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ABSTRACT: Lithium—air batteries (LABs) offer ultrahigh energy density, but their Soaring Power & Energy

practical use is limited by the sluggish oxygen reduction reaction, which requires TEGhased “Trae” LAB
operation under pure oxygen and yields extremely low power output. Herein, to working by air O,
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boost both the power and energy under air oxygen, we investigated the discharge
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performance of LAB cells with low-viscosity amide-based electrolytes, N,N-
dimethylacetamide (DMA) and N,N-dimethylformamide (DMF), dissolving lithium
nitrate (LiNO;) or lithium bis(trifluloromethanesulfonyl)imide (LiTFSI). With
viscosities '/;—'/, lower than that of the typical LAB solvent of tetraethylene glycol
dimethyl ether (TEG), the amide-based electrolytes ensure rapid transport of oxygen
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and Li" ions, thereby enhancing battery output. Raman spectroscopy revealed that e &S *
LiNOj-based electrolytes exhibit weaker solvation, explaining their lower viscosity 2 100 pre 107 00 /\7ng-1
with slightly reduced ionic conductivity compared to LiTFSI-based electrolytes, with Power density

this effect more evident in DMF. As a result, LAB cells with DMF electrolyte

dissolving 1.0 M LiNO; (DMF-NOj) achieved the highest current density discharge of 23 mA cm™> with a capacity of 2.2 mAh cm™>
under dry air, corresponding to an “engine-like” power of 2200 W kg™' and an energy density of 210 Wh kgene,gy_l. Galvanostatic
discharge—charge cycling tests revealed better cyclability for DMA-based electrolytes due to reduced solvent volatilization. Anion
mixing further suppressed the solvent loss and minimized side reactions, providing 200 Wh kgenergy_1 over 14 cycles. Due to the
milder oxidative conditions, LAB cells increased the rechargeability under dry air rather than under pure oxygen. This work paves the
way for the development of “true” LABs capable of operating efficiently using atmospheric oxygen.

KEYWORDS: lithium—air battery, amide-based electrolyte, solvation, atmospheric oxygen, highly porous cathode, high power density,
high energy density

1. INTRODUCTION For practical applications, LABs need to operate under
atmospheric O, rather than a pure O, environment. To this
end, researchers have sought to enhance the battery reaction
rate by incorporating oxygen redox catalysts. Inorganic solid
catalysts supported on the cathode surface reduce the
overpotential and improve the discharge—charge perform-
ance,”® but such catalysts simultaneously accelerate electrolyte
and electrode degradation. Redox mediators are also effective
in reducing the battery overpotential,’~'" although they can
induce self-discharge (shuttle effect) and lithium anode
corrosion. Perfluorocarbons in liquid electrolytes improve the
discharge performance by increasing the soluble O, concen-

Lithium—air battery (LAB) is a battery technology that
generates electric power by the air oxidation of lithium,
achieving high gravimetric energy density beyond lithium-ion
battery (LiB). Due to the recent progress of the battery
materials and cell assembling technology, Ah-class LAB cells
with gravimetric energy densities exceeding the high-energy
density criteria of 500 Wh kg™ have been reported.' Despite
this, the poor power output makes practical applications
difficult. Due to the sluggish battery reaction, LABs require a
pure O, gas environment for discharge. Because atmospheric
0, (~21%) severely worsens the discharge performance,” the
present LAB technology is not strictly relevant to “air” —
batteries. Most LAB studies have conducted research in a Received:  September 24, 2025 &
pure O, gas environment, referring to their systems as “Li—0,” Revised:  December 30, 2025 :
rather than “Li—air”. This approach is, of course, important for Accepted:  January 2, 2026
deriving scientific results under controlled conditions, but the Published: January 10, 2026
results could be irrelevant to the practical battery performance

as an “air” battery.

© 2026 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsaem.5c02972

v ACS Pu bl ications 827 ACS Appl. Energy Mater. 2026, 9, 827841


https://pubs.acs.org/curated-content?journal=aaemcq&ref=feature
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Akihiro+Nomura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shota+Azuma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fumisato+Ozawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Morihiro+Saito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.5c02972&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02972?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02972?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02972?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02972?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.5c02972?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/9/2?ref=pdf
https://pubs.acs.org/toc/aaemcq/9/2?ref=pdf
https://pubs.acs.org/toc/aaemcq/9/2?ref=pdf
https://pubs.acs.org/toc/aaemcq/9/2?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.5c02972?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://creativecommons.org/licenses/by/4.0/

ACS Applied Energy Materials

www.acsaem.org

tration, but they also suffer from fast degradation.'”~'* Because
such additives must be loaded in substantial amounts to be
effective, they diminish the lightweight nature of LABs with
increasing material cost. Their practical availability in LAB
systems remains controversial.

Air electrode (the cathode of air battery) plays a crucial role
in the battery reaction process, i.e., oxygen reduction/evolution
reactions (ORR/OER), specifically 2Li* + 2e” + O, « Li,0,
for LABs. Continuous deposition of lithium peroxide (Li,O,)
during discharge requires the cathode to have a high surface
area to ensure fast ORR/OER, along with plentiful mesopores
to adsorb oxygen and cultivate the discharge product.>~*°
Recent reports indicate that the integrated cathode pore
architecture has more impact on the current capability,”' ~* by
ensuring efficient O, diffusion across the cathode and enabling
higher current rate discharge. While most LAB studies report a
battery performance at a current density below 0.5 mA cm™2,
we have recently succeeded in increasing the discharge current
to 3.0 mA cm™* by using highly porous carbon nanotube
(CNT) sheet cathodes with porosities of up to 95%.”> This
current rate capability can be further enhanced to 5.0 mA
cm™?, securing a capacity of 4.3 mAh cm ™ in atmospheric O,
conditions, by combining the porous CNT cathode with an N-
methylpyrrolidone (NMP)-based low-viscosity amide-based
electrolyte, which facilitates smooth O, transport and achieves
unprecedented power improvement.*®

