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. Introduction 

Increasing demand for high energy density batteries for portable
lectronic devices, electric vehicles, and large-scale grid energy storage,
as revitalized interest in lithium (Li) metal batteries (LMBs) in recent
ears [1–10] . To maximize battery operation voltages, as well as spe-
ific energy densities, high-voltage, nickel-rich, layered cathodes, such
s LiNi 0.8 Mn 0.1 Co 0.1 O 2 (NMC811), are often paired with a Li metal an-
de (LMA) to form high voltage LMBs [11,12] . However, significant
hallenges still exist hindering the use of LMBs in practice [12] . On
he anode side, highly porous and dendritic/mossy Li deposition often
ccurs in LMBs due to excessive and uncontrollable side reactions be-
ween the Li metal and electrolyte. These side reactions not only lead to
ow Coulombic efficiency (CE), poor Li utilization and limited cycle life,
ut also lead to great safety concerns because of the severe volumet-
ic expansion and potential dendrite penetration through the separator
6,7,13–15] . On the cathode side, the oxidative decomposition of the
lectrolyte at high voltages remains one of the biggest obstacles because
t increases the cell resistance and accelerates electrolyte consumption
nd gas generation [16–18] . Since the liquid electrolyte is in direct con-
acts with both LMA and cathode in the battery, the electrolyte is in in-
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imate contact with both the LMA and the cathode, therefore the chem-
cal nature of the electrolyte often determines the electrode/electrolyte
nterphases and thus dictates the battery performance [19] . In this con-
ext, there is an urgent need to develop advanced electrolytes that are
uitable and safe for high voltage LMBs [20–22] . 

The ideal electrolyte needs to be stable against both the Li an-
de and the high voltage cathode [23,24] . However, all known elec-
rolyte solvents are thermodynamically unstable against strongly re-
ucing Li metal at low voltages and oxidizing cathodes at high volt-
ges [7,25] . In practice, the stability of electrolytes towards both
he anode and the cathode relies on the formation of stable elec-
rode/electrolyte interphases. The interphases are generated during the
nitial electrolyte-electrode interactions, and suppress subsequent inter-
ctions between the electrodes and the electrolyte [26] . However, per-
ect electrode/electrolyte interphases, including solid electrolyte inter-
hase (SEI) on the anode and a cathode electrolyte interphase (CEI) on
he cathode, are rarely seen in batteries, because both the SEI and the
EI need to be homogenous and stable during cycling [13,26] . This is es-
ecially challenging if the electrode materials, such as LMA or a silicon
node, experience large volume changes during charge/discharge pro-
esses, which lead to continuous break down and reformation of new
). 
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nterphase layers [27–29] . The breakdown and reformation of the in-
erphase layers will not only corrode the electrode, and consume elec-
rolytes, but they often lead to the growth of high impedance interphase
ayers that ultimately result in early battery failure. 

Over the last few years, a significant breakthrough in electrolyte de-
elopment has been made by increasing the salt concentration in se-
ected salt–solvent combinations, forming so called high concentration
lectrolytes (HCEs) or super concentrated electrolytes (SCEs), which
ramatically reduce the number of free solvent molecules in the elec-
rolyte while increasing the number of contact ion pairs (CIPs) and
ggregates (AGGs) [30–32] . As a result, salt anions are reduced prior
o solvent molecule reduction and form an anion-derived SEI due to
he anions’ reduced lowest unoccupied molecular orbital (LUMO) en-
rgy by extensively coordinating to Li + . This anion-derived SEI features
etter ionic conductivity and mechanical strength when compared to
he solvent-derived SEI. However, HCEs or SCEs also exhibit several
isadvantages such as high viscosity, low conductivity, poor wettabil-
ty between electrode and separator, and high cost, which ultimately
imit their practical applications [30] . One solution is to use “inert ” sol-
ents (also called diluents) to dilute the HCEs and form localized high-
oncentration electrolytes (LHCEs), which effectively decreases the vis-
osity and salt concentration of the electrolyte while maintaining high
oordination clusters in the electrolyte [30,33–35] . The reported “in-
rt ” solvents normally belong to fluorinated ethers, such as bis(2,2,2-
rifluoroethyl) ether, 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ther, and 1H,1H,5H-octafluoropentyl-1,1,2,2-tetrafluoroethyl ether
23,30,33–35] . In a recent study, Cao et al. reported a new solvent,
ris(2,2,2-trilfuoroethyl) orthoformate (TFEO), as a promising elec-
rolyte component for LMBs [24,36] . It has high oxidative stability, a
igh boiling point and low viscosity [24] . The TFEO based electrolyte,
 M lithium bis(fluorosulfonyl)imide (LiFSI) in 1,2-dimethoxyethane
DME) and TFEO (1:9 by wt. or 1.2:3 by mol.), shows signifi-
antly improved electrochemical performance compared to conven-
ional carbonate- and ether- based electrolytes by generating both a
onolithic SEI layer on the LMA and a LiF-enriched CEI layer on

he Ni-rich NMC cathode. However, the exact role of the TFEO in
he electrolyte is still not well understood based on that previous
ork. 

