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Abstract: In the pursuit of next-generation ultrahigh-
energy-density Li� O2 batteries, it is imperative to
develop an electrolyte with stability against the strong
oxidation environments. N,N-dimethylacetamide
(DMA) is a recognized solvent known for its robust
resistance to the highly reactive reduced oxygen species,
yet its application in Li� O2 batteries has been con-
strained due to its poor compatibility with the Li metal
anode. In this study, a rationally selected hydrofluor-
oether diluent, methyl nonafluorobutyl ether (M3), has
been introduced into the DMA-based electrolyte to
construct a localized high concentration electrolyte. The
stable � CH3 and C� F bonds within the M3 structure
could not only augment the fundamental properties of
the electrolyte but also fortify its resilience against
attacks from O2

� and 1O2. Additionally, the strong
electron-withdrawing groups (� F) presented in the M3
diluent could facilitate coordination with the electron-
donating groups (� CH3) in the DMA solvent. This
intermolecular interaction promotes more alignments of
Li+-anions with a small amount of M3 addition, leading
to the construction of an anion-derived inorganic-rich
SEI that enhances the stability of the Li anode. As a
result, the Li� O2 batteries with the DMA/M3 electrolyte
exhibit superior cycling performance at both 30 °C
(359th) and � 10 °C (120th).

Introduction

In order to address the burgeoning energy requirements of
portable devices, electric vehicles, and large-scale energy
stations, it is urgent to develop a new high-capacity battery
system that surpasses the ultimate energy density of
commercial lithium-ion batteries.[1] Lithium oxygen (Li� O2)
batteries, boasting an ultrahigh theoretical energy density of
3500 Whkg� 1, are emerging as an encouraging contender for
the next-generation rechargeable batteries.[2] It is well-
known that the electrolyte serves as the “blood” of the
battery, which plays a pivotal role in determining the
electrochemical performance.[3] Thus, the establishment of a
stable electrolyte is the basis for achieving high-performance
Li� O2 batteries. However, at present, virtually all electro-
lytes exhibit instability against the oxygen reduction inter-
mediates (O2

� ) generated during the discharge and charge
processes.[4] For the commonly used ether and sulfone-based
electrolytes in Li� O2 batteries, O2

� would attack the solvent
molecules for α-H abstraction and oxidation reaction,
respectively. This leads to electrolyte decomposition and
formation of by-products to passivate the cathode, seriously
impeding the practical application of Li� O2 batteries.

[5–7]

Among the available solvents, N,N-dimethylacetamide
(DMA) exhibits unique benefits in anti-oxidant reduction
and nucleophilic stability. As shown in Figure S1a, the 1H
nuclear magnetic resonance (NMR) spectra of the DMA
exhibit negligible change pre and post KO2 treatment,
indicating it could remain stable against O2

� . However, its
application in Li� O2 batteries is significantly constrained
due to the instability with the lithium metal anode.[8–10] The
poor compatibility between the DMA solvent with the Li
anode results in the loss of active Li and leads to the
electrolyte decomposition. Additionally, uneven Li strip-
ping/deposition could induce dendrite growth and cause
battery short circuits, resulting in safety issues. Therefore, it
is anticipated that ensuring the stability of the Li metal
anode within the DMA-based electrolyte is expected to
promote the Li� O2 batteries to a viable technology.
High concentration electrolyte (HCE) is an effective

method to protect the Li metal anode, which could reduce
the number of free solvent molecules and promote the
anions to participate in the Li+ solvation sheath. Conse-
quently, this approach weakens the reactivity between Li
and electrolyte solvent to facilitate the construction of an
anion-derived solid electrolyte interphase (SEI) to enhance
the stability of the Li metal anode.[11,12] While increasing the
electrolyte concentration could yield these benefits, it
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inevitably brings about the problems of slow mass transfer
and sluggish electrode kinetics caused by its high viscosity
and low ionic conductivity, not to mention the high cost.
Based on these issues, a localized high concentration
electrolyte (LHCE) design strategy has been developed by
introducing hydrofluoroether (HFE) diluents.[13] Since HFE
does not have the ability to dissolve Li salts, it could
facilitate the anions to involve in the Li+ solvation structure
while reducing the electrolyte concentration, maintaining
the advantages inherent to HCE.[14,15] However, the com-
monly utilized HFE, such as 1,1,2,2-tetrafluoroethyl 2,2,3,3-
tetrafluoropropyl ether (TTE) and tris(2,2,2
trifluoroethyl)orthoformate (TFEO), struggles to maintain
stability in the strong oxidation environment of Li� O2
batteries due to the abundant C� H bonds contained in their
structure (Figure S2).[13,16, 17] For instance, upon reaction with
O2
� and 1O2, a new chemical shift appears in the

