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Rational Choice of Amide-Based Electrolytes Toward
High-Power Rechargeable Lithium-Air Batteries

Akihiro Nomura,* Shota Azuma, Fumisato Ozawa, and Morihiro Saito

Lithium—air batteries (LABs) are a promising technology for high-energy-density
battery storage. However, their open-cell structure for oxygen exchange leads to
electrolyte evaporation, which limits cycling performance under ambient con-
ditions. Herein, volatile amide-based electrolytes for LABs using gravimetric
analysis are evaluated. The cell weight change during discharge—charge cycles
confirms the two-electron oxygen reduction/evolution reactions while also
revealing that electrolyte evaporation correlates with the solvent vapor pressure.
This behavior significantly compromises the cycle performance of low-viscosity
amide electrolyte cells. Despite this, rate-dependent cycling experiments dem-
onstrate the superior cyclability of the low-viscosity amide electrolyte cells at high
current rates (0.8 mAcm 2 or higher), conditions under which cells with a
conventional tetraethylene glycol dimethyl ether (TEG)-based LAB electrolyte fail.
Scanning electron microscopy and X-ray diffraction analyses show that these cells
exhibit improved rechargeability at high-rate cycles, with discharge product

theoretical energy density of 3,500 Whkg™!
(including oxygen mass).!"! Recent advance-
ments in LAB materials and cell assembly
have led to the development of LAB cells
with Ah-class capacities and energy densities
ranging from 500 to 1000 Whkg '™
Despite these achievements, high-energy-
density LABs are hindered by extremely
low power output. Although their capacity
per unit weight is high, limited discharge
current rates, typically less than
0.5 mA cm™2 per unit electrode area, result
in a power density of 100 Wkg™! or less,
which remains lower than that of lead-acid
batteries. Besides, the sluggish oxygen
reduction reaction (ORR) requires a high
oxygen partial pressure during discharge.

morphology changing to a more easily decomposable form. This electrolyte
design strategy marks a significant advancement toward developing high-power,

high-energy rechargeable LABs.

1. Introduction

The growing demand for high-energy-density energy storage has
driven research into lithium-—air batteries (LABs), which generate
electricity through the aerobic oxidation of lithium, offering a high
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Under normal air conditions with a ~21%
oxygen gas concentration, discharge perfor-
mance deteriorates.” These factors severely
limit the commercialization of LABs, mak-
ing the enhancement of their power output
an urgent challenge.

Because battery power is directly linked
to the discharge current rate, researchers have strived to enhance
discharge current capabilities by supporting ORR catalysts on the
cathode surfacel”® or introducing ORR redox mediators into the
electrolyte.”) However, their practical applicability in practical
LAB systems remains controversial, as they require substantial
material loading to achieve catalytic effects, which increases cell
weight and compromises the high-energy-density nature of
LABs. Alternatively, some studies have improved the discharge
performance through cathode design and electrolyte composi-
tion, including the open-cell system in air batteries that require
oxygen gas exchange.'®* Cathode pore architecture signifi-
cantly affects the discharge performance. A high surface area
cathode provides an extensive ORR surface, enabling efficient
current generation. The distribution of cathode pores ensures
a smooth supply of Li* and oxygen to the ORR surface, facilitat-
ing battery reactions and enhancing cell capacities.'*"?
Electrolytes also contribute to improved rate capability by facili-
tating reactant supply. It has been reported that the oxygen sol-
ubility and diffusion in electrolytes positively influence discharge
performance.”'*'* Given the typically low solubility of oxygen (a
few ppm) in most liquid electrolyte solvents, the oxygen supply is
more critical than Li" transfer in the LABs. By utilizing highly
porous, high surface area cathodes combined with low-viscosity
amide-based electrolytes that facilitate fast oxygen diffusion, we
recently demonstrated a discharge current rate of 5.0 mAh cm ™2
in LAB cells under dry air conditions.' This resulted in a
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discharge capacity of 3.5 mAh cm 2, nearly twice the capacity of

lithium-ion batteries (LiBs, ~2mAhcm™?), encouraging the
development of a “true” LAB capable of operating in ambient air.

For rechargeable LABs, achieving good cyclability relies on oxi-
dative tolerance against active oxygen species and electrochemi-
cal inertness within the battery voltage range. Since the discovery
of the reversible deposition and decomposition of lithium perox-
ide (Li,O,) on a carbon cathode with ether-based electro-
lytes,['®!”) tetraethylene glycol dimethyl ether (TEG)-containing
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) has become
a standard electrolyte in many LAB studies.”"* The high boiling
point of TEG (275 °C) effectively suppresses electrolyte volatiliza-
tion in the semi-open cell system, supporting long-term
discharge—charge cycle operations under continuous gas flow.
However, the high viscosity of TEG-based electrolytes limits
their current rate capabilities.!’ In contrast, amide-based elec-
trolytes, which also enable reversible Li,O, deposition and
decomposition,['*? have a lower viscosity compared to TEG-
based electrolytes, presenting a potential breakthrough for
high-power rechargeable LABs. Additionally, amides are
expected to exhibit greater tolerance to active oxygen species than
ethers,?®) which could enhance improved cyclability in LABs.
However, the narrow voltage window and high volatility of
amide-based electrolytes limit their use in open-cell LAB sys-
tems. Although lithium nitrate (LiNO;) or lithium nitrite
(LiINO,) as supporting salts improves the compatibility of amides
as electrolyte solvents by forming a high-quality solid electrolyte
interphase (SEI) on the Li anode,” they do not address the vol-
atility issue. Electrolyte evaporation is particularly problematic
under lean electrolyte conditions, which is necessary for achiev-
ing high energy and power densities in LABs.* To avoid solvent
volatilization, some studies have used closed-cell systems filled
with pure oxygen,” but this approach does not align with the
practical need for lightweight batteries that operate in normal
air environments. Therefore, the rational design of amide-based
electrolytes and cell structures, considering evaporation behavior
in open-cell systems, is urgently needed.