In this study we investigated the solvation structures of TFEO based
lectrolytes with different compositions. It was found that TFEO enables
he formation of localized high-concentration cation/anion aggregation
lusters and accelerates the anion decomposition on the Li metal sur-
ace to form a salt derived SEI. By fine tuning the electrolyte composi-
ions, TFEO based electrolytes were tailored to obtain the best results for
MBs under different testing conditions. With an optimized electrolyte,
n LMB with NMC811 cathode can retain more than 80% capacity in
00 stable cycles under very challenging conditions with 4.2 mAh cm 

− 2 

MC811, 50 μm Li and 3 g (Ah) − 1 electrolyte. The fundamental un-
erstanding on the optimization of the electrolytes based on different
esting conditions can guide the rational design of new electrolytes for
he next generation LMBs. 

. Experimental procedures 

.1. Electrolyte and electrode preparation 

The electrolytes were prepared by dissolving LiFSI in DME or
ME/TFEO mixtures inside an MBraun glovebox filled with purified ar-
on, where the moisture and oxygen content was less than 1 ppm. LiFSI
as received from Nippon Shokubai Co. Ltd (Tokyo, Japan), and used
fter drying at 120 °C for 24 h. Battery grade DME was used as received
rom Gotion, Inc. (Fremont, CA, USA). TFEO was purchased from Syn-
uest Laboratories (Alachua, FL, USA) and dried with pre-activated 4 Ǟ
olecular sieves before use. The NMC811 cathodes were prepared by

lurry coating on Al foil. The cathode consisted of 96 wt.% NMC811,
 wt.% Super C65 as conductive carbon, and 2 wt.% PVDF as binder
77 
36] . Two different areal capacity loadings were used, one coating was
bout 1.5 mAh cm 

− 2 , and the other was about 4.2 mAh cm 

− 2 . The cath-
de was punched into 1.27 cm 

2 disks and dried at 120 °C overnight
efore use. 

.2. Electrochemical tests 

CR2032 coin cells kits from MTI Corporation were used for cell test-
ng. The Li CE was measured in Li||Cu cells using the standard CE pro-
ocol (method 3 with Q T of 5 mAh cm 

− 2 , Q C of 1 mAh cm 

− 2 and n of
0) reported in a previous work [37] . Li deposition morphologies were
easured by depositing 1 mAh cm 

− 2 Li on Cu substrate at a current of
.5 mA cm 

− 2 . 
For Li||Cu cells, a piece of Cu foil cathode, a piece of polyethy-

ene (PE) separator (Asahi Hi-Pore, Japan), and a Li chip (250 μm
hick, 1.50 cm diameter, from MTI) were sandwiched together and
rimped inside the argon-filled glovebox after filling 75 μL electrolyte.
he Li||Li cells were also assembled in the same way by replacing the
u foil in Li||Cu cells with a Li chip. Li||Li cells were evaluated by plat-

ng/stripping 1 mAh cm 

− 2 of Li at a current density of 0.5 mA cm 

− 2 .
he Li||NMC811 cells were assembled using the Al-clad positive cans
nd an extra Al foil with 1.90 cm diameter was placed in between the
athode disk and the Al-clad positive can. 

The Li||NMC811 cells tested under the moderate condition had a
MC811 (1.5 mAh cm 

− 2 ) disk for the cathode, with 50 ± 2 μm thick Li
n Cu foil (China Energy Lithium Co., Ltd., Tianjin, China) for the anode
nd 75 μL of electrolyte in each cell. The Li||NMC811 cells were tested
etween 2.8 and 4.4 V at C/3 charge and discharge, with a CV step at
.4 V till the current to C/20 or time of 1 h after two formation cycles
t C/10, where 1C was ~1.5 mA cm 

− 2 (200 mA g − 1 ). 
For the Li||NMC811 cells under the practical condition, a 4.2 mAh

m 

− 2 NMC811 disk was used for the cathode and only 15 μL electrolyte
as sealed in the cell. The cells were tested in the same voltage range
t C/10 charge and C/3 discharge after two formation cycles at C/10
harge/discharge, where 1C was ~4.2 mA cm 

− 2 (200 mA g − 1 ). The
mpedance was measured at open circuit voltage (OCV) at 0% state of
harge (SOC) after every 20 cycles to monitor resistance changes in the
i||NMC811 cells during cycling. AC impedance spectra were recorded
n potentiostatic mode on a CHI660 electrochemical working station in
 frequency range of 100 kHz to 10 mHz with a 5-mV perturbation at
5 °C. 

