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ABSTRACT: Silicon-based materials have been regarded as the most
promising anodes for high-energy batteries, when combined with
high- voltage/capacity nickel-rich layered cathodes. However,
challenges arise from unstable electrode/electrolyte interphases on
the anode and cathode as well as from safety hazards associated with
highly flammable commercial electrolytes. Herein, we rationally
design a nonflammable cyclic phosphate-based electrolyte to tune the
electrode/electrolyte interphase components by controlling the
reduction of a cyclic phosphate and Li salt. This strategy enables
the electrolyte to form a highly elastic, robust inorganic−polymeric
interphase on microsized silicon-based anodes that can accommodate
the immense volume changes. Furthermore, by generating a stable
polymeric interphase on the surface of the cathode as well, a SiO|
LiNi0.6Mn0.2Co0.2O2 cell demonstrated an extremely high energy
density of ∼590 Wh·kg−1 with 71.4% capacity retained over 300 cycles and high Coulombic efficiency of 99.9%. This interfacial
regulation strategy is of vital importance for designing new electrolytes for high-energy-density batteries.

Lithium-ion batteries (LIBs) have dominated consumer
electronics because of their high energy densities and
long-term cycle lives.1,2 To fulfill the energy storage

demand for massive applications like electric vehicles,
increasing the energy density of LIBs is desperately needed,
which largely relies on the use of high- voltage/capacity
cathodes, high-capacity anodes, and compatible electrolytes.3−5

In recent years, tremendous efforts have been devoted
toward exploring high- voltage/capacity cathode materials,6−8

such as LiCoPO4, LiCoMnO4, LiNi0.5Mn1.5O4, and especially
LiNixMnyCozO2 (NMC, x + y + z = 1) layered oxides, where
NMC has been considered as the most promisingreplacement
for LiCoO2 because of its high capacity and favorable
electrochemical stability.7 Particularly, Ni-rich NMC (x ≥
0.5) cathodes with high Ni and low Co content,7,9 such as
LiNi0.6Mn0.2Co0.2O2 (NMC622) and LiNi0.8Mn0.1Co0.1O2
(NMC811), contribute to an increased capacity and reduced
cost and have thus attracted a great deal of attention in both
academia and industry. Furthermore, a significantly higher
capacity could be achieved by elevating the cutoff voltage. For
instance, the discharge capacity of the NMC622 cathode has
often been reported to exceed 200 mAh g−1 when charged to

over 4.6 V.10,11 Unfortunately, Ni-rich NMC cathodes
generally suffer from structural and thermal instabilities that
lead to poor cycling performance and fire accidents, and these
problems worsen at higher cutoff voltages.7,9 In addition, high-
voltage operation does not exclusively depend on the features
of the cathode material but also largely on the electrolyte. The
conventional carbonate-based electrolyte is anodically unstable
when charged over 4.4 V, causing solvent decomposition and
transition-metal dissolution from the cathode and resulting in
significant capacity fading.12,13

As for high-capacity anodes, silicon (Si)-based materials are
the most promising replacement because of their high
theoretical capacities and low operating potentials (i.e., ∼0.2
V versus Li/Li+).14−17 However, Si-based anodes experience

Received: March 10, 2021
Accepted: April 12, 2021
Published: April 15, 2021

Letter

http://pubs.acs.org/journal/aelccp

© 2021 American Chemical Society
1811

https://doi.org/10.1021/acsenergylett.1c00514
ACS Energy Lett. 2021, 6, 1811−1820

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 S

C
IE

N
C

E
 A

N
D

 T
E

C
H

N
O

L
O

G
Y

 C
H

IN
A

 o
n 

Ja
nu

ar
y 

9,
 2

02
3 

at
 1

2:
27

:0
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaoxiong+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuping+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhongliang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Norio+Takenaka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanqin+Zou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenting+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenting+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mingcong+Du"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu-Jia+Hong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rui+Shang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eiichi+Nakamura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yue-Peng+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Qian+Lan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qifeng+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qifeng+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuki+Yamada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Atsuo+Yamada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsenergylett.1c00514&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00514?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00514?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00514?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00514?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.1c00514?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aelccp/6/5?ref=pdf
https://pubs.acs.org/toc/aelccp/6/5?ref=pdf
https://pubs.acs.org/toc/aelccp/6/5?ref=pdf
https://pubs.acs.org/toc/aelccp/6/5?ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsenergylett.1c00514?rel=cite-as&ref=PDF&jav=VoR
https://http://pubs.acs.org/journal/aelccp?ref=pdf
https://http://pubs.acs.org/journal/aelccp?ref=pdf


