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Fluorinated Carbonate Electrolyte with Superior
Oxidative Stability Enables Long-Term Cycle Stability
of Na,;3Ni; ;3Mn, 30, Cathodes in Sodium-lon Batteries

Shuilin Wu, Bizhe Su, Kun Ni, Fei Pan, Changlai Wang, Kaili Zhang, Denis Y. W. Yu,*

Yanwu Zhu,* and Wenjun Zhang*

Layered transition metal oxides are promising cathode materials for
sodium-ion batteries applicable for low-cost energy storage systems.
However, their cycle stability needs to be substantially improved to meet
the requirements of practical applications. Specifically, the issues related

to electrolyte stability and the formation of an unstable cathode—electrolyte
interface (CEIl) remain unsolved. Herein, it is shown that an electrolyte

with high fluorine content may induce a robust fluorinated CEl on

Na,;3Ni; 3Mn; 30, cathode, a representative transitional metal oxide, which
can efficiently passivate its surface and suppress continuous electrolyte
decomposition during cycling. As a result, the cells deliver a remarkably
improved rate capability and cycle stability. Density functional simulations
further validate the superior stability of fluorinated electrolyte on cathodes
with low highest occupied molecule orbital energy and high dissociation
energy barriers. This finding demonstrates the favorable role of fluorinated
electrolytes for improving the long-term cycle stability of Na,;3Ni;;sMn;;;0,

1. Introduction

With the merits of high abundance and
low cost of sodium, sodium-ion batteries
(SIBs) are emerging as a promising alter-
native to Li ion batteries, especially for
applications in large-scale grid energy
storage systems.?] In the development
of SIBs, various cathode materials have
been extensively studied, such as tran-
sition metal oxides,>® Prussian Dblue
and its analogues,'®12 polyanionic com-
pounds,3 and organic compounds;™>-"]
and the design of cathode materials has
shown great impact on the performance
of SIBs, for example, energy density,
power density, and cycle stability. Among
these materials, some layered transition

cathode toward grid-scale applications.
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metal oxides, with Na,;;Ni;;3Mn,;30, as
a representative, have intriguing charac-
teristics including high theoretical spe-
cific capacity, low cost, and inertness
against moisture.'®1] Nevertheless, the poor structural dura-
bility of Na,/3Nij;3Mn, 30, during sodiation/de-sodiation pro-
cesses is still a challenge for improving the stability of SIBs
toward practical applications, and various strategies have been
employed to tackle this challenge.?-2%l For example, Guo and
co-workers reported that substituting partial Mn sites with Ti in
Na,3Ni; 3Mn, 30, could stabilize the cathodes during cycling
and thus enable a capacity retention of 84% after 500 cycles.”’]
Zhou and co-workers stabilized Na,3Ni;;3Mn, 30, cathode with
an Al,O; protection coating layer, achieving a capacity retention
of 73% after 300 cycles.l>) Moreover, through optimizing the
range of operating voltage within 1.5-4.0 V, Fan and co-workers
revealed that the phase-transition of Na,;3Ni;;3Mn, 30, during
cycling could be effectively avoided, resulting in a high capacity
retention of up to 81% after 500 cycles.[**

Although the previous works have shown improved cycle
performance of Na,;Nij3Mn,;30,, the effects of electrolyte
decomposition and cathode—electrolyte interface (CEI) on the
cycle stability of Na,;Ni;;3Mn,;30, remain unclear.”® In par-
ticular, the CEI will inevitably crack and reform due to the
volume change of Na, 3Ni;;3Mn,;;0, during cycling, while elec-
trolyte is continuously consumed with irreversible extraction
of Na* ions from the Na,;;Ni;;3Mn;;30, material. Such influ-
ences will be exacerbated with prolonged cycles, for example,
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over thousand cycles, and greatly shorten the lifetime of the
batteries. Thus, the formation of a robust CEI and the use of
a stable electrolyte are also essential to promote the long-term
cycle stability of Na,;3Nij 3Mn, 30,

