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ABSTRACT: The lithium—oxygen battery (LOB) with a high theoretical energy
density (~3500 Wh kg™") has been regarded as a strong competitor for next-generation
energy storage systems. However, its performance is still far from satisfactory due to the
lack of stable electrolyte that can simultaneously withstand the strong oxidizing
environment during battery operation, evaporation by the semiopen feature, and high
reactivity of lithium metal anode. Here, we have developed a deep eutectic electrolyte
(DEE) that can fulfill all the requirements to enable the long-term operation of LOBs by
just simply mixing solid N-methylacetamide (NMA) and lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) at a certain ratio. The unique interaction
of the polar groups in the NMA with the cations and anions in the LiTFSI enables DEE
formation, and this NMA-based DEE possesses high ionic conductivity, good thermal,
chemical, and electrochemical stability, and good compatibility with the lithium metal
anode. As a result, the LOBs with the NMA-based DEE present a high discharge
capacity (8647 mAh g'), excellent rate performance, and superb cycling lifetime (280

Li-O, battery

Li metal anode

Discharge

Riligels Bowsyo

Electrochemical stability

Cathode

TEGDME electrolyte

cycles). The introduction of DEE into LOBs will inject new vitality into the design of electrolytes and promote the development of

high-performance LOBs.

Bl INTRODUCTION

With the rapid development of electronic devices and electric
vehicles, traditional lithium-ion batteries (LIBs) have gradually
been unable to meet the actual needs of people’s daily lives due
to their limitations of low achievable energy densities.'”
Compared with the available electrochemical energy storage
systems, nonaqueous lithium—oxygen batteries (LOBs) with
an ultrahigh theoretical energy density of 3500 Wh kg™ have a
great possibility to resolve the anxiety of low operation time
per battery charge."”” As we know, a long cycling lifetime is
one of the prerequisites for realizing the practical application of
batteries, while the cycling performance of current LOBs is still
far from reaching this level. Among the indispensable
components of LOBs, the organic electrolyte plays a crucial
role in affecting battery performance.*”'? However, there are
usually serious parasitic reactions between the existing organic
electrolytes and the activated oxygen species, like O,*”, LiO,,
etc, leading to continuous consumption of electrolytes and
accumulation of byproducts (e.g, Li,CO; and lithium
formate)."' ™" The decomposition of these byproducts
requires a high charging voltage, which in turn further induces
the decomposition of carbon electrode and electrolyte and
eventually causes the battery to fail rapidly with a short
lifetime.”*™*° In addition, different from LIB, LOB is a
semiopen system, and the organic electrolytes also face the
challenge of volatility. This makes it common to use an excess
amount of electrolyte that partially dissipates the energy
density advantage of LOBs. Nevertheless, even though an
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electrolyte has low volatility and can endure high charge
voltage and attack from active oxygen species, the performance
of LOBs may still be unsatisfactory unless the incompatibility
issue between the electrolyte and Li metal anode is addressed.
Therefore, developing a stable electrolyte with good
compatibility to Li metal anode is of great significance to
promote the performance improvement of LOBs.

The strong oxidizing environment of LOBs makes the
selection of suitable electrolytes a really tough task, and so far,
no electrolyte that can fulfill all the above requirements has
been designed. Although polar aprotic N,N-dimethylacetamide
(DMA)-based electrolytes are relatively stable to the reactive
oxygen species, the intrinsic unstable feature of DMA solvent
toward Li metal will cause continuous electrolyte degradation
and active Li loss,>** which cannot sustain the long-term
running of LOBs. It has been demonstrated that electrolyte
regulation, like the change of Li salt or salt concentration,
could facilitate the formation of a relatively stable interface
between DMA and Li anode to improve the LOB’s
performance to some extent,”> but leaves the thermal
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instability and volatility issues unsolved. To this end, ionic
liquid or molten salt-based electrolytes with noninflammability
and low vapor pressure would be good choices, and there are
already some encouraging results.””~>° Despite their promise,
the high cost of ionic liquids and the high operating
temperature of molten salt electrolytes limit their real-world
applications. A deep eutectic solvent (DES), which could be
prepared by mixing two or more different solid hydrogen bond
acceptors and donors at a certain molar ratio, has similar
properties to ionic liquids and molten salts.”® Therefore,
designing a deep eutectic electrolyte (DEE) based on DES
would not only take over the advantages of ionic liquid/molten
salt electrolytes but also get rid of their disadvantages. For
example, the interactions of the polar groups in N-
methylacetamide (NMA) with the cations and anions in Li
salt could form room-temperature DEE.”**” It should be
mentioned that DEEs also have the characteristics of easy
preparation, low cost, and being environmentally f1riend1y.28

