron XRD patterns of discharge products obtained
in the G4, DMA, and DETFA-50 electrolytes. Note that in the XRD measurements, we used porous
carbon as the positive electrode to obtain larger peaks originating from lithium peroxide. No
essential difference was observed in the XRD patterns between CP and porous carbon electrode
(Figure S9). The intensities of the Li2O>-derived diffraction lines are particularly small in the
sample obtained with the DETFA-50, even though the discharge capacity was the same for all
samples. Compared to the samples obtained in G4 electrolyte, the 101 diffraction line in the DMA
sample and both 101 and 100 diffraction lines in the DETFA-50 sample were broader. These
results mean that the crystallinity of lithium peroxide is lowest in DETFA-50, followed by DMA

and G4.
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Figure 6 Synchrotron XRD patterns of discharge products after discharge at 0.2 mA c¢cm > for 2.0

mAh cm 2 in G4 (black), DMA (red), and DETFA-50 (blue).

Estimating the Li deficiency (i.e., X value in Li» xO») is of high interest in previous studies from
the perspective of reducing charging overvoltages®>>°. Then, we qualitatively estimated the X
value by Rietveld analysis of the XRD patterns, following the protocol described in previous
reports®’3¥, It is important to note that since Rietveld analysis is conducted under several premises
that are difficult to verify experimentally, it is appropriate to limit discussions based on X-values
to qualitative rather than quantitative interpretations. The crystal structure of lithium peroxide is
assumed to be hexagonal, the P63/mmc (#194) space group (Figure S10a). Li(2a), Li(2c), and O(4f)
represents Li at site 2a, site 2c, and O, respectively. In our analysis, the Li(2a) site was assumed to

be deficient according to previous reports®>3¢

, and fitting was conducted using the degree of
vacancy X at the Li(2a) site as a parameter. See the supporting information for details on the
analysis protocol and the reliability of the fitting. Tables S3 and S4 present the optimized structural
parameters for each scenario, both with and without the consideration of anisotropy parameters.
As shown in these tables, the X values are highest in descending order for DETFA-50, followed

by DMA and G4, suggesting that lithium peroxide formed in the DETFA-50 has the highest Li

deficiency.

To confirm the rationality of the crystal structure suggested by the Rietveld analysis, the stable
atomic configuration of the crystal lacking Li(2a) was investigated by structural optimization using
the first-principles calculations based on the density functional theory (DFT) framework (See the

Experimental Section for details of calculation). Specifically, one Li(2a) was removed from a
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2x2x2 supercell of Li2O> (P63/mmc), in which the X value corresponds to 0.0625. Utilizing DFT
calculations to analyze the cell constant and atomic positions of the lithium-deficient structure pre-
and post-structural optimization, it was observed that the interatomic distance between two
opposite Li(2c) atoms adjacent to the vacant Li(2a) site decreased from 5.2976 to 5.0452 A (Figure
S10d), while that between two opposite oxygen atoms adjacent to the site increased from 4.3108
to 4.4959 A (Figure S10e). This is qualitatively consistent with the results of the Rietveld analysis

of the experimentally obtained XRD patterns (z values in Tables S3 and S4).

Possible origins of the long-lasting plateau of low-charging voltage

Why are highly decomposable discharge products formed in the DETFA-50 electrolyte? A
possible explanation is the incorporation of fluorine from the electrolyte into the crystal lattice of
the discharge products. The presence of fluorine in the discharge products is suggested by energy-
dispersive X-ray spectroscopy (EDX) (Figure S11), and it is conceivable that doping with the
larger ionic radius of F could lead to increased lithium deficiency and reduced crystallinity. Indeed,
it is known that the doping with hetero-elements like sodium can promote defective lithium
peroxide formation and reduce overpotential during charging'®*. SEM observations confirmed
that the discharge products formed in DETFA-50 have smaller particle sizes and different
morphology (Figure 5), which can also contribute to the reduction of charging voltage*.
Additionally, changes in the physical properties of the electrolyte caused by the introduction of
CF3 moiety might lead to lattice defects and strains in the discharge products. More specifically,
as indicated in Table 3, the incorporation of CF3 moiety affects not only the diffusion coefficient

(Do2) and Henry’s law solubility constants of O but also the self-diffusion coefficient of Li'. This
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suggests a change in the balance of Oz and Li" supply at the growth interface of the discharge
products, impacting their formation and structure. In fact, it has been observed that modifying the
nanopore structure of the positive electrode to adjust the balance of mass transportation can lead
to the formation of discharge products with varied morphologies and degrees of crystallinity, even

while using the same electrolyte*!**.

Determining factor for the cyclability.

Regarding the cycle performance in the CFs-containing DETFA-50 electrolyte, despite the
significantly low charging voltage achieved, the desired cycle performance was not attained. This
limitation is thought to be due to the volatility of DETFA. For the cycle tests shown in Figures 1
and 2, we applied the small electrolyte volume of 31.4 uL cm 2 because the electrolyte amount is
the largest weight fraction in the entire battery. For the tests with low electrolyte volume, the
effective electrode area is reduced via volatilization of the CFs-containing solvent with a lower
boiling point, resulting in an increase in charging voltage and, in turn, premature cease of the
discharge-charge cycle. In fact, longer cycle life was obtained when the electrolyte volume was
increased (Figure S12). Furthermore, previous reports have indicated that lithium peroxide is
stable in organic solvents*}, meaning it does not decompose the electrolyte. Therefore, it is unlikely
that electrolyte decomposition by lithium peroxide is the cause of shorter cycle life. Thus, the low
cycle performance in DETFA-50 is attributed to physical rather than chemical factors. Therefore,
it is believed that this issue can be avoided by developing selective membranes, for example, that
prevent the leakage of volatile electrolyte components while allowing the taking O from the