This study investigates electrolytes based on seven amide sol-
vents with different vapor pressures: N,N-dimethylformamide
(DMF), N,N-dimethylacetamide (DMA), N,N-diethylacetamide
(DEA), N-methylpyrrolidone (NMP), N-ethylpyrrolidone (NEP),
N-methylpiperidone (NMPi), and N-methylcaprolactam (NMC)
(Figure 1). The discharge—charge cycle behaviors of cells with
these amide-based electrolytes were examined. These electrolytes
were incorporated into a stack-type LAB cell, a semi-open cell sys-
tem that enables integration into a large-capacity battery cell.[>*!
This setup simulated solvent evaporation during the discharge—
charge cycle operation. A gravimetric analysis system, which
records continuous weight changes during battery operation,*®
showed that electrolyte evaporation is correlated with the
vapor pressure of each solvent. While the weight during dis-
charge/charge confirmed the 2e™ /O, oxygen reduction/evolution
reactions (ORR/OER) across all amide-based electrolyte cells,
high-viscosity amide electrolytes like NMC-based electrolytes
exhibited poor cycling performance due to excessively high over-
potentials. In contrast, low-viscosity electrolytes, such as DMA-
based electrolytes, performed poorly as well due to their high
vapor pressures, which led to fast electrolyte dissipation.
However, under high-rate cycling conditions, the issue of
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Figure 1. Chemical structure of amides and TEG used as electrolyte
solvents in this study.

electrolyte volatilization is minimized. The open-cell structure
also helps mitigate the evaporation issue. The DEA-based elec-
trolyte strikes an optimal balance between viscosity and evapora-
tion, demonstrating superior cyclability at high-rate cycle
conditions of 0.8 mAcm > or more. In contrast, cells with
TEG-based electrolytes failed to complete discharge—charge
cycles, highlighting the advantages of low-viscosity amide-based
electrolytes for high-current operations. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD) analyses of cath-
odes after discharge revealed that high-rate conditions altered the
discharge product morphology, forming a film-like structure that
enhanced the rechargeability of the amide-based electrolyte cells.
These findings contribute to the development of high-power and
high-energy rechargeable LABs.

2. Results and Discussion

2.1. Electrolyte Solvent

To investigate the discharge—charge cycle behavior of the LAB
cells in an open system, seven amides with varying viscosities
and boiling points were used as electrolyte solvents (Figure 1).
TEG was also employed as a conventional LAB electrolyte solvent
used elsewhere.’™3 The vapor pressure of liquid solvents is typ-
ically measured by determining the gas-phase pressure in a her-
metically sealed chamber (static method).””! However, solvents
with low vapor pressures, especially TEG with its extremely low
volatility, are difficult to measure using this approach. To more
accurately assess the low vapor pressures of various electrolyte
solvents, the vaporization rate was measured directly by monitor-
ing the continuous weight loss of a stainless-steel dish containing
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the liquid sample (Figure S2, Supporting Information). These
data were then used in the Hertz—Knudsen equation.

7 = Ar,(2zRT/M,,)"/? (1)

where P is the vapor pressure, A is a constant, r, is the vaporiza-
tion rate per unit area, My, is the solvent’s molecular weight, R is
the gas constant, and T is the absolute temperature.[zg] The con-
stant A was adjusted to yield a value of P=19.8 mm Hg for
deionized water at room temperature (22 °C).*") This method
simplifies the “transpiration method” typically used for materials
with low vapor pressures, where volatilization speed is measured
with a thermogravimetric apparatus to determine vapor pres-
sure.* The measured P values, along with the M,, and viscosity
(n) values, are listed in Table 1. As expected, solvents with
higher boiling points showed lower P. The value for TEG
(1.5 x 10 *mmHg) closely matches the catalog value of
0.25 Pa (1.9 x 107> mmHg) at 25 °C, confirming the validity of
the vapor pressure measurement in this study.

The highest occupied molecular orbital and the lowest unoc-
cupied molecular orbital (HOMO-LUMO) levels of each solvent
molecules were calculated to assess the redox stability of the elec-
trolyte solvents, as summarized in Figure 2a. The results indicate
that the TEG solvent exhibits good redox stability, with a wider
energy gap than compared to the other amides. The higher
HOMO levels of amides suggest instability against larger over-
potential during charging, while their lower LUMO levels indi-
cate poor reductive tolerance. Both negatively affect the cycle
performance when amides are used as LAB electrolyte solvents.
However, amide-based electrolytes offer superior cycle perform-
ances under high-rate conditions, as discussed later. Figure 2b
presents an electrostatic potential map showing the size and
charge distribution of each solvent molecule. Larger molecules
induce higher viscosities, consistent with the viscosity data in
Table 1. The higher viscosity of DMF (0.94 mPa-s) than DMA
(0.92 mPa:s), despite DMF having a smaller M,,, can be attrib-
uted to greater polarization and stronger molecular interaction,
namely, hydrogen bonding. Similarly, TEG has a lower viscosity
(3.25 mPa:s) than NMC (5.10 mPa:s), despite TEG having nearly
twice the M, of NMC due to the lower polarization of the TEG

Table 1. Characteristics of the electrolyte solvents.

Solvents Molecular weight, Boiling Viscosity, Vapor pressure,
Mw/g mol ™" point/ °C? n/mPas P/mmHg®

DMF 73.1 153 0.94 35

DMA 87.1 165 0.92 1.8

DEA 115.2 185 1.34 6.4x107"

NMP 99.1 202 1.63 3.4x107"

NEP 1132 218 1.87 20x107"

NMPi 113.2 250 2.87 1.3 x107"

NMC 127.2 108" 5.10 72x1072

TEG 2223 275 3.25 15%10°°

Catalogue values; ®Boiling point at 6 mm Hg; 9Estimated by measuring the
volatilization rate of each solvent (Figure S2, Supporting Information).
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Figure 2. HOMO-LUMO levels a) and electrostatic potential mapping
b) of the solvent molecules in this study.

molecule. The straight-chain structure of TEG can also contrib-
ute to its relatively low viscosity, resulting from its shear-thinning
behavior. However, the significantly higher viscosity of TEG sol-
vents compared to low M,, amides limits high-power perfor-
mance in LABs, as discussed later.