1H-NMR
spectra of TTE (Figure S1b, S3a), suggesting that the TTE
undergoes decomposition in the presence of a strong
oxidation environment. Besides, to accommodate a large
amount of Li+-anions coordination at lower electrolyte
concentrations, the volume ratio of HFE to solvent typically
exceeds 1 :1. This would hamper the sustained operation of
open Li� O2 batteries due to the inherent volatility of
HFE.[1,16] Furthermore, the difficulty in coordinating Li+

with HFE often results in HFE predominantly executing a
singular dilution function in LHCE, while neglecting the
potential interaction between HFE and solvent molecules.
The solvent-diluent interaction could enhance the involve-
ment of anions in the Li+ solvation sheath,[18] consequently
forming an anion-derived SEI to safeguard the Li metal
anode. Therefore, the development of an HFE that is
tolerant to the strong oxidizing environments and capable of
interacting with the DMA solvent molecules could poten-
tially achieve stable and high-performance Li� O2 batteries,
thereby propelling Li� O2 batteries to an unprecedented
level.
To this end, a rationally selected HFE diluent, methyl

nonafluorobutyl ether (M3), has been employed in the
DMA-based Li� O2 batteries to construct a new LHCE
system (2.0 M LiTFSI-DMA/M3 (vol. 7 : 3)). The reduction
in concentration by M3 diluent not only augments the
fundamental properties of the electrolyte, but also equips it
with high resilience against attacks from oxygen reduction
intermediates due to the stable � CH3 and C� F bonds in the
structure. Furthermore, the strong electron-withdrawing
groups (� F) presented in the M3 diluent allow it to
coordinate with the electron-donating groups (� CH3) in the
DMA solvent. This coordination facilitates more Li+-TFSI�

alignments with the addition of a small amount of M3,
leading to an anion-derived inorganic-rich SEI that bolsters
the stability of the Li anode. The enhancement of mass
transfer, electrode kinetics, and lithium anode stability
through the optimization of the electrolyte leads to the
development of stable and high-performance Li� O2 bat-
teries, which could undergo 359 cycles and 120 cycles at
temperatures of 30 °C and � 10 °C, respectively.

Results and Discussion

As a proof-of-concept, the cycle performance of LijjLi
symmetrical cells with various concentrations of electrolyte
was checked to determine the optimal Li salt concentration
to stabilize the lithium metal anode in DMA-based electro-
lyte. As presented in Figure S4, in the 4.0 M LiTFSI-DMA
electrolyte (DMA electrolyte), the battery shows much
more stable discharge-charge platforms and prolonged cycle
life at 0.4 mAcm� 2, indicating that the Li metal anode has
the superior compatibility with the DMA solvents at this
concentration. However, the increase in concentration
inevitably results in issues such as sluggish mass transfer and
electrode dynamics caused by high viscosity and low ionic
conductivity. Therefore, it is necessary to introduce an HFE
diluent to construct LHCE system. Regarding the selection
of an HFE diluent, it is noteworthy that if the HFE
molecular structure encompasses more � CH2� and � CH�
functional groups, these will inevitably decompose under the
influence of oxygen reduction intermediates.[17,19] In contrast,
methyl nonafluorobutyl ether (M3), characterized by its
stable � CH3 and C� F groups within its structure, could
maintain stability even in the presence of O2

� and 1O2
(Scheme 1a).[6] As shown in Figure S1c and S3b, the 1H-
NMR spectra of the M3 solvent remain unchanged upon
reaction with O2

� and 1O2, indicating the M3 solvent exhibits
resistance to both the O2

� and 1O2 attacks. Furthermore, the
M3 solvent is not miscible with Li salts (Figure S5) and
cannot involve in the Li+ solvation structure, meeting the
fundamental criteria for serving as a diluent. In addition to
the interaction between the solvent and salt, the DMA
solvent molecule contains � CH3 electron-donating groups,
while the M3 molecular structure has numerous strong
electron-withdrawing groups (� F). These two components
are likely to draw toward each other, leading to a weak
intermolecular interaction.[18] This interaction is conducive
to ensure a greater number of anions participate in the Li+

solvation sheath when the addition of a minimal amount of
HFE (Scheme 1b), thereby reducing the volatility of the
electrolyte. In light of the preceding considerations, a novel
LHCE system, 2.0 M LiTFSI-DMA/M3 (vol. 7 : 3, DMA/M3
electrolyte), was prepared.