outside.
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CONCLUSIONS

In the present study, we found that the fluorine-containing amide-based electrolytes are able to
form lithium peroxide, which is decomposable at lower voltages than DMA or G4 electrolytes,
with a long-lasting plateau of charging voltage at around 3.5 V. Notably, the persistence of the low
charging voltage plateau obtained in this study significantly exceeds that obtained with alternative

approaches, such as using additional redox mediators**

under test conditions which can verify
the feasibility of large gravimetric energy densities. Low charging voltage is also desirable to
minimize the potential impact of singlet oxygen, which can be significant in voltage regions greater
than 3.5 V*7%_ (It should be noted that there is currently a debate about whether a significant
amount of singlet oxygen is being generated®’.) In the fluorine-containing electrolytes, both
amorphous lithium peroxide and Li-deficient Li> xO2 were formed. Furthermore, the size of the
discharge products in DETFA-50 was smaller than that in DMA, and their morphology was
inhomogeneous. Although the physicochemical modification of the positive electrode has been the

1417 we found that the selection

main approach to form structurally disordered discharge products
of an appropriate electrolyte can also induce the formation of such highly-decomposable lithium
peroxide. The reason why the Li-deficiency level can depend on the kind of electrolyte remains

veiled. We expect that continued research in this direction will significantly contribute to the

development of novel electrolyte molecular systems for LOBs.

EXPERIMENTAL SECTION

Cell configuration.
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The electrochemical cell employed in this study was previously described elsewhere®!. Li foil (25
mm diameter, 400 um thick, Honjo Metal) was used as a negative electrode. Porous carbon (20
mm diameter, 270 pm thick, porosity 91 %, 5.4 mg cm >-carbon) or carbon paper (CP, 20 mm
diameter, 190 um thick, porosity 78 %, TGP-H-060, Toray) was used as a positive electrode. The
porous carbon electrode is a self-standing sheet consisting of carbon fiber and Ketjenblack (KB)>2.
Polyacrylonitrile was used as the binding polymer material. For the porous carbon, a mixture slurry
was prepared using 65 wt% of KB, 12 wt% of carbon fiber, and 23 wt% of polyacrylonitrile. The
prepared membrane was dried and heat treated, and finally calcinated at 1,050 °C in an inert
atmosphere®. CP was prepared by immersing pristine CP in hot acid (H2SO4:HNO3 = 3:1) for 2 h,
as described in the literature>. The free-standing graphene mesosponge was prepared following
the procedures in the literature®* and exclusively employed as a positive electrode for synchrotron
XRD measurements. A polyolefin-based separator (20 mm thick, 22 mm diameter) was used after
vacuum drying when using the KB-based porous carbon electrode. When the CP electrode was
used, a glass-fiber filter (GF/A, 22 mm diameter, Whatman) was used as the separator after vacuum
drying at 110 °C overnight. DMA (Wako) and DETFA (TCI) was used as the main solvent for the
electrolyte. In addition, DMTFA(TCI), DEA (TCI) and tetraglyme (G4, Japan Advanced
Chemicals) were used. CFzCON(Me)(iPr), CH3CON(Me)(iPr), CF3CON(nPr),, CH3CON(nPr)>
were synthesized through the procedure described below and used as electrolyte solvents. LiNO3
(Kishida, Japan), LiTFSA (Kishida, Japan), and LiBr (Sigma-Aldrich) were used as the salt. The
electrolytes were prepared by stirring the salt and solvent overnight. The water content of the
electrolytes was confirmed to be under 50 ppm by Karl Fischer titration after mixing the salts. The
cells were assembled in an Ar-filled glovebox. Oz (>99.99% purity) was supplied by attaching a

small cylinder (50 mL, 0.25 MPa) except in the case of DEMS measurements. The proportion of

22



oxygen gas consumed in the reaction is approximately 1.2% and 4.6% of the total amount of
oxygen in the cylinder connected to the cell when capacities of 1 mAh cm ™2 and 4 mAh cm™2 are
applied, respectively. Only when DEMS measurements were conducted, the lid of these cells was

replaced to make them a flow-type cell.

Electrochemical measurements.

Electrochemical measurements were performed using a VMP3 electrochemical test unit (Bio-
Logic, France) or a battery measuring apparatus (HJ1020mSD8, HOKUTO DENKO) in a
thermostatic chamber kept at 25 °C. All electrochemical tests were conducted after the cells were

maintained at open-circuit voltage for 12 h or more.

Characterization of the electrolyte solvent.

The viscosity of the electrolyte solvents was determined using a viscometer (Lovis 2000 ME,
Anton Paar). Self-diffusion coefficients of the electrolytes were measured at constant each
temperature using pulsed gradient spin-echo nuclear magnetic resonance (PGSE-NMR) with a
JOEL tunable pulsed-field gradient (PFG) probe. To minimize convection effects, each sample
was prepared in an NMR microtube (BMS-005J, Shigemi, Tokyo) with a height of less than 5 mm.
The PFG was calibrated using H>O ('H resonance), and the same PFG intensity was applied for
each nuclide, ensuring consistent values were obtained with different irradiation times for accurate
self-diffusion coefficients measurements. The ionic conductivities of the electrolytes were
determined using a conductivity meter (S230 SevenCompact, Mettler Toledo). Measurements
were conducted after allowing the electrolytes to equilibrate at each temperature for a minimum

of 1 h.
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The diffusion coefficients of oxygen were determined through gas uptake measurements using
a thin film cell, described in the literatures*®>!. It was connected to a gas reservoir of approximately
26 mL via a Swagelok ball valve, with a pressure sensor directly attached. For each measurement,
I mL of solvent was introduced into the thin film cell. The container was connected to a vacuum
pump, and the solvent was degassed prior to the experiment. Subsequently, gas was supplied to
the gas reservoir, and the setup was transferred to a climate chamber set at 25 °C. The ball valve
between the gas reservoir and thin film cell was swiftly opened and closed, allowing for gas uptake.
The pressure decay during the process was measured, and the diffusion coefficient was
subsequently calculated. At least three measurements were conducted for each solvent. Henry's
law solubility constants were determined using gas uptake measurements, following the

procedures described in the literatures®3!-3,

Characterization of the positive electrodes.