The rising power under atmospheric oxygen dioxide (O,)
encourages the development of “true” LABs that are capable of
operating under atmospheric air. This trend poses a new need
for fundamental studies of the ORR/OER processes at low O,
concentrations, including systematic investigations of the cell
performance under atmospheric O, and the rational engineer-
ing of battery materials. To this end, this study investigates the
discharge power and cycling performance of LAB cells with
amide-based electrolytes under dry air. Along with tetra-
ethylene glycol dimethyl ether (TEG), amides are also known
as potential LAB electrolyte solvents that allow reversible
Li,O, deposition and decomposition.”” > To achieve high
power performance, low-viscosity amide-based electrolytes of
N,N-dimethylacetamide (DMA) and N,N-dimethylformamide
(DMF) dissolving lithium nitrate (LiNO;) or lithium bis-
(trifluloromethanesulfonyl)imide (LiTFSI) (Figure 1) were
combined with the highly porous CNT sheet cathodes. The
viscosities of DMA and DMF are approximately '/;—'/, that of
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Figure 1. Electrolyte solvents and salts used in this study.
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TEG, enabling high electrolyte fluidity (Table S1). Among the
prepared electrolytes, DMF-based electrolyte dissolving 1.0 M
LiNO; (DMF-NOs;) exhibited the lowest viscosity with high
ionic conductivity, attaining a record-high current rate
capability of 23 mA cm™>, while securing a high discharge
capacity of 2.2 mAh cm™>. This demonstrates an engine-like
power output of 2200 W kg™ and delivers an energy of 210
Wh kg~!, with respect to the battery material weight.
Meanwhile, a DMA-based electrolyte containing the mixed
anions of TFSI” and NO;~ attained the best cyclability,
providing 200 Wh kgme,gy_1 for 14 cycles thanks to reduced
side reactions and suppressed solvent vaporization. This study
sets a new paradigm for developing “true” LABs capable of
operating under atmospheric air for powering electronic
mobilities.

2. EXPERIMENTAL SECTION

2.1. Materials

LINO; (99.0%, Kishida Chemical) and LiTESI (99.95%, Kishida
Chemical) were dehydrated overnight at 110 °C under vacuum before
being dissolved in DMF (superdehydrated grade, Fujifilm Wako
Chemicals) or DMA (superdehydrated grade, Fujifilm Wako
Chemicals). The resulting electrolytes were labeled as X—Y, where
X indicates the solvent and Y refers to the salt anion. The H,O
content, measured using a Karl Fischer moisture meter (CA-31,
Mitsubishi Chemical Corp.), was approximately 150 ppm across all
electrolytes. Single-walled CNTs (ZEONANO SGI101, Sigma-
Aldrich) were dispersed in deionized water at a concentration of
0.1 wt % using an ultrasonic homogenizer (450D, Branson). The
slurry was then filtered through carbon paper (300 um thick, Kureha
Corp.) to obtain a CNT sheet cathode supported on carbon paper as
a gas diffusion layer (GDL). The CNT loading was 2.1 mg cm ™, and
the CNT layer thickness was approximately 130 ym with a porosity of
87%. The cathode Brunauer—Emmett—Teller (BET) surface area was
910 m* g™* per the CNT loading weight, determined by the nitrogen
adsorption isotherm at 77 K (3FLEX, Micromeritics).

2.2. Cell Assembly and Battery Testing

A stack-type LAB cell (Figure S1) was fabricated by layering lithium
foil (2 16 mm, 2.0 cm?® electrode area, 200 um thickness, Honjo
Metal), a porous polyolefin separator (& 19.5 mm, 20 ym thickness),
and a CNT sheet cathode supported on carbon paper GDL (2 16
mm) between aluminum and copper foil tapes as current collectors.
The separator and CNT cathode were impregnated with 24 uL of
electrolyte, and the stack was fixed under a pressure of 118 kPa. For
discharge—charge cycling tests, the cell stack was sealed in a CR2032
stainless coin cell case with a perforated mesh on the cathode side
(50% aperture ratio, Hohsen Corp.) to suppress the electrolyte
evaporation and enable long-term testing (Figure S2). The electrolyte
amount of 32 uL was injected into the coin cell. Galvanostatic
discharge and charge were conducted using a battery tester
(HJ1001SD8, Hokuto Denko) at room temperature in a dry room
with an environmental dew point of approximately —60 to —50 °C
(1040 ppm of H,0). The environmental O, and CO, gas
concentrations were ca. 21% and <400 ppm, respectively. The
discharge and charge cutoff voltages were set to 2.0 and 4.5 V,
respectively. The cell weight during testing was monitored using a
homemade gravimetric analysis system, described in the literature.>!
Gravimetric energy and power densities were calculated by dividing
the cell energy and power by the total mass of the cell materials (60.6
mg for 200-um-thick Li anode cells), respectively. The cell energy was
obtained by integrating the discharge curve area (V-mAh) until a
cutoft voltage of 2.0 V. The cell power is defined as the average
discharge power obtained by dividing the discharge energy by the
discharge time.
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2.3. Characterization

Electrochemical impedance spectroscopy (EIS) measurements were
conducted using an electrochemical measurement system (SP-200,
BioLogic) in galvanostatic—EIS mode (GEIS, S0 mA amplitude) at
0.8 mA discharge (0.4 mA cm™) in the frequency range of 300 kHz
to 100 mHz. The ionic conductivity and viscosity of the electrolytes
were measured using a pH/ion meter (SevenExcellence S500, Mettler
Toledo) and a rolling ball viscometer (Lovis2000ME, Anton Paar),
respectively. The solvation structures of Li* in the electrolytes were
evaluated using a laser Raman spectrometer (Raman Touch-Vis-NIR,
Nanophoton) with a 532 nm excitation wavelength and a diffraction
grating of 1200 gr/mm, providing a resolution to 1 cm™". Electrolyte
anion analysis was conducted by using an ion chromatography system
(ICS-2100, Dionex). Lithium anode and CNT cathode morphologies
were analyzed by using field-emission scanning electron microscopy
(SEM, JSM-7800F, JEOL, S keV accelerating voltage). X-ray
diffraction (XRD) spectra of CNT cathodes after battery testing
were recorded by a SmartLab X-ray diffractometer (Rigaku) with a Cu
Ka source (Ac, g = 1.524 A).