Scheme 1. (a) The selection of HFE. (b) The electrolyte design strategy.
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Firstly, the properties of the high concentrated DMA
electrolyte and the diluted DMA/M3 electrolyte were
examined. Due to the decrease of electrolyte concentration,
the DMA/M3 electrolyte has obvious optimization and
improvement in terms of viscosity, ionic conductivity, and
electrochemical stability window. Specifically, the DMA/M3
electrolyte exhibits a reduced viscosity of 20.4 mPas, which
is roughly one-third lower than that of the DMA electrolyte
(65.1 mPas, Figure 1a). With regard to ion transport, the
ionic conductivity of the DMA/M3 electrolyte is higher than
that of the DMA electrolyte at various temperatures (Fig-
ure 1b). In particular, the ionic conductivity of the DMA
electrolyte (0.44 mScm� 1, � 20 °C) drops sharply at low
temperature, while the DMA/M3 electrolyte could still
maintain the ionic conductivity of 4.15 mScm� 1 at � 20 °C,
which provides a possibility for the application in low
temperature Li� O2 batteries. In addition, the DMA/M3
electrolyte displays a slightly widened electrochemical
window (Figure 1c). This is attributed to the electron-with-
drawing functional groups (� F) present in the M3 diluent,
which improves the high voltage stability of the
electrolyte.[20]

Subsequently, in order to meet the unique requirements
of Li� O2 batteries, the oxygen solubility and the stability
toward the oxygen reduction intermediates were verified.
As shown in Figure 1d, an incremental oxygen solubility is
observed in the DMA/M3 electrolyte because of the
abundant C� F groups in the M3 diluent.[17,21] Then, 1H-NMR
spectra were conducted to evaluate the stability of the
DMA/M3 electrolyte to the O2

� and 1O2. After vigorous
stirring with KO2, no byproduct peaks are observed in the
1H-NMR spectra of the DMA (Figure S6a) and DMA/M3
electrolytes (Figure 1e), indicating that both the electrolytes
are stable to sustain the attack of O2

� . In contrast, for the
conventional HFE-based electrolyte, the 1H-NMR spectra of

the 2.0 M LiTFSI-DMA/TTE (DMA/TTE) electrolyte
display a new chemical shift of 8.5 ppm after the reaction
with KO2 (Figure S6b), demonstrating that this electrolyte is
decomposed with the formation of formate by-products.[22,23]

For the characterization of singlet oxygen stability, 1O2 was
prepared by photosensitization, in which C16H14 was em-
ployed as the 1O2 capture agent to prove its formation.

[24] As
shown in Figure 1f, two new peaks appear at the chemical
shift of 7–8 ppm after 1O2 treated, indicating that the C16H14
is transformed into C16H14-O2 after illumination. It is
suggested that the singlet oxygen was successfully prepared.
Since the low ratio of C� H bonds in the M3 molecule, no
obvious change is observed in the 1H-NMR spectra before
and after the generation of 1O2 (Figure 1f), implying that the
DMA/M3 electrolyte can defend against 1O2.

[17] On the
contrary, formate by-products are detected in both the
DMA (Figure S6c) and DMA/TTE (Figure S6d) electrolytes
when exposed to the 1O2. The inability of these two
electrolytes to defend against the 1O2 attack is attributed to
the instability of the bare TTE (Figure S3a) and DMA
(Figure S3c) solvents toward the 1O2. Consequently, the
DMA/M3 electrolyte significantly enhances interface wett-
ability, ion transport, high voltage stability, oxygen solubil-
ity, and stability to the intermediates, laying a solid
foundation for the long-term operation of Li� O2 batteries
(Figure 1g).
Based on the superior properties of the DMA/M3

electrolyte, the solvation structure of the electrolyte was
further characterized by Raman and NMR spectra. The
Raman spectra of the DMA/M3 electrolyte and DMA
electrolytes with different salt concentrations are presented
in Figure S7a. Bare DMA solvent shows bands at 732 and
953 cm� 1, which are assigned to the symmetric stretching
vs(N� CH3) and vs(C� CH3) vibrations, respectively.

[25] More-
over, the bands observed at 746, 1128, and 1245 cm� 1 can be

Figure 1. (a) Viscosity, (b) ionic conductivity, (c) electrochemical stability window, and (d) oxygen solubility of the DMA and DMA/M3 electrolytes.
1H-NMR spectra of the DMA/M3 electrolyte toward (e) O2

� and (f) 1O2. (g) Comparison of the properties of the DMA and DMA/M3 electrolytes.
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attributed to the symmetric stretching modes of SNS (νs-
(SNS)), SO2 (νs(SO2)), and CF3 (νs(CF3)) from TFSI� ,
respectively.[26] As the concentration of LiTFSI salt in the
bare DMA increased to 4.0 M, the peaks of free DMA
solvent gradually shift toward high wavenumbers, resulting
in Li+-coordinated DMA (�741 cm� 1 and 961 cm� 1, Fig-
ure 2a, S7a). At the same time, the peak intensity of νs(SNS),
νs(SO2), and νs(CF3) gradually increases to form Li+