SEM measurements were conducted using a field-emission scanning electron microscope (JSM
7800F, JEOL). Prior to these measurements, the samples were treated with anhydrous acetonitrile
and handled in an environment devoid of air exposure. The electron acceleration voltage of SEM
images was set at 5 kV. XRD measurement was conducted with an X-ray diffractometer (SmartLab,
Rigaku). The pattern was measured within 30° <26 < 60° with a step size of 0.1° without exposure

to the atmosphere.

DEMS.

The gas evolution efficiency was investigated with a DEMS system consisting of a quadrupole
mass spectrometer (PrismaPlus QMG220, Pfeiffer Vacuum, Germany) connected to a flow-type

cell via capillary tubing (56712-U, Sigma). Prior to discharge tests, the cell interior was filled with
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either 10, (0.3 MPa, >99.99% purity) or '*0, (0.3 MPa, including 2% or less '°0,, TAIYO
NIPPON SANSO) and subsequently sealed. When switching gases during discharge,
measurements were paused, and the cell was purged with another gas. During the charging process,
a continuous flow of helium was employed as a carrier gas at a rate of 3 mL min'. For DEMS

analyses, a gas flow of approximately 1 mL min!

was introduced into the mass spectrometer. The
quantity of gas evolved in each trial was determined based on the instrument's signal and calibrated

using a gas sample of known concentration.

Synchrotron XRD and its Rietveld analyses.

Synchrotron XRD measurements were carried out on the BL5S2 beamline of the Aichi
Synchrotron Radiation Center to obtain PXRD patterns suitable for comprehensive crystal
structure analyses using the Rietveld method. Each sample was carefully packed into a glass
capillary tube with a diameter of 0.7 mm (WJM-Glas Miiller, Germany) and sealed with epoxy
resin to prevent exposure to air. Two-dimensional detectors (Pilatus 100 K, Dectris, Switzerland)
were employed to collect PXRD patterns over a 20 range of 5° to 95°. The incident X-ray
wavelength (1) was calibrated to 0.999959(1) A using Si standard powders (NIST 640d). Rietveld
analyses were performed using the RIETAN-FP program following the protocol described in

previous reports®’-3*

, while crystal structure visualization was carried out using the VESTA
software. Regarding the crystal structure of lithium peroxide, the thermodynamically most stable
hexagonal form, the space group P63/mmc, was assumed (Figure S10a). Here, Li in the 2a site is
denoted as Li(2a), Li in the 2c site as Li(2c), and O as O(4f). Following the initial fitting of the
background and peak positions, we executed partial profile relaxation for the peaks originating

from the (100) and (110) crystallographic planes. Subsequently, data fitting was conducted through

sequential adjustment of parameters pertaining to the background, half-width, and atomic positions
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within the crystal structure. In assessing the reliability of the analysis results, we adhered to the
general practice: an analysis result was considered satisfactory if the reliability factor (R factor),
specifically the S value (S = Rwp/Re), was less than 1.3°°. Note that the reliability factors Rwp, Re,

and S are represented by the following formulas.

R = {Ziwi[yi - fi(x)]z}l/2
wP Yiwy?

R _ < N—P >1/2
¢ Ziwiyiz

5= pr _ {Ziwi[yi — fi(x)]z}l/z

R, N-P

Here, w; represents the statistical weight, y; the observed intensities, fi(x) the theoretical
diffraction intensities, N the total number of data points, and P the number of refined parameters.
Additionally, due to the tendency of standard uncertainty values in Rietveld analysis to
underestimate the actual error, we considered a value threefold the standard uncertainty as the error
margin. Any variations in analysis results that persist even after accounting for this adjusted error

margin were considered significant.

DFT calculations.

We performed DFT calculations using the projector augmented wave (PAW) method as
implemented in the Quantum ESPRESSO (QE) code®’. The exchange-correlation interaction was
approximated by the Generalized Gradient Approximation (GGA) based on the Perdew-Burke-

Ernzerhof (PBE) functional. In these calculations, we used the kinetic energy cut-off at 78 Rydberg
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(Ry), the convergence threshold for the self-consistent field at 2x10~’ Ry, a Monkhorst-Pack grid
with parameters of 5x5x5, and a Methfessel-Paxton smearing with a degauss value of 0.01.

For the structure optimization, we used the vec-relax calculation where the relaxation of atom
positions was calculated by using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm with
a force convergence threshold of 5x107* Ry/Bohr. Specifically, the structural optimization was
performed through the following steps. First, the lattice parameters of the unit cell of Li>O>
(P63/mmc) (Figure S10a) were obtained from the Materials Project database’, specifically, a=b
=3.10 and ¢ = 7.57 A. Next, a 2x2x2 supercell was constructed by stacking this unit cell twice
along each of the a-axis, b-axis, and c-axis directions (Figure S10b), and relaxation calculations
were performed to obtain optimized cell constants of the supercell (a=b=6.3176 and ¢ =15.3680
A), which are in good agreements with a previous calculation®. Finally, the cell constants and
atomic positions of the structure with one Li(2a) atom removed from this supercell (Figure S10b
and c) were optimized. The cell constants of the Li-deficient supercell were a=b =6.3176 and ¢
=15.3680 A before the optimization and a=b = 6.3300 and ¢ = 15.3863 A after the optimization,
indicating that the removal of Li(2a) increased the cell size in all axial directions.