immense volume expansion and shrinkage upon cycling, which
cause mechanical fracture of the anode particles, loss of electric
contact, and excessive growth of the solid-electrolyte
interphase (SEI), leading to a low cycling Coulombic efficiency
(CE) and poor cycling life.17−19 Intensive research has been
dedicated to addressing these issues. For instance, various
nanostructured Si-based materials,15−17,19−21 such as nano-
wires, nanoparticles, nanocomposites, and core−shell struc-
tures, have been shown to effectively enhance the battery
performance in half-cells. However, the complicated prepara-
tion processes, high costs, and low CEs associated with
nanostructured designs make these strategies inadequate for
industrial applications. Furthermore, various functional bind-
ers22−25 with superelasticity and self-healing properties have
demonstrated their capability to alleviate the pulverization and
maintain the integrity of Si-based electrodes. Unfortunately,
the use of solely functional binders generally cannot meet the
industrial requirements for practical applications.22

Therefore, in addition to these electrode treatments, many
research efforts toward electrolytes and additives have also
been carried out to further boost the CEs and capacity
retentions.22,26,27 Vinylene carbonate (VC) and fluoroethylene
carbonate (FEC) are the most well-known and studied
additives for Si-based anodes in LIBs because they significantly
enhance the cycling performance.28−31 Nevertheless, the SEI
generated by FEC or VC is not robust enough to bear the
immense volume changes of Si-based anodes, especially for
microsized samples, and thus yield unsatisfactory CEs (i.e., <
99.8%) during cycling.32,33 Very recently, Wang’s group34

formulated a 2.0 mol dm−3 (M) LiPF6−mixed tetrahydrofuran
(THF) electrolyte that forms an LiF−organic bilayer SEI on
microsized Si anodes, enabling 400 stable cycles with a CE of
>99.9%. However, the poor oxidative stability of THF above

4.2 V will largely hinder the application of this electrolyte to
high-voltage cathodes. Furthermore, the low boiling points and
high flammability of THF, as well as conventional carbonate-
based electrolytes, may give rise to additional safety issues
under certain extreme conditions.35−37 Therefore, it is in high
demand to develop a highly oxidative-stable and nonflammable
electrolyte that can form a robust SEI to hold the immense
volume changes of Si-based anodes, as well as an effective
cathode electrolyte interphase (CEI) to inhibit the structural
collapse and transition-metal dissolution of high-voltage/
capacity cathodes.
Herein, we report a new electrolyte design strategy in tuning

SEI components that allows for the stable operation of Si-
based electrodes in a nonflammable electrolyte, which is
formulated by dissolving 0.93 M lithium bis(fluorosulfonyl)-
imide (LiFSI) in a mixture of 2-(2,2,2-trifluoroethoxy)-1,3,2-
dioxaphospholane 2-oxide (TFEP)/2,2,2-trifluoroethyl methyl
carbonate (FEMC)/1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluor-
opropyl ether (HFE) (1:3:1 by volume). As shown in Scheme
1, the fluorinated cyclic phosphate (i.e., TFEP) solvent
contributes to the formation of a highly elastic polymeric
interphase, and the nonsolvating hydrofluoroether (i.e.,
HFE)38 intensifies the Li+−FSI− association. This facilitates
the formation of additional FSI− anion-derived inorganic
interphase that is mechanically robust, thus building a highly
elastic and robust inorganic−polymeric SEI. Furthermore, the
stable operation of Ni-rich NMC622 cathodes and SiO|
NMC622 full cells at a high cutoff voltage was realized with the
proposed strategy owing to the efficient prevention of
electrolyte oxidation, Al corrosion, and transition-metal
dissolution.
Conventional carbonate-based electrolytes are highly flam-