In amide solvents, LiNO3 or LiNO, were dissolved as support-
ing salts. Amides are generally unstable with lithium anodes due
to their low LUMO levels and lack of reductive tolerance.
However, LiINO; and LiNO, salts enable the use of amides as
LAB electrolyte solvents by forming a thin Li,O layer on the lith-
ium anode, acting as a high-quality SEI and preventing amide
reduction.?*??3132l The NO;~ anion in LiNOj salt electrolytes
passivates the Li surface (NO3;~ + 2Li — NO,  + Li,0), prevent-
ing direct contact between amide molecules and Li. The Li,O
layer produced by the NO3;™ under oxygen atomosphere is quite
thin and uniform, successfully preventing needle-like dendrite
growth and surface lithium pulverization throughout the lithium
dissolution/deposition cycles.*** The consumed NO;~ anion
can be regenerated in an oxygen atmosphere (NO, + 1/20,
— NO;7). In LiINO, salt electrolytes under oxygen, the NO; ™~
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anion, which coexists with NO,~, also contributes to the forma-
tion of a thin Li,O layer, making amides compatible as LAB elec-
trolyte solvents. The ionic conductivities and viscosities of the
prepared electrolytes are listed in Table S1, Supporting
Information. Dissolving LiNOs and LiNO, salts increases solvent
viscosity due to enhanced molecular interactions between the sol-
vent and dissociated salt. This effect is more pronounced for
LiNO;, which has a higher solvation energy and undergoes
greater ionic dissociation than LiNO,.*? The Walden plot of
the prepared electrolytes (Figure S3, Supporting Information)
shows almost identical salt dissociation degrees across all amide
solvents, but TEG exhibited an ionic conductivity one order of
magnitude lower than that of NMC- or NMPi-based electrolytes.
Due to the lower salt dissociation in TEG, LAB cells with TEG-
NO; and TEG-NO, electrolytes failed to show discharge—charge
behavior under the tested cycle conditions. Therefore, TEG-TFSI,
a conventional electrolyte used in many LAB studies,>™* was
employed instead.
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2.2. Cycle Performance

Discharge—charge cycle experiments were conducted on LAB
cells with amide-based electrolytes. Stack-type LAB cells were
employed (see schematic Figure S1, Supporting Information),
where oxygen gas is exchanged through the gas diffusion layer
(GDL) cross-section rather than from the plane surface. This
design enables multiple electrode stackings, achieving Ah-class
cell capacities while ensuring an efficient oxygen flow path dur-
ing discharge and charge./>*! A highly porous, high surface area
carbon nanotubes (CNT) sheet (Brunauer-Emmett—Teller (BET)
surface area of 910 m? g™ ') was used as the cathode to achieve
high-rate performance.!'” However, the semi-open-cell structure
inevitably allows some electrolyte evaporation, which becomes
more prominent with high P solvent electrolytes. Figure 3a,b
shows the voltage profiles of LAB cells with DMA-, DEA-, and
NMC-based electrolytes, along with the cell weight change
(W) profiles (results for other amide-based electrolyte cells are

(b) 0.8mAx5h

Voltage / V
NWHEO NDNWAhOT NOAO
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Figure 3. a-c) Cell weight change, W, and voltage profiles of the LAB cells of DMA-, DEA-, NMC-, and TEG-based electrolytes. Additional W and voltage
profiles were shown in Supporting Information (Figure S4). d) Cycle number of the LAB cells under the cycle condition of 0.8 mA x 5 h discharges
and charges.
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in Figure S4, Supporting Information). A 48-hour rest period was
applied before the 0.8 mA x 5 h discharge—charge cycles to fully
equilibrate the cells with the oxygen environment. The W profiles
in Figure 3 present continuous weight loss immediately after cell
assembly (t=0h) due to electrolyte solvent evaporation, along
with the weight changes observed during ORR/OER in dis-
charge/charge cycles. The weight loss due to solvent evaporation
followed the order of the solvent’s boiling point and was thus
related to the solvent P magnitude. Due to the rapid electrolyte
dissipation, the cells with DMF-based electrolytes could not
complete discharge—charge cycles (Figure S4, Supporting
Information). The voltage fluctuation in DMF electrolyte cells after
~24 h indicates the loss of cell contact due to significant DMF sol-
vent evaporation and alterations in electrolyte composition.

The cells with DMA-based electrolytes, which exhibited the
next fastest evaporation, were able to perform discharge—charge
cycles. However, these cells showed voltage drops after the 4th or
5th charge, likely due to internal short circuits. This behavior is
commonly observed in lean electrolyte conditions, where inho-
mogeneous lithium plating leads to Li dendrite growth and
micro-short circuits.”! As a result of charging failures,
DMA-based electrolyte cells had a short cycle life of approxi-
mately six cycles. In contrast, the W profiles demonstrate suc-
cessful suppression of electrolyte evaporation in NMC-based
electrolyte cells. However, high overpotentials during both dis-
charging and charging limited the number of cycles to 3-6.
The high viscosity of NMC-based electrolytes hinders smooth
oxygen diffusion and Li* transfer, increasing overpotentials
and causing battery material deterioration, which leads to rapid
loss of rechargeability. In addition, the high-viscosity electrolytes
may poorly wet the cathode pores, which could also contribute to
the short cycle life. However, this was not the case because the
cell capacitance immediately after the cell assembly (0.15F,
Figure S5, Supporting Information) was close to that of the
CNT-based cathode (0.16F, 40 F g~' per CNT weight'?), sug-
gesting that the electrolyte had fully wetted the electrolyte.
The balance between solvent volatility, which causes cell contact
loss, and solvent viscosity, which impedes reactant supply, makes
DEA-based electrolytes the most efficient for LABs, enabling
13-cycle runs in the stack-type LAB cell system. The DEA-based
electrolyte cell was also able to run even under a dry air condition
with a dew point of —60 to —50 °C, demonstrating the same evap-
oration behavior and cycle number as that under pure oxygen
condition (Figure S6, Supporting Information). This result posi-
tively suggests that the cell system can be applied to develop
“true” LABs that can be used in atmospheric air. Although
the atmospheric oxygen concentration (~21%) slightly reduces
the discharge voltage, the decay calculates the energy density loss
of no more than 4%. The same cycle number indicates that the
charge failure due to the electrolyte dissipation limits the cycle
life. Though, the cycle life was shorter than that of the TEG-
TFSI cell (Figure 3c), which achieved 17 cycles and demonstrated
the most successful evaporation suppression.