-associated TFSI� , indicating that the TFSI� anions gradu-
ally participate in the Li+ solvation sheath (Figure S7b). In
the case of the DMA/M3 electrolyte, both the Li+-coordi-
nated DMA and Li+-associated TFSI� solvation structures
are preserved (Figure 2a, S7b), suggesting that the dilution
of M3 retains the properties of the 4.0 M HCE solvation
structure. Subsequently, the 7Li-NMR and 19F-NMR spectra
were employed to delve deeper into the coordination
environment surrounding Li+ in the electrolytes. The
electron density around Li+ is affected by both the anions
and solvent molecules in the solvation sheath. A downfield
shift with a higher 7Li value is observed in the DMA/M3
electrolyte compared to the DMA electrolyte (Figure 2b),
indicating the Li+ nuclei are de-shielded due to the reduced
electron cloud. This implies that the solvation of Li+ in the
DMA/M3 electrolyte is weaker compared with the DMA
electrolyte. Interestingly, even in cases where the volume
ratio of M3 to DMA solvent is less than 1 :1, an increase in
the TFSI� -19F signal was detected at higher fields in the
DMA/M3 electrolyte, indicating an enhancement in the
interaction between Li+ and TFSI� (Figure 2c).[20] It should

be noted that the 19F-NMR is referenced to the LiPF6
standard, with the chemical shift of 84.6 ppm and 86.1 ppm.
Given that the M3 diluent is insoluble in lithium salts, it

is probable that the increased Li+-TFSI� coordination in the
DMA/M3 electrolyte results from the interaction between
the DMA and M3 solvent. To elucidate the DMA-M3
solvent interaction, 1H-NMR and 19F-NMR spectra of the
solvents were performed. As presented in Figure 2d, the 1H
signals of both the DMA and M3 solvents display a
downfield shift toward higher values when combined in the
mixed DMA/M3 solvent. Moreover, the 19F signals of the
M3 solvent within the DMA/M3 mixed solvent system also
exhibit a downfield shift (Figure 2e, S8), indicating that the
electron cloud density of F atoms in the M3 solvent is
affected by the presence of the DMA solvent. These
observations suggest that the existence of intermolecular
interactions between the DMA and M3 solvent. This
interaction could be further elucidated through the electro-
static potential (ESP) calculations (Figure S9). Within the
isopotential surface of the DMA solvent, the positive charge
is exclusively concentrated on the H atoms. For the M3
solvent, the more negative regions are primarily concen-
trated on the F atoms. The strong electron-withdrawing
groups (� F) in the M3 diluent facilitate its coordination with
the electron-donating groups (� CH3) in the DMA solvent.
Besides, the intermolecular energy of the solvents was
calculated to investigate the variations in their interaction,
which was precisely adjusted for basis set superposition
error (BSSE). Specifically, the intermolecular energy (EBSSE)
of DMA-M3 solvents is � 6.93 kcalmol� 1, which is much

Figure 2. (a) Raman spectra of different electrolytes. (b) 7Li-NMR and (c) 19F-NMR spectra of the DMA and DMA/M3 electrolytes. (d) 1H-NMR and
(e) 19F-NMR spectra of the M3, DMA, and DMA/M3 solvents. (f) EBSSE of the DMA-DMA, M3-M3, and DMA-M3 solvents. The color scheme:
yellow-H atom, red-O atom, green-C atom, purple-N atom, and blue-F atom. (g) ESP comparison of the DMA and DMA/M3 electrolytes and the
binding energy of Li+-TFSI� in the electrolytes. The color scheme: grey-H atom, deep yellow-F atom, red-O atom, green-Li atom, blue-N atom,
cyan-C atom, and yellow-S atom.
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lower than that of DMA-DMA solvents (� 4.15 kcalmol� 1)
and M3-M3 solvents (� 2.14 kcalmol� 1), demonstrating a
preference for heteromolecular interactions in DMA-M3
solvents over homomolecular ones (Figure 2f).
Upon verifying the interaction between the DMA and

M3 solvent, density functional theory (DFT) calculations
and Ab initio molecular dynamics (AIMD) simulations were
conducted to investigate its impact on Li+ solvation
structure. Notably, a longer Li� O bond length was detected
in the M3 complex (Figure S10a). Moreover, the binding
energy between the Li+ and M3 diluent (� 0.35 eV) is
markedly weaker than that of Li+-DMA (� 1.01 eV),
indicating that the M3 diluent is unlikely to be incorporated
into the Li+ solvation shells (Figure S10b). AIMD simula-
tions were further conducted to investigate the solvation
structures in different electrolytes. Two sharp peaks corre-
sponding to Li� ODMA and Li� OTFSI pairs are identified at
1.85 Å and 1.95 Å for both electrolytes, while one small and
wide peak of Li� OM3 pair is observed in the DMA/M3
electrolyte, signifying that the M3 molecules are barely
coordinated with Li+ (Figure S11). In particular, a much
stronger Li� OTFSI pair is observed in the DMA/M3 electro-
lyte due to the intermolecular interactions between the