mable therefore usually give rise to fire accidents.35,39 Organic

Scheme 1. Safe Electrolyte Design for High-Capacity Si-Based Anodesa

aReduction of a fluorinated cyclic phosphate (i.e., TFEP) forms a highly elastic polymeric SEI. To increase the mechanical toughness of the
polymeric SEI, a non-solvating hydrofluoroether (i.e., HFE) is introduced, which intensifies the Li+−FSI− association and promotes the reduction
of FSI−, thereby generating additional FSI− anion-derived inorganic components and leading to a highly elastic and robust inorganic−polymeric
SEI.
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phosphates, such as trimethyl phosphate and hexamethylphos-
phoramide, are recognized for their nonflammable character-
istics because phosphorus can act as a trapping agent for
hydrogen radicals.40,41 Unfortunately, linear organic phos-
phates fail to generate a valid SEI on the anode (e.g., graphite
or Si-based anodes), leading to poor battery performance; thus,
they have been excluded from battery electrolytes unless
employed in high concentrations.42 Very recently, we
synthesized a fluorinated cyclic phosphate solvent molecule,
TFEP, which has both intrinsic nonflammability and excellent
SEI-forming capability on graphite anodes.43 In addition to
some inorganic species, the SEI formed by this cyclic
phosphate-based electrolyte mainly consists of polyphos-
phoesters, a type of elastomer that is highly elastic,44 which
may be able to accommodate the significant volume changes of
Si-based electrodes.
To enhance the mechanical strength of the TFEP-derived

SEI, a nonsolvating hydrofluoroether (i.e., HFE)45 was
employed as a cosolvent. HFE was expected to increase the
fraction of contact ion pairs (CIPs) and aggregates (AGGs) of
LiFSI, thereby inducing the contribution of FSI− anions to the
SEI46 (Scheme 1). The optimized electrolyte is composed of
0.93 M LiFSI salt in a mixed solvent of TFEP, FEMC, and
HFE (1:3:1 by volume) to maintain an identical salt-to-solvent
molar ratio of 1:8 (0.93 M LiFSI in TFEP/FEMC/HFE).
Because we maintained a salt-to-solvent (all solvent) molar
ratio at 1:8 for both cyclic phosphate-based electrolyte, which
makes the LiFSI: TFEP: FEMC: HFE molar ratio
1:1.58:5.06:1.36 in 0.93 M LiFSI in TFEP/FEMC/HFE
electrolyte and the LiFSI: TFEP: FEMC molar ratio
1:1.90:6.10 in 0.95 M LiFSI in TFEP/FEMC electrolyte.
Indeed, the Raman band at 1210−1230 cm−1 matching to

the coordination states of the FSI− anion47 shifted to a higher
wavenumber with the addition of HFE (Figure S1), which
suggests that the Li+−FSI− association was intensified as a
result of the accumulation of CIPs and AGGs. In these ion-
paired states, the electron of the FSI− is partially donated to
Li+, which may raise the reduction potential of FSI− and
thereby promote its reductive decomposition to produce
additional FSI− anion-derived inorganic interphase.46 Together
with the highly elastic polymeric component offered by TFEP,
a highly elastic and robust inorganic−polymeric SEI could be
realized that can sustain the stable cycling of Si-based anodes.
Oxidative stability is the most important criterion in

designing electrolytes for high-voltage cathodes. Of TFEP,
FEMC, and HFE as the employed solvents and ethylene
carbonate (EC), ethyl methyl carbonate (EMC), and dimethyl
carbonate (DMC) as common electrolyte solvents, HFE has
the highest oxidative stability according to the density
functional theory (DFT) calculations (Table S1). Further-
more, as has been demonstrated in locally concentrated
electrolytes with diluent HFE,48−50 the nonsolvating HFE
would also strengthen the coordination of TFEP and FEMC to
Li+, thus further enhancing their oxidative stability. Linear
sweep voltammetry (LSV) was employed to study the
oxidative stability of the electrolyte (Figure S2). A dramatic
oxidation current at 4.4 V was observed for 1 M LiPF6 in EC/
DMC, corresponding to oxidative decomposition of the
carbonate solvents. The oxidation potentials were postponed
to ∼ 4.9 V for the 0.95 M LiFSI in TFEP/FEMC and further
improved to ∼5.1 V for the 0.93 M LiFSI in TFEP/FEMC/
HFE electrolyte, which was attributed to fluorine substitution
(i.e., −F and −CF3) significantly lowering the highest occupied

molecular orbitals (HOMOs) of the solvents (Table S1),51 as
well as the diluent effect of HFE.
To elucidate the effect of the HFE cosolvent on the