3. RESULTS AND DISCUSSION

3.1. Physical Properties of Electrolytes

High-power LABs require smooth transport of the battery
reactants, namely, O, and Li*. To derive high current rates
under atmospheric O,, two low-viscosity amide solvents, DMA
and DMF, which are both known to allow reversible Li,O,
deposition/decomposition,”*** were employed in this study.
LiNO; and LiTESI were dissolved as supporting salts to
achieve the highest possible ionic conductivity in the resulting
electrolytes. LiNO; is typically used as a supporting salt for
amide-based electrolytes because the NO;™ anion forms a thin
oxide layer on a Li surface, serving as an effective solid—
electrolyte interface (SEI) layer to suppress electrolyte
decomposition and Li dendrite growth.’ 233 Meanwhile,
LiTFESI is often used as an LAB electrolyte salt dissolved in
TEG (TEG-TFSI) because of the noncoordinating nature of
the TFSI™ anion, which ensures high salt dissociation to
provide high ionic conductivity.** Figure 2a shows the viscosity
and ion conductivity of the electrolytes at 25 °C with varying
salts concentrations (the raw data are tabulated in Table S1).
In the graph (top), the viscosity values (1) were converted to
fluidity (inverse of the viscosity, ') because fluidity is an
ideal measure of the diffusion coefficient (D) of transport
species according to the Stokes—Einstein relationship D = kT/
anrn, where k is the Boltzmann constant, T is the absolute
temperature, o is a constant, and r r%presents the hydro-
dynamic radius of the diffusing species.”” Decreasing the salt
concentration monotonically increased the fluidity, approach-
ing that of the pure solvent with near-zero ionic conductivity.
Increasing the salt concentration raised the ion conductivity by
increasing the number of carrier ions, maximizing around 1.0
M. Higher salt concentrations adversely decreased the ionic
conductivity due to reduced electrolyte fluidity. This behavior
is typical of many battery electrolytes®* and was also observed
in DMA- and DMF-based electrolytes dissolving LiNO; or
LiTFSIL. Of the two amide solvents, DMF provided higher
ionic conductivity because of its lower molecular weight and
hence lower viscosity (higher fluidity), which is important for
achieving a high rate discharge, as discussed later. Between the
two salts, LITFSI gave higher ionic conductivity than LiNOj;
due to greater salt dissociation in the solvents, at the expense
of higher viscosity (lower fluidity). LiTFSI-based electrolytes
at concentrations of >1.0 M sharply decreased in conductivity
due to excessive viscosity, hindering the smooth transport of
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Figure 2. (a) Electrolyte fluidity (inverse of viscosity, 77!, top) and
ionic conductivity (bottom) plotted against the salt concentration.
(b) Walden plot. Electrolyte molar conductivity values (A,,) were
plotted against the electrolyte fluidity. The dashed straight line in the
graph indicates values for a fully dissociated KCI aqueous solution.*
The dotted lines are a visual guide to the trends of the data.

Li* and O,, which is detrimental to the battery power
capability.

To further discuss the electrolyte behavior, the molar
conductivity (A,,), derived by dividing the ionic conductivity
by the molar concentration of salt (Cy;), is plotted against the
fluidity (n7") in Figure 2b. The plot, known as the Walden
plot, shows the relationship between ion dissociation and
solvent mobility. The straight dashed line in the graph shows
an ideal case of complete salt dissociation; an electrolyte closer
to this line exhibits a higher degree of dissociation.”® The data
reveal that a low salt concentration renders the electrolytes
high salt dissociation, with points closer to the ideal line.
Increasing the salt concentration to ~0.50 M sharply decreases
the A, values, reducing the degree of dissociation. The linear
relationship of A, to 17! for electrolytes above ~0.50 M
indicates constant dissociation beyond this point, explaining
the maximum ionic conductivity around 1.0 M. Between the
two salts, LiTFSI presents higher salt dissociation, giving the
linear relationship closer to the ideal line. For comparison,
Figure 2b also includes a data point for 1.0 M TEG-TFSI
(A\), which is a common standard LAB electrolyte,** **
exhibiting nearly the same dissociation degree as DMF-TFSI

https://doi.org/10.1021/acsaem.5c02972
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Figure 3. Raman spectra of DMA-NO; (a) and DMA-TFSI (b) electrolytes with varying salt concentrations. The arrow direction indicates the shift
of the peak intensity along with increasing salt concentration. Plots of I../Cppa V8 Cpi/Cpya for DMA-NO; (c) and DMA-TFSI (d) using the
deconvoluted Iy, band of 741 cm™" for free DMA. The red straight lines indicate the linear fitting for the plotted data points. The equations in the
graphs show the intercept and slope of the fitted lines, yielding the solvation numbers of 2.2 + 0.2 and 4.2 + 0.7 for DMA-NO; and DMA-TFS],
respectively. Schematic illustrations of the solvation structures for DMA-NO; (e) and DMA-TFSI (f). The Li* of DMA-NO; is solvated by two
DMA molecules in contact with the NO;™ anion, while the Li* of DMA-TFSI is solvated by four molecules with distance from the TFSI™ anion.

and DMA-TESI. However, its much lower fluidity compared to
1.0 M amide-based electrolytes fatally limits TEG-TFSI in high
power applications. Among the 1.0 M amide-based electrolytes
(data points in the dotted square region), fluidity followed the
order of DMA-TESI < DMA-NO;, DMF-TESI < DMA-NO;,
which correlates closely with the power capability discussed in
the later section.

Solvation structures of the electrolytes were analyzed by
Raman spectroscopy to investigate the origin of the electrolyte
property. Parts a and b of Figure 3 show the Raman spectra of
the DMA-NO; and DMA-TEFSI electrolytes, respectively, with
varying salt concentrations. The spectra for the DMF-based
electrolytes are shown in Figure S3. The spectral peak intensity
was calibrated by the Raman bands of NO;~ (1042 em™)* or
TESI™ (1246 cm™)* anions, and the peak shown in Figure 3
is attributed to the —N—CHj stretching of a bulk DMA
molecule (I, 741 cm™).*" It should be noted that, because

830

the Raman band of S—N=S stretching of a TFSI” anion
appears at 744 cm™'," the band was deducted for the DMA-
TESI spectra in Figure 3b to show the Raman intensity purely
resulting from the —N—CH; stretching of DMA. The graph
demonstrates that increasing the salt concentration decreases
I, while another peak appears at 747 cm™ and is ascribed to
DMA molecule coordination to a Li* cation (I.,oq4). DMF-
based electrolytes exhibited the same behavior, with a decrease
in the Raman peak of —N—CHj stretching of 663 cm™ (I, of
DMF) and an increase in another peak of 674 cm™ (I_yoq of
DMF), along with an increase in the salt concentration (Figure
S3).

The varying Raman intensity, depending on the salt
concentration, allows us to estimate the number of solvent
molecules coordinated to the Li* cation (N,,,..)- The method
is well explained elsewhere,""** but, briefly, because I, is
expressed as Ig.. = JreeCpreer Where Jg.. is the Raman scattering

https://doi.org/10.1021/acsaem.5c02972
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Figure 4. Discharge curves of stack-type LAB cells with 0.25 M (a), 1.0 M (b), and 2.0 M (c) DMA-NO; electrolyte. Discharge curves of stack-type
LAB cells with 1.0 M DMA-TFSI (d), 1.0 M DMF-NO; (e), and 1.0 M DMF-TFSI (f). The numbers in the graphs indicate the applied current
rates (mA). The highest capacity values achieved by three sets of cells at each rate condition were plotted.

coefficient of free bulk solvent and Cg,, refers to the molar
concentration of the free bulk solvent, and Ci, can be
expressed as Cfree = Csolvent - NsolventCLi) where Csolvent
represents the molar concentration of the total solvent, the
two relationwhips give the following equation:

Ifree/csolvent = _I\Isolvent]free(CLi/Csolvent) + ]free

Plots of Ige./Coopent against Cpi/Coopen exhibit a linear
relationship with a slope of =N jendsee and an intercept of Ji..,
as shown in Figure 3c,d for the DMA-based electrolytes
(Figure S3 for the DMF-based electrolytes). Then, dividing the
slope by the intercept gives the value of N . yielding values
of 2.2 + 0.2 and 42 + 0.7 for DMA-NO; and DMA-TFS],
respectively. Figure 3e illustrates the best estimation of the
solvation structure for the two electrolytes in which the cations
are solvated with two or four DMA molecules for DMA-NO,
and DMA-TES], respectively. Because it has been reported that
Li* preferably forms a tetrahedrally coordinated solvation
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structure, the Ny o value close to 4 verifies the validity of the
Raman analysis. The lower solvation of DMA-NO; (N,yyen: =
2.2 + 0.2) is due to the weaker dissociation of the LiNOj salt,
which hampers tetrahedral coordination. We obtained the
Nioivent value of 4.1 & 0.2 for DMF-TFSI (Figure S3), which is
very close to the reported value with the same electrolyte (3.9
+ 0.1 by Fujii et al.”*). Interestingly, no explicit peak decay was
observed in I, of DMF-NO; below 2.0 M concentration,
indicating the weak solvation propensity of the solvent. I,
attenuates above 2.0 M, deriving 2.2 + 1.2 as the Ny, for
DMF-NO; (Figure S3). Although further analysis is needed to
depict more accurate solvation structures, the Raman spectra
clearly demonstrate that the NOj-based electrolytes contain
twice as much free solvent as the TFSI-based electrolytes. This
results in solvent evaporation rates that are nearly twice as high
for the NOj-based electrolytes, as shown in Figure S4, which
demonstrates the electrolyte solvent evaporation behavior from
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a dummy stack cell, leading to an adverse impact on the battery
performance, as discussed below.

3.2. Discharge Performance

The prepared electrolytes were combined with a CNT sheet
cathode to assemble a stack-type LAB cell tested under dry-air
containing 21% O,. A highly porous CNT sheet cathode is
essential for realizing atmospheric ORR, allowing continuous
O, permeation across the whole cathode.”® The stack cell
configuration, in which the top surface of the cathode is
covered by a current collector (Figure S1), was employed to
secure the scalability of the cell capacity and current by
stacking multiple electrodes. The cell inhales and exhales the
O, gas through the cross section of the GDL. Because the
amide-based electrolytes with low viscosity tend to have high
volatility, the stack cell configuration is beneficial for
suppressing solvent and maintaining electrode contact during
battery testing.*’

Parts a—c of Figure 4 show the discharge profiles of the LAB
cells with DMA-NO; electrolytes of 0.25, 1.0, and 2.0 M. As
expected, the cell with 1.0 M salt exhibited the best discharge
performance, demonstrating stable voltage plateaus for up to
36 mA current rates (a current density of 18 mA cm™> per
electrode area) and delivering a capacity of 9.1 mAh (4.5 mAh
cm™?), thanks to the optimal balance of the high ionic
conductivity and high fluidity. The 0.25 M electrolyte offered
lower discharge performance with reduced voltages due to the
scarcity of Li* carriers and the resulting decline in ionic
conductivity. The discharge performance worsened in the 2.0
M electrolyte cell. Although the capacity at 4.0 mA rate was
even higher than that of 0.25 or 1.0 M electrolyte cells, the
discharge voltage was unstable and sharply dropped at 12 mA,
resulting in a negligible discharge capacity. This should be
ascribed to the excessively low ionic conductivity and
diminished fluidity of the electrolyte. However, it should be
mentioned that the discharge performance was much better
than that of the cell with 1.0 M TEG-TFSI, which provided a
negligible capacity above 4.0 mA rates (Figure SS). This insists
the superiority of the low viscosity amide-based electrolytes as
“true” LAB electrolytes capable of delivering high battery
power and energy under ambient air. The salt concentration of
1.0 M was also superior for DMA-TFSI, DMF-NOj3, and DMEF-
TESI electrolytes, compared to the 0.25 and 2.0 M electrolytes
(the discharge profiles are shown in Figure SS). Among the 1.0
M electrolytes (Figure 4b,d—f), the DMF-NO; electrolyte
(Figure 4e) exhibited an even higher current capability than
DMA-NO;, demonstrating an increased capacity of 5.8 mAh
(2.9 mAh cm™) at a current of 36 mA (18 mA cm™2). The
current rate could be further increased to 46 mA (23 mA
cm™?), securing a capacity of 4.5 mAh (2.2 mAh cm™), or
even up to 52 mA (26 mA cm™?), to provide 1.7 mAh (0.9
mAh cm™) capacity, which is the highest current rate ever
achieved under atmospheric O,. The highest fluidity and
improved ionic conductivity of DMEF-NO; attained this
ultrahigh current rate capability. While DMF-TFSI provided
a discharge performance similar to that of DMA-NO;, the
DMA-TFSI cells fell behind, barely achieving stable discharge
up to a 14 mA rate. This is likely due to the lowest fluidity
among the 1.0 M electrolytes, which limited the smooth
transport of the battery reactants.

To exemplify the new breed of battery power by LAB
technology, gravimetric energy and power densities of the 1.0
M electrolyte cells were calculated, and the data were plotted
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in Figure Sb (Ragone plot). For the energy and power density
calculations, the total mass of the cell materials (60.6 mg for
the weight sum of carbon paper GDL, CNT sheet cathode,
electrolyte, polyolefin separator, and Li foil anode, as illustrated
in Figure Sa) was employed to best estimate the battery device

(a)

Current collector

Carbon paper 8.0 mg
CNT sheet 4.2 mg
Electrolyte 24.0mg
Separator ($19.5) 3.2mg

Current collector Li foil, 200um thick 21.2 mg

Total 60.6 mg
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Figure 5. (a) Schematic illustration of the stack cell configuration for
discharge experiments. The total weight of the cell materials was 60.6
mg for a 200-um-thick Li foil cell, excluding the current collectors. (b)
Energy density vs power density (Ragone plot). The pale-blue, green,
red, and yellow areas indicate the trend of the data points for a lithium
primary battery (+; the discharge data are shown in the Supporting
Information), Li—Po battery (X, obtained by the survey report by
Stux et al,** with a 25 wt % deduction in battery weight to exclude
the mass of the pouch and current collectors**), LAB cells with TEG-
TFSI electrolyte (<), and LAB cells with amide-based electrolytes,
respectively. The reduced symbols in the upper right of each LAB cell
plot represent the energy density and power density based on the
virtual cell weight, assuming the minimum Li thickness. The gray
diagonal lines indicate the discharge time. (c) Enlarged graph for the
dotted square region in part b. The dotted lines indicate the trend of
the data points for the cells with DMF-TFSI (O) and DMF-NO; (@)
electrolytes.
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Figure 6. (a) Nyquist plots of the DMA-NO; electrolyte cells. The lines indicate the fitted curves for each plot using the electric circuit shown in
the graph. (b) Stacked bar chart of the R;, R,, and R; values obtained by the impedance fitting shown in part a. (c) Nyquist plots of the 1.0 M
DMA-based (top) and DMF-based electrolyte (bottom) cells. The lines indicate the fitted curves for each plot. (d) Stacked bar chart of the R;, R,
and R; values obtained by the impedance fitting. All of the R;, R, and R; values with standard error and fit residuals are shown in the Supporting