Many studies have reported LAB cells achieving over a hun-
dred cycles with TEG-based electrolytes.>*=*! However, most of
these cycles do not meet the practical energy requirements of
modern batteries. The cycle condition we investigated here
(0.8 mA x 5h) delivers an energy density of ~150 Whkg™" to
the stack-type LAB cell (70 mg). This condition can be considered
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a minimum benchmark for surpassing the current LiB technol-
ogy, which offers an energy density of 100-200 Whkg '.*% In
this context, the TEG-TFSI electrolyte cell, which achieves
17 cycles, demonstrates competitive performance compared to pre-
vious high-energy-density LAB reports,> " though extending its
cycle life remains a significant challenge. Figure 3d summarizes
the cycling performance of stack-type LAB cells, showing that
DEA-based electrolyte cells exhibit the best cyclability among
amide-based electrolytes. The graph also highlights the superior
cyclability of the LiNO, salt electrolytes, which achieve ~4 more
cycles than LiNOj salt electrolyte cells. This improved perfor-
mance is attributed to the redox mediator (RM) effect of the
NO, " anion.”” During charging, the NO,  anion is oxidized
to NO, at a redox potential of 3.5V (NO,” — NO, +e™, 3.5V
vs Li/Li*), prior to the direct oxidation of 1i,O, (Li;O, — 2Li"
+ O3+ 2e). The NO, molecule then chemically oxidizes the
Li,O, discharge product, reducing itself back to NO,~
(Li;O3 + 2NO,— 2L + O, + 2NO;"). This reaction prevents
the charging voltage from exceeding the NO,™ redox potential
(3.5V), thus avoiding the oxidative decomposition of battery
materials and extending the cycle life of LAB cells. These results
highlight the advantages of using LiNO, as an electrolyte sup-
porting salt with RM functionality.

The observed decrease in W throughout the battery test indi-
cates an increase in salt concentration due to solvent dissipation,
which decreases the electrolyte vapor pressure according to
Raoult’s law. This behavior is more pronounced in high P solvent
electrolytes, such as DMF- or DMA-based electrolytes, and is par-
ticularly evident in LiNO, salt electrolytes than in the LiNOj; elec-
trolyte. This is because LiNO, has a lower solvation energy than
LiNO;.*?! Although both salts are fully dissolved in amide sol-
vents at 1.0 M, the lower dissociation degree of LiNO, results
in higher volatility compared to LiNOj electrolytes dissolved in
the same solvent. To investigate the evaporation behavior of
the stack-type LAB cells, the evaporation rate (reyap) Was deter-
mined from the slope of the W profile immediately before the
start of the discharge—charge cycle (t=48h). For the high P sol-
vent electrolytes (DMF-, DMA-, and DEA-based electrolyte cells),
the revap was derived from the slope of the W profile at
W = —3.2mg, corresponding to the 10 wt% decrease in electro-
lyte solvent. This adjustment eliminates the influence of salt con-
densation and ensures a fair evaluation of the evaporation
behavior. The obtained 7.y,p, values are plotted in Figure 4 against
the PM,,'/? of each solvent, which correlates with the pure sol-
vent volatilization rate (r,) measured previously (Figure S2,
Supporting Information). The graph shows a nonlinear relation-
ship between 7eyap and PM,, 12 (or ), expressed as.

revap & (prl/Z)a (2)

where a is 0.62, derived from the linear fitting of the data points
(black dotted line). An « value less than one indicates that the cell
geometry and the small pores in the cathode/separator impede
solvent evaporation,*”) suggesting that electrolyte retention can
be enhanced by optimizing cell structures and cathode pore
architectures. For instance, applying a wrap film with a 1 mm
pinhole to a stainless-steel cathode cell with perforated holes
significantly suppressed revap, yielding an o value of 0.49 (gray
dotted line).
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Figure 4. Evaporation rate of the electrolyte solvents from the LAB cells
(revap) plotted against the PM,,'/? value of each electrolyte solvent. The filled
and open circles represent the data points for LINO3 and LINO, salt electro-
lytes, respectively. The black-filled triangle shows the data point for TEG-
TFSI electrolyte. The black dotted line represents the linear fitting of the data
points, deriving 0.62 as the slope of the line, a. The x and + symbols denote
the Feyap for, DMF-NO,, DMA-NO,, DEA-NO, (x), and TEG-TFSI (+) elec-
trolyte cells with a pinhole wrap film, providing a linear fitting line (gray dot-
ted line) with a slope of @ =0.49.

Interestingly, wrapping with a pinhole significantly extended
the cycle life of the high P amide electrolyte cell (Figure S7,
Supporting Information). The DMA-NO, and DEA-NO, cells,
which completed 6 and 13 cycles in Figure 2, respectively,
increased to 26 and 18 cycles when a pinhole wrap was applied
to the cathode case lid. In contrast, the wrapping had minimal
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impact on the cyclability of the TEG-TFSI cell, suggesting that
evaporation was not a problem for the TEG-based electrolyte.
However, the intrinsic instability of the TEG electrolyte limits
its cyclability, as previously reported."® The DMF-NO, cell, even
with a pinhole wrap, failed to function. While DMF-based elec-
trolytes are known to enable rechargeability in LABs,*® their rel-
atively fast oxidative decomposition likely rendered the DMF
electrolyte nonfunctional after an initial 48-hour rest period.
During this period, the DMF-NO; and DMF-NO, cells voltage
quickly dropped to 2.8 V within ~5h of assembling (Figure S4
and S7, Supporting Information), indicating self-discharge due
to the spontaneous oxidation of DMF. It should be also noted
that hermetically sealed LAB cells with no headspace could
not discharge because they could not intake oxygen. This high-
lights the challenge of packaging cells to prevent electrolyte evap-
oration while ensuring adequate oxygen inhalation and
exhalation for large-capacity battery integration.