To ensure the reliability of the parameters and computational method, we calculated the
formation energy of Li-vacancy (Ey) using the following definition®:

Ey = Edefect T ELi-bee - Eperfect
where Eqefect and Epertect are the total energies of the 2x2x2 supercell with and without a Li-vacancy,
respectively. ELibec 1S the energy of one Li atom in the body-centered cubic (bcc) structure. For the
calculation of Evincc, the lattice constants of a unit cell of Li bcce structure were optimized under
the same calculation conditions as described above except that a Monkhorst-Pack grid of

20%20%20 was used. The formation energy of Li(2a)-vacancy (ELia)-v) and Li(2c)-vacancy (ELic)-
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v) was 3.372 eV and 3.249 eV, respectively, and the difference between them (AEy = ELia)-v -
Evi2c)v) was 0.123 eV. These results were in good agreement with the previous calculations (ELi2a)-

v=23.46 eV, ELi2c}v = 3.36 eV, and AE, = 0.10 eV)®, ensuring the reliability of the calculation.

ASSOCIATED CONTENT

The Supporting Information is available free of charge at http://pubs.acs.org.

Discharge—charge cycles, dQ/dV plots, Cyclic voltammograms under an Ar atmosphere, linear
sweep voltammograms, DEMS analyses during charge, SEM images of discharged positive
electrodes, XRD patterns, structures for DFT calculations, EDX mapping images, discharge
profiles under current-controlled conditions, Walden plots, Self-diffusion coefficients, viscosities,
and ionic conductivities of the electrolytes, and crystal structure parameters of samples discharged

with various electrolytes determined through Rietveld analyses.

AUTHOR INFORMATION

Corresponding Author

*Shuji Nakanishi - Research Center for Solar Energy Chemistry, Graduate School of
Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan, Innovative
Catalysis Science Division, Institute for Open and Transdisciplinary Research Initiatives (ICS-
OTRI), Osaka University, Suita, Osaka 565-0871, Japan; orcid.org/0000-0002-3313-2689

Email: nakanishi.shuji.es@osaka-u.ac.ip

28


http://pubs.acs.org/
mailto:nakanishi.shuji.es@osaka-u.ac.jp

Authors

Kiho Nishioka — Research Center for Solar Energy Chemistry, Graduate School of Engineering
Science, Osaka University, Toyonaka, Osaka 560-8531, Japan, Department of Materials Science
and Engineering, Kyoto University, Sakyo-ku, Kyoto 606-8501, Japan, orcid.org/0000-0003-

4115-1334
Mizuki Tanaka — Research Center for Solar Energy Chemistry, Graduate School of Engineering
Science, Osaka University, Toyonaka, Osaka 560-8531, Japan

Terumi goto— Research Center for Solar Energy Chemistry, Graduate School of Engineering

Science, Osaka University, Toyonaka, Osaka 560-8531, Japan

Ronja Haas — Institute for Physical Chemistry, Justus Liebig University Giessen, Giessen 35392,

Germany

Anja Henss — Institute for Physical Chemistry, Justus Liebig University Giessen, Giessen

35392, Germany; orcid.org/0000-0001-5009-6512

Shota Azuma — Department of Materials and Life Science, Seikei University, Musashino-shi,

Tokyo 180-8633, Japan

Morihiro Saito — Department of Materials and Life Science, Seikei University, Musashino-shi,

Tokyo 180-8633, Japan

Shoichi Matsuda — Center for Green Research on Energy and Environmental Materials,

National Institute for Materials Science, Tsukuba, Ibaraki 305-0044, Japan

Wei Yu — Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai,

980-8577 Japan

29



Hirotomo Nishihara — Advanced Institute for Materials Research (WPI-AIMR), Tohoku

University, Sendai, 980-8577 Japan

Hayato Fujimoto — Graduate School of Engineering, Osaka University, Suita, Osaka, 565-0871

Japan

Mamoru Tobisu — Graduate School of Engineering, Osaka University, Suita, Osaka, 565-0871
Japan; Innovative Catalysis Science Division, Institute for Open and Transdisciplinary Research

Initiatives (ICS-OTRI), Osaka University, Suita, Osaka 565-0871, Japan

Yoshiharu Mukouyama — Research Center for Solar Energy Chemistry, Graduate School of
Engineering Science, Osaka University, Toyonaka, Osaka 560-8531, Japan; Division of Science,
College of Science and Engineering, Tokyo Denki University, Hatoyama, Saitama 350-0394,

Japan
Author Contributions

K. Nishioka and S. Nakanishi proposed the concept and wrote the manuscript. K. Nishioka and
M. Tanaka, performed the battery tests and gas analyses. R. Haas, A. Henss S. Azuma, and M.
Saito characterized the electrolytes. T. Goto, S. Matsuda, W. Yu, and H. Nishihara prepared the
carbon positive electrodes for this study. H. Fujimoto and M. Tobisu synthesized the electrolyte
solvents. K. Nishioka, M. Tanaka and Y. Mukouyama analyzed the experimental data. All

authors discussed the results and reviewed the final version of the manuscript before submission.

Funding Sources

This work was financially supported by JST ALCA-SPRING (grant no. JPMJAL1301), JST (grant
no. JPMJPF2016), JST ASPIRE (grant no. JPMJAP2309) and JSPS KAKENHI (grant no.

20J20091, 23H00311 and 23K 19269).

30



Notes

The authors declare no competing financial interest.

ACKNOWLEDGMENT
This work was performed with support from the National Institute for Materials Science (NIMS)

Battery Research Platform.