solvation structure, two cyclic-phosphate-based electrolytes,
namely, 0.95 M LiFSI in TFEP/FEMC (60LiFSI + 114TFEP
+ 366FEMC) and 0.93 M LiFSI in TFEP/FEMC/HFE
(60LiFSI + 95TFEP + 304FEMC + 82HFE), were studied by
molecular dynamics (MD) simulations (Figure 1). The radial

distribution functions of the Li−OFSI, Li−OTFEP, Li−OFEMC,
and Li−OHFE pairs were calculated and are shown in Figure 1c.
A distinct peak for Li−O was assigned at 2.05 Å for the Li−
OFSI, Li−OTFEP, and Li−OFEMC pairs in both cyclic phosphate-
based electrolytes, for which the peak intensities were stronger
in the presence of HFE (i.e., 0.93 M LiFSI in TFEP/FEMC/
HFE). Meanwhile, HFE was found to barely coordinate with
Li+, demonstrating its nonsolvating feature. Notably, the
coordination number of FSI− anion (the first coordination
sphere of oxygen) increased from 2.20 to 2.33 with the
addition of HFE, which agrees well with the experimental
trend of higher wavenumber in the Raman spectra (Figure S1).
This clearly indicates that the addition of nonsolvating HFE
not only promotes the ion pairing of Li+−FSI−, which may

Figure 1. Theoretical studies of solvation structures. MD
simulation snapshots of (a) 0.95 M LiFSI in TFEP/FEMC and
(b) 0.93 M LiFSI in TFEP/FEMC/HFE electrolytes at 298 K. (c)
Radial distribution functions g(r) of Li−OFSI, Li−OTFEP, Li−
OFEMC, and Li−OHFE pairs calculated from MD simulations at 298
K in the two electrolytes. Compared with 0.95 M LiFSI in TFEP/
FEMC, adding the HFE cosolvent not only promotes the
formation of Li+−FSI− ion pairs, which may contribute to
additional FSI− anion-derived inorganic interphase, but also
promotes the coordination of both TFEP and FEMC to Li+,
which enhances the oxidative stability.
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contribute to additional FSI− anion-derived inorganic inter-
phase, but also promotes the coordination of both TFEP and
FEMC to Li+ that enhances their oxidative stability (Figure
S2). This further supports our electrolyte design rationale for
simultaneously realizing a robust interphase and high oxidative
stability.
Si-based (i.e., SiO or Si) electrodes with a particle size of 1−

5 μm were used to investigate the electrochemical performance
of various electrolytes. Polyamide imide (PAI), which has been
reported to provide better interfacial adhesion, was chosen as
binder for Si-based electrode. As shown in Figure S6, the SiO|
Li cell using 0.93 M LiFSI in TFEP/FEMC/HFE delivered an
initial capacity of ∼1680 mAh g−1 with a CE of 79.0% at 0.05
C, which is slightly higher than those obtained using 0.95 M
LiFSI in TFEP/FEMC and 1 M LiPF6 in EC/DMC (77.1%
and 74.7%, respectively). Furthermore, as shown in Figure 2,
the SiO|Li cell with 0.93 M LiFSI in TFEP/FEMC/HFE
retained 83.1% capacity over 200 cycles at 0.2 C with a high
average CE of ∼99.9%, which exceeds those obtained with 0.95
M LiFSI in TFEP/FEMC (∼99.8%) and 1 M LiPF6 in EC/
DMC (98.8%). Furthermore, as shown in Figure S8, even with
5 vol % FEC as additive in 1 M LiPF6 in EC/DMC, the SiO|Li
cell retained only 31.8% capacity over 200 cycles with highly
fluctuated CE, indicating unstable interphase on the micro-
sized SiO particles that are more prone to mechanical failure.
In addition, the SiO|Li cell with 0.93 M LiFSI in TFEP/
FEMC/HFE also showed decent rate performance, as 47.7%
capacity was maintained at 2 C (Figure S9).
The composition of the SEI is of vital importance for the

electrochemical performance of SiO electrodes and was thus
carefully investigated by X-ray photoelectron spectroscopy
(XPS) (Figure 3a). The SEI formed from 1 M LiPF6 in EC/
DMC was mainly composed of Li-carbonate (Li2CO3), Li-alkyl
carbonates (ROCO2Li), and Li-alkoxides (ROLi) resulting
from EC reduction.52 As has been widely demonstrated in