The weight changes of cells during discharge and charge rep-
resent the ORR/OER process in LAB. The time derivatives of W
(dW/dt) were derived, with profiles shown in Figure 5a for the
first three cycles of cells with TEG-TFSI, DEA-NO;, and DEA-
NO, electrolyte (profiles for other electrolyte cells are in
Figure S8, Supporting Information). The 7., values were
deducted from dW/dt to evaluate discharge and charge behavior
without considering solvent evaporation. The d W/dt profiles fol-
low the red dotted lines (+0.478 mgh™") during discharge at an
applied current of 0.8 mA, accurately representing the 2e™ /O,
ORR process of LAB (2Li* + O, +2e~ — Li,0,). The charging
behavior, however, varies with electrolyte solvent and salt. First,
the TEG-TFSI electrolyte cell showed a decrease in gas evolution

(b) DEA-NO,
DEA-NO,
. ’, DMF-NO, ,
4 5 DEA-NO,
5 \ TEG-TFSI
5
o
34
<
£
€
s 2]
5 DEA-NO,
'.l
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. {1 DMF-NO,
'
i
i TEG-TFSI
pim; ;2 ‘ -
0 :____,
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Figure 5. a) The dW/dt-r.,.p and voltage profiles of TEG-TFSI (black, filled circle), DEA-NO;s (red, filled circle), and DEA-NO (red, open circle) electrolyte
cells for the first three cycle runs. The profiles were derived from the weight profiles shown in Figure 3. The pale blue and red boxes show the regions
of discharge and charge, respectively. The red dotted lines in the dW/dt-r.,., profiles show the weight increase/decrease rates by 2e”/O, ORR/OER
(£0.478 mgh™" at 0.8 mA). b) LSV anodic scan profiles of TEG-TFSI (black straight line), DEA-NO; (red straight line), DEA-NO, (red dotted line), and
DMF-NOj; (gray straight line) electrolyte cells from 2.95V to 4.50V. The superimposed shows the enlarged profiles of the dotted square region.
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midway through charging (8, ~20, and ~32h), then exceeded
the 2e7/0O, OER line (—0.478 mgh™") toward the end of the
charge (%10, ~22, and =34 h). This is attributed to a decrease
in O, evolution, followed by CO, evolution with the charge, indi-
cating incomplete O, recovery in TEG-based electrolyte cells, as
confirmed by online differential electrochemical mass spectrom-
etry (DEMS).*! Conversely, the DEA-NO; electrolyte cell
followed the 2e7/O, OER line (—0.478 mgh™'), indicating
improved O, evolution and reduced CO, evolution. This demon-
strates the improved rechargeability of the DEA-based electrolyte,
providing better stability against attack by active oxygen species.
However, the d W/dt profile of the DEA-NOj cell showed signs of
CO; evolution at the end of the second or third charge (~22 and
~34h), suggesting limited stability against active oxygen. The
dW/dt profile of the DEA-NO, cell closely mirrored that of the
DEA-NOj; cell but showed an earlier reduction in O, evolution
near the end of the first charging cycle (~10h). This indicates
the oxidation of the NO,  anion to the NO;~ anion
(NO,™ +1/20, — NO; "), likely accelerated in the highly oxidative
environment during charging. The O, evolved from Li,0, oxida-
tion may have partly been consumed in the oxidation of NO,™
anion. Although NO,™ is the primary anion in LiNO, electrolyte,
ion chromatographic analysis revealed that the NO;~ anion
became dominant after several discharge—charge cycles, finally
being the same NO, /NO;~ anion composition with LiNO; salt
electrolyte.”” The conversion of NO,™ to NO;~ is further sup-
ported by the disappearance of the RM effect of the NO, ™ anion.
The DEA-NO, electrolyte cell exhibited a charging voltage plateau
of ~3.5 V during the first charge, but this plateau vanished by the
3rd or 4th charge, following the same voltage profile as the DEA-
NO; cell. This explains the longer cycle life of LiNO, salt electrolyte
cells compared to LiNOs cells. Increasing the NO, ™ anion concen-
tration and suppressing the NO,” to NO;~ conversion could
enhance cyclability in the LiNO, salt electrolyte cells.

The oxidative degradation of LAB electrolytes results from two
primary factors: active oxygen attack on the electrolyte molecules
and electrochemical oxidation within the charging potential win-
dow. During the charging process, excess active oxygen produced
by Li,0, oxidation deteriorates both the electrolytes and electro-
des, particularly in TEG-based electrolyte cells that cause intense
CO, evolution. The oxygen radical attacks the glyme chain carbon
to form alkyl peroxides, which undergo a cascade reaction anal-
ogous to combustion to eventually produce CO,, H,O, and car-
bonates.?” A similar oxidation mechanism has been proposed
for amide molecules by the oxygen radical attacking the carbonyl
carbon or alkyl carbons adjacent to the nitrogen, but the higher
activation energy and free energy than that of glyme indicate the
greater tolerance of amides to active oxygen attack.***! Instead,
the higher HOMO levels of the amides pose oxidative instability
by the high-voltage electrode. To distinguish between these oxi-
dation factors, linear sweep voltammetry (LSV) anodic scans
were performed on amide- and TEG-based electrolyte cells after
assembly. The scan profiles, as shown in Figure 5b, reveal a
sharp increase in oxidation currents at >4.1V for the DEA-
NO3, DEA-NO,, and DMF-NOj cells, while the TEG-TFSI cell
shows a minor oxidation current at >4.3 V. These results align
with the expected oxidative stabilities, as indicated by the HOMO
levels of the amides and TEG in Figure 2a. The intense oxidation
current peak at 3.6V for the DEA-NO, cell is attributed to the
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oxidation of NO, ™ anion to NO, (NO,” — NO, + e "), with a con-
version yield of 46% from the peak area capacity (1.4 C). As the
cells contained no discharge product (Li,O,) to decompose, the
oxidation currents stem from the electrochemical conversion of
the electrolytes. LSV profiles indicated that the enhanced rechar-
geability of the amide-based electrolyte cells results from their
improved stability against active oxygens attack. These low-
viscosity amide electrolytes enable LAB cells to charge with sup-
pressed overpotentials by promoting efficient oxygen and Li*
transport, thus enhancing rechargeability. However, amide-
based electrolyte cells experience rapid loss of cyclability once
the charging voltage exceeds 4.1 V due to the lack of electrochem-
ical oxidation stability. In fact, amide electrolyte cells undergo
oxidative decomposition even at the beginning of the anodic
scan. The enlarged scan profiles in Figure 5b show an oxidation
current of ~21 pA for the amide-based electrolyte cells, higher
than the 16 pA observed for the TEG-TFSI cell. Given that the
0.1mVs~' scan rate for cells with a CNT sheet cathode
(0.16 F, 40 F g~ ' per CNT weight!"?)) produces a capacitor current
of 16 uA (gray dotted line), the enlarged profile confirms that the
TEG-TFSI cell does not undergo oxidative decomposition near
the open-circuit voltage (OCV). In contrast, the amide electrolytes
undergo electrochemical oxidation of &5 pA. This spontaneous
oxidation of amide-based electrolytes contributes to voltage decay
during the initial 48-hour rest period, particularly for the DMEF-
based electrolyte cells, which exhibit the highest fluidity (or the
lowest viscosity) among the electrolytes studied here.