REFERENCES

(1) Liu, T.; Vivek, J. P.; Zhao, E. W.; Lei, J.; Garcia-Araez, N.; Grey, C. P. Current Challenges and Routes
Forward for Nonaqueous Lithium—Air Batteries. Chem. Rev. 2020, 120 (14), 6558-6625.

https://doi.org/10.1021/acs.chemrev.9b00545.

2) Kwak, W.-J.; Rosy; Sharon, D.; Xia, C.; Kim, H.; Johnson, L. R.; Bruce, P. G.; Nazar, L. F.; Sun, Y.-K;
Frimer, A. A.; Noked, M.; Freunberger, S. A.; Aurbach, D. Lithium—Oxygen Batteries and Related Systems:
Potential, Status, and Future. Chem. Rev. 2020, 120 (14), 6626-6683.

https://doi.org/10.1021/acs.chemrev.9b00609.

3) Bryantsev, V. S.; Giordani, V.; Walker, W.; Blanco, M.; Zecevic, S.; Sasaki, K.; Uddin, J.; Addison, D.; Chase,
G. V. Predicting Solvent Stability in Aprotic Electrolyte Li-Air Batteries: Nucleophilic Substitution by the
Superoxide Anion Radical (0,"). J.  Phys. Chem. A 2011, 115 (44), 12399-12409.

https://doi.org/10.1021/jp2073914.

@) Freunberger, S. A.; Chen, Y.; Drewett, N. E.; Hardwick, L. J.; Bardé, F.; Bruce, P. G. The Lithium-Oxygen
Battery with Ether-Based Electrolytes. Angew. Chemie Int. Ed. 2011, 50 (37), 8609-8613.

https://doi.org/10.1002/anie.201102357.

(5) Yao, X.; Dong, Q.; Cheng, Q.; Wang, D. Why Do Lithium-Oxygen Batteries Fail: Parasitic Chemical
Reactions and Their Synergistic Effect. Angew. Chemie Int. Ed. 2016, 55 (38), 11344-11353.

https://doi.org/10.1002/anie.201601783.

31



(6)

(7

®)

)

(10)

(11

(12)

(13)

(14)

(15)

Zhao, Z.; Huang, J.; Peng, Z. Achilles’ Heel of Lithium-Air Batteries: Lithium Carbonate. Angew. Chemie Int.

Ed. 2018, 57 (15), 3874-3886. https://doi.org/10.1002/anie.201710156.

Gallant, B. M.; Mitchell, R. R.; Kwabi, D. G.; Zhou, J.; Zuin, L.; Thompson, C. V; Shao-Horn, Y. Chemical
and Morphological Changes of Li—O, Battery Electrodes upon Cycling. J. Phys. Chem. C 2012, 116 (39),

20800-20805. https://doi.org/10.1021/jp308093b.

Black, R.; Oh, S. H.; Lee, J.-H.; Yim, T.; Adams, B.; Nazar, L. F. Screening for Superoxide Reactivity in Li-
O, Batteries: Effect on LixO, /LiOH Crystallization. J. Am. Chem. Soc. 2012, 134 (6), 2902-2905.

https://doi.org/10.1021/ja2111543.

Gowda, S. R.; Brunet, A.; Wallraff, G. M.; McCloskey, B. D. Implications of CO2 Contamination in
Rechargeable Nonaqueous Li-O, Batteries. J. Phys. Chem. Lett. 2013, 4 (2), 276-279.

https://doi.org/10.1021/jz301902h.

Ottakam Thotiyl, M. M.; Freunberger, S. A.; Peng, Z.; Bruce, P. G. The Carbon Electrode in Nonaqueous Li—

O, Cells. J. Am. Chem. Soc. 2013, 135 (1), 494-500. https://doi.org/10.1021/ja310258x.

Radin, M. D.; Siegel, D. J. Charge Transport in Lithium Peroxide: Relevance for Rechargeable Metal-Air

Batteries. Energy Environ. Sci. 2013, 6 (8), 2370-2379. https://doi.org/10.1039/c3ee41632a.

Ong, S. P.; Mo, Y.; Ceder, G. Low Hole Polaron Migration Barrier in Lithium Peroxide. Phys. Rev. B 2012,

85 (8), 081105. https://doi.org/10.1103/PhysRevB.85.081105.

Gerbig, O.; Merkle, R.; Maier, J. Electron and Ion Transport In Li,O,. Adv. Mater. 2013, 25 (22), 3129-3133.

https://doi.org/10.1002/adma.201300264.

Dutta, A.; Wong, R. A.; Park, W.; Yamanaka, K.; Ohta, T.; Jung, Y.; Byon, H. R. Nanostructuring One-
Dimensional and Amorphous Lithium Peroxide for High Round-Trip Efficiency in Lithium-Oxygen Batteries.

Nat. Commun. 2018, 9 (1), 680. https://doi.org/10.1038/s41467-017-02727-2.

Sun, Z.; He, J.; Yuan, M.; Lin, L.; Zhang, Z.; Kang, Z.; Liao, Q.; Li, H.; Sun, G.; Yang, X.; Long, R.; Zhang,

Y. Li+-Clipping for Edge S-Vacancy MoS, Quantum Dots as an Efficient Bifunctional Electrocatalyst

32



(16)

(17

(18)

(19)

(20)

e2))

(22)

Enabling Discharge Growth of Amorphous LixO, Film. Nano Energy 2019, 65, 103996.

https://doi.org/10.1016/j.nanoen.2019.103996.

Lyu, Z.; Wang, T.; Guo, R.; Zhou, Y.; Chen, J.; Wang, X.; Lin, M.; Tian, X.; Lai, M.; Peng, L.; Wang, L.;
Peng, Z.; Chen, W. Promoting Defective-Li,O, Formation via Na Doping for Li—O, Batteries with Low

Charge Overpotentials. J. Mater. Chem. A 2019, 7 (17), 10389—10396. https://doi.org/10.1039/C9TA01606F.