previous studies26,27 and by our results (Figure 2), such an EC-
derived SEI is unstable and too rigid to tolerate the volumetric
stress during delithiation (Figure 3b), leading to its rupture
and breakdown into separate pieces. Thereafter, fresh SiO
surface is exposed to the electrolyte, causing continuous
growth and thickening of the SEI and consumption of the
electrolyte,26,32 as evidenced by both transmission and
scanning electron microscopy (TEM and SEM) images
(Figures 3d and S10b) acquired after 100 cycles. Furthermore,
the TEM EDS mapping images show that the pulverized SiO is
enveloped in a thick SEI containing elements mainly of C and
O (Figure S11a).
As for the SiO electrodes in 0.95 M LiFSI in TFEP/FEMC

and 0.93 M LiFSI in TFEP/FEMC/HFE, a sharp peak at 684.9
eV corresponding to LiF was present in the F 1s spectra. LiF,
with its low electronic conductivity, large bandgap, and high
electrochemical stability, has been proposed to be an excellent
SEI component for various anodes, such as graphite,47

silicon,34 and Li metal.53 Furthermore, the O 1s spectra
showed a clear peak at 528.3 eV corresponding to lithium
oxide (Li2O), which may be generated by TFEP or LiFSI and
could serve as a buffer component to sustain the volume
changes upon cycling.54 Characteristic peaks corresponding to
CF3 were detected in both the C 1s and F 1s spectra. P-
containing compounds (i.e., POy) were detected in the P 2p
spectra, which could be assigned to LixPOy and polyphos-
phoesters. This is consistent with the electrospray ionization−
quadrupole time-of-flight mass spectrometry (ESI-Q-TOF-
MS) results, of which the phosphate oligomer species are
indentified as SEI components (Figure S12 and Table S2). On
this basis, we assume that TFEP is reduced to produce LiF,
Li2O, LixPOy, and polyphosphoesters. To the best of our
knowledge, this is the first finding of such an SEI derived from
a nonflammable phosphate solvent that can sustain the stable
cycling of Si-based electrodes with a reasonably high CE

Figure 2. Electrochemical performance of SiO electrodes. (a) Cycling performance of the SiO|Li half-cells using 0.93 M LiFSI in TFEP/
FEMC/HFE, 0.95 M LiFSI in TFEP/FEMC, and 1 M LiPF6 in EC/DMC at 0.2 C after three formation cycles at 0.05 C. Selected charge−
discharge curves for the half-cells at 0.2 C with (b) 0.93 M LiFSI in TFEP/FEMC/HFE and (c) 1 M LiPF6 in EC/DMC. The first charge−
discharge curves are shown in Figure S6.
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(99.8%, Figure 2), which has never been achieved for other
types of phosphate-based electrolytes, unless they are
employed at high concentrations and/or SEI-forming additives
are added.29

Furthermore, sulfur compounds, including SO2, SOx, and
sulfide, were detected on the SiO electrodes in both LiFSI
electrolytes resulting from the decomposition of LiFSI, where
the peak intensities were much stronger for SiO with 0.93 M
LiFSI in TFEP/FEMC/HFE. This phenomenon is attributable
to the nonsolvating effect of HFE, which intensifies the Li+−
FSI− association because of the accumulation of CIPs and
AGGs. This increases the reduction potential of FSI− and the
proportion of FSI− anion-derived robust components55

(mainly sulfur compounds and LiF) in the SEI. In addition,
these inorganic components (i.e., LiF, Li2O, LixPOy, and sulfur
compounds) may serve as nanofillers to enhance the
mechanical strength of the elastic polymeric components
(i.e., polyphosphoesters), thus building a highly elastic and

robust inorganic−polymeric SEI (Figure 3c). As shown in the
TEM image (Figure 3e) as well as EDS mapping images
(Figure S11b), the SiO cycled with 0.93 M LiFSI in TFEP/
FEMC/HFE is covered with a very thin and robust SEI layer
that is enriched with F, P, O, and S, which can effectively
sustain the immense volume changes of microsized SiO upon
cycling, enabling the stable cycling of SiO electrodes with a
high CE (99.9%, Figure 2).
To further clarify the synergistic effect of TFEP- and FSI−

anion-derived SEI compositions, we first replace the cyclic
phosphate TFEP with a common fire-retardant linear
phosphate TMP to prepare a LiFSI in TMP/FEMC/HFE
electrolyte, with an identical salt-to-solvent molar ratio of 1:8.
As shown in Figure S14, the SiO|Li cell using LiFSI in TMP/
FEMC/HFE (i.e., without TFEP solvent) delivered an
extremely poor cycling performance with fluctuated CE,
indicating the failure to produce an effective interphase on
the SiO, which in turn suggests the importance of the TFEP