.3. Characterizations 

The 17 O nuclear magnetic resonance (NMR) spectra of the elec-
rolytes were performed on a 500 MHz Varian NMR Inova spectrom-
ter with a Nalorac 5 mm dual-broadband probe tuned to 67.76 MHz at
0 °C with pure electrolyte solutions [34] . The 1d pulse sequence used
ncorporated a 15 μs 90° radiofrequency pulse, 50 ms acquisition time,
nd 0.2 s recycle delay [34] . Raman spectra were recorded using an
nverted optical microscope (Nikon Ti-E) coupled to a Raman spectrom-
ter (LabRam HR, Horiba). Spectra were recorded using minimal power
50 μW) from a 633 nm laser source, which was delivered to the sam-
les using a 10X air objective [35] . The viscosity ( 𝜂) of the electrolytes
as measured on a Brookfield DV-II + Pro-Viscometer at 30 °C. The ionic

onductivity of the electrolytes was tested on a fully integrated multi-
hannel conductivity spectrometer (BioLogic MCS10) with conductivity
ells made of two parallel Pt electrodes. The cell constant number was
alibrated with 0.1 M KCl solution. 

For postmortem analyses using scanning electron microscopy (SEM),
-ray photoelectron spectroscopy (XPS), and transmission electron mi-
roscopy (TEM) measurements, cycled coin cells were disassembled in-
ide the glovebox to collect the desired electrodes. These electrodes were
insed with fresh anhydrous DME solvent (300 μL) to remove residual
lectrolytes, dried under vacuum and then sealed in airtight containers
n the glovebox. SEM images were performed on a Helios focused ion
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Fig. 1. (a) 17 O-NMR spectra and (b) Raman spectra of different solvents and electrolytes with different LiFSI concentrations and TFEO ratios. 

Fig. 2. Physical properties of the studied electrolytes. (a) Viscosity and wettability on PE separator at 30 °C, and (b) ionic conductivity at different temperatures. 
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eam (FIB)-SEM at an accelerating voltage of 5 kV and a current of 86
A [24] . XPS measurements were carried out on a Physical Electron-
cs Quantera scanning X-ray microprobe with a focused monochromatic
l K 𝛼 X-ray (1486.7 eV) source for excitation and a spherical section
nalyzer and a pass energy of 69.0 eV for high-energy-resolution spec-
ra collection [24] . The depth profiling investigation was tested with
puttering parameters of Ar + ions, 2 kV, 2 μA, 45 ° incident angle [24] .
he sputtering depth increments for the Li metal samples were 0, 3, 6,
0 nm referred to SiO 2 [24] . The sputtering depth increments for the
MC811 samples were 0, 5, 10, 15, 20 nm referred to SiO 2 [24] . FEI
elios Dual Beam system was used to prepare the TEM samples. A ran-
omly selected secondary NMC811 particle underwent a lift-out process.
he targeted particle was coated with a ~2 μm Pt layer and was then
xtracted along with the capping layers and welded to the TEM grid,
38] followed by a thinning processes at 30 kV, 5 kV and then 2 kV
o polish the surface and remove the damaged layers [38] . The as-
repared TEM sample was imaged on a JEOL JEM-ARM200CF spherical-
berration-corrected microscope, with the convergence angle of 20.6
rad for imaging, and the signals of 90–370 mrad for high-angle annu-

ar dark-field scanning transmission electron microscopy (HADF-STEM)
nd 10–23 mrad for annular bright-field STEM (ABF-STEM) imaging
38] . 
78 
. Results and discussion 

As mentioned in introduction, although an HCE, such as 4 M LiFSI
n DME, exhibits high Li CE and good cycling stability, [39] it also
xhibits high viscosity. TFEO, with low polarity and high symmetry,
oesn’t dissolve conductive salts, such as LiFSI, effectively, and can be
onsidered a diluent [24] . In this work, a series of electrolytes with dif-
erent DME to TFEO ratios have been investigated by 17 O-NMR ( Fig. 1 a)
nd Raman spectroscopy ( Fig. 1 b) to obtain a fundamental understand-
ng of the evolving electrolyte solvation structures with the addition of
FEO. As references, two LiFSI/DME electrolytes without TFEO were
lso investigated: one is a diluted electrolyte with a LiFSI:DME molar
atio of 1:9, and the other is an HCE with a LiFSI:DME molar ratio of
:1.2. 

