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A combination of lithium bis(fluorosulfonyl)imide (LiFSI) and LiNO3
is designed to improve the oxidation resistance of cyclic ether
(tetrahydrofuran) electrolyte at conventional concentration (1M
LiFSI). The addition of NOz ™ results in the formation of a uniform
N- and F-rich cathode electrolyte interphase, which enables 90%
capacity retention of Li||LiNig goC0g.10Mng 100, batteries over 80
cycles coupled with a thin lithium metal anode (50 pm) and a high-
capacity cathode (~3 mA h cm™2).

As one of the most promising next-generation battery systems,
lithium metal batteries (LMBs) provide the potential to break
the bottleneck of lithium-ion batteries (LIBs) and reach an
energy density over 500 W h kg™ *.'™* Unlike LIBs that are based
on Li-ion intercalation/de-intercalation in graphite anodes,
LMBs depend on the reversible lithium stripping/plating reac-
tion. The traditional carbonate electrolyte that can generate a
stable interphase on a graphite anode usually undergoes para-
sitic reactions during lithium stripping/plating due to the high
reactivity of Li metal, leading to fast depletion of both the Li
anode and electrolyte, and even safety issues caused by the
dendrite growth of Li metal.>™® In comparison, ether solvents
possessing relatively high lowest unoccupied molecular orbital
(LUMO) energies have been widely reported to demonstrate
stronger anti-reduction on metal anodes.”** However, most
ether molecules also show higher highest occupied molecular
orbital (HOMO) energies than carbonate solvents, indicating
the low oxidation stability of ether electrolyte (less than 4 V
versus Li'/Li) and further limiting the application of batteries
coupled with high-voltage cathodes.'*® How to widen the
electrochemical window of ether electrolytes is recognized as
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a critical issue and has gained increasing attention for building
energy-dense LMBs.

The oxidation stability of ether electrolytes can be promoted
through either constraining the reactivity or designing the
structures of ether molecules."”'® The former strategy is usually
achieved by increasing the salt concentration with the for-
mation of highly concentrated electrolytes (HCEs), which can
strengthen the interaction between the cation and anion/
solvent and thus reduce the proportion of free-state
solvent.’®?° The highly coordinated ether molecules, cooperat-
ing with the lower HOMO energy derived from the recon-
structed Li-ion solvation structure, can suppress the reactivity
of electrolytes and improve the overall oxidation resistance.
However, the high viscosity of HCEs leads to sluggish dynamics
of LMBs and the high cost of ionic-liquid based salts involved
in HCEs also brings the concerns of scale application. By
diluting HCEs with inert solvents that possess negligible dis-
solving capacity, localized HCEs with reduced viscosity can be
prepared,>’*> while the salt precipitation at low temperature
may limit all-climate applications. Another strategy is to apply
molecular engineering to lower the HOMO energy of ether
molecules, for instance, introducing a fluorinated chain
segment into the ether molecule with the employment of a
strong electron-withdrawing effect to improve the oxidation
stability.”**** The shortage of F-ether mainly stems from the
restricted solvation capacity, resulting in low ionic conductivity.
Therefore, more emerging approaches are highly needed to
realize high-voltage ether electrolyte without sacrificing the
cost, conductivity, interfacial stability, electrochemical reaction
dynamics, etc.

Herein, we develop a strategy to elevate the high voltage
stability of ether-based electrolyte by changing the solvation
environment of Li-ions. By introducing a small amount of
NO;, the oxidation potential of 1 M (moles per litre of
solution) lithium bis(fluorosulfonyl)imide (LiFSI) salt-based
tetrahydrofuran (THF) electrolyte is increased to 4.5 V,
which enables the prolonged operation of LMBs coupled with
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Fig. 1 Electrochemical performance of THF-based electrolyte on the Li
anode side. (a) Long-term cycle performance of Li||Cu electrochemical
cells and (b) the corresponding charge—discharge curves of different
cycles in THF electrolyte and +0.25 M LiNOs electrolyte at 0.5 mA cm™2.
(c) Focused ion beam scanning electron microscopy (FIB-SEM) images of
the deposited lithium in the above two electrolytes. (d) X-ray photoelec-
tron spectroscopy (XPS) of N 1s and F 1s of the SEI layer in the above two
electrolytes.