Till now, there have been only a few studies on the forma-
tion of CEI on SIB cathode surface, as compared with solid—
electrolyte interface formed on the anode side, partly because the
volume change of most cathodes during cycling is smaller than
that of anodes, and the operating voltages are in general below
the oxidation potential of electrolytes.?”) However, for cathodes
containing transition metal elements, such as Na,3Ni; 3Mn,;30,,
oxidative decomposition of electrolytes could probably be
induced even at an operation voltage lower than the oxida-
tion potential of electrolytes due to the higher catalytic activity
of transition metals. Besides, even though the volume change
of cathodes during sodiation/de-sodiation is relatively small, it
can still exert a large accumulated stress on the CEI induced by
repeated volume change after prolonged cycles, which results in
the cracking of the CEI and acceleration of electrolyte decompo-
sition. Thus, an electrolyte which is stable even at a higher opera-
tion voltage and enables the formation of a robust CEI will be
favorable for achieving long-term cycle stability of cathodes. As
compared with common carbonate solvents, fluorinated carbon-
ates theoretically have lower highest occupied molecular orbital
(HOMO) energy and therefore are more stable against oxida-
tion on cathodes.?®3! Recently, fluoroethylene carbonate (FEC)
has been utilized as an additive (3-5 wt%) in the electrolyte,
and improved performances of cathodes to a certain extent were
demonstrated in SIBs.182425] Nevertheless, it is unclear how the
FEC additive in electrolyte affects the formation of CEI because
FEC is theoretically more stable than common carbonates at the
cathode side, and such small amounts of FEC cannot ensure the
long-term cycle stability after its depletion.

In this work, the effects of the fluorinated electrolyte, that is,
1 M NaClO, in FEC (termed as FEC electrolyte), on improving
the electrochemical performance of Nay;3Nij3Mn,;30, cath-
odes in SIBs were systematically studied. It is revealed that
the FEC leads to the formation of a robust fluorinated CEI
on Nay/3Nij;3Mn, 30, that efficiently passivates the cathode
surface. Thus, the robust fluorinated CEI suppresses the con-
tinuous electrolyte decomposition and prohibits excessive for-
mation of the CEI, ensuring an efficient transport of Na ions
through the surface even with prolonged cycles. As a result,
Na,3Ni;;3Mn, 30, cathode demonstrates excellent rate capa-
bility (86% capacity retention when current density is increased
from 0.2 to 30 C) and remarkable cycle stability (87% capacity
retention after 2000 cycles at 5 C) in the FEC electrolyte, which
is superior to the performances obtained in other typical fluo-
rine-free carbonate-based electrolytes. Density functional simu-
lations further show that FEC molecule is more stable on the
cathode side with lower HOMO energy and higher dissociation
energy barriers than propylene carbonate (PC) molecule. Fur-
thermore, a full cell was constructed by using Na, ;3Niy;3Mn, 30,
as cathode and commercial hard carbon as anode in FEC elec-
trolyte; and its excellent performance (e.g., 94% capacity reten-
tion after 1000 cycles at 5 C, and 88% capacity retention when
current density is increased from 0.3 to 10 C) further validates
the feasibility of using electrolytes with fluorinated carbonates
as solvents for practical application.
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2. Results and Discussion