2.3. Cycle Performance at High Current Rates

The cycle test on the LAB stack cells demonstrated the superiority
of TEG-TFSI as an LAB electrolyte. However, the dW/dt profile
suggests limited stability against oxidative degradation. Among
amide-based electrolytes, DEA-NO, exhibits the best cyclability
due to its low solvent viscosity and minimal solvent dissipation
during cycling. Additionally, the RM effect of the NO, ™ anion fur-
ther enhances cyclability. Although the cycle condition current rate
of 0.8 mA (0.4 mA cm ™2 per electrode area) exceeds that of LAB
studies reported elsewhere, >~ it still fails to meet the practical
battery power requirements. The cell mass of ~70 mg, which can
be reduced to ~#40 mg by using a thinner Li foil anode and the
decreasing electrolyte volume, barely achieves a power density
of 50Wkg™" at 0.8mA. This is significantly lower than the
>10°Wkg ! delivered by LiB technology.*® Improving power
performance is a critical challenge for LAB, prompting further
investigation into cycle performance at higher current rates.
Figure 6a,b presents the W and voltage profiles of the DEA-
NO, and TEG-TFSI cells at current rates of 1.6, 2.4, and
3.2mA (0.8, 1.2, and 1.6mA cm™2 per electrode area, respec-
tively) with a fixed capacity of 4 mAh (2 mAh cm™?). The initial
rest time before the cycling experiment was reduced to 12h to
retain as much electrolyte as possible. Figure 6¢ summarizes
the number of cycles achieved at each cycle rate. When the cur-
rent rate was increased to 1.6 mA, the DEA-NO, cell achieved 17
cycles, demonstrating improved cyclability under high-rate con-
ditions in the shorter experimental times. This improvement is
attributed to the high-rate capability of low-viscosity amide elec-
trolytes, which reduce internal resistance by enhancing oxygen

© 2025 The Author(s). Energy Technology published by Wiley-VCH GmbH
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Figure 6. a,b) Cell weight change, W, and voltage profiles of the DEA-NO, (a) and TEG-TFSI (b) electrolyte cells at the cycle conditions of 1.6, 2.4, and
3.2mA (0.8, 1.2, and 1.6 mA cm™~?) current rates. The cycle capacity was fixed to 4.0 mAh (2.0 mAh cm™?). ¢) Cycle number of the LAB cells at different
current rates of 0.8, 1.6, 2.4, and 3.2 mA (0.4, 0.8, 1.2, and 1.6 mAcm™?). d,e) The dW/dt-re,s, and voltage profiles of DEA-NO, (d) and TEG-TFSI (e)
electrolyte cells for the first cycle runs. The red dotted lines in the dW/dt-re,., profiles represent the weight increase/decrease by 2e” /O, ORR/OER at each

current rate.

diffusion, thus enabling discharge at high current."! The DEA-
NO,; cell was rechargeable at a rate of 2.4mA for 16 cycles.
However, at 3.2 mA, the cycle number decreased to six, with
increasing W behavior during the cycle test, indicating charging
failure. The cell reached the cutoff voltage of 4.5V before fully
charging, and DEA-based electrolytes undergo significant oxida-
tion at voltages >4.1V, accelerating cell degradation. Reducing
the charge current rate only will improve cyclability, even under
the high-rate cycling conditions. The high-rate cycling experi-
ment also revealed the TEG-TFSI electrolyte limitations.
The TEG-TFSI cell exhibited only one cycle at 1.6mA
(0.8 mA cm™?) and failed to operate at 2.4 mA (1.2mA cm™?),
indicating its suitability only for extremely low-power devices.
Figure 6d,e shows the dW/dt profiles for the DEA-NO, and
TEG-TFSI cells during their first discharge and charge cycles.
The DEA-NO, cells follow the 2e™ /O, lines (red dotted lines),
indicating ideal ORR/OER at all cycling current rates. The

Energy Technol. 2025, 2500556 2500556 (8 of 12)

decrease in gas evolution after a charge of #3 mAh represents
the NO,  anion oxidation to NO;~, as previously discussed.
In contrast, the TEG-TFSI cell fails to maintain a stable discharge
voltage plateau at 1.6 mA (0.8 mA cm™?), and its dW/dt profile
during charging indicates insufficient oxygen evolution. This
is attributed to the high viscosity of the TEG-TFSI electrolyte,
which hinders smooth oxygen exchange. These results confirm
that low-viscosity amide-based electrolytes are essential for high-
power rechargeable LABs. However, their volatility poses a chal-
lenge for cell packaging. It is crucial to maintain fast oxygen flow
while suppressing electrolyte dissipation. Although volatilization
can be suppressed by gelling the liquid electrolyte or replacing it
with solid Li"-conductive electrolytes,**** achieving high cur-
rent rate capability remains difficult. Because the cell’s geometric
design plays an important role in electrolyte retention, studying
the gas flow around the cell structure would provide a new strat-
egy for developing high-power, long-life rechargeable LABs.