Inspired by the outstanding features of DEEs and the ability
of NMA (a kind of amide like DMA) to fight against the
attacks from the reactive oxygen species, here, we have
developed a new type of NMA-based DEE by just mixing
NMA and lithium bis(trifluoromethanesulfonyl)imide (LiTF-
SI) for LOBs. This NMA-based DEE with good compatibility
to Li metal anode and high thermal, chemical, and electro-
chemical stability well inherits the advantages of amide-based
electrolytes and DEEs, overcoming the shortcomings of
commonly used organic electrolytes. As a result, the NMA-
based DEE enables the stable cycling of LOBs with fewer
byproduct formation. Most importantly, the lifetime of LOBs
with NMA-based DEE could be further improved at a high
temperature of 60 °C, 8 times that of the cell with
tetraethylene glycol dimethyl ether (TEGDME)-based electro-
lyte. The designed stable DEE expands the choice of LOBs’
electrolytes.

B RESULTS AND DISCUSSION

For preparing NMA-based DEE, the first and most important
thing is to choose a suitable Li salt that could easily form DEE
with NMA. Considering the delocalization of large anion
TESI™ in LiTFSI, both the cation and anion of LiTFSI would
form interactions with the polar groups of NMA to form a
DEE, so LiTESI was selected here.””*° As expected, a
homogeneous and transparent liquid solution was formed
when mixing solid NMA and LiTFSI at a molar ratio of 4:1
(Figure S1). The selection of this molar ratio (4:1) is mainly
under the consideration of the eutectic point of the DEE with a
molar fraction of lithium salt close to 0.20.*° Since the
formation of the NMA-based DEE is closely related to the
interaction of NMA and LiTFSI, Fourier transform infrared
spectroscopy (FTIR) analysis was performed. As shown in
Figure S2, after mixing with LiTFSI, the amide I C=0 in the
NMA moves from 1655.3 to 1661.5 cm™, and the H-bonded
N—-H I and H-bonded N—H II increase from 3294.6 and
3099.4 cm™' to 3301.4 and 3119.8 cm™, respectively.”’ The
oxygen atom in the C=0 group of NMA has a tendency to
coordinate with the Li" cations, and the H in the NH, group of
NMA can interact with the anion of LiTFSI, consequently
breaking the (N—H---O) hydrogen bond in the NMA and the
ionic bond in LiTFSI to form a DEE.”" The Raman spectra
further confirm that the ionic bond in LiTFSI is broken by the
interaction between NMA and LiTFSI (Figure S3). The
schematic diagram of the interaction between NMA and
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Figure 1. (a) Schematic representation of the interaction between
NMA and LiTFSI. (b) Ionic conductivity at different temperatures,
(c) thermogravimetric analysis (TGA) curves, and (d) LSV curves of
the TEGDME- and NMA-based electrolytes. (e) 'H NMR spectra of
TEGDME- and NMA-based electrolytes before and after treatment
with '0,. (f) Radar plots of the characteristics for TEGDME- and
NMA-based electrolytes.

LiTFESI is shown in Figure la. After this, the ionic conductivity
of the NMA-based DEE was checked. It is clear that the Li"
conductivity of NMA-based DEE is always higher than that of
TEGDME-based electrolyte (1 M LiCF;SO5 in TEGDME),
and the value is even ~3 times that of the TEGDME-based
electrolyte at 60 °C (3.7 vs 1.27 mS cm™, Figure 1b).
Furthermore, the NMA-based DEE also has a comparable Li*
transference number to that of TEGDME-based electrolyte
(0.60 vs 0.61, Figure S4). Besides ionic conductivity, thermal,
chemical, and electrochemical stability is also an important
indicator to value the properties of electrolyte. Unlike the
serious weight loss of TEGDME-based electrolyte from 100
°C, there is only a small weight change for the NMA-based
electrolyte before 150 °C (Figure Ic), revealing its low
volatility and high thermal stability and thus the ability to
support the long-term operation of semiopen LOBs at high
temperatures. For electrochemical stability, the linear sweep
voltammetry (LSV) curves show that the NMA-based DEE
exhibits a much smaller decomposition current than the
TEGDME-based electrolyte from 2.0 to 5.0 V (Figure 1d),
demonstrating the NMA-based DEE could withstand the high
voltage induced degradation.