Figure 3. SEIs on SiO electrodes. (a) High-resolution C 1s, F 1s, O 1s, P 2p, and S 2p XPS spectra of SiO electrodes cycled three times in
0.93 M LiFSI in TFEP/FEMC/HFE (red), 0.95 M LiFSI in TFEP/FEMC (blue), and 1 M LiPF6 in EC/DMC (black). Schematic illustrations
of SEIs on an SiO particle derived from (b) 1 M LiPF6 in EC/DMC and (c) 0.93 M LiFSI in TFEP/FEMC/HFE. In the conventional EC-
based electrolyte, an SEI mainly consisting of Li2CO3, ROCO2Li, and ROLi forms at the first lithiation, which is too rigid to tolerate the
volumetric stress during delithiation. On the other hand, the SEI generated by the cyclic phosphate/hydrofluoroether-based electrolyte is
mainly composed of Li2O, LiF, LixPOy, sulfur compounds, and polyphosphoesters, which is highly elastic and robust and can sustain the
volume changes of SiO upon cycling. TEM images of the SiO electrodes after cycling in (d) 1 M LiPF6 in EC/DMC and (e) 0.93 M LiFSI in
TFEP/FEMC/HFE for 100 cycles. The distance between two lines represents the thickness of the SEI, which clearly shows that the SEI
formed in 0.93 M LiFSI in TFEP/FEMC/HFE is much thinner than that in 1 M LiPF6 in EC/DMC electrolyte. The white scale bar
represents 50 nm.
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solvent. We then replace the LiFSI with LiPF6 salt to prepare a
LiPF6 in TFEP/FEMC/HFE electrolyte, namely, excluding the
contribution from FSI− anion-derived SEI compositions. As
shown in Figure S15, the cell using a LiPF6 in TFEP/FEMC/
HFE electrolyte retained 51.2% capacity after 200 cycles at 0.2
C, suggesting that the derived SEI can sustain the cycling of
microsized Si-based anodes to a certain extent, whereas such
an SEI derived from TFEP solvent and LiPF6 salt is not robust
enough. Furthermore, LiPF6 suffers from a thermal/chemical
instability resulting in the generation of pentafluorophosphor-
ane (PF5) and hydrogen fluoride (HF), which may decompose
the solvents, thereby degrading battery performance. With
synergestic contribution from TFEP solvent and FSI− anion, a
highly elastic and robust composite SEI (composed mainly of
LiF, Li2O, LixPOy, sulfur compounds, and polyphosphoesters)
was built, which could sustain the immense volume changes of
the Si-based anode, as demonstrated by excellent capacity
retention and high CE (i.e., 99.9%) in our designed electrolyte
(Figure 2), namely, 0.93 M LiFSI in TFEP/FEMC/HFE.
To further demonstrate the superiority of our designed

electrolyte, we tested the SiO anode with a high areal mass
loading of ∼3.5 mg cm−2, corresponding to a high areal
capacity of ∼5.6 mAh cm−2. As shown in the Figure S16, the
SiO|Li cell with 0.93 M LiFSI in TFEP/FEMC/HFE retained
70.7% capacity after 200 cycles at 0.2 C. Furthermore, the
designed electrolyte also enables good cycling performance for
the microsized Si anode, which suffers from even larger volume
expansion (up to 300%). The preliminary Si|Li cell with 0.93
M LiFSI in TFEP/FEMC/HFE maintained 85.2% capacity
after 100 cycles, whereas only 5.9% and 50.3% remained after
60 cycles using conventional 1 M LiPF6 in EC/DMC and with
5% FEC additive, respectively (Figure S17).
The Ni-rich NMC622 layered material is one of the standard

cathodes for high-energy LIBs. Elevating charging cutoff
voltage for layered cathodes dramatically increases its energy
density but exacerbates the generation of microcracks, causing
structural collapse that disconnects the electrical pathways and
significantly deteriorates the electrochemical perform-
ance.9,11,56 Moreover, the safety concerns of Ni-rich cathodes
in highly flammable commercial electrolytes have become
critical, particularly when they are overcharged and release
oxygen that causes thermal runaway and fire hazards.37,39