Dai, W.; Cui, X.; Chi, X.; Zhou, Y.; Yang, J.; Lian, X.; Zhang, Q.; Dong, W.; Chen, W. Potassium Doping
Facilitated Formation of Tunable Superoxides in Li»O, for Improved Electrochemical Kinetics. ACS Appl.

Mater. Interfaces 2020, 12 (4), 4558-4564. https://doi.org/10.1021/acsami.9b21554.

Nishioka, K.; Tanaka, M.; Fujimoto, H.; Amaya, T.; Ogoshi, S.; Tobisu, M.; Nakanishi, S. Overlooked Factors
Required for Electrolyte Solvents in Li—O, Batteries: Capabilities of Quenching 'O, and Forming Highly-
Decomposable Li,O,.  Angew. Chemie  Int. Ed 2022, 6l (12), €202112769.

https://doi.org/10.1002/anie.202112769.

Bryantsev, V. S.; Giordani, V.; Walker, W.; Uddin, J.; Lee, L.; van Duin, A. C. T.; Chase, G. V.; Addison, D.
Investigation of Fluorinated Amides for Solid—Electrolyte Interphase Stabilization in Li—O» Batteries Using

Amide-Based Electrolytes. J. Phys. Chem. C 2013, 117 (23), 11977-11988. https://doi.org/10.1021/jp402844r.

Uddin, J.; Bryantsev, V. S.; Giordani, V.; Walker, W.; Chase, G. V.; Addison, D. Lithium Nitrate as
Regenerable SEI Stabilizing Agent for Rechargeable Li/O, Batteries. J. Phys. Chem. Lett. 2013, 4 (21), 3760—

3765. https://doi.org/10.1021/jz402025n.

Yu, Y.; Huang, G.; Du, J.-Y.; Wang, J.-Z.; Wang, Y.; Wu, Z.-J.; Zhang, X.-B. A Renaissance of N,N -
Dimethylacetamide-Based Electrolytes to Promote the Cycling Stability of Li—O, Batteries. Energy Environ.

Sci. 2020, /3 (9), 3075-3081. https://doi.org/10.1039/DOEE01897].

Chen, Y.; Freunberger, S. A.; Peng, Z.; Bardé, F.; Bruce, P. G. Li—O, Battery with a Dimethylformamide

Electrolyte. J. Am. Chem. Soc. 2012, 134 (18), 7952—7957. https://doi.org/10.1021/ja302178w.

33



(23)

24)

(25)

(26)

27

(28)

(29)

(30)

1)

Sharon, D.; Hirsberg, D.; Afri, M.; Garsuch, A.; Frimer, A. A.; Aurbach, D. Reactivity of Amide Based
Solutions in Lithium-Oxygen Cells. J  Phys. Chem. C 2014, 118 (28), 15207-15213.

https://doi.org/10.1021/jp506230v.

Lu, J.; Li, L.; Park, J.-B.; Sun, Y.-K.; Wu, F.; Amine, K. Aprotic and Aqueous Li—O, Batteries. Chem. Rev.

2014, 7114 (11), 5611-5640. https://doi.org/10.1021/cr400573b.

Ue, M.; Asahina, H.; Matsuda, S.; Uosaki, K. Material Balance in the O, Electrode of Li—O; Cells with a
Porous Carbon Electrode and TEGDME-Based Electrolytes. RSC Adv. 2020, 10 (70), 42971-42982.

https://doi.org/10.1039/DORA07924C.

Ue, M.; Sakaushi, K.; Uosaki, K. Basic Knowledge in Battery Research Bridging the Gap between Academia

and Industry. Mater. Horizons 2020, 7 (8), 1937-1954. https://doi.org/10.1039/DOMHO00067A.

Kloeter, G.; Seppelt, K. Trifluoromethanol (CF30H) and Trifluoromethylamine (CF3NH2). J. Am. Chem. Soc.

1979, 101 (2), 347-349. https://doi.org/10.1021/ja00496a012.

Kwabi, D. G.; Batcho, T. P.; Feng, S.; Giordano, L.; Thompson, C. V.; Shao-Horn, Y. The Effect of Water on
Discharge Product Growth and Chemistry in Li-O, Batteries. Phys. Chem. Chem. Phys. 2016, 18 (36), 24944—

24953. https://doi.org/10.1039/c6¢p03695c.

Sharon, D.; Hirsberg, D.; Afri, M.; Chesneau, F.; Lavi, R.; Frimer, A. A.; Sun, Y.-K.; Aurbach, D. Catalytic
Behavior of Lithium Nitrate in Li-O, Cells. ACS Appl. Mater. Interfaces 2015, 7 (30), 16590—16600.

https://doi.org/10.1021/acsami.5b04145.

Haas, R.; Murat, M.; Weiss, M.; Janek, J.; Natan, A.; Schréder, D. Understanding the Transport of
Atmospheric Gases in Liquid Electrolytes for Lithium—Air Batteries. J. Electrochem. Soc. 2021, 168 (7),

070504. https://doi.org/10.1149/1945-7111/ac0d66.

Schiirmann, A.; Haas, R.; Murat, M.; Kuritz, N.; Balaish, M.; Ein-Eli, Y.; Janek, J.; Natan, A.; Schroder, D.
Diffusivity and Solubility of Oxygen in Solvents for Metal/Oxygen Batteries: A Combined Theoretical and
Experimental Study. J. Electrochem. Soc. 2018, 165 (13), A3095-A3099.

https://doi.org/10.1149/2.0601813jes.

34



(32)

(33)

(34

(35)

(36)

(37

(38)

(39)

Nishioka, K.; Saito, M.; Ono, M.; Matsuda, S.; Nakanishi, S. N, N-Dimethylethanesulfonamide as an
Electrolyte Solvent Stable for the Positive Electrode Reaction of Aprotic Li—O, Batteries. ACS Appl. Energy

Mater. 2022, 5 (4), 4404—4412. https://doi.org/10.1021/acsaem.1c03999.