a high-voltage LiNijgoMng10C00.100, (NMC811) cathode.
Raman and infrared spectra (IR) show that, with the increase
of NO;~ content, more coordinated THF with an influenced
ring structure is investigated, and the dissociation of LiNO; is
suppressed simultaneously. The combination of X-ray photo-
electron spectroscopy (XPS) and transmission electron micro-
scopy (TEM) demonstrates that a thin and complete cathode
electrolyte interface (CEI) layer rich in Li;N is formed on the
surface of the NMCS811 cathode, which is suggested to be
caused by the affected cathode electric double layer (EDL)
structure through the addition of NO;™, thus improving the
electrochemical stability of the solvent molecules. The pre-
sented electrolyte design provides a feasible approach for the
application of cost-effective electrolytes in high-voltage LMBs.
We choose the salt of LINO; since it has been well known as
a powerful additive to stabilize Li anodes.>*™*” In order to verify
whether LiNO; is equally applicable in THF based electrolyte,
asymmetric Li||Cu electrochemical cells have been assembled
to compare the Coulombic efficiencies (CEs) of lithium plating/
stripping (Fig. 1a and Fig. S1, ESI). The average CEs during 300
cycles of 1 M LiFSI in THF and 1 M LiFSI in THF with the
addition of 0.25 M LiNO;, 0.5 M LiNO;, and 1 M LiNO; are
99.09%, 99.20%, 99.01%, and 98.44%, respectively. The CE is
higher than those of typical carbonate-based electrolytes with
LiNO; as an additive (<98.5%, Table S1, ESIt). The corres-
ponding Li plating/stripping curves of the four electrolytes are
shown in Fig. 1b and Fig. S1b (ESIf). The initial CE increases
from 89.32% to over 92% after adding LiNOj;, suggesting the
inhibited depletion of electrolyte attributed to the formation of
the SEI. The morphology of lithium deposition is further
observed by focused ion beam scanning electron microscopy
(FIB-SEM) (Fig. 1c and Fig. S2, ESIf). Unlike conventional
carbonate electrolytes that usually show wire-like Li morphol-
ogy, all the deposited Li particles in THF-based electrolyte
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exhibit an irregular sphere like morphology with a micro-
grade particle size, demonstrating the decent Li metal compat-
ibility of ether electrolytes. In particular, the particles are
smoother and more compact after introducing LiNO;, which
can be visually observed from the cross-section of the deposited
lithium. This phenomenon implies that the addition of NO;™
effectively regulates the composition of the SEI layer and thus
improves the uniformity of lithium metal deposition.

Therefore, X-ray photoelectron spectroscopy (XPS) was per-
formed to analyse the characteristics of the SEI formed in THF
electrolyte and +0.25 M LiNO; electrolyte (Fig. 1d and Fig. S3,
ESI+).>® Both THF and LiFSI have participated in the interfacial
reaction and resulted in the formation of a hybrid organic and
inorganic SEI, as typical peaks of C-O, 0=C-O and CO;*" in
C 1s, and SO,F and Li,SO, in S 2p can be detected in both
electrolytes (Fig. S3, ESIt). The spectra of N 1s and F 1s in
Fig. 1d show that large proportions of Li;N (398.9 eV) and LiF
(684.8 eV) are generated at the anode interface, in which the
signals of NO,™ and NO;~ for +0.25 M LiNO; electrolyte prove
that LiNO; also contributes to the formation of SEI with the
decomposition products of Li,N,O, and Li,O (Fig. S3b, ESIf).
Further quantitative evidence supporting these conclusions can
also be found in Fig. S3e and f (ESIf). Overall, the addition of
LINO; can intensify the stability of THF based electrolytes
towards Li metal anodes, which encourages us to further
explore its functions on the cathode side.

To verify whether LiINO; can improve the oxidation stability
of ether-based electrolytes, the electrochemical windows of the
four electrolytes are tested by linear sweep voltammetry (LSV).
As shown in Fig. 2a, all the electrolytes demonstrate oxidation
stability over 4 V, enabling the operation of Li||LiFePO, (LFP)
batteries coupled with thin lithium (50 pm) and high capacity
LFP (~2.5 mA h cm™?) (Fig. S4, ESIT). Among them, +0.25 M
LiNO; electrolyte shows higher initial discharge specific capa-
city (154.5 mA h g ') than +0.5 M or +1 M LiNO; electrolyte
(134.9 or 114.1 mA h g™ ') and 97.4% capacity retention after

a os THF Ele. b 45 st THrERe] € +0.25M LINO,
"; 0.4 i ' \’ =
' +0.5M S 40 . < 40
5 s B
Co3{ ™ s e ﬁ%“ v s
by a5 s
§ 0.2 s 2 —+-15t(0.1C)
304 a0 ‘ 3.01—25m
0.0 2.5 25l
40 42 44 46 48 0 100 200 300 400 500 0 50 100 150 200