Motivated by our previous work showing that cyclic
phosphates can generate a superior polyphosphoester-based
CEI on cathodes, as well as an F-rich passivation layer on Al
current collectors to suppress Al corrosion,43 the electro-
chemical performance of an NMC622 cathode was inves-
tigated up to an aggressive cutoff voltage of 4.6 V. As shown in
Figure 4, the NMC622|Li cell with 0.93 M LiFSI in TFEP/
FEMC/HFE delivered a high initial capacity of ∼206 mAh g−1.
The initial CE was 86.6%, which reached more than 99% from
the second cycle. Notably, the capacity retention was 88.2%
after 400 cycles with 99.5% average CE (Figures 4 and S19).
This is significantly better than the performance observed with
0.95 M LiFSI in TFEP/FEMC, namely without HFE
cosolvent, as well as 1 M LiPF6 in EC/DMC.
As demonstrated in our previous work,43 0.95 M LiFSI in

TFEP/FEMC formed a F-rich passivation layer (i.e., mainly
AlF3 and LiF) formed on an Al current collector, which could
diminish Al corrosion at high potentials to a certain extent.
However, pitting on the Al collector was still observed at a high
potential of 4.9 V under a harsh polarization time of 48 h
(Figure 4c). In contrast, Al corrosion was significantly

diminished by introducing HFE (Figure 4b), which was
ascribed to the fact that the nonsolvating HFE can promote the
coordination of TFEP and FEMC to Li+, thereby reducing free
TFEP/FEMC molecules that readily solvate Al3+ and cause
corrosion.57 Together with the polyphosphoester-based CEI
formed by the ring-opening polymerization of TFEP (Figures
S26 and S27), which can suppress electrolyte oxidation and
transition-metal dissolution, 0.93 M LiFSI in TFEP/FEMC/
HFE electrolyte exhibited an outstanding capability for the
operation of Ni-rich cathodes at high cutoff voltages (Figure
4).
After confirmation of the effective passivation on both high-

voltage NMC622 cathode and high-capacity SiO anode
(Figure 5a), 0.93 M LiFSI in TFEP/FEMC/HFE was
investigated for use in an SiO|NMC622 full cell. The SiO
anodes were precycled against Li metal at 0.05 C for 2 cycles
and then disassembled at a state of charge of 10%. The SiO
anodes were then paired with a fresh NMC622 cathode of
∼7−8 mg cm−2 loading. The full cell showed an initial capacity
of ∼193 mAh g−1 (Figure S21) under a high cutoff voltage of
4.4 V, corresponding to an industrial-level areal capacity of
∼1.4 mAh cm−2. The average operating voltage was calculated
at 3.50 V, and therefore, the energy density was calculated to
be ∼590 Wh kg−1 based on the total active masses of the
cathode and anode, which is a 50−100% improvement
compared with the current technologies using LiCoO2 or
LiFePO4 as cathodes and graphite as the anode.1,2

Figure 4. Electrochemical performance of NMC622 cathodes up to
4.6 V. (a) First two charge−discharge profiles of NMC622|Li half-
cells with 0.93 M LiFSI in TFEP/FEMC/HFE (red) and 1 M LiPF6
in EC/DMC (black) at a rate of 0.1 C. The inset shows the cycling
performance at 0.4 C after three formation cycles at 0.1 C with a
cutoff voltage of 3.0−4.6 V. SEM images of the Al foil after the
chronoamperometry test at 4.9 V for 48 h in (b) 0.93 M LiFSI in
TFEP/FEMC/HFE and (c) 0.95 M LiFSI in TFEP/FEMC. The
white scale bar represents 5 μm.
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The SiO|NMC622 full cell with 0.93 M LiFSI in TFEP/
FEMC/HFE exhibited a superior cycling stability, with 71.5%
capacity retained and 99.9% average CE obtained after 300
cycles (Figure 5b). Moreover, no obvious increase in voltage
polarization was observed (Figure 5c), indicating that the
interphases formed on both electrodes remained stable during
cycling. The superior performance can be ascribed to the
following five reasons: (1) the fluorinated solvents (TFEP,
FEMC, and HFE) have significantly high intrinsic oxidative
stabilities; (2) the oxidative stability is further enhanced by the
strengthened coordination of TFEP and FEMC to Li+ in the
presence of HFE (diluent effect); (3) the Al current collector
corrosion in dilute LiFSI solutions is minimized owing to the
F-rich passivation layer offered by TFEP and the diluent effect
of HFE; (4) the controlled synergistic reduction of TFEP and
LiFSI results in a highly elastic and robust composite SEI
(composed mainly of LiF, Li2O, LixPOy, sulfur compounds,
and polyphosphoesters) that could sustain the immense
volume changes of the Si-based anode; and (5) the ring-
opening polymerization of TFEP forms a robust CEI (mainly