Robson, J. H.; Reinhart, J. The Infrared Spectra of N-Substituted Trifluoroacetamides. J. Am. Chem. Soc. 1955,

77 (2), 498-499. https://doi.org/10.1021/ja01607a094.

Haas, R.; Pompe, C.; Osenberg, M.; Hilger, A.; Manke, I.; Mogwitz, B.; Maitra, U.; Langsdorf, D.; Schroder,
D. Practical Implications of Using a Solid Electrolyte in Batteries with a Sodium Anode: A Combined X -
Ray Tomography and Model - Based Study. Energy Technol. 2019, 7 (7), 1801146.

https://doi.org/10.1002/ente.201801146.

Ganapathy, S.; Adams, B. D.; Stenou, G.; Anastasaki, M. S.; Goubitz, K.; Miao, X.-F.; Nazar, L. F;
Wagemaker, M. Nature of Li,O, Oxidation in a Li—O» Battery Revealed by Operando X-Ray Diffraction. J.

Am. Chem. Soc. 2014, 136 (46), 16335-16344. https://doi.org/10.1021/ja508794r.

Hase, Y.; Uyama, T.; Nishioka, K.; Seki, J.; Morimoto, K.; Ogihara, N.; Mukouyama, Y.; Nakanishi, S.
Positive Feedback Mechanism to Increase the Charging Voltage of Li—O, Batteries. J. Am. Chem. Soc. 2022,

144 (3), 1296-1305. https://doi.org/10.1021/jacs.1c10986.

Izumi, F.; Momma, K. Three-Dimensional Visualization in Powder Diffraction. Solid State Phenom. 2007,

130, 15-20. https://doi.org/10.4028/www.scientific.net/SSP.130.15.

Momma, K.; Izumi, F. VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and
Morphology Data. J. Appl. Crystallogr. 2011, 44 (6), 1272-1276.

https://doi.org/10.1107/S0021889811038970.

Li, Y.; Zhang, R.; Chen, B.; Wang, N.; Sha, J.; Ma, L.; Zhao, D.; Liu, E.; Zhu, S.; Shi, C.; Zhao, N. Induced
Construction of Large-Area Amorphous Li;O> Film via Elemental Co-Doping and Spatial Confinement to
Achieve High-Performance Li-O, Batteries. Energy Storage Mater. 2022, 44 (September 2021), 285-295.

https://doi.org/10.1016/j.ensm.2021.10.026.

35



(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

Gallant, B. M.; Kwabi, D. G.; Mitchell, R. R.; Zhou, J.; Thompson, C. V; Shao-Horn, Y. Influence of Li,O»
Morphology on Oxygen Reduction and Evolution Kinetics in Li—O» Batteries. Energy Environ. Sci. 2013, 6

(8), 2518. https://doi.org/10.1039/c3ee40998h.

Liu, H.; Shen, Z.; Pan, Z.-Z.; Yu, W.; Nishihara, H. Cathode Chemistries of Lithium—Oxygen Batteries in
Nanoconfined  Space. ACS  Appl  Mater. Interfaces 2023, 15 (34), 40397-40408.

https://doi.org/10.1021/acsami.3c05944.

Zhang, Z.; Xiao, X.; Yu, W.; Zhao, Z.; Tan, P. Reacquainting the Sudden-Death and Reaction Routes of Li—
O, Batteries by Ex Situ Observation of Li»O; Distribution Inside a Highly Ordered Air Electrode. Nano Lett.

2022, 22 (18), 7527-7534. https://doi.org/10.1021/acs.nanolett.2c02516.

Shi, J.; Su, C.-C.; Amine, R.; Wu, X.; Lamp, P.; Maglia, F.; Jung, R.; Amine, K. Prelithiation of Lithium
Peroxide for Silicon Anode: Achieving a High Activation Rate. ACS Appl. Mater. Interfaces 2023, 15 (22),

26710-26717. https://doi.org/10.1021/acsami.3¢c03312.

Bergner, B. J.; Schiirmann, A.; Peppler, K.; Garsuch, A.; Janek, J. TEMPO: A Mobile Catalyst for
Rechargeable Li-O, Batteries. J.  Am. Chem. Soc. 2014, 136 (42), 15054-15064.

https://doi.org/10.1021/ja508400m.

Chen, Y.; Freunberger, S. A.; Peng, Z.; Fontaine, O.; Bruce, P. G. Charging a Li-O, Battery Using a Redox

Mediator. Nat. Chem. 2013, 5 (6), 489-494. https://doi.org/10.1038/nchem.1646.

Ahn, S.; Zor, C.; Yang, S.; Lagnoni, M.; Dewar, D.; Nimmo, T.; Chau, C.; Jenkins, M.; Kibler, A. J.; Pateman,
A.; Rees, G. J.; Gao, X.; Adamson, P.; Grobert, N.; Bertei, A.; Johnson, L. R.; Bruce, P. G. Why Charging
Li—Air Batteries with Current Low-Voltage Mediators Is Slow and Singlet Oxygen Does Not Explain

Degradation. Nat. Chem. 2023, 15 (7), 1022—1029. https://doi.org/10.1038/s41557-023-01203-3.

Wandt, J.; Jakes, P.; Granwehr, J.; Gasteiger, H. A.; Eichel, R. A. Singlet Oxygen Formation during the
Charging Process of an Aprotic Lithium-Oxygen Battery. Angew. Chemie - Int. Ed. 2016, 55 (24), 6892—6895.

https://doi.org/10.1002/anie.201602142.