© 2025 The Author(s). Energy Technology published by Wiley-VCH GmbH
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To further investigate the mechanism behind high-rate
cyclability, the discharge products deposited on the CNT cathode
were analyzed. Figure 7 a,b shows SEM images of the cathodes
after an 8 mAh (4 mAh cm™?) discharge in DEA-NO, cells under
low- (0.4mA (a)) and high-rate (2.4mA (b)) conditions. The
corresponding energy-dispersive spectroscopy (EDS) oxygen (O)
elemental maps are superimposed on the SEM images (additional
SEM images at different magnifications are shown in Figure S9,
Supporting Information). Under the low-rate condition (a), dis-
crete particles, #200nm in diameter, precipitated on the CNT
bundles, which were covered with O. This suggests two pathways
for discharge product formation, that is, the solution and surface
reduction pathways.!*”! The ORR in LAB occurs as follows

Lit4+ O,% 4+ e~ — LiO,x (3)
LiO,* — LiO, (4a)
2Li0, — Li,0,% + O, (4b)
LiO,x + Lit+e~ — Li;O,x (5)

where * denotes the species adsorbed on the cathode surface.
First, one-electron oxygen reduction occurs at the cathode surface
(3), followed by two pathways. The one-electron reduction interme-
diate (LiO,*) is released from the cathode surface (4a) and

(a) 0.4 mA discharge

(b) 2.4 mA discharge

www.entechnol.de

undergoes disproportionation (4b), forming highly crystalline par-
ticles, typically in a toroidal shape, on the cathode surface. This is
known as the “solution” pathway. Alternatively, the LiO,* interme-
diate remains on the surface, further accepting one-electron reduc-
tion (5), forming a thin Li,0, film known as “surface” reduction.
The SEM image under the low-rate condition (a) suggests a mixed
reduction pathway, forming both discrete particles and thin films
with different discharge product morphologies. In contrast, the
SEM image under high-rate conditions (b) likely favors surface
reduction, as no distinct particles precipitate, and the CNT bundles
are uniformly covered with a thin Li,0, film. XRD analysis of the
CNT cathodes after discharge (Figure 7c) supports this trend.
While both spectra confirm that Li,O, is the main discharge prod-
uct, the low-rate condition slightly sharpens the Li,O, reflection
peaks, indicating higher crystallinity. The low-rate spectrum also
shows a small peak at 2thete = 33.5°, between the 100 and 101
reflections of Li,O,. Although we could not precisely assign this
peak, it suggests partial evolution of the Li,O 111 reflection, likely
due to Li,O, disproportionation (2Li,0, — 2Li,0+ Oz).[%]
Though Li, 0, disproportionation typically occurs at >250 °C, trace
impurities might promote the reaction even at room temperature.

The morphology of the discharge product influences the
rechargeability of the subsequent charge. Figure 7d compares
two charge profiles after a 4.0 mAh discharge, with discharge
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Figure 7. a,b) SEM images of CNT sheet cathodes after 8 mAh (4 mAh cm™?) discharges at discharge rates of 0.4 mA (a) and 2.4 mA (b). The insets show
the corresponding EDS oxygen (O) element mappings. The yellow dotted circles in (a) indicate the toroid particles deposition on CNT bundle surface.
¢) XRD profiles of CNT sheet cathodes after 8 mAh discharges at 0.4 mA (black line) and 2.4 mA (gray line). The inset shows the enlarged XRD profiles of
the dotted square region. The numbers in the graph indicate the miller indices for the Li,O, crystal diffraction. The * and # symbols denote the reflections
from a stainless-steel plate (sample holder) and GDL, respectively. d) Discharge and charge profiles of LAB cells at a charge rate of 0.8 mA after the 4 mAh
(2 mAh cm?) discharges at 0.8 mA (solid red line) and 4.0 mA (dotted red line). The electrolyte was 1.0 M LiNOj; dissolved in an equal volume mixture of
DEA and DMA. e) Schematic illustrations of ORR near the carbon cathode surface at low (left) and high (right) discharge current rates. The low discharge
rate rather produces Li,O, solid particles due to the slow ORR kinetics allowing free LiO, and its disproportionation, while the high discharge rate tends to
produce surface filmy Li,O, deposit due to the fast ORR.
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rates of 0.8 mA and 4.0 mA, while the charge rate remained fixed
at 0.8 mA. LiNOj; salt was used to minimize the RM effect and
compare charge behavior, while DMA was added to the DEA
solvent to reduce internal resistance and facilitate a high dis-
charge rate of 4.0mA (2.0mA cm™?). The cells discharged at
both 0.8 mA and 4.0 mA current rates, maintaining stable voltage
plateaus of 2.75V and 2.60 V, respectively. Although the charge
rate was constant, the cell discharging at 4.0 mA exhibited a
lower charge voltage throughout the charging process, indicating
improved rechargeability under high-rate discharge. This effect
is associated with the formation of highly decomposable Li,0,.
The charge profile of the low-rate discharge cell exhibited a 4.3 V
plateau near the end of the charge (>~3.5 mAh), indicating that
severe electrolyte oxidation occurred in this high-voltage region,
as shown in the LSV scan in Figure 5b (>4.1 V). The Li,O, par-
ticles deposited during the low-rate discharge should have lost
electrical contact without being fully decomposed. Figure 7e
illustrates the ORR process under low- and high-rate discharge
conditions. Atlow discharge rates, the solvated LiO, intermediate
in the electrolyte gradually forms Li,O, particles, however, these
particles are less likely to decompose during subsequent charg-
ing due to distance from the cathode surface and the high crys-
tallinity. At higher discharge rates, the reduction of LiO,* occurs
at the cathode surface, driven by a relative shortage of surface
oxygen to accept cathode electrons. This results in a thinner dis-
charge product, which is more easily decomposed due to
increased contact with the cathode surface. Furthermore,
although Li,0, is typically insulating, non-crystalline amorphous
Li,0, has been shown to be conductive, enhancing rechargeabil-
ity by improving the electrical conductivity of the discharge prod-
uct.*”*# This also accounts for the improved cyclability under
high-rate cycling conditions.