Information.

performance. To discuss the best possible energy/power
densities achievable with the current cell configuration, the
masses of the current collectors and the plates holding the cell
configuration (Figure S1) were excluded. The tested cells use a
200 pm foil anode (a theoretical anode capacity of 82 mAh) to
provide an adequate Li source for the cathode reaction, but
this excess lithium mass undermines the energy and power
density values. To demonstrate the best possible energy and
power, values based on the virtual cell weight were also
calculated and plotted with their reduced symbols. These
values are determined by the weight of the thinnest lithium
anode needed to deliver each cell capacity, with the other cell
materials shown in Figure Sa (39—45 mg, depending on the
cell capacity shown in Figure 4). Because the cells with a
thinner foil anode (S0 ym; a theoretical anode capacity of 21
mAh; Figure S6) exhibited the same discharge performance as
that of the 200 um anode cells, the lithium thickness barely
affects discharge and rate capability as far as necessary and
sufficient Li source was loaded. Therefore, the actual cell
energy and power densities should lie on the projection lines
between each symbol and its minified symbol. To compare the
battery device performance, the energy and power densities of
a lithium—polymer battery (Li—Po, X), a small rechargeable
battery device used in mobile phones, laptops, and multi-
copters (drones) based on LiB technology, were also plotted.
From the Stux’s survey report on the discharge power and
energy of commercial Li—Po batteries,”* the mass of the pouch
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pack and current collector foils (assumed to be 25 wt % of the
cell pack*®) were deducted to evaluate the energy and power
densities based on the minimal cell components. The graph
also includes the discharge power and energy of a lithium
primary battery (Li-battery, +) widely used in small appliances,
derived by discharging the commercial CR2032 cells (3.0 g)
with a nominal voltage of 3.0 V and a nominal capacity of 240
mAh (Figure S6). The weight of the stainless CR2032 cases
(1.7 g) was deducted to derive the energy/power densities
based on 1.3 g of cell components (the total mass of the
electrodes, separator, and electrolyte). The graph shows that
the LAB cells with amide-based electrolytes perform far better
than Li—Po and Li-battery devices, achieving 10 times the
energy density of Li—Po and a 100 times the power of a Li
battery, reaching into the territory of traditional combustion
engines (>10° Whkg™' and >10° W kg_l).46 This results from
the lightweight LAB cell materials and their enhanced current
rate capability. Although previous studies have reported LAB
cells with a high energy density (~10° Wh kg™'), the slow
ORR limited their power to below 100 W kg™' even under
pure O,.'* Achieving both high energy density beyond LiB
and sufficient power output under atmospheric O, marks the
emergence of a new class of battery devices based on LAB
technology.

The low-viscosity (high-fluidity) amide-based electrolyte
assumes a key role in the high-power capability of the cells.
TEG-TFSI electrolyte cells (b, ) developed a relatively high
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energy density of 960—1300 Wh kg™" at 34—44 W kg™' power,
which surpasses that of previously reported LABs under pure
O,. However, the energy output dropped drastically and
became negligible at a power condition of more than 300 W
kg™!, due to the severely limited O, transport in the high-
viscosity electrolyte. Figure Sc shows the enlarged Ragone plot
for the dotted square region of Figure Sb, revealing the power
performance details of the amide-based electrolyte cells. DMF-
NOj cells achieved the best power performance of all of the
electrolytes, delivering 210 Wh kg™ energy at 2200 W kg™
power when 50 um Li foil was used. These cells exceeded the
high-energy criteria of 500 Wh kg™ even at a power of 1000 W
kg™'. However, DMF-NO; cells demonstrated the lowest
energy among other electrolyte cells at a low power of 170 W
kg™, As with the DMA-NO; electrolyte cells, NO;-based
electrolytes exhibited declining energy when the power
dropped below 300 W kg™, which was unlikely in the TFSI-
based electrolytes. This behavior is evident from the discharge
curves (Figure 4b,e), which showed reduced capacities at rates
below 8.0 mA. The decreasing capacity at low current rates
suggests progressive cell deterioration over time. The most
plausible cause is evaporation of the electrolyte solvent,
resulting in dry-out and a loss of cell contact. Due to the
high vapor pressure of the amide solvents (1.8 mmHg for
DMA and 3.5 mmHg for DMF), which are 10° times higher
than that of TEG (1.5 X 1073 mmHg),43 the cells inevitably
undergo electrolyte solvent evaporation immediately after cell
assembly. This effect was more prominent in NOj;-based
electrolytes due to the presence of greater amounts of free
solvent molecules. Evaporation tests of dummy stack cells
(Figure S4) suggest that NOj-based electrolyte cells lose half
their weight within 2—4 h after assembly, complicating long-
term discharge lasting a few hours. In contrast, TFSI-based
electrolytes containing fewer free solvent molecules better
suppress solvent evaporation and maintain ion contact over
longer durations, thereby enabling the extension of discharge
and higher capacities at low current rates. This necessitates the
need of rational electrolyte engineering tailored to the
intended use of the battery device, including cell packaging
designs that ensure smooth oxygen inhalation/exhalation while
minimizing electrolyte evaporation. This is also an important
issue in terms of reducing the release of harmful volatile
organic compounds into the atmosphere. Because the
evaporation of TEG-TFSI electrolytes is negligible compared
to that of amide-based electrolytes, TEG-TFSI is the best
option for LABs in extremely low power devices, providing the
highest energy. Conversely, the plot suggests that low-viscosity
amide-based electrolytes are most suitable for developing high-
energy LAB devices for appliances with high power
consumption, such as drones or electric vehicles.