The Na,3Ni;;3Mn,;30, cathodes were prepared through a facile
solid-state reaction (as described in the experiment section in
supporting information); and the phase of Na,;3Nij3Mny 30,
was verified by X-ray diffraction (XRD) and transmission electron
microscopy (TEM), as shown in Figure S1, Supporting Informa-
tion. To evaluate the effects of FEC solvent on the cathode per-
formance, Naj 3Nij;3Mn,;30,-Na cells were assembled using the
FEC electrolyte and other typical fluorine-free carbonates, for
example, PC, ethylene carbonate/dimethyl carbonate (EC/DMC),
EC/PC, and ethylene carbonate/diethyl carbonate (EC/DEC) as
control. The ionic conductivity and viscosity of these electrolytes
was measured and the results are shown in Figure S2, Sup-
porting Information. Specifically, the ionic conductivity is in the
sequence of EC/DMC > EC/PC > EC/DEC > PC > FEC, while
the viscosity is in the sequence of FEC > PC > EC/PC > EC/
DEC > EC/DMC. Despite the lowest ionic conductivity yet
highest viscosity, the FEC electrolyte still enables the best electro-
chemical performance (e.g., rate capability, Coulombic efficiency,
and cycle stability) as discussed below. This result indicates that
ionic conductivity and viscosity of the electrolytes are not major
factors affecting the electrochemical performance in this work.
Similar voltage—capacity curves were obtained for all cells, as
presented in Figure 1a and Figure S3a—c, Supporting Informa-
tion, indicating the same sodiation/de-sodiation processes of
Na,3Ni;;3Mn, 30, cathodes in these electrolytes. However, the
cell with FEC electrolyte delivers an obviously higher Coulombic
efficiency for the initial cycles, as compared with the cells in flu-
orine-free carbonate-based electrolytes (Figure S3d, Supporting
Information). The observation of the highest Coulombic effi-
ciency from the cell with FEC electrolyte among all cells suggests
superior stability of FEC on the surface of Na,/;3Nij3Mny 50,
cathode that suppresses side reactions and electrolyte decom-
position during the sodiation/de-sodiation processes. Moreover,
the superior stability of FEC electrolyte is also supported by
the smaller currents at high voltage range in the cyclic voltam-
mograms of Na,;3Nij3Mn,30,-Na and Na-Al cells with FEC
electrolyte (Figures S4 and S5, Supporting Information). The
linear scan voltammograms of Na-Al cells with FEC and PC
electrolytes (Figure S6, Supporting Information) also verified
the superior cathodic stability of FEC electrolyte. The cell with
FEC electrolyte demonstrates excellent long-term cycle stability
with 87% capacity retention after 2000 cycles, outperforming
cells with other electrolytes (Figure 1b and Figure S7, Supporting
Information). From the voltage—capacity curves at prolonged
cycles (Figures S8 and S9, Supporting Information), the polariza-
tion increases much slower in the cell with FEC electrolyte than
that in cells with other electrolytes. The rapidly increasing polari-
zation in fluorine-free carbonate-based electrolytes with cycling
is attributed to successive decomposition of electrolyte and the
formation of excessive CEI that blocks the Na* transportation.?
This is consistent with rate performance tests, where cells with
FEC electrolyte also show outstanding rate capability (Figure 1c)
and low polarization at different current densities (Figure 1d,e).
Scanning electron microscopy (SEM) was employed to
investigate the change in appearance of the Na,/;Ni;;3Mn, 30,
cathode surface after different cycles (e.g., 300th, 1000th, and
2000th cycles) and the pristine electrode was also tested for
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Figure 1. Electrochemical performance of Na243Ni1/3Mn2/3OZ—Na cells cycled with PC and FEC electrolytes, respectively. a) The voltage—capacity curves

of the first two cycles at 0.3 C (1C=80 mA g~

)- b) The cycle stability of Nay;3sNiy3Mny;30; at 5 C. ) The rate performance of Nay;3Niy;sMny 30, from

0.2 to 30 C. The voltage—capacity curves of Nay/3Ni; 3Mn; 30, cycled in d) FEC and e) PC electrolytes at different current densities (0.2-30 C).

reference in Figure S10, Supporting Information. In cells with
electrolyte of IM NaClO, in PC (termed as PC electrolyte),
the surface of the Na,;3Nij;3Mn, 30, cathode is covered with
a semi-transparent CEI layer after 300 cycles (Figure 2a). The
appearance of Na,;3Ni;;3Mn, 30, grains becomes more obscure
with prolonged cycles as the CEI thickens (as discussed below)
(Figure 2b,c), which is attributed to the continuous decom-
position of electrolyte. Moreover, after 2000 cycles, cracks
are observed on the Na,/;Nij3Mn, 30, grains, which may be
attributed to the accumulatively irreversible extraction of Na
from Na,;3Niy3Mn, 30, with continuous electrolyte decom-
position (Figure 2c and Figure Slla, Supporting Informa-
tion). The continuous consumption of electrolyte and crack of
Na,3Nij 3Mn, 30, grains accelerate the capacity decay of the
cells with PC electrolyte. In comparison, the Na,3Ni;;3Mn, 30,
grains in the cells with FEC electrolyte can still be clearly seen
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after 2000 cycles (Figure 2d—f). Besides, close observations by
TEM also reveal that the Na,;Ni;;3Mn,;30, grains maintain
intact even after 2000 cycles (Figure S11b, Supporting Infor-
mation). Moreover, the XRD patterns (Figure S12, Supporting
Information) and Raman spectra (Figure S13, Supporting Infor-
mation) of the Na,;3Nij;3Mn,;;0, after 2000 cycles were the
same with those of pristine electrodes, revealing that the differ-
ences of the electrochemical performance were ascribed to the
electrolyte stability and corresponding CEI formation. These
results imply that the use of FEC electrolyte improves the sta-
bility against oxidation and effectively restrains the successive
formation of CEI on the Na,3Ni; 3Mn, 30, surface.