DMA and M3 solvent, indicating that the M3 addition
augments the interactions of Li+ with TFSI� . Furthermore,
the alteration in the distribution of negative charges on the
surface of the solvation clusters of Li+-DMA/DMA-TFSI�

to Li+-DMA/M3-TFSI� also demonstrates the strength of
Li+-TFSI� coordination. As presented in Figure 2g, the ESP
calculations reveal a reduction in negative charge distribu-
tion post-M3 addition, indicating that the molecular inter-
action between the DMA and M3 solvent enhances the
binding energy of Li+-TFSI� (i.e. � 92.77 kcalmol� 1 vs.
� 79.22 kcalmol� 1). Consequently, both the experiment and
calculation results corroborate that the addition of the M3
diluent maintain the benefits of the Li+ solvation structure
in HCE while the interaction between the DMA and M3
solvent induces an increased binding of Li+-TFSI� .
After confirming the increase involvement of anions in

the Li+ solvation structure within the DMA/M3 electrolyte,
the stability of the Li metal anode was investigated via long-
term cycling test for LijjLi symmetrical cells. Figure 3a
illustrates the cycling performance of LijjLi cells at
0.1 mAcm� 2 and 0.1 mAhcm� 2 for each stripping/plating
process. The cell with the DMA electrolyte exhibits stable
cycling for 760 h, followed by a rapid increment in voltage

Figure 3. Cycling performance of LijjLi symmetrical cells at (a) 0.1 mAcm� 2 and (b) 0.4 mAcm� 2 with each plating/stripping process of 1 h. (c)
Nyquist plots of LijjLi cells with different electrolytes before and after cycling. (d) Rbulk, RSEI, and Rct of LijjLi cells with different electrolytes after
cycling. (e) Arrhenius curves of the DMA and DMA/M3 electrolytes. (f) Arrhenius plots and corresponding Ea from Rct in LijjLi symmetrical cells.
(g) CV curves of the LijjLi symmetrical batteries at 1 mVs� 1.
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polarization. By contrast, in the DMA/M3 electrolyte, the
cell could sustain a lower overpotential for an extended
cycle life of 2500 h. This trend is also observed at a higher
current density of 0.4 mAcm� 2. The DMA/M3-based sym-
metrical batteries continue exhibiting superior electrochem-
ical performance (550 h), whereas the cells with the DMA
electrolyte rapidly polarize after only 28 h (Figure 3b).
Moreover, the Coulombic efficiency (CE) of Li� Cu cell with
the DMA/M3 electrolyte in the O2 atmosphere could
approach nearly 90% after 50 cycles and is consistently
higher than the DMA electrolyte-based cell (Figure S12a,
b). Furthermore, the DMA/M3-based Li� Cu cell also has
lower Li stripping/plating overpotential than the cell with
the DMA electrolyte (Figure S12c, d). Therefore, the
introduction of M3 diluent could facilitate the construction
of stable SEI films to improve the cyclability of Li anode.
Electrochemical impedance spectroscopy (EIS) of the

LijjLi cells was employed to further reveal the stability of
the electrode/electrolyte interface. As presented in Fig-
ure 3c, due to the high concentration and viscosity of the
DMA electrolyte, the impedance of the DMA-based cell is
higher than that of the cell with the DMA/M3 electrolyte
before cycling. After cycling, a sharp growth in Rbulk, RSEI,
and Rct is observed in the batteries with the DMA electro-
lyte (Figure 3d), which could be contributed to the forma-
tion of an uneven SEI on the Li metal anode during constant
deposition/stripping process. On the contrary, impedance is
marginally reduced in the cells with the DMA/M3 electro-
lyte upon cycling, suggesting the formation of a stable
electrode/electrolyte interface. It is beneficial to the long-
term upkeep of the cell. To investigate the enhancement of
electrochemical performance, the mass transfer and elec-
trode kinetics of the electrolytes were evaluated. As shown
in Figure 3e, the activation energy (Ea) corresponding to the