EIS analysis was conducted to investigate the origin of the
discharge overpotentials. Figure 6a shows the Nyquist plot for
DMA-NO; electrolyte cells at concentrations of 0.25 1.0, and
2.0 M. The impedance spectra were recorded during
galvanostatic discharge at 0.8 mA after 0.8 mAh discharge to
remove the native skin layer on the Li anode and ensure
minimal impedance for each cell throughout the discharge
process. The graph clearly shows a semicircle at a frequency of
10°-10" Hz, as well as an incomplete semicircle below 10" Hz.
The 1.0 M electrolyte cell exhibited the lowest internal
resistance. The spectra were fitted using the electrochemical
circuit model shown in Figure 6a, in order to obtain three
resistant components (R;, R,, and R;), attributed to the high-
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frequency «x-axis intercept, the middle-frequency semicircle,
and the low-frequency semicircle, respectively. The results are
shown in the bar chart in Figure 6b. The graph shows that the
R, values, which correlate strongly with the electrolyte ionic
conductivity, are less than 3.1 ohm for all cells and thus have
little effect on the cell overpotential. R, and R;, which are
related to the Li anode and cathode reaction processes,
respectively,”® are the dominant resistance components for the
cells. Of the three salt concentrations, the R, value for the 0.25
M cell was the highest, resulting from sluggish Li* dissolution
from the Li anode. Meanwhile, R; was the highest for the 2.0
M cell and is attributed to the lowest fluidity (highest
viscosity), which hampers O, dissolution and transport to the
cathode surface. We previously demonstrated that cell
discharge terminates along with the soaring proliferation of
R;, due to the failure of O, inhalation caused by accumulated
Li,O, deposition.”® As discharge progresses, R; continuously
increases, while R; and R, rather maintained their initial values
(Figure S7 and Table S2). The increase in R, is more obvious
in dry-air conditions than in pure O, stream. The increasing
internal resistance during discharge results from pore blocking
by accumulated Li,O, on the cathode pores, which hinders O,
transport. The low O, atmosphere makes O, transport more
challenging. The increase in internal resistance due to the rise
in Ry suggests that O, transport dominates the magnitude of
R;. However, it should be noted that R; was not only
correlated with electrolyte fluidity because the 1.0 M cell with
middle fluidity exhibited a R; value similar to that of the 0.25
M cell having the lowest fluidity. Similar resistance behavior
was also observed for DMA-TESI, DMF-NO;, and DMF-TESI
cells with varying salt concentrations (Figures S8 and $S9).
Further analysis of the impedance spectra is needed to identify
the origin of R, and R;; however, the spectra indicate that an
optimal balance of electrolyte fluidity and Li* dissolution is
required for a high power performance in LAB cells.

Figure 6¢ shows the Nyquist plots for the 1.0 M electrolyte
cells. The Ry, R,, and R; values obtained by impedance fitting
are shown in Figure 6d. The graph reveals an exceptionally
high R; value for the TEG-TFSI cell, which explains its low
power capability. Among the amide-based electrolytes, the
DMA-TEFSI cell exhibited the highest R, and R; values, which
compromised the high power performance of amide-based
electrolytes. Although the total resistance values (R, + R, + R;)
were almost the same for the DMA-NO;, DMF-NO;, and
DMF-TFSI cells at ~60 ohm, the DMF-NO; cell exhibited a
higher R, with a lower R; compared to the DMA-NO; and
DMF-TFSI cells. While R, relates to the Li* dissolution of each
electrolyte, the order of R; correlates well with the electrolyte
fluidity among the 1.0 M electrolytes. Despite similar R, + R, +
R, values, the relationship between the current rate (I) and cell
voltage (V) of the LAB cells (I-V curves shown in Figure S10)
revealed differential resistance, reducing the direct current
resistance to 10 ohm for the DMF-NO; cells and 13 ohm for
the DMA-NO; and DMEFE-TFSI cells. Nonohmic behavior is
often observed in LAB cells with the heterogeneous cathode
reaction, during which the pores clog and the surface
passivated by the deposition of solid Li,O,."”*® The decreasing
resistance in high current regions enabled a discharge current
rate of up to 52 mA (26 mA cm™2) for the DMF-NO; cells.
This results from the electrolyte having the highest fluidity
(lowest viscosity), which facilitates the smooth transport of the
ions of O, and Li* across the whole cathode and ensures a
homogeneous cathode reaction. Further engineering of the
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Figure 7. Voltage (top), cell weight (W, middle), and time derivative (dW/dt, bottom) profiles for the 1.0 M DMA-NO; (a), DMA-TFSI (b),
DMF-NO; (c), and DMF-TFSI (d) cells. The discharge and charge cycle condition is 0.8 mA X S h.

electrolyte composition, based on a fundamental under-
standing of the internal battery resistance, will lead to the
development of high-power battery devices with a high energy
density, comparable to a combustion engine.

3.3. Cycle Performance

Even though the low-viscosity amide-based electrolytes
demonstrate superior discharge power, it would be difficult
to advance low-carbon economic growth and reduce green-
house gases using LAB technology without sufficient
rechargeability. To investigate the cycle performance of LAB
cells with amide-based electrolytes, discharge—charge cycle
tests were conducted under dry air. Figure 7 shows the voltage
profiles of the LAB cells, including the cell weight (W) and its
time derivative (dW/dt), which record the behavior of
electrolyte evaporation simultaneously with the ORR/OER
activity. Before the cycling test, an initial rest of 12 h was
applied immediately after cell assembly. The W and dW/dt
profiles during the rest period reveal a 90% reduction in the
electrolyte evaporation compared to dummy stack cells (Figure
S4), thanks to the cell configuration enclosed in a stainless-
steel coin cell case (Figure S2). This enables long-term cycling
of over 100 h. Even after cell packaging, the evaporation rates
followed the same order: DMA-TFSI < DMA-NO,, DMF-
TFSI < DMEF-NO;. After the rest period, galvanostatic
discharges and charges of 0.8 mA X S h (4.0 mAh) were
applied. The repeating upward/downward shifts of +0.48 mg
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h™! in the dW/dt profiles during the 0.8 mA discharges—
charges indicate that the cells undergo two-electron ORR/
OER (2¢7/0,) throughout their cycle life. This cycle
condition provides an energy of approximately 200 Wh kg™
at a power output of 40 W kg™" with respect to the total mass
of the cell materials. This relatively low power condition,
compared to the cell’s high power capability, was chosen to
make the charge condition comply with the slow OER kinetics
involving Li,O, decomposition.

Figure 7 shows that the DMF-NOj cell has the poorest
cyclability with only three cycle runs, despite its highest power
capability. The W profile of the DMF-NO; cell (Figure 7c)
demonstrates the greatest weight loss due to the highest
evaporation behavior (—0.32 mg h™' immediately before the
first cycle run) among the amide-based electrolytes. The loss of
the electrolyte solvent results in altered electrolyte properties
and failed cell contact, triggering an inhomogeneous electrode
reaction. By the end of the third charging, the DMF-NO; cell
lost 12 mg of electrolyte solvent (40 wt % of the initial
electrolyte amount), causing short circuit and charging failure,
as evidenced by the unstable voltage profile. This resulted in
the shortest cycle life for the DMF-NO; cell. Reduced
electrolyte evaporation compared to the DMF-NO; cell
(=025, —0.18, and —0.15 mg h™' for DMF-TFSI, DMA-
NO;, and DMA-TFSI cells) provided better cyclability for
other amide-based electrolyte cells, reaching up to 8 cycle runs.
Despite having the same number of cycles, the high
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Figure 8. (a) Anion chromatography analysis of DMA-based electrolytes extracted from the cells after first discharge (bottom) and third charge
(top). The chromatograph peaks at 4.5, 4.9, 7.4, 10.0, and 13.9 min are attributed to CH;COO~, HCOO™, NO,~, NO,~, and CO;*~ anions,
respectively. The TESI™ anion was not detected due to the large anion size and thereby the too slow elution. SEM images of lithium metal anodes
after first charge of DMA-NO; (b) and DMA-TFSI (c) electrolyte cells. The pristine lithium metal anode surface is shown in part d.