polyphosphoesters) on the NMC622 cathode (Figures S26
and S27), which not only suppresses electrolyte oxidation but
also prevents the dissolution of transition metals, as proved by
XPS analysis showing that no transition metals were detected
on the surface of the SiO anode as well as inductively coupled
plasma optical emission spectrometry (ICP-OES) measure-
ments showing a much lower concentrations of transition-
metal ions after 100 cycles (Figures S24 and S25).
In contrast, the cell with 1 M LiPF6 in EC/DMC retained

only 47.1% capacity after 100 cycles with a low CE of ∼99.0%
and exhibited a severe voltage polarization (Figure 5d), which
could be attributed to the following three reasons: (1)
although Al corrosion can be effectively prevented in 1 M
LiPF6 in EC/DMC, the solvent can be easily oxidized when
charged over 4.4 V; (2) the electrolyte is continuously reduced
on the Si-based anode, resulting in a thick and highly resistive
SEI; and (3) the electrolyte fails to produce a CEI on the
NMC622 cathode, which thereafter reacts with the HF
generated by LiPF6, causing transition-metal ions to dissolve
from the cathode and then deposit onto the Si-based anode, as

Figure 5. Electrochemical performance of SiO|NMC622 full cells. (a) Schematic illustration of electrolyte composition of 0.93 M LiFSI in
TFEP/FEMC/HFE and the battery configuration. The electrolyte is not only completely nonflammable but also able to form robust
interphases on both cathode and anode. (b) Discharge capacity and CE of NMC622|SiO full cells with 0.93 M LiFSI in TFEP/FEMC/HFE
and conventional 1 M LiPF6 in EC/DMC at 0.4 C after three formation cycles at 0.1 C. Selected charge−discharge curves for the full cells at
0.4 C with (c) 0.93 M LiFSI in TFEP/FEMC/HFE and (d) 1 M LiPF6 in EC/DMC. The capacity is based on the weight of the NMC622
active material. The insets show the flammability test results. The first charge−discharge curves are shown in Figure S21.
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demonstrated by XPS analysis and ICP-OES results after 100
cycles (Figures S24 and S25).
Thus, in comparison with commercial LiPF6/carbonate

electrolytes, the designed electrolyte consisting of 0.93 M
LiFSI in TFEP/FEMC/HFE is novel and attractive in several
aspects. First, it offers a much wider potential window, which
will prompt the application of high-voltage cathodes. Second,
the LiFSI salt has favorable thermal/chemical stability as well
as a low sensitivity to moisture. Third, it provides a highly
elastic and robust SEI that can sustain the immense volume
changes of Si-based anodes upon cycling. Fourth, the
electrolyte forms a robust CEI on cathodes that can prevent
electrolyte oxidation and transition-metal dissolution. Last but
not least, the cyclic phosphate-based electrolyte itself is totally
nonflammable, which can eliminate potential safety hazards.
In conclusion, we herein rationally designed a nonflammable

cyclic phosphate (TFEP)/hydrofluoroether (HFE)-based
electrolyte to tune the robustness and elasticity of the SEI
on Si-based anodes. The design rationale is that TFEP can
form polymeric components, and nonsolvating HFE can
intensify the Li+−FSI− association to induce additional FSI−

anion-derived inorganic components. This builds a highly
elastic and robust composite SEI (mainly LiF, Li2O, LixPOy,
sulfur compounds, and polyphosphoesters), which allows the
microsized Si-based particles to undergo elastic deformation
and maintain their structural integrity during lithiation−
delithiation. Moreover, this electrolyte can also form a
polymeric interphase on the cathode side that prevents
electrolyte oxidation, transition-metal dissolution, and Al
corrosion, thus allowing a Ni-rich NMC622 cathode to
operate stably up to a high cutoff voltage of 4.6 V. Our
findings shed light on an alternative avenue for designing new
electrolytes for aggressive cathode and alloy-based anodes.
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