Next, the chemical stability of the electrolyte with the
presence of reactive oxygen species was measured. Singlet
oxygen (NaClO/H,0,) was added to NMA- or TEGDME-
based electrolyte and then analyzed by nuclear magnetic
resonance (NMR) spectroscopy. It can be seen that there are
substantial amounts of lithium formate (8.44 ppm, Figure le)
and lithium acetate (1.89 ppm, Figure SS) byproducts in the
treated TEGDME-based electrolyte. In contrast, much fewer
byproducts are observed in the NMA-based DEE (Figure le),
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e confirming its strong chemical stability. This can be further
s  oee demonstrated by the FTIR analysis. After mixing with the
~05 — TEGDME reactive oxygen species, the infrared peaks corresponding to
2 NMA-based DEE experience no obvious change without
g0 detected formation of side reaction products (Figure S6).

S 05 Then we moved to investigate the compatibility of the Li
metal anode in the NMA-based DEE by checking the cycling
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Figure 2. (a) Galvanostatic cycling performance of the Li/Li
symmetrical cells with different electrolytes at a current density of
0.1 mA cm™ (b) Nyquist plots of the Li/Li symmetrical cells before
and after cycling for SO cycles. (c) Li 1s XPS spectra of the Li metal
electrodes with different electrolytes after cycling. SEM images of the
Li metal electrodes with (d) TEGDME- and (e) NMA-based
electrolytes after cycling for 50 cycles. Scale bar, 10 ym.
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Figure 3. (a) CV curves of the glassy carbon working electrode in
NMA-based electrolyte under Ar and O, atmosphere. (b) XRD
patterns of the pristine, discharged, and recharged Super P cathodes in
NMA-based electrolyte. SEM images of the Super P cathodes (c)
before discharge and after discharge in (d) TEGDME- and (e) NMA-
based electrolytes and (f) recharged in NMA-based electrolyte. Scale
bar, 1 ym.
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TEGDME-based electrolyte at both the initial and cycled
states, and the battery with NMA-based DEE displays a much
slower increasing trend for interfacial impedance (Figure 2b),
revealing that the NMA-based DEE could facilitate the
formation of a stable Li/electrolyte interface. The significant
impedance increase of the battery with TEGDME-based
electrolyte can be attributed to the severe Li dendrite growth
induced generation of a thick solid electrolyte interphase (SEI)
layer and dead Li, which is verified by the following scanning
electron microscopy (SEM) observation.

X-ray photoelectron spectroscopy (XPS) spectra were
subsequently collected to analyze the composition of the SEI
film on the cycled Li electrodes (Figure 2c). In Li 1s spectra,
two different peaks from Li N and LiF appear in the SEI film
on the electrode with NMA-based DEE, which originate from
the decomposition of NMA and LiTFSI The existence of Li,N
and LiF can also be observed in the N 1s and F 1s spectra
(Figure S7), while for the SEI film on the electrode with
TEGDME-based electrolyte, there are no peaks from LiF even
with the existence of LiCF;SO;. In NMA-based DEE, the
interactions of the polar groups in the NMA with the cations
and anions in the LiTFSI change this situation, and both NMA
and TESI™ could contribute to the construction of SEI film. It
has been validated that the Li,N and LiF are beneficial to
stabilizing the Li/electrolyte interface and thus inhibit Li
dendrite growth.”> The SEM image of the Li electrode in
TEGDME-based electrolyte manifests irregular Li dendrite
growth with large cracks after cycling (Figure 2d). On the
contrary, the Li electrode in NMA-based DEE exhibits a flat
surface without discernible Li dendrites (Figure 2e), indicating
that the stable Li/NMA-based DEE interface could enable
uniform Li plating/stripping. As a result, the NMA-based DEE
is conducive to the formation of a more stable SEI film than
the TEGDME-based electrolyte, overcoming the long-standing
conundrum of the incompatibility between Li metal and
amide. Then, Li/Cu cells were assembled to test the
Coulombic efficiency of different kinds of electrolytes. As
shown in Figure S8a,b, the Coulombic efficiency of TEGDME-
based electrolyte is only 48.9% in the first cycle and decreases
rapidly in subsequent cycles. In addition, another two kinds of
common electrolytes (DMA-based and dimethyl sulfoxide-
based electrolytes) in Li—O, batteries also exhibit low
Coulombic efficiencies in Li/Cu cells (Figure S9), while for
NMA-based electrolyte, the Coulombic efficiency could reach
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Figure 4. Electrochemical performance of the LOBs. (a) Schematic illustration of a LOB. (b) Full discharge curves at current densities of 200, 500,
and 1000 mA g™. (c) Rate performance at various current densities. Cycle performance with the Ru/CNTs cathodes at limited specific capacities
of (d) 1000 and (f) 3000 mAh ¢! and a current density of 500 mA g~'. (e) Cycle performance comparison of the LOBs with amide-based
electrolytes. (g) Histogram of the cycle life of LOBs at different specific capacities.