Potential (V) vs. LULI" Specific capacity (mAh g"') Specific capacity (mAh g”)

w
@
-

110

Li-NCM N/P(4:1)

g

@ +025M 9o +05M o +1M

100

N
a
S

90

150
1004

80

a
=)

70
10 20 30 40 50 60 70 80

Cycle number

Specific capacity (mAh g™)
S
3
Coulomb efficiency (%)

Fig. 2 High voltage stability of THF-based electrolyte. (a) Linear sweep
voltammetry (LSV) of Li|laluminum electrochemical cells with THF-based
electrolyte. The scan rate is 1 mV s~ (b) Ist charge curves of the
Li|INMC811 battery in THF electrolyte. (c) Charge—discharge curves of
the Li|[NMCB811 battery in +0.25 M LiNOs electrolyte. (d) Long-term cycle
performance of the Li[|[NMC811 battery. All Li||[NMC811 batteries are first
charged/discharged at 0.22 mA cm~2 for 2 cycles and then charged/
discharged at 0.44 mA cm~2 in the following cycles.
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50 cycles. Intriguingly, the degradation potential of THF elec-
trolyte is increased from lower than 4.2 V (vs. Li'/Li) to 4.5 V
after the addition of LiNOj3, which is further confirmed by Li
(50 um) | high capacity NMC811 (~3 mA h cm?) batteries.
The electrolyte of THF begins to undergo oxidative decomposi-
tion before charging to 4.2 V (Fig. 2b). In comparison, the
electrolyte of +0.25 M LiNO; shows a stable charge-discharge
process (Fig. 2¢), and the specific discharge capacity remains at
175 mA h g~ " after 50 cycles. Addition of more LiNO; will lead
to continuously increasing polarization potential and capacity
decays (Fig. S5, ESIT). The long cycle tests of the Li||[NMC811
battery demonstrate that both +0.25 M and +0.5 M LiNO;
electrolytes show an average CE over 99%, while +0.25 M LiNO;
electrolyte shows a higher capacity retention rate (167 mAh g™*
vs. 130 mA h g ") after 80 cycles (Fig. 2d). The electrolyte of
+1 M LiNO; shows the shortest cycling life among the three
electrolytes, and the battery fails after 63 cycles. This result
indicates that excessive LINO; may lead to immoderate inter-
facial reactions, accelerating the failure of the LMBs.
Interfacial and voltage stability are closely related to the
solvation structures of electrolytes,>**® which can be studied
using Raman and infrared spectra. Attenuated total reflection-
Fourier-transform infrared spectroscopy (ATR-FTIR) reveals
multiple changes after adding LiFSI and LiNO; into THF
solvent (Fig. 3a). Firstly, both the ring breathing vibration peak
located at 1068 cm™ ' and the ring stretching vibration peak
located at 910 cm ™" of THF split into two peaks after adding
LiFSI.*' The new peak at a low wavenumber indicates the highly
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Fig. 3 Spectral characterizations of THF-based electrolyte: (a) ATR-FTIR
and (b) Raman spectra of the designed electrolytes. Pure THF solvent,
LiINO3 and LiFSI were also tested for comparison.
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strained THF molecule with a changed shape due to the inter-
action with LiFSI. With the increase of LiNO; content, the intensity
of the new peak gradually increases, while the intensity of the free
THF molecule decreases. These results indicate that the addition
of NO;~ strengthens the binding of THF molecules and further
reduces the free solvent molecules in the bulk phase, thus
promoting the oxidation resistance of the electrolyte. The strength-
ened binding of THF molecules is suggested to be caused by the
electron deficiency on the N atom of LiNO;, introducing the
interaction between THF molecules.’” The vibrations of the corres-
ponding Raman spectra provide complementary evidence
(Fig. 3b). When more LiNO; is introduced into THF electrolytes,
the Raman peak related to NO;~ shifts from 1070 cm™' to
1039 em™ ' and combines as one broad peak with THF molecules.
The interaction between LiNO; and THF also reduces the ionic
conductivity of the electrolyte (Fig. S6, ESIT), which may be caused
by the suppressed movement and the dissociation ability of THF
molecules with addition of LiNOs. It is worth mentioning that THF
is also a promising electrolyte for LMBs working under low
temperatures. The ionic conductivity is higher than 2 mS cm™*
at —50 °C (Fig. S6, ESIT). The cumulative results of spectroscopy
unveil that LiNO; is able to change the structure and dynamics of
THF molecules, which will further alter the interphase on both the
Li metal anode and the high voltage cathode.