By increasing the LiFSI content in DME from 0 (pure DME) to 1:9
dilute electrolyte) and 1:1.2 (HCE), the 17 O signal of DME shifts from
22.6 to -26.1 and -27.6 ppm respectively, which indicates that the co-
rdination between DME and Li + is increased by increasing the LiFSI
oncentration. Additionally, the 17 O signal of sulfonyl oxygen atoms in
he FSI − anion also shifts from 171.6 to 163.7 ppm with an increased
iFSI:DME molar ratio from 1:9 to 1:1.2, which is most likely a re-
ult of increased ion-dipole interactions between the Li + and FSI − in
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Fig. 3. Li metal deposition morphologies and electrochemical performances in different electrolytes. (a-d) SEM images of deposited Li films (current density of 0.5 mA 

cm 

− 2 and capacity of 1 mAh cm 

− 2 ) in different electrolytes: (a) LiFSI-1.2DME, (b) LiFSI-1.2DME-TFEO, (c) LiFSI-1.2DME-2TFEO and (d) LiFSI-1.2DME-3TFEO. (e) 
Li CEs in Li||Cu cells, (f) Li||Li symmetric cell cycling (current density of 0.5 mA cm 

− 2 and capacity of 1 mAh cm 

− 2 ) and (g) Li||NMC811 cell performance under 
moderate testing condition (1.5 mAh cm 

− 2 NMC811, 50 μm Li and 75 μL electrolyte). (h-k) Impedance evolution over 100 cycles in the Li||NMC811 cells with 
different electrolytes, (h) LiFSI-1.2DME, (i) LiFSI-1.2DME-TFEO, (j) LiFSI-1.2DME-2TFEO and (k) LiFSI-1.2DME-3TFEO. The Li||NMC811 cells were cycled at C/3 
charge/discharge with a CV charge step at 4.4 V till current reduced to C/20 or 1 hour after two formation cycles at C/10, and 1C capacity is defined as 1.5 mAh 
cm 

− 2 . 
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he concentrated LiFSI electrolyte [23] . The fact that the sharp signal
171.6 ppm) in the dilute electrolyte becomes broader (163.7 ppm)
n the concentrated electrolyte also indicates a more complex coordi-
ation structure in the HCE [23] . When TFEO is added into the high
oncentration LiFSI/DME electrolyte, the shift of oxygen atoms in FSI − 

163.5 ppm) and oxygen atoms in TFEO (44.0 ppm) are almost negligi-
le with a shift variation within 1 ppm, while the signal of oxygen atoms
n the DME shifts upfield from -26.1 ppm in HCE to -27.6, -29.9 and -
0.2 ppm in LHCEs with TFEO ratios of 1, 2 and 3, respectively. These
esults indicate that TFEO has minimal interactions with either Li + or
SI − , and likely separates large ion clusters in the HCE while not inter-
79 
upting the strong interactions between Li + and FSI − . Instead, the DME
urther shifts upfield because of the affinity between DME and TFEO
iluent. 

The recorded Raman spectra support the insights gained from the
MR investigations. As illustrated in Fig. 1 b, free DME exhibits vibra-

ional modes at 825 and 853 cm 

− 1 , TFEO exhibits vibrational modes at
38 and 853 cm 

− 1 , and LiFSI shows vibrational modes at 760 and 777
m 

− 1 [35] . When LiFSI is added into DME, forming the LiFSI-9DME
ilute electrolyte, a peak at 722 cm 

− 1 is formed, which can be as-
igned to the uncoordinated FSI − . 35 The peak at 878 cm 

− 1 is related
o Li + coordinated DME. Note that the free DME still persists in the
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Fig. 4. Structural images and CEI compositions of the cycled NMC 811 electrodes. (a-c) HAADF-STEM, (d-f) ABF-STEM images and (g-i) atomic ratios of elemental 
evolution with depth profiling in CEIs from XPS results (referred to SiO 2 ) of cycled NMC811 after 100 cycles. (a, d, g) LiFSI-1.2DME, (b, e, h) LiFSI-1.2DME-TFEO 

and (c, f, i) LiFSI-1.2DME-2TFEO. The Li||NMC811 cells were cycled at C/3 charge/discharge with a CV charge step at 4.4 V till current decreased to C/20 or 1 h 
after two formation cycles at C/10, and 1C is 1.5 mA cm 