The discharge product morphology in LABs can be
influenced by factors such as the rate-dependent Li,O, mor-
phology,**! the acceptor/donor numbers (AN/DN) of the elec-
trolyte,[45] traces of protic solvent molecules,”” and cathode
surface chemistry.®*~>* Amide electrolytes, with approximately
twice the DN of TEG,™* tend to stabilize the LiO, intermediate
and promote the growth of discrete particles via the solution
pathway, in contrast to the TEG-TFSI electrolyte. However,
high-rate discharge suppresses the solution pathway and
encourages the deposition of Li,O, as a thin film through sur-
face reduction, even in amide electrolytes. Previous studies
have suggested that a thin-film discharge product hinders elec-
tron transfer and causes premature discharge termination.
This, however, is not the case in this study, which uses a highly
porous CNT sheet cathode with a high surface area. The CNT
cathode offers a large ORR surface and ensures rapid reactant
supply, preventing thin-film discharge products from blocking
the cathode pores and terminating the reaction. Therefore, a
CNT cathode paired with a low-viscosity amide-based electrolyte
presents a promising combination for developing high-energy,
high-power LABs. However, electrolyte evaporation through the
oxygen ventilation path is inevitable, necessitating careful con-
sideration of cell packaging and operating conditions to fully
realize the full potential of high-energy-density LABs. This
study provides a rational design approach for LAB electrolytes
aimed at high-power, rechargeable LABs.
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3. Conclusion

To clarify the rational choice of amide-based electrolytes, this
study investigated the discharge and charge cycle performance
of LAB cells in an open-cell structure. The gravimetric analysis
demonstrated the 2e” /O, ORR/OER across all amide-based elec-
trolyte cells, along with the continuous evaporation behavior of
the electrolytes that correlates with the vapor pressure of the elec-
trolyte solvents. The discharge—charge cycle experiment revealed
the superior cycle performance of the cells with low-viscosity
amide-based electrolytes, such as DEA-NO,, at high current
rates, conditions that cells with TEG-based electrolyte were never
able to complete. This is due to the fast oxygen and Li* transfer
propensity of the low-viscosity amide electrolyte to facilitate high
current rate discharge. The study revealed that high-rate condi-
tion improves the rechargeability of amide-based electrolyte cells
by forming a filmy Li,O, discharge product that is easier to
decompose during charging. However, low-viscosity amide elec-
trolyte is highly volatile, thus open-cell structure that ensures
rapid oxygen gas supply while suppressing electrolyte evapora-
tion is inevitable to achieve the superior cycle performance at
high rates. Developing such open-cell structures and exploring
low-viscosity electrolyte with low vapor pressure will improve
the cycle performance of LAB, paving the way for the develop-
ment of high-power and high-energy rechargeable LABs.

4. Experimental Section

Materials: Lithium nitrate (LINO;, 99.0%, Kishida Chemical), lithium
nitrite  (LINO,, n-hydrate form, Mitsuwa Chemicals), and LiTFSI
(99.95%, Kishida Chemical) were dehydrated overnight at 110 °C in a vac-
uum before being dissolved in solvents: DMF (super dehydrated grade,
Fujifilm Wako Chemicals), DMA (super dehydrated grade, Fujifilm
Wako Chemicals), DEA (>99.0%, Tokyo Chemical Industry), NMP (super
dehydrated grade, Fujiflm Wako Chemicals), NEP (>98.0%, Tokyo
Chemical Industry), NMPi (99%, Sigma-Aldrich), NMC (99%, Sigma-
Aldrich), and TEG (lithium battery grade, Kishida Chemical) at a 1.0 M
concentration. The resulting electrolytes were labeled as X-Y, where X indi-
cates 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 =150 ppm across all electrolytes. Single-walled
CNTs (ZEONANO SG101, obtained from Sigma-Aldrich) were dispersed
in deionized water at a concentration of 0.1wt% using an ultrasonic
homogenizer (450D, Branson). The slurry was then filtered through car-
bon paper (300 pm thick, Kureha Corp.) to obtain a CNT sheet cathode,
which was supported on the carbon paper as a GDL. The CNT loading was
2.1 mg cm™?, and the CNT layer thickness was ~130 um. The BET surface
area was 910 m? g~ ' per the CNT loading weight, determined by the nitro-
gen adsorption isotherm at 77 K (3FLEX, Micromeritics).

Cell Assembly and Battery Testing: A stack-type LAB cell (the schematic
illustration was shown in Figure S1, Supporting Information) was fabri-
cated using a comprising layer of lithium foil (16 mm, 2.0 cm? electrode
area, 200 pm thick, Honjo Metal), a porous polyolefin separator (20 pm
thick, W-scope), and a CNT sheet cathode combined with a carbon paper
GDL (¢16 mm) between two stainless steel plates. The separator and cath-
ode were immersed in 32 pL of electrolyte, matching the void volume of
the cathode and separator to prevent leakage. The total mass of the battery
materials, including GDL carbon paper, CNT cathode, separator, Li foil,
and electrolyte, was ~70 mg. The assembled stack cell was sealed in a
CR2032 coin cell configuration with a perforated mesh on the cathode side
(50% aperture ratio, Hohsen Corp.). This design allows oxygen gas to flow
through the gap between the hole mesh of the cathode case and the stain-
less steel plates sandwiching the stack cell components (Figure ST,
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Supporting Information). The cell was placed in a 5L air-tight chamber
with a continuous pure oxygen flow of 150 mL min~'. A homemade gravi-
metric analysis system, set at room temperature, was used to monitor the
cell weight and voltage profile during battery operation.?®! The system
involved a repeated weighing of the cell, connected to a battery-testing
machine (ECAD-1000, EC Frontier), using a high-precision weight module
(AD-4212B-23, A&D Co., Ltd.). Before discharging and charging, the cell
was left in an OCV state for 48 h. The cell was then subjected to discharge—
charge cycles at a constant current (0.8 mA x 5 h) within the voltage range
of 2.0-4.5 V. The number of cell cycles was determined by the number of
discharges that provided a 4 mAh (2 mAh cm™ per electrode area) capac-
ity, specifically, those discharges that reached the 2.0V cutoff voltage
minus one.

Characterization: The ionic conductivity, viscosity, and density of the
electrolytes were measured using a pH/ion meter (SevenExcellence
S500, Mettler Toledo) and a rolling ball viscometer (Lovis2000ME,
Anton Paar), respectively. The HOMO-LUMO levels of the solvent mol-
ecules were calculated using the MOPAC software with the PM7
Hamiltonian. The conductor-like screening model (COSMO) was
employed to reproduce solvent effects. LSV anodic scans were conducted
with an electrochemical potentiostatic system (SP-50e, Biologic) at a scan
rate of 0.1 mVs™' from 2.95V to 4.50V. The cathode morphology and
structures were analyzed using field-emission SEM (JSM-7800F, JEOL,
5keV accelerating voltage) equipped with an EDS analyzer (X-MaxN,
Oxford Instruments). XRD measurement was carried out on an X-ray dif-
fractometer (SmartLab, Rigaku) using a CuKa source (ACuKo = 1.542 A).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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