evaporation rate of the DMF-TESI cell (—0.25 mg h™')
resulted in a short circuit from the fourth charging. The lower
evaporation of the DMA-NO; (Figure 7a) and DMA-TESI
(Figure 7b) cells completed their cycling without a short
circuit, but the cells have different voltage and W profiles,
suggesting different degradation mechanisms. Although the
DMA-TFSI cell had the lowest evaporation rate (—0.15 mg
h™'), it suffered from declining discharge voltage along with
cycle number, finally reaching the discharge cutoff (2.0 V) by
the ninth cycle. Meanwhile, the DMA-NO; cell (—0.18 mg
h™") maintained its 2.67 V discharge voltage until the seventh
discharge; however, the cell experienced an abrupt drop in
discharge voltage, reaching the cutoff at the ninth discharge.
The sudden drop in the discharge voltage of the DMA-NO;
cell should be attributed to electrolyte dry-out, as can be seen
from the W profile showing a 12 mg weight loss (40 wt %
electrolyte) by the eighth charge. On the contrary, the
declining discharge voltage of the DMA-TFSI cell is assumed
to result from the intrinsic instability of TFSI-based electro-
lytes, which was also observed for the DMF-TFSI cell (Figure
7d).

The electrochemical stability of DMA-based electrolytes was
analyzed by using ion chromatography to investigate the
mechanism of cell cycling deterioration. Figure 8a shows the
anion chromatography of the DMA-NO; and DMA-TFSI
electrolytes extracted from the polyolefin separator and the
CNT cathode after the first and third charging. The graph
shows the generation of impurities by oxidative decomposition
of the electrolyte. The small NO,™ peak (7.4 min) in the
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DMA-NO; electrolyte confirms the formation reaction of the
NO,™ anion SEI layer (Li + 2NO,;~ — LiO, + 2NO,”). The
generated NO,” anion reverts to NO,;~ in an oxygen
atmosphere (2NO,” + O, — 2NO;7).'"** However, the
appearance of acetic (CH;COO™, 4.5 min) and formic
(HCOO7, 4.9 min) anion peaks, as well as the carbonic
(CO4*7, 13.9 min) anion peak, clearly indicates DMA
decomposition caused by an oxygen radical attack, which
was more prominent for the DMA-TFSI electrolyte. This result
aligns with a previous report by Kim et al., who revealed auto-
oxidation of NMP-based electrolytes in the presence of lithium
metal.*® They also revealed that the NO;™ anion in the NMP-
based electrolyte provides anode protection by forming a
protective layer, preventing autoxidation, and achieving stable
cycling. Amides are not primarily suitable as LAB electrolyte
solvents because of their narrow voltage window and high
volatility compared to TEG. However, using LiNO; as a
supporting salt makes amides an option for developing a
promising LAB electrolyte by suppressing cell degradation. To
observe the anode protection effect of LINO;, the lithium
anodes of DMA-based electrolyte cells after the first charging
were examined using SEM (Figure 8b,c), including pristine
lithium anodes (Figure 8d). SEM images reveal a smoother,
flatter surface morphology in the DMA-NO; cell (Figure 8b),
with pits formed by Li dissolution that are incompletely filled
by the subsequent Li deposition. The Li anode of the DMA-
TESI cell exhibited a rather granular uneven morphology,
suggesting massive byproduct deposition by the electrolyte
oxidation. The accumulation of these byproducts increases
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Figure 9. Discharge and charge curves of the LAB cells with mixed anion electrolytes of 0.9NO;/0.1TFSI (a), 0.3NO;/0.7TFSI (b), and 0.1INO,/
0.9TFSI (c). The total salt concentration is 1.0 M. The discharge and charge cycle condition is 0.8 mA X S h. The dotted lines represent the
discharge (2.0 V) and charge (4.5 V) cutoff voltages. The highest cycle numbers achieved by three sets of cells at each condition were plotted.

internal resistance, which gradually decreased the discharge
voltage and limited cycle life. The DMA-NOj; cell prevents
electrolyte oxidation, successfully maintaining the discharge
voltage. However, electrolyte evaporation limits the cycle life
to no more than 8 cycles.

The above post-mortem analysis emphasizes the necessity of
using LiNOj as a supporting salt in an amide-based electrolyte
for a rechargeable LAB. Without the NO;™ anion, stable
cycling in LAB cells is difficult to achieve. However, NO;-
based electrolytes face fast solvent evaporation due to the weak
solvation structure, resulting in an unsatisfactory cycle life. One
way to break out of this dilemma is to mechanically suppress
solvent volatilization. We have previously demonstrated that
curtailing the ventilation path for O, gas exchange substantially
enhances the cycle life of amide-based electrolyte cells.*’ Here,
we introduce another strategy to improve the cycle life of
NO; -based electrolyte cells: simply mix the LiNOj; salt with
the LiTFSI salt. Figure 9 shows the discharge and charge
curves of DMA-based electrolyte cells with a 1.0 M Li*
concentration and mixed anions of three compositions. The
cycling conditions are the same as those in Figure 8. Cells with
0.9NO;/0.1TFSI (Figure 9a) and 0.1NO5/0.9TFSI (Figure
9¢c) showed minor improvement in cyclability, displaying
voltage behaviors similar to those of DMA-NO; and DMA-
TESI cells, respectively. Adding a small amount of the TFSI
anion to DMA-NO; (0.9NO;/0.1TFSI) extends the cycle life
by reducing DMA volatilization. Meanwhile, adding the NO;
anion to the DMA-TFSI (0.1NO5/0.9TFSI) protects the
lithium anode by reducing DMA solvent decomposition,
thereby prolonging the cycle life. The best cyclability was
found in a 0.3NO;/0.7TFSI anion ratio cell (Figure 9b),
achieving 14 cycle runs with a discharge voltage of >2.5 V up
to the 13th discharge. Interestingly, the weight change
measurement of the 0.3NO,;/0.7TFSI cell (Figure S11)
revealed more suppressed electrolyte evaporation (—0.11 mg
h™'), whereas that of the DMA-TFSI cell was —0.15 mg h™".
Competitive solvent solvation of the two anions may result in
reduced electrolyte evaporation in the 0.3NO;/0.7TFSI cell.
Previous papers have reported over 100 cycle runs in LAB cells
under a pure O, atmosphere (Li—0,),”** but achieving a
high energy density beyond LiB technology (100—200 Wh
kg™') by capacities of less than 1.0 mAh cm™ would be
difficult. Furthermore, it would be impractical to obtain a high
energy density from the Li—O, system coming with an O, gas
cylinder and gastight tubing. An Li—air system that uses
atmospheric O, for its discharge—charge can produce only
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high-energy-density batteries, which are the “true” LABs. The
cycle condition in this study that provides 200 Wh kg™' energy
in dry air is much closer to that of a practical LAB system.
Although 14 cycle runs still fail to demonstrate sufficient
rechargeability for a secondary battery, further engineering of
the electrolytes and cell configuration to suppress electrolyte
evaporation and decomposition will further improve the cycle
performance.