− 2 . 
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ample, and is marked by its characteristic 825 cm 

− 1 vibrational reso-
ance. When the LiFSI concentration increases to LiFSI-1.2DME HCE,
he peaks associated with free DME (at 825 cm 

− 1 ) and uncoordinated
SI − disappear. A new peak at 748 cm 

− 1 is observed, which can be
ssigned to the CIPs and AGGs in which FSI − is coordinated to two
r more Li + ions. With further addition of TFEO, no free DME signa-
ures were observed in all three LiFSI-1.2DME-xTFEO (where x = 1,
 and 3) electrolytes while AGGs are still well-preserved, confirming
hat TFEO does not perturb the solvation structures of Li + and FSI − . In
ddition, the resonance that arises from AGGs shifts slightly to higher
requencies, indicating an even stronger coordination of AGGs exists
n the LiFSI-1.2DME-xTFEO electrolytes. Based on these results, we
an conclude that TFEO is an excellent diluent that may be used in
HCEs. 

The effects of TFEO on the physical properties of electrolytes (inlcud-
ng their wettability to the separator, viscosity, and ionic conductivity)
ere further investigated at different temperatures. As shown in Fig. 2 a,

he HCE of LiFSI-1.2DME has a high viscosity of 49.2 cP at 30 °C, which
80 
akes it difficult to wet the PE seperator and electrodes. In contrast,
ith the addition of TFEO, the viscosities of the TFEO based electrolytes

ignificantly decrease to 10.9, 6.03 and 4.86 cP at TFEO molar ratios of
, 2 and 3, respectively. These low viscosity electrolytes have great wet-
ablity with the PE separartor, as shown in Fig. 2 a. 

However, the ionic conductivity of these electrolytes is decoupled
rom their viscosity (fluidity). Considering the associated Li + and FSI − 

tates in CIPs and AGGs, Li + is expected to move in a hopping manner,
n both the HCE and the TFEO based LHCEs, similar to the hopping-
ype ion-transport in inorganic solid ionic conductors. Therefore, with
ncreasing amounts of TFEO, the overall LiFSI concentration decreases
n the electrolytes and leads to a relatively lower ionic conductivity in
he LHCEs. The salt concentrations in these four electrolytes are 4.8, 2.4,
.6 and 1.0 M when TFEO molar ratios in these electrolytes increases
rom 0 to1, 2 and 3, respectively. Nevertheless, the ionic conductivities
f the HCE and LHCEs are 5.65, 3.46, 1.79 and 1.43 mS cm 

− 1 at 25 °C, re-
pectively, which are still sufficient for ion transport in batteries, where
he kinetic bottleneck still lies on the interphases. 
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Fig. 5. XPS results of SEIs on cycled Li anodes in different electrolytes. (a-c) XPS depth profiling of Li anodes after 100 cycles in Li||NMC811 cells. (d-f) S 2p 
spectra of Li anodes after 2 formation cycles (top) and 100 cycles (bottom) in three different electrolytes. (a, d) LiFSI-1.2DME, (b, e) LiFSI-1.2DME-TFEO and (c, 
f) LiFSI-1.2DME-2TFEO. The Li||NMC811 cells were cycled at C/3 charge/discharge with a CV charge step at 4.4 V till current to C/20 or 1 h after two formation 
cycles at C/10, and 1C is defined as 1.5 mA cm 

− 2 . 
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.1. Electrolyte performance under moderate testing condition 

As shown in Figs. 3a-3d , the deposited Li, in the four electrolytes
HCE and LHCEs) investigated in this work, are large granular shaped
articles (not in dendritic form) with most particles greater than 10 μm.
hese large Li particles exhibit smaller surface-to-volume ratios, which
re beneficial for high Li CE, as shown in Fig. 3 e. The initial CE is 98.4%
or HCE and 97.8%, 97.7% and 97.7% respectively for three LHCEs with
FEO molar ratios between 1 and 3. As for the average CE, the LHCEs
how slightly higher CEs of 99.1%, 99.2% and 99.5% than that of HCE
98.6%). Fig. 3 f shows the cycling performance of Li||Li symmetric cells
ith these four electrolytes at a current density of 0.5 mA cm 

− 2 and an
real capacity of 1 mAh cm 

− 2 . As the TFEO amount increases, the over-
otential of Li plating/stripping during initial cycles increases slightly,
hich can be attributed to the decreased ionic conductivity as the TFEO
mounts in the electrolyte increases ( Fig. 2 b). In addition, a long cycling
ime of over 1200 h was obtained for the Li||Li cells with a HCE and two
HCEs containing TFEO at 1 and 2 molar ratios, but when the TFEO
olar ratio was further increased to 3, the Li||Li cells only lasted for

pproximately 800 h before short circuiting occurred. These results are
uch better than that of the state-of-the-art carbonate electrolyte (1 M

iPF 6 / ethylene carbonate (EC)-ethyl methyl carbonate (EMC) + 2 wt.%
inylene carbonate (VC)) under the same conditions, which was stable
or only around 300 h [24] . 