58.2% in the first cycle and gradually increases in the following
cycles (Figure S8c,d), highlighting the beneficial effects of the
NMA-based electrolyte in enabling stable plating and stripping
of Li. In sum, the designed NMA-based DEE combines the
following advantages together: high ionic conductivity,
excellent thermal, electrochemical, and chemical stability, and
good compatibility with the Li anode (Figure 1f), which is
expected to be a promising electrolyte for LOBs.

To prove the practical applicability of the NMA-based DEE
in LOB, cyclic voltammetry (CV) measurement was first
conducted in Ar or O, atmosphere (Figure 3a). There are no
redox peaks when scanned in the Ar environment, suggesting
that the electrolyte does not involve any redox reactions.
Changing the Ar working atmosphere to O, makes the
emergence of reduction and oxidation peaks at approximately
2.2 and 3.3 V, which is similar to that of the cell with
TEGDME-based electrolyte (Figure S10). This indicates that
the NMA-based DEE permits the LOB to follow the typical
Li—O, electrochemistry reaction. Then, the discharge products
on the Super P cathode were characterized by discharging and
recharging the battery. The X-ray diffraction (XRD) patterns
show characteristic Li,O, diffraction peaks for the discharged
cathode, which disappear after the following recharge process
(Figure 3b). SEM images in Figure 3c—e reveal that the
discharge products in the NMA-based DEE grow uniformly
and are larger in size, which can be attributed to the high
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donor number (DN) value of the NMA rendered solution
discharge pathway.”*~** After recharge, the discharge products
completely disappear, and the cathode recovers to the original
state with clean surfaces (Figure 3f), further uncovering the
reversibility of Li,O, formation and decomposition. In
addition, Raman spectra also provide strong support for the
reversible conversion of O, and Li,O, in the NMA-based DEE
(Figure S11).

Figure 4a gives a schematic diagram of LOB with different
types of electrolytes. Considering that NMA-based DEE could
enable the discharge process to follow the solution pathway,
we first checked the full discharge performance of LOBs at
various current densities with a cutoft voltage of 2.0 V. As
shown in Figure 4b, at the selected current densities, the LOBs
with NMA-based DEE deliver constantly higher discharge
capacities than the batteries with TEGDME-based electrolyte.
Even at a large current density of 1000 mA g~', the LOB with
NMA-based DEE could still provide a discharge capacity of
6740 mAh g™, more than 2 times that of the TEGDME-based
LOB delivered (2785 mAh g™'). The rate performance of the
LOB:s is displayed in Figure 4c. Despite changing the current
densities for every 200 mAh g~', the LOB with NMA-based
DEE exhibits higher and more stable discharge voltages when
compared to the one with TEGDME-based electrolyte, which
proves that the NMA-based DEE could guarantee the LOB
with excellent rate performance. Figure S12 depicts the room-
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Figure S. Analysis of the LOBs after 15 cycles. SEM images of the
Super P cathodes in (a) NMA- and (b) TEGDME-based electrolytes
(scale bar, 1 um). (c) Li 1s XPS spectra of the cathodes. (d) Nyquist
plot of the LOBs. (e) 'H NMR spectra of the TEGDME- and NMA-
based electrolytes after cycling.

temperature cycling performance of LOBs. Clearly, the LOB
with NMA-based DEE manifests a longer lifetime than the
TEGDME-based LOB, but it is still unsatisfactory. The high
viscosity of the NMA-based DEE at ambient temperature is the
leading cause of this inferior cycling performance. We then
increased the testing temperature to 60 °C to reduce the
viscosity of NMA-based DEE. As can be seen from Figure S13,
the viscosity of NMA-based electrolyte is 18.9 mPa-s at 60 °C,
a little bit higher than that of the TEGDME-based electrolyte
(3.6 mPas). Despite the low viscosity, only 15 cycles are
obtained for the TEGDME-based LOB at a current density of
500 mA g~' with a limited specific capacity of 1000 mAh g™
(Figure S14), while for LOB with NMA-based DEE, the
cycling performance improves a lot, and the battery can stably
operate up to 120 cycles (Figure S15). Additionally, the NMA-
based LOB could achieve a lifetime of 70 cycles at a rigorous
high temperature of 100 °C (Figure S16). As a contrast, the
cycling performance of the LOBs with other commonly used
electrolytes was also tested at 60 °C. Both the 1,2-
dimethoxyethane (DME, 0 cycle, Figure S17) and DMA (2
cycles, Figure S18) based LOBs nearly cannot work,
highlighting the high-temperature resistance of the NMA-
based DEE.