Arrhenius equation is employed to illustrate the migration
barrier of Li+ in the electrolyte.[27] The ionic conductivity of
the DMA electrolyte consistently falls below that of the
DMA/M3 electrolyte across various temperatures (Fig-
ure 1b). Therefore, the Ea for the DMA/M3 electrolyte
(0.103 eV) is much lower than that of the DMA electrolyte
(0.228 eV), signifying a marked improvement in the Li+

migration process. In addition, the charge transfer barrier in
the electrolyte was also estimated by the Arrhenius plots
derived from the Rct in LijjLi symmetrical cells, where the
Li+ de-solvation process is the rate-determining step.[28] In
comparison to the high concentration DMA electrolyte
(0.548 eV), the DMA/M3 electrolyte displays a reduced Ea
of 0.328 eV (Figure 3f), indicating a much easier de-
solvation process and faster charge transfer kinetics could be
obtained in the DMA/M3 electrolyte. Besides, the dynamics
of lithium plating and stripping process were assessed
through cyclic voltammetry (CV) tests of the LijjLi sym-
metrical cells. The CV curve of the DMA/M3-based cell
shows a steeper slope and higher reduction and oxidation
peak current compared to the DMA electrolyte, implying a
more facile Li deposition/dissolution reaction (Figure 3g).[29]

As a result, the faster ion transport, accelerated mass
transfer, and enhanced electrode kinetics in the DMA/M3
electrolyte contribute to the less polarization and prolonged
cycle life of the symmetrical batteries.
Subsequently, scanning electron microscopy (SEM) and

X-ray photoelectron spectroscopy (XPS) analysis were
carried out to detect the Li morphology post-cycling and
investigate the interfacial chemistry between Li and the
electrolytes in depth. As shown in Figure 4a and 4b, the Li
metal anode exhibits an uneven and rough surface in the
DMA electrolyte. On the contrary, a quite smooth Li
surface devoid of dendrite growth is observed in the DMA/

Figure 4. SEM images of the Li anodes after cycling in the (a, b) DMA and (c, d) DMA/M3 electrolytes. Li 1s XPS spectra of the Li anodes in the
DMA and DMA/M3 electrolytes (e) before and (f) after etching for 5 min.
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M3 electrolyte (Figure 4c, d), demonstrating the uniform
deposition behavior of Li and enhanced electrode/electro-
lyte interface stability. The Li 1s XPS spectra before and
after etching are presented in Figure 4e and 4f, respectively.
The SEI film in both electrolytes primarily consists of anion-
derived inorganic substances, such as LiF and Li2CO3. These
inorganic constituents are conducive to stabilizing the Li/
electrolyte interface.[30,31] Specifically, for the outer-SEI, the
Li surface in both electrolytes is predominantly composed of
Li2CO3 and LiF. Notably, the SEI within the DMA/M3
electrolyte exhibits a significantly higher LiF content
compared to the DMA electrolyte (Figure 4e). After etching
for 5 min, the presence of Li2O is observed in the inner SEI.
In particular, the Li2O content in the DMA/M3 electrolyte
significantly exceeds that in the DMA electrolyte (Figure 4f,
S13). This can be attributed to the fact that the more anions
involve in the Li+ solvation structure of the DMA/M3
electrolyte. As a result, these anions decompose on the Li
metal anode and form anion-derived, inorganic-rich SEI.
This process facilitates the formation of a more stable SEI
film, thereby enhancing the electrode/electrolyte interface
and leading to prolonged cycling lives.

Based on the superior compatibility of the DMA/M3
electrolyte with the Li metal anode, coupled with its
resistance to attack by oxygen active intermediates such as
O2
� and 1O2, the practical application capability in Li� O2

batteries was explored. As shown in Figure 5a, the cells with
the DMA/M3 electrolyte achieve consistently larger dis-
charge capacities than the cells with the DMA electrolyte at
each current density. Specifically, the capacity of Li� O2
batteries with the DMA/M3 electrolyte could provide 14700,
11094, and 9687 mAhg� 1 at 300, 500, and 1000 mAg� 1,
respectively, while the batteries with the DMA electrolyte
could only reach 5485, 4201, and 3569 mAhg� 1 at the same
conditions. Furthermore, even though there is no catalyst
loading on the cathode, the batteries with both kinds of
electrolytes can be fully recharged and maintain a charge
platform below the 4.5 V threshold. The enhancement in
discharge capacity is attributed to the accelerated mass
transfer process triggered by the reduced electrolyte concen-
tration and the presence of C� F bonds in the M3 diluent
resulted increase of oxygen solubility in the electrolyte
(Figure 1d). SEM and X-ray diffraction (XRD) character-
ization were further conducted to detect the morphology