The chemical composition of the CEI layer on
Nay3Nij 3Mn, 30, cathodes was further investigated by
X-ray photo-electron spectroscopy (XPS) and the corre-
sponding atomic ratio was calculated in Table S1, Supporting

© 2020 Wiley-VCH GmbH
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Figure 2. SEM images of Na,3Ni; 3Mn; 30, cathodes after 300, 1000, and 2000 cycles at 5 C in a—c) PC electrolyte and d—f) FEC electrolyte.

Information. The C 1s spectrum of Nay;3Nij;3Mn,;30,
cathode cycled in the FEC electrolyte is similar to that of
pristine  Na,;3Ni; 3Mn, 30, cathode (Figure 3a), where the
peaks are ascribed to common carbonaceous groups, such as
C—C (2843 eV), C—O (285.5 eV), C=0O (2874 eV), and C—F
(290.0 eV). In contrast, the Nay;3Nij;3Mn, 30, cathode cycled
in the PC electrolyte shows a higher intensity of the peaks
assigned to C=0 and C—O groups, which is considered to
be ascribed to the decomposition of electrolyte. For the O 1s
spectra (Figure 3b), the Na,;3Nij;3Mn,;30, cathode cycled in
the FEC electrolyte exhibits a slightly decreased peak intensity

assigned to metal—oxygen bond (M—O, =530.0 eV) and higher
peak intensity assigned to C—O group (=531.0 eV), in compar-
ison with that of pristine Na,;;Ni; sMn, 30, electrode. Besides,
a weak peak (535.6 eV) ascribed to O—F bonds is observed
on the Na,;3Ni;;3Mn, 30, cathode cycled in FEC electrolyte. For
the Na,;3Nij3Mn,;30, cathode cycled in PC electrolyte, only
two peaks assigned to C—O and C=O groups are observed
in the O 1s spectrum. Such results disclose that both PC and
FEC solvents undergo decomposition on the Naj 3Ni;;3Mn, 30,
cathode, and the decomposition of PC is more severe than that
of FEC. Besides, the F 1s spectra (Figure 3c) and its high atomic
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Figure 3. Characterization of the CEl on the Nay/3Ni;;3Mny;30, cathodes in PC and FEC electrolytes. XPS spectra of Na,3NiysMn; 30, cathodes; a) C
1s spectra, b) O 1s spectra, and c) F 1s spectra. The corresponding TEM images of Na,;3Ni; 3Mn, 30, cathodes cycled in d) FEC electrolyte and e) PC

electrolyte.
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Figure 4. Electrochemical impedance spectra of Na,;Ni; ;3Mn; 30, cathodes and corresponding schematic illustration. a) The Nyquist curves of elec-
trodes after 50, 100, 200, and 300 cycles at 5 C in FEC and PC electrolytes. The inset summarizes the charge transfer resistances of the electrodes after
different cycles. b) Schematic illustration of the CEI formation on Nay;3Ni;3Mny;30; grains after cycling in FEC and PC electrolytes.

content (Table S1, Supporting Information) indicate that FEC
formed a fluorinated CEI on the Na,;;Ni;3Mn,;30, cathode.
TEM images further reveal a much thinner CEI layer formed
on the Na, 3Ni;;3Mn, 30, cathode after 10 cycles at 0.3 C in FEC
electrolyte (=8 nm, Figure 3d) than that formed in PC electrolyte
(=43 nm, Figure 3e). Based on the XPS and TEM results above,
it can be concluded that the CEI layers in both PC and FEC
electrolytes are derived from electrolyte decomposition, and the
fluorinated CEI layer formed in the FEC electrolyte is thinner
and more stable than that formed in PC electrolyte, which
reduces the excessive decomposition of the electrolyte and ena-
bles a much improved cycle stability of the cathodes.[3%:32:33]