36



(48)

(49)

(50)

(51

(52)

(53)

(54

(55)

Pierini, A.; Brutti, S.; Bodo, E. Reactive Pathways toward Parasitic Release of Singlet Oxygen in Metal-Air

Batteries. npj Comput. Mater. 2021, 7 (1), 1-8. https://doi.org/10.1038/s41524-021-00597-3.

Mahne, N.; Schafzahl, B.; Leypold, C.; Leypold, M.; Grumm, S.; Leitgeb, A.; Strohmeier, G. A.; Wilkening,
M.; Fontaine, O.; Kramer, D.; Slugovc, C.; Borisov, S. M.; Freunberger, S. A. Singlet Oxygen Generation as
a Major Cause for Parasitic Reactions during Cycling of Aprotic Lithium—Oxygen Batteries. Nat. Energy 2017,

2 (5), 17036. https://doi.org/10.1038/nenergy.2017.36.

Schiirmann, A.; Lueren, B.; Mollenhauer, D.; Janek, J.; Schréder, D. Singlet Oxygen in Electrochemical
Cells: A Critical Review of Literature and Theory. Chem. Rev. 2021, 121 (20), 12445-12464.

https://doi.org/10.1021/acs.chemrev.1c00139.

Morimoto, K.; Kusumoto, T.; Nishioka, K.; Kamiya, K.; Mukouyama, Y.; Nakanishi, S. Dynamic Changes in
Charge Transfer Resistances during Cycling of Aprotic Li—O, Batteries. ACS Appl. Mater. Interfaces 2020,

12 (38),42803-42810. https://doi.org/10.1021/acsami.0c11382.

Matsuda, S.; Yasukawa, E.; Kameda, T.; Kimura, S.; Yamaguchi, S.; Kubo, Y.; Uosaki, K. Carbon-Black-
Based Self-Standing Porous Electrode for 500 Wh/Kg Rechargeable Lithium-Oxygen Batteries. Cell Reports

Phys. Sci. 2021, 2 (7), 100506. https://doi.org/10.1016/j.xcrp.2021.100506.

Qian, Z.; Sun, B.; Du, L.; Lou, S.; Du, C.; Zuo, P.; Ma, Y.; Cheng, X.; Gao, Y. Z.; Yin, G. Insights into the
Role of Oxygen Functional Groups and Defects in the Rechargeable Nonaqueous Li—O, Batteries.

Electrochim. Acta 2018, 292, 838-845. https://doi.org/10.1016/j.electacta.2018.09.202.

Yu, W.; Shen, Z.; Yoshii, T.; Iwamura, S.; Ono, M.; Matsuda, S.; Aoki, M.; Kondo, T.; Mukai, S. R.;
Nakanishi, S.; Nishihara, H. Hierarchically Porous and Minimally Stacked Graphene Cathodes for High -
Performance  Lithium - Oxygen  Batteries. Adv.  Energy  Mater. 2023, 202303055.

https://doi.org/10.1002/aenm.202303055.

Hartmann, P.; Griibl, D.; Sommer, H.; Janek, J.; Bessler, W. G.; Adelhelm, P. Pressure Dynamics in Metal—
Oxygen (Metal—Air) Batteries: A Case Study on Sodium Superoxide Cells. J. Phys. Chem. C 2014, 118 (3),

1461-1471. https://doi.org/10.1021/jp4099478.

37



(56)

(57)

(58)

(39)

(60)

The Rietveld Method, Young, R. A. Ed; Oxford University PressOxford, 1993.

https://doi.org/10.1093/050/9780198555773.001.0001.

Giannozzi, P.; Baroni, S.; Bonini, N.; Calandra, M.; Car, R.; Cavazzoni, C.; Ceresoli, D.; Chiarotti, G. L.;
Cococcioni, M.; Dabo, I.; Dal Corso, A.; de Gironcoli, S.; Fabris, S.; Fratesi, G.; Gebauer, R.; Gerstmann, U.;
Gougoussis, C.; Kokalj, A.; Lazzeri, M.; Martin-Samos, L.; Marzari, N.; Mauri, F.; Mazzarello, R.; Paolini,
S.; Pasquarello, A.; Paulatto, L.; Sbraccia, C.; Scandolo, S.; Sclauzero, G.; Seitsonen, A. P.; Smogunov, A.;
Umari, P.; Wentzcovitch, R. M. QUANTUM ESPRESSO: A Modular and Open-Source Software Project for
Quantum Simulations of Materials. J. Phys. Condens. Matter 2009, 21 (39), 395502.

https://doi.org/10.1088/0953-8984/21/39/395502.

Jain, A.; Ong, S. P.; Hautier, G.; Chen, W.; Richards, W. D.; Dacek, S.; Cholia, S.; Gunter, D.; Skinner, D.;
Ceder, G.; Persson, K. A. Commentary: The Materials Project: A Materials Genome Approach to Accelerating

Materials Innovation. APL Mater. 2013, 1, 011002. https://doi.org/10.1063/1.4812323.

Radin, M. D.; Rodriguez, J. F.; Tian, F.; Siegel, D. J. Lithium Peroxide Surfaces Are Metallic, While Lithium

Oxide Surfaces Are Not. J. Am. Chem. Soc. 2012, 134 (2), 1093—1103. https://doi.org/10.1021/ja208944x.

Gan, Z.; Lei, X.; Wu, W.; Zhong, S. Lithium Vacancy Migration in Li,O,: From First Principles Studies.

Comput. Mater. Sci. 2020, 184, 109873. https://doi.org/10.1016/j.commatsci.2020.109873.

38



Table of Contents

1
4.0 ’// H,C N(\
> JL
0 CF,-
£ 30 Vs
o
>
X
U T T T p T i j ' /\
204 10 20 30 4.0 FC™ N

Capacity / mAh cm 2,40

Li-O, secondary battery

39