Figure 5. (a) Full discharge-charge curves of Li� O2 batteries at different current densities. (b) Rate performance of Li� O2 batteries. (c) Cycling
performance of Li� O2 batteries with a limited capacity of 1000 mAhg� 1 at 300 mAg� 1 and 30 °C. (d) Cycle numbers of Li� O2 batteries with different
electrolytes and specific capacites. (e) Comparison of electrochemical performance of amide-based Li� O2 batteries. (f) Cycling performance of
Li� O2 batteries with a limited capacity of 1000 mAhg� 1 at 300 mAg� 1 and � 10 °C. (g) Comparison of the performance of Li� O2 batteries in the
DMA and DMA/M3 electrolytes.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, e202403432 (7 of 10) © 2024 Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202403432 by C

hangchun Institution O
f, W

iley O
nline L

ibrary on [25/09/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and composition of the discharge products. As shown in
Figure S14, the SEM image of the discharge products in the
DMA/M3 electrolyte exhibits larger particles than that in
the DMA electrolyte, consistent with its large discharge
capacity. Besides, the XRD patterns in Figure S15 show that
the peaks of 32.9°, 35.0°, and 58.7° correspond to Li2O2. No
peaks of LiOH and Li2CO3 are observed on the cathode,
implying that the M3 diluent remains stable through the
discharge process with no variation of discharge products.
Considering that the introduction of the M3 diluent

would not alter the electrochemical reaction in Li� O2
batteries, the rate performance and cycling performance
were further checked. As presented in Figure 5b, at an initial
discharge of 500 mAg� 1, the cell with the DMA electrolyte
displays a lower discharge voltage compared to that with the
DMA/M3 electrolyte due to the polarization induced by the
high concentration of the electrolyte. In subsequent contin-
uous current density transformations at 500 mAg� 1 intervals,
a significant voltage drop occurred at 2000 mAg� 1 in the
DMA-based cells, and the discharge platform could not be
restored as the current density decreased. In contrast, the
DMA/M3-based cells still maintain stable discharge curves
due to the accelerated mass transfer and improved electrode
kinetics. Beyond rate performance, the Li� O2 batteries with
the DMA/M3 electrolyte also exhibit excellent long-cycle
performance. The cycling performance of Li� O2 batteries at
300 mAg� 1 and 1000 mAhg� 1 are presented in Figure 5c. In
the DMA electrolyte, the batteries could only operate for
110 cycles (Figure S16a) until the terminal voltage dropped
to 2.0 V. On the contrary, the cycle performance of the cells
with DMA/M3 electrolyte significantly improves to 359
cycles (Figure S16b). At higher capacities of 2000 mAg� 1

and 3000 mAg� 1, the DMA/M3-based battery could still
stably operate for 148 (Figure S17) and 50 cycles (Fig-
ure S18), respectively, which is significantly higher than that
of the DMA electrolyte (Figure 5d). It is worth to mention
that the lifetime achieved here is the longest reported in the
current amide-based Li� O2 batteries (Figure 5e).

[8–10,32–36]

Subsequently, in situ pressure monitoring test[37] and gas
evolution detection of Li� O2 batteries during discharge and
charge processes were conducted to confirm that the cell
operation is reliant on the Li2O2/O2 reaction. As presented
in Figure S19a, b, the Li� O2 batteries with both the DMA
and DMA/M3 electrolytes undergo nearly a 2e� per O2
reaction during the discharge process. Moreover, the XRD
patterns (Figure S20) and SEM images (Figure S21a, b) of
the cathodes after cycling reveal the formation of Li2O2.
Acid-base titration and iodometric titration were further
conducted to evaluate the yield of Li2O2 (Figure S22).

[38] In
the DMA and DMA/M3 electrolyte, the yields of Li2O2 are
found to be 90.70% and 94.71%, respectively (Table S1,
Figure S23). This indicates that Li� O2 batteries with the
DMA/M3 electrolyte undergo less side reactions. During the
charge process, in situ pressure monitoring test in Fig-
ure S19c, d shows that the Li� O2 cells based on DMA and
DMA/M3 electrolytes exhibit the oxygen evolution reaction
of 1.86 e� /O2 and 1.93 e

� /O2, respectively, in which the
DMA/M3 could enable the cells to proceed along a nearly
two-electron reaction with high reversibility. Differential