When paired with a high voltage cathode NMC811, the 1 and 2 mo-
ar ratio TFEO based LHCEs showed much longer cycling stability than
he HCE, and the cycle number increased as the molar ratio of TFEO in-
reased ( Fig. 3 g). The LHCE of LiFSI-1.2DME-3TFEO lead to more than
00 stable cycles of Li||NMC811 cells under the moderate testing condi-
ion with 1.5 mAh cm 

− 2 NMC811 cathode, 50 μm Li and 75 μl electrolyte
81 
n the CR2032 coin cells. Figs. 3h-3k show the impedance evolution of
he Li||NMC811 cells with the investigated electrolytes during the first
00 cycles at 20 cycle intervals. For the cell with the HCE ( Fig. 3 h), the
mpedance continually increased during cycling and the combination of
EI resistance (R SEI ) and charge transfer resistance (R ct ) increased from
round 30 to 150 Ω after 100 cycles. The impedances of the cells with
hree LHCEs were much more stable during cycling. From an impedance
oint of the view, the most stable LHCE is LiFSI-1.2DME-2TFEO, where
he total value of R SEI and R ct is around 80 Ω after 100 cycles, which is
bout half of that found in the cell with HCE. 

The improved performance of the Li||NMC811 cell as the amount
f TFEO increased in the electrolyte, during moderate testing condi-
ions, can be explained mainly by the CEI properties and the structural
tability of the NMC811 electrodes. Figs. 4a-4f show the HAADF-STEM
nd ABF-STEM images of the NMC811 electrodes after they were cy-
led in different electrolytes for 100 cycles. As reported in the previous
orks, the pristine NMC811 electrode has a clear layered structure (Fig-
re S1a) [23,24] . For the electrode cycled in HCE, the surface undergoes
 phase transition due to the electrolyte and NMC811 interactions. A
isordered rock salt phase approximately 3.5 nm thick was found on
he surface of the layered cathode, outlined by the green dashed lines
n Fig. 4 a. This reconstruction of the lattice structure also occurred in
he NMC811 electrodes cycled in two LHCEs of LiFSI-1.2DME-TFEO and
iFSI-1.2DME-2TFEO but with a much thinner rock salt thicknesses of
1.5 nm ( Fig. 4 b) and ~1 nm ( Fig. 4 c), respectively. When the TFEO
olar ratio was further increased to 3 (i.e. LiFSI-1.2DME-3TFEO), the

lectrode surface maintained a layered structure (Figure S1d) that is
omparable to the pristine sample (Figure S1b) as reported before [24] .

The cause of the suppressed lattice reconstruction in the three LHCEs
an be attributed to the formation of more protective LiF-rich CEI lay-
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Fig. 6. Cycling performance of Li||NMC811 cells under practical conditions. (a) Li||NMC811 cells in different electrolytes with different amounts of TFEO, (b) 
Li||NMC811 cells in different electrolytes with different amounts of DME. Cells are using 50 μm Li anode, 4.2 mAh cm 

− 2 NMC811 cathode, and lean electrolyte of 
15 μL per coin cell. Cells were charged at C/10 and discharged at C/3 after two formation cycles at C/10 charge and discharge, where 1C is defined as 4.2 mA cm 

− 2 . 
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rs in these electrolytes as shown in the corresponding ABF-STEM im-
ges ( Figs. 4d-4f and S1c). In the HCE, a CEI layer with a thickness
anging from 2 to 4 nm is found on the NMC811 surface and is par-
ially crystalline. Figs. 4g-4i show a summary of the atomic ratio of ele-
ental distribution in each CEI at different depths using XPS measure-
ents. These XPS data indicate that LiF is the dominate phase in the
EI. When the TFEO is introduced to the HCE, the LiFSI-1.2DME-TFEO

eads to a much thinner CEI (1.5 nm) with higher LiF crystallinity and
uppressed lattice reconstruction; therefore, although this CEI is thin, it
s effective at suppressing the side reactions between the NMC811 sur-
ace and the electrolyte, and limiting the lattice reconstruction caused
y the Li/Ni cation mixing. When the molar ratio of TFEO is further
ncreased, the CEI thickness increases (2.5 nm in LiFSI-1.2DME-2TFEO
see Fig. 4 f) and 5 nm in LiFSI-1.2DME-3TFEO (see Fig. S1c)) with an
ven higher LiF crystallinity (Fig. S2a). With the excellent protection of
 5 nm CEI (dominated by LiF) in LiFSI-1.2DME-3TFEO, the detrimen-
al phase transition was effectively suppressed and almost eliminated in
his electrolyte [24] . 