When changing the Super P cathode to Ru/CNTs, the
cycling life of the NMA-based LOB can be further meliorated
and is still much better than that of the TEGDME-based LOB
(280 vs 96 cycles, Figure 4d, Figure S19, and Figure S20).
Doubling the current density to 1000 mA g™, the cycling life
of the NMA-based LOB just decreases from 280 to 200 cycles
(Figure S21). Inspiringly, the performance of the NMA-based
LOB achieved here is much superior to those of reported
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LOBs with amide-based electrolytes (Figure 4e).3°7% 1t is
worth noting that the loading mass of Ru/CNTs is 0.1 mg
cm™ here. To exploit the energy density advantage of LOBs,
their high-capacity cycling performance was studied. At a
limited capacity of 3000 mAh g_l, the LOB with NMA-based
DEE could realize 90 stable cycles, while this value is only 22
cycles for the battery with TEGDME-based electrolyte (Figure
4f). Even further increasing the cycling capacity to S000 mAh
g, a lifetime of SO cycles can still be reached for the NMA-
based LOB (Figure 4g, Figure $22). These results reveal that
the NMA-based DEE makes the long-term operation of LOBs
at high temperatures and large capacities become possible.

To unveil the reasons for the improved electrochemical
performance of NMA-based LOB, SEM was first used to
analyze the state of the Super P cathodes after 15 cycles
(Figure Sa,b). In TEGDME-based LOB, there are still some
undecomposed products remaining on the cathode after
charging (Figure Sb), whereas the discharge products on the
cathode of NMA-based LOB are removed with the recovery of
the cathode to the initial state (Figure Sa). This can be further
supported by the Li 1s XPS and Raman spectra (Figure Sc and
Figure $23). Even after SO cycles, the cathode surface in the
NMA-based LOB keeps clean without any discernible
accumulation of byproducts (Figure S24), suggesting the
high stability of the NMA-based DEE. In addition, EIS
measurement was performed to analyze the impedance change
of the LOBs before and after cycling. After 15 cycles, the
impedance of the NMA-based LOB only undergoes a slight
increase, while both the cell and interfacial impedances of the
TEGDME-based LOB increase several times (Figure S5d),
which induces the elevation of polarization just as the
discharge—charge curves show. The large impedance change
for the TEGDME-based LOB can be ascribed to the
volatilization and decomposition of electrolyte, the accumu-
lation of byproducts on the cathode, and the unstable
electrolyte/anode interface. Furthermore, the electrolytes
after cycling were collected and examined by NMR. From
Figure Se, we can see that different from the existence of
lithium formate byproducts in the TEGDME-based electrolyte,
the NMA-based DEE could remain stable, which is a crucial
feature to enable the long-term stable running of LOBs.

In order to further demonstrate the advantages of the NMA-
based DEE itself, LiFePO, was used as a pseudo anode to
construct LOBs to eliminate the interference of lithium metal
anode. As shown in Figure S25a, the TEGDME-based LOBs
could only run 45 cycles at 500 mA g~' and 1000 mAh g™,
while the lifetime of the NMA-based LOBs achieves over 500
cycles by just using the Super P cathode (Figure S25b,c). This
big lifetime difference between the two kinds of batteries
further illustrates that the main reason for the failure of the
TEGDME-based LOBs is the electrolyte itself. Furthermore,
the cycling life of the NMA-based LOB can be prolonged to
1000 cycles by changing the Super P cathode with Ru/CNTs
(4000 h, Figure S26). This undoubtedly proves that the low-
volatile and durable NMA-based DEE could work for a long
time in the semiopen and rigorous environment of the LOBs,
indicating that it has a great application potential to enable the
LOBs to realize an ultralong cycling lifetime.

B CONCLUSION

In summary, a new-type of NMA-based DEE that can endure
the harsh working conditions of LOBs has been designed. The
new DEE can not only overcome the disadvantages of the poor
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Li anode compatibility of amide-based electrolytes, high cost of
ionic liquid, and high operating temperature of molten salt
electrolytes but also well retain their advantages, like strong
stability toward active oxygen species, low vapor pressure,
ability to sustain high temperature, etc. Therefore, the NMA-
based DEE facilitates the reversibility of LOBs with fewer
byproducts formation, thus realizing satisfactory electro-
chemical performance, including high discharge capacity,
excellent rate capability, and long-term cycling stability. The
findings here deepen our understanding of the possibility of
applying DEEs to LOBs and provide new opportunities for
designing high-performance electrolytes to promote the
practical application of LOBs.
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