Taking THF electrolyte and +0.25 M LiNO; electrolyte as
examples, we first compared the morphology evolution of the
NMC811 electrode after cycling by high-resolution transmis-
sion electron microscopy (HRTEM) (Fig. 4a-d). The surface of
NMC811 particles after charging in THF electrolyte at high
potential is covered by an incomplete CEI layer. In contrast, the
presence of LiNO; contributes to the formation of a uniform
and thin CEI layer on the cathode surface of NMC811 after
5 cycles (Fig. 4c and d), which is believed to successfully inhibit
the continuous degradation of the electrolyte. The corres-
ponding EDS mapping of elements C, N, O, F and S also
confirms the more homogeneous distribution and stronger
signal for +0.25 LiNO; electrolyte (Fig. 4e and f). The formation
of a stable CEI is further verified by the electrochemical
impedance spectra (EIS) of the Li|[NMC811 battery (Fig. 4g).
The batteries with all electrolytes demonstrate similar charge
transfer resistance (R.), but totally different interphase resis-
tance (Rcg;) values, which are 77.8 Q (+0.25 M LiNO3), 96.1 Q
(+0.5 M LiNO3) and 201.9 Q (+1 M LiNO3), respectively. This
result demonstrates that a small amount of LiNO; can form a
thin CEI layer with fast dynamics, while excessive LINO; will
increase the interfacial impedance and seriously slow down the
Li-ion diffusion at the high-voltage cathode interface.

The effect of LINO; on the composition of the CEI on the
NMC811 cathode surface is further studied by X-ray photoelec-
tron spectroscopy (XPS) (Fig. S7, ESIt).%*® Both organic and
inorganic components such as C-H, C-O, C=0, and CO;>~
derived from the decomposition of THF, and LiF, LizN, Li,O
and Li,SO, derived from the decomposition of lithium salts can
be observed in the two electrolyte systems. In particular, the
much higher C,H,NO, content in the N 1s spectrum of the THF
electrolyte system is attributed to the significant depletion of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Analysis of the cathode electrolyte interphase. HRTEM analysis of
NMC811 cathodes obtained from Li|[NMC811 batteries using THF electro-
lyte (a and b) and +0.25 M LiNOs electrolyte (c and d). (e and f) EDS maps of
elements O, C, F, N, and S on the cathode surface after cycling in the
above two electrolyte systems. (g) EIS of Li||[NMC811 batteries with
different electrolytes. In a—f, the battery with THF electrolyte underwent
the initial charge process and the battery with +0.25 M LiNO3 electrolyte
underwent the charge/discharge process for 5 cycles.

both the THF solvent molecule and FSI™ at the cathode inter-
face. In comparison, the interface product is mainly Li;N for
the +0.25 M LiNO; electrolyte system, which suggests that the
anion consumption contributes to the CEI layer. Meanwhile,
LiF is also detected on the cathode surface of NMC811 in the
system containing LiNO;. The highly uniform and integrated
CEI with the combination of highly ion conductive Li;N and
highly electron insulating LiF facilitates the ion-transport
through the CEI and prevents electron tunneling, thereby
preventing continued decomposition of the electrolyte.

In summary, we found that a small amount of NO;~ in THF
can not only enable an average CE of 99.20% for lithium plating/
stripping, but also contribute to high-voltage stability. The capa-
city retention is 90% for practical Li||[NMC811 batteries after
80 cycles. The high voltage stability of over 4.5 V is suggested to
emerge from the regulation of the electrolyte solvation structure
with the formation of a uniform CEI on the surface of the
cathode. Considering the varieties of ether-based electrolytes,
this work is anticipated to inspire more progress on developing
cost-efficient electrolytes for energy-dense LMBs.
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