In addition to the stability of the NMC811 cathode, the stability of
he LMA and electrolyte also plays a critical role in the performance of
i||NMC811 cells. An electrolyte which is highly stable with LMA is es-
ential for long-term cycling stability of LMBs. It is generally accepted
hat the performance of LMAs is mainly determined by the quality of the
EI layer, and that a homogeneous and compact SEI layer is essential to
ffectively suppress the continuous electrolyte/Li interaction and to sta-
82 
ilize the LMA. Figs. 5a-5c and S2b show the atomic ratios of elemental
istribution in the SEI layer of the cycled Li anode at different depths.
he HCE results in more O atoms on the surface than Li and F atoms
 Fig. 5 a). For the TFEO containing electrolytes, very similar elemental
istributions are found in all three LHCEs as shown in Figs. 5 b, 5 c and
2b. Li exhibits the highest atomic ratio in the SEI layer formed on the
MA after 100 cycles in Li||NMC811 cells, while O exhibits the second
ighest atomic ratio. 

Two of the most apparent differences in the SEIs formed in HCE and
FEO based LHCEs are: (1) the SEI formed in LHCEs have a much smaller
 content, and much higher Li and O contents than those formed in
CE, indicating that Li 2 O x is the dominant component in SEIs formed in
HCEs under the given testing condition; and (2) SEIs formed in LHCEs
xhibit significantly improved homogeneity through their thicknesses
s compared to the large variation of atomic ratios observed along the
hickness of the SEI layer formed in HCE. This highly homogenous,
i 2 O x -rich SEI is very efficient in protecting the LMA during cycling
nder the given testing condition. 

The S 2p spectra shown in Figs. 5 d-df and S3 provide solid evidence
o support this conclusion based on the LiFSI decomposition during SEI
ormation and evolution. The top figures are the spectra after 2 for-
ation cycles while the bottom ones are after 100 cycles. In the HCE

 Fig. 5 d), only a small amount of LiFSI decomposes in the formation
ycles but the LiFSI continuously decomposes during the 100 cycles. In
ontrast, when TFEO is added to the LHCEs, the LiFSI decomposition
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s accelerated in the formation cycles and thus the SEIs are very stable
gainst further decomposition of the electrolyte. An interesting obser-
ation in S 2p spectra is that the LiFSI is more completely reduced (as
uggested by the higher intensity of S 2 − signal (originally S is at 6+ va-
ent in LiFSI)), after the formation cycles, in the electrolyte with higher
atios of TFEO. The reason for this could be attributed to the lower over-
ll LiFSI concentration in the electrolyte with higher TFEO ratios, where
ess of the LiFSI is available to interact with the Li metal to form the SEI
n the initial state. This difference disappears after 100 cycles and then
he SEI compositions in three LHCEs are very similar. This may occur
ecause the supplemental LiFSI in the electrolyte, under a flooded elec-
rolyte condition, minimizes the influence of varying salt concentrations
n the electrolytes. However, when it comes to the lean electrolyte con-
ition, it could be different because of the very limited LiFSI amount
vailable in the cells. This situation will be further discussed later. 

.2. Cycling performance of Li||NMC811 cells under practical testing 
ondition 

To evaluate the performances of the LHCEs under practical LMB
pplications, Li||NMC811 cells with these electrolytes were tested un-
er highly challenging conditions, combining a high-loading (4.2 mAh
m 

− 2 ) cathode, a thin Li anode (thickness of 50 μm, N/P at ~2), and a
ractical amount of electrolyte (E/C ratio of 3 g (Ah) − 1 (i.e. 15 μL) in
ach coin cell), which are consistent with the parameters applied in the
ouch cells for high energy density LMBs [4,23] . As shown in Fig. 6 a,
he cell using the conventional carbonate electrolyte could last only 10
ycles before a sudden failure occurred. The failure was due to severe
ide reactions between the electrolyte and the Li anode, which lead to
he depletion of the electrolyte or Li, or created high cell impedance.