To verify this conclusion, electrochemical impedance spec-
troscopy (EIS) was also conducted to study the impedance varia-
tion of the samples after 50, 100, 200, and 300 cycles at the fully
discharged state. From the Nyquist curves (Figure 4a), the inter-
facial resistance of the cells with FEC electrolyte after 50 cycles
is 234 Q, slightly higher than that of the cells with PC electro-
lyte (197 Q). With increasing cycles, the interfacial resistances
of the cells with FEC electrolyte decrease to 154, 135, and 109 Q
after 100, 200, and 300 cycles, respectively; whereas the interfa-
cial resistances of the cells with the PC electrolyte increase to
251, 264, and 358 Q, respectively, under the same condition. The
gradual decrease in interfacial resistance of the half cells with
FEC electrolyte is consistent with the small change in polariza-
tion with prolonged cycles (Figure S8a, Supporting Informa-
tion). In contrast, the increased interfacial resistances of the cells
with PC electrolyte are associated with the considerably raised
polarization after prolonged cycles as shown in Figure S8b, Sup-
porting Information. Moreover, the slope of the linear region in
the Nyquist curves of the cells with the FEC electrolyte slightly
increased and then maintained unchanged after 100 cycles,
indicating that the ion diffusivity does not change much. In
contrast, the slope of the linear region in the Nyquist curves of
the cells with the PC electrolyte gradually decreased with pro-
longed cycles, revealing a decrease in ion diffusivity. This is
also consistent with the reaction of PC electrolyte with the elec-
trode with increased cycles. Besides, the galvanostatic intermit-
tent titration technique was employed to study the diffusion
kinetics of Na* cations in bulk phase and the results depicted
the same diffusion kinetics in bulk phase during charging/
discharging process in PC and FEC electrolytes with the similar
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curves (Figure S14, Supporting Information). The cycle stability
of Na,3Ni;;3Mn, 30, was also evaluated in PC electrolyte with
different contents of FEC at 0.5 and 5 C, respectively; and the
results showed that the cycle stability of the cells increased with
the FEC content (Figures S15 and S16, Supporting Information).
Herein, the continuous decomposition of the PC electrolyte on
the Na,;3Nij;3Mn, 30, surface results in a thick CET layer that
blocks Na* transportation, finally causing sluggish kinetics and
accelerating capacity decay (Figure 4b, bottom panel). On the
contrary, the FEC electrolyte induces the formation of a robust
fluorinated CEI that can effectively passivate the cathode surface
and suppress further decomposition of electrolyte, and ensures
long-term cycle stability and excellent rate performance due to
the rapid Na* transportation through the CEI, as illustrated in
Figure 4b (upper panel).?#3°]

To understand the origin of the superior stability of FEC
electrolyte on the cathode side, simulations based on den-
sity functional theory (DFT) in combination with ab-initio
molecular dynamics (AIMD) were conducted. The detailed
simulation methods are described in the Experiment Section,
Supporting Information. Based on the AIMD results under
the NVT ensemble, the solvation structures of 1 m NaClO,
in FEC and PC were investigated and the pair distribution
functions (g(r)) of Na—O and Na—O&F pairs are summarized
in Figure 5a. By integrating g(r) in the first contact layer, the
coordination number of Na—O pairs in PC is estimated to be
=5, and the coordination number of Na-O and Na-F pairs
together in FEC is calculated to be =6. Due to the dynamic
evolution of the geometrical structure of coordinated Na-PC/
FEC complexes during AIMD simulation, the energy band
fluctuates. Thus, 100 structures are sampled from AIMD
simulation and 13 NaClO,-PC complexes and 24 NaClO,-FEC
complexes are identified with unrepeated coordination con-
figurations from these obtained structures, as shown in
Figures S17 and S18, Supporting Information. Moreover,
based on these structures (Figures S19 and S20, Supporting
Information), frontier molecule orbital theory was employed
to analyze the variation of the lowest unoccupied molecule
orbital (LUMO) and HOMO after solvation. The LUMOs and
HOMOs of isolated PC, FEC, and NaClO, molecules were
also calculated as references. From Figure 5b, the HOMOs of
both FEC-NaClO, complexes and PC-NaClO, complexes are

© 2020 Wiley-VCH GmbH
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Figure 5. Simulation results based on DFT combined with AIMD. a) The paired distribution functions between Na atoms and O atoms in PC, and
between Na atoms and O and F atoms together in FEC, respectively. b) Frontier molecular orbital theory analysis for the FEC-NaClO, complexes and
PC-NaClO, complexes, compared with single molecule. The brown, red, yellow, purple, green, and light blue balls are denoted as carbon atoms, oxygen
atoms, hydrogen atoms, sodium atoms, chlorine atoms, and fluorine atoms, respectively. c) The Gibbs energy change of the dissociation reactions of
PC and FEC molecules with one electron hole injection or under neutral condition.

up-shifted and the LUMOs are down-shifted, compared with
those of isolated PC and FEC molecules. This indicates that
the solvation with NaClO, reduces the electrolyte stability on
both cathode and anode sides. And the lower HOMO of the
FEC-NaClO, complexes than that of PC-NaClO, complexes is
suggestive of the superior oxidative stability of the FEC elec-
trolyte. In addition, the calculation of the charge differential
density also showed that the solvation effect made the PC/
FEC molecules easy to lose electrons, as shown in Figure S21,
Supporting Information.