electrochemical mass spectrometry (DEMS) further reveals
that a large amount of O2 evolution is detected in the cell
with the DMA/M3 electrolyte compared to that with the
DMA electrolyte (Figure S19e, f). Moreover, the XRD
patterns (Figure S20) and SEM image (Figure S21d) of the
re-charged cathodes confirm that the Li2O2 discharge
products of the battery with the DMA/M3 electrolyte can be
fully decomposed during the charging process. However,
Figure S21c shows that several discharge products still exist
after charging in the battery with the DMA electrolyte,
which corresponds to the low O2 evolution amount in
Figure S19e. Expect for the cathode side, the SEM charac-
terization of the Li metal anodes after cycling in Li� O2
batteries was performed to validate the protective effect of
M3 diluent on the Li metal anode. As presented in
Figure S24, the Li anode cycled in the DMA/M3 electrolyte
exhibits a smooth surface with less cracks. On the contrary,
in the DMA electrolyte, obvious corrosion and cracks can
be observed on the Li surface. Therefore, the addition of
M3 diluent shows positive effect on Li anode protection in
practical Li� O2 batteries. Consequently, the Li� O2 batteries
with the DMA/M3 electrolyte exhibit superior re-charge-
ability and electrochemical stability compared to those with
the DMA electrolyte.
In view of the superior electrochemical performance of

the DMA/M3-based batteries at normal temperature (30 °C)
and the higher ionic conductivity of the electrolyte at low
temperature (Figure 1b), the feasibility of the application at
low temperature was confirmed. At 0 °C and � 10 °C, the
Li� O2 batteries with the DMA/M3 electrolyte exhibit a
discharge capacity of 5226 mAhg� 1 and 3485 mAhg� 1,
respectively. On the contrary, the cells with the high
concentrated DMA electrolyte die quickly at � 10 °C (Fig-
ure S25). Additionally, the DMA/M3-based cells also display
a much improved cycling performance at low temperatures,
which could run stably for 143 (Figure S26) and 120 cycles
(Figure 5f, S27) at 0 °C and � 10 °C, respectively. Therefore,
the DMA/M3 electrolyte presents promising applications for
Li � O2 batteries in both standard and low temperature
conditions. Furthermore, the electrolyte design strategy of
introducing an HFE diluent to achieve high-performance
Li� O2 batteries is universally applicable. The electrochem-
ical performance of another HFE, 1,1,2,2-tetrafluoroethyl
isobutyl ether (TFEiBE, Figure S28) with less � CH2� and
� CH� functional groups and rich in stable � CH3 and C� F
groups, for Li� O2 batteries was also checked. Compared
with the cells using the DMA electrolyte, the DMA/
TFEiBE-based cells also show prolonged cycle lives of 340th

and 128th at 1000 mAhg� 1 and 2000 mAhg� 1, respectively
(Figure S29). Even at the low temperature of 0 °C and
� 10 °C, the cells maintained stable operation for cycles of
116th and 80th, respectively (Figure S30). Consequently, the
electrolyte regulation strategy not only retains the benefits
of high concentration electrolyte but also promotes in-
creased Li+-anions coordination in the solvation structure
due to the intermolecular interactions with the DMA
solvent and M3 diluent. The superior compatibility of the
DMA/M3 electrolyte with the Li metal anode, coupled with
its resistance to attack by oxygen active intermediates,
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facilitates the achievement of stable Li� O2 batteries with
high capacity, excellent rate performance, and long cycle
lives at both room temperature and low temperatures
(Figure 5g).

Conclusion

In summary, we have developed a localized high concen-
tration electrolyte by incorporating an innovative M3 hydro-
fluoroether diluent to stabilize the Li metal anode within the
DMA-based electrolyte. The dilution of M3 not only
enhances the fundamental properties of the electrolyte but
also bolsters its resilience against attacks from oxygen
reduction intermediates due to the stable � CH3 and C� F
bonds in the structure. Additionally, the strong electron-
withdrawing groups (� F) presented in the M3 diluent
facilitate coordination with the electron-donating groups
(� CH3) in the DMA solvent. This intermolecular interaction
promotes increased Li+-TFSI� alignments with the introduc-
tion of only a small amount of M3, resulting in an anion-
derived inorganic-rich SEI to enhance the stability of the Li
anode. The optimization of the DMA/M3 electrolyte leads
to improvements in mass transfer, electrode kinetics, and
lithium anode stability, culminating in the development of
stable and high-performance Li� O2 batteries (359

th at 30 °C,
120th at � 10 °C). The significant findings of this study
provide a novel guideline to address the incompatibility
issue between Li and electrolyte and open up a new avenue
for promoting the practical application of alkali metal-air
batteries.
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Stable Lithium Oxygen Batteries Enabled by
Solvent-diluent Interaction in N,N-dimeth-
ylacetamide-based Electrolytes

A rationally selected methyl nonafluoro-
butyl ether (M3) diluent is introduced
into the N,N-dimethylacetamide (DMA)-
based electrolyte to construct a localized
high concentration electrolyte. The inter-
action between the DMA solvent and
M3 diluent increases the coordination
number of Li+-anions, facilitating the
formation of an anion-derived inorganic-
rich solid electrolyte interphase to im-
prove the Li metal stability and conse-
quently realizing stable and high-per-
formance Li� O2 batteries.
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