hen using an HCE, the cell showed improved cycling stability because
f better Li stability in the HCE. With the addition of TFEO, the cy-
ling performance of the cells increases when the TFEO ratio increased
rom 1 to 2 (i.e. from LiFSI-1.2DME-TFEO to LiFSI-1.2DME-2TFEO). Cy-
le life of the cell with 80% capacity retention was increased from 125
ycles in LiFSI-1.2DME-TFEO to 205 cycles in LiFSI-1.2DME-2TFEO un-
er these challenging conditions. However, when the TFEO molar ratio
urther increased to 3 in LiFSI-1.2DME-3TFEO, the cycle life of the cell
ith this electrolyte was much shorter than with the other two TFEO

lectrolytes. This result is very different from what was observed in the
oderate condition as shown in Fig. 3 g, where the electrolyte with a
FEO molar ratio of 3 showed the longest cycling stability. 

This inconsistent behavior can be explained by the difference in the
bsolute salt amount in the electrolytes. Under the moderate test condi-
ions, 75 μL electrolyte was used for a 1.5 mAh cm 

− 2 NMC811 cathode
1.88 mAh per electrode (1.25 cm 

2 )). In contrast, under the practical
onditions, 15 μL electrolyte was used for a 4.2 mAh cm 

− 2 NMC811
athode (5.25 mAh per electrode). This means 14 times more electrolyte
er mAh was used under moderate conditions compared to the prac-
ical conditions. As shown in Fig. 5 , the SEIs formed in the HCE and
HCEs are mainly derived from the salt decomposition, thus the ab-
olute amount of decomposed LiFSI could lead to an apparent LiFSI
oncentration decrease under the lean electrolyte condition when the
riginal amount of salt is limited in a highly diluted electrolyte such
s LiFSI-1.2DME-3TFEO. On the other hand, when the amount of elec-
rolyte increases 14 times, as it did in the moderate condition tests,
alt loss during the SEI formation process has a negligible effect on the
otal salt concentration of the electrolyte. This LiFSI decomposition is
lso not a problem in the HCE and the LHCEs of LiFSI-1.2DME-TFEO
nd LiFSI-1.2DME-2TFEO because much higher overall salt concentra-
ions exist in these electrolytes, which are 4.8 M for HCE, 2.4 M and
.6 M for LiFSI-1.2DME-TFEO and LiFSI-1.2DME-2TFEO respectively,
hile 1 M is for LiFSI-1.2DME-3TFEO. Consequently, the LiFSI-1.2DME-
TFEO shows the longest cycling performance in Li||NMC811 cells un-
er the practical condition. 
83 
Moreover, efforts were also made to tune the DME amount in the
lectrolytes of LiFSI-yDME-2TFEO (where y = 1.0 to 1.4) to gain the best
ycling performance under practical conditions. As shown in Fig. 6 b,
he optimized DME ratio was found to be 1.3, i.e. LiFSI-1.3DME-2TFEO.
he cell with this electrolyte retains 80% capacity in 215 cycles under
ractical conditions. These results demonstrate that TFEO based LHCEs
re highly promising for further improvement of high energy density
MBs. 

. Conclusions 

We have demonstrated that TFEO acts as an effective diluent in HCEs
o form LHCEs, which not only exhibit low viscosity and good wettabil-
ty, but also lead to the formation of highly robust and protective inter-
hases on both the Ni-rich NMC811 cathode (CEI) and the LMA (SEI)
hat suppress detrimental side reactions. TFEO based LHCEs can mini-
ize lattice reconstruction from layered structure to rock salt structure

n NMC811 cathode and suppress the continuous SEI growth on LMAs.
s a result, the cycling performance of Li||NMC811 cells can be signifi-
antly improved. Under highly demanding conditions required by prac-
ical applications, i.e. high-loading cathode, thin Li anode and lean elec-
rolyte, the LHCEs of LiFSI-1.2DME-2TFEO and LiFSI-1.3DME-2TFEO
ave enabled high energy density LMBs to retain more than 80% capac-
ty over 200 cycles. Furthermore, this work reveals that the main fac-
ors determining the cell cycling performance depend on the cell testing
onditions: Great CEI properties and cathode stability are crucial under
oderate cathode loading and flooded electrolyte conditions, while bal-

nced CEI properties and sufficient salt concentration, for salt-derived
EI formation, determine the cell performance under the practical con-
ition where only a minimum amount of electrolyte is available. These
rucial findings highlight the importance of electrode/electrolyte inter-
hase chemistries and the criteria for designing an electrolyte under
ractical conditions. The optimized electrolytes can be combined other
attery design parameters, including stable electrodes and separator to
nable the safe operation of practical high energy density LMBs. 
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