Furthermore, the dissociation energy barriers of PC and FEC
molecules under cathodic charged condition were also calcu-
lated to get a better understanding of the dynamic factors of
their decomposition on the cathode side. Many possible path-
ways were reported for the oxidative decomposition reaction
previously, and the energy-favored pathway with the formation
of CO, was considered in this work.?®¥] From Gibbs energy
change of the decomposition reaction path (Figure 5c¢), the
decomposition reactions have a relatively large barrier at neu-
tral condition, which is 2.78 eV for FEC and 2.41 eV for PC,
respectively. The interaction between FEC and PC molecules
and the cathode can be simulated by injecting one electron hole
into the system, and the dissociation energy barriers become
much lower, 0.98 eV for FEC and 0.70 eV for PC. In addition,
the reaction becomes exothermic under the cathodic condition,
which is energetically favorable. These results suggest that PC
molecules are less stable than FEC molecules on the cathode
side, and thus undergo severe decomposition.

The feasibility of using the FEC electrolyte in full cell by
pairing Nay3Nij;3Mn, 30, cathode with commercial hard
carbon anode was demonstrated, as illustrated in Figure 6a;
and the cell with PC electrolyte was also tested as reference.
Figure 6b shows the cycle stability of the full cells cycled at
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5 C (i.e., 400 mA g based on cathode mass) within a voltage
range of 2.0-3.8 V. The full cells in FEC electrolyte maintain a
capacity retention of 94% after 1000 cycles, whereas only 10%
of the initial capacity is retained in PC electrolyte. Meanwhile,
the full cells in the FEC electrolyte also deliver superior rate
capability and smaller polarization than those in PC electrolyte
(Figure 6c—e), which are consistent with the half-cell results.
Since the electrolyte has minor effect on the electrochemical
performance of the hard carbon anode based on results in half
cells (Figure S22, Supporting Information), the improvement
in the full cell performance is ascribed to the cathode side.

3. Conclusion

In summary, the rate capability and long-term cycle stability
of Na,;3Ni;;3Mn, 30, cathode can be remarkably improved by
adopting FEC electrolyte, as oppose to common carbonate-
based electrolytes. The FEC electrolyte is revealed to be more
stable against oxidation, inducing a robust fluorinated CEI
that effectively passivates the surface of Na,;Nij;3Mn, 50,
cathodes, and thus enabling the substantially enhanced elec-
trochemical performance. Furthermore, simulations based on
DFT and AIMD confirm that solvation with NaClO, affects the
stability of the FEC and PC molecules, and the FEC molecules
are more stable on the cathode side because of their lower
HOMO energy and higher dissociation energy barriers. By
using FEC electrolyte, Na,;;Nij3Mn,;30, cathodes deliver
outstanding rate capability and cycle stability, that is, 86%
capacity utilization as the current density is increased from
0.2-30 C, and 87% capacity retention after 2000 cycles at 5 C.
In full cells coupled with a commercial hard carbon anode,
88% capacity utilization is achieved as the current intensity

© 2020 Wiley-VCH GmbH
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Figure 6. Electrochemical performance of Na,;3Ni; 3Mn, 30,-hard carbon full batteries. a) Schematics of the Nay/3Ni;;3Mny30,-hard carbon full cell.
b) Cycle performance of the full cells with the FEC electrolyte and PC electrolyte at 5 C (1 C = 80 mA g™, based on the mass of cathode materials).
c) Rate performance of the full cells with the FEC electrolyte and PC electrolyte. d,e) Charge—discharge curves of the full cells with FEC (d) and PC (e)

electrolytes.

is increased from 0.3 to 10 C, and 94% capacity retention is
obtained after 1000 cycles at 5 C. These results further validate
the feasibility of using FEC electrolyte for practical applica-
tions. This work highlights the importance of the electrolyte
solvent and the associated CEI formation on the long-term
cycle stability of cathodes, which is essential for developing
high performance SIBs toward low-cost and durable grid-scale
energy storage system.
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