Finally, we discuss the differences between the two systems:
“Li—0,” and “Li—air”. The increased power and energy of the
“Li—air” system pave the way for the development of “true”
LAB devices that can operate under atmospheric O,. However,
this raises an important question: Can the accumulated
knowledge from the Li—O, system simply be applied to the
development of “true” LABs? Figure 10a compares the voltage
and dW/dt profiles of the first three cycle runs of DMA-NO,
cells tested under dry-air (Li—air) and pure O, gas flow (Li—
O,). The complete discharge and charge curves shown in
Figure S12 demonstrate similar cycle numbers (8—9) for both
systems. Thus, the low O, gas atmosphere (~21%) does not
significantly deteriorate the cycle performance of the amide-
based electrolyte cells. Because the discharge voltage of the
Li—air system was slightly lower than that of the Li—O, system
(2.67 Vvs 2.74 V at the end of the first discharge), the 21% O,
gas results in less than a 3% decrease in energy and power
capability. Because the dW/dt curves trace the same 2e7/0O,
ORR/OER profile, the Li—air and Li—O, systems share the
same electrochemistry. However, the Li—O, system exhibited a
rapid increase in charging voltage, faster than that of the Li—air
system, indicating potentially faster degradation. Anion
chromatography of the DMA-NO; electrolytes after the first
and third charges revealed the generation of degradants that
were more prominent in the Li—O, system. While the peak
intensities for the CH;COO™ and CO,>~ anions were nearly
identical for the two systems, Li—O, exhibited a peak intensity
of the HCOO™ anion twice as high as that of the Li—air
system. There was also an unknown anion (¥, 6.2 min) that
could not be identified at this time. This suggests more severe
electrolyte decomposition in the Li—O, system by the ~§
times higher O, concentration. While the higher O,
concentration is beneficial for boosting battery energy and
power, it adversely affects cycle life due to the higher
probability of oxygen radical attacks. In addition, the difference
in the O, partial pressure alters the Li,O, discharge product.
Despite having the same discharge capacity, the XRD spectra
of the cathodes after the first discharge reveal broader, less
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Figure 10. (a) Voltage (top), cell weight (W, middle), and time derivative (dW/dt, bottom) profiles for the 1.0 M DMA-NO; cells tested under
dry air (red) and pure O, gas (orange). The pale-blue and green squares show the regions during discharge and charge, respectively. The solvent
evaporation rate (re,,,) was deducted from the dW/dt profiles. The dotted gray lines indicate 2¢™/O, ORR/OER (+0.48 mg h™!at 0.8 mA). (b)
Anion chromatography analysis of the DMA-based electrolytes extracted from the cells after the first (bottom) and third (top) charges. (c) XRD
spectra of the CNT sheet cathodes extracted from the cells after 8 mAh discharge. The numbers in the graph indicate the Miller indices for the

Li,O, crystal diffraction.

intense peaks of the Li,O, 100 and 101 reflections in the Li—
air system, indicating a more amorphous Li,O,. The decrease
in Li,O, crystallinity resembles the Li,O, plating via a surface
O, reduction pathway (Li* + O, + e~ — LiO, and Li* + LiO,
+ e~ — Li,0,) rather than the disproportionation reaction of
the LiO, intermediate (Li* + O, + e~ — LiO, and 2LiO, —
Li,O, + 0,)."7* At the same discharge rate, the low O,
concentration likely shifted the ORR process toward surface
reduction, resulting in the growth of amorphous, film-like
Li,O,, which is easier to decompose due to the better
electronic conductivity and closer contact with the cathode
surface.”® This process leads to a suppressed increase in the
charging voltage in Li—air compared to that in Li—O,. These
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results suggest that while the fundamental electrochemistry is
the same for both systems, the thermodynamic behavior inside
the cells is completely different. Therefore, the systems must
be clearly distinguished and discussed separately. Due to the
difficulty of deriving sufficient power and energy in
atmospheric O,, most previous LAB studies have focused on
the Li—O, system rather than the Li—air system. However,
achieving high power and energy in dry air using a low-
viscosity amide-based electrolyte and porous cathode encour-
ages the exploration of low O, electrochemistry for “true”

LABs. Such studies are just the beginning.
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4. CONCLUSIONS

To demonstrate the high power and energy capabilities of
LABs under atmospheric O,, this study investigated the
discharge and cycle performances of stack-type LAB cells with
a low-viscosity amide-based electrolyte in dry air. This solvent
enables high-current-rate discharge in LABs by facilitating the
smooth supply of reactants Li* and O,, surpassing traditional
TEG-based electrolytes. Among the examined amide-based
electrolytes, DMF-NOj; with the lowest viscosity and highest
fluidity, achieved the best power performance, delivering 2200
W kg™ of power and 210 Wh kg™" of energy. Conversely, the
discharge—charge cycle test revealed that DMA-based electro-
lytes exhibit the best rechargeability due to reduced solvent
evaporation. Optimizing the composition of the NO;~ and
TEFSI™ anions suppressed solvent volatilization and electrolyte
degradation, enabling 14 cycle runs providing 200 Wh kg™" of
energy. The electrolyte viscosity, ion conductivity, and solvent
volatility are highly correlated to the solvation structure, as
analyzed by Raman spectroscopy. The battery performance
demonstrated here suggests the emergence of a new battery
device that surpasses LiB and Li—primary battery technologies
in both power and energy storage, although acquiring good
rechargeability remains a critical breakthrough. This break-
through would not just be limited to achieving tolerable
cyclability through battery charging; another option is
assembling a low-cost battery device using environmentally
benign materials. Although DMF and DMA electrolytes can be
hazardous air pollutants if evaporated into the environment,
the strategy of using a low-viscosity electrolyte to achieve a
high-energy and high-power performance will lead to the
development of lower toxic alternatives. Because LAB
electrodes are composed purely of carbon and lithium and
contain no precious or poisonous metals, LABs also
demonstrate superiority in terms of material cost and
recyclability. Good rechargeability also enables the low-cost
recycling of lithium resources from used batteries. Further
investigation is required to understand the effects of gas
impurities, such as atmospheric CO, and humidity. Pursuing a
high-power and high-energy performance through low-cost
battery assembly technology will ultimately lead to the
realization of a “true” LAB capable of use in ambient air.
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