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Designing Advanced In Situ Electrode/Electrolyte
Interphases for Wide Temperature Operation

of 4.5 V Li||LiCoO, Batteries

Xiaodi Ren, Xianhui Zhang, Zulipiya Shadike, Lianfeng Zou, Hao Jia, Xia Cao,
Mark H. Engelhard, Bethany E. Matthews, Chongmin Wang, Bruce W. Arey,

Xiao-Qing Yang, Jun Liu, Ji-Guang Zhang,* and Wu Xu*

High-energy-density batteries with a LiCoO, (LCO) cathode are of significant
importance to the energy-storage market, especially for portable electronics.
However, their development is greatly limited by the inferior performance
under high voltages and challenging temperatures. Here, highly stable
lithium (Li) metal batteries with LCO cathode, through the design of in situ
formed, stable electrode/electrolyte interphases on both the Li anode and

the LCO cathode, with an advanced electrolyte, are reported. The LCO
cathode can deliver a high specific capacity of <190 mAh g~' and show greatly
improved cell performances under a high charge voltage of 4.5 V (even up to
4.55 V) and a wide temperature range from —30 to 55 °C. This work points out

batteries with high capacity electrode
materials is of critical importance for
future applications. Among various com-
mercial cathode materials, LiCoO, (LCO)
has been an essential member since its
discovery in 1980s and still possesses
many competitive advantages in the
cathode material family, including high
theoretical capacity, high output voltage,
high Li* and electron conductivity, and
high tap density.l>’]

However, the practical capacity of LCO
has been limited to =140 mAh g7, only

a promising approach for developing Li||LCO batteries for practical applica-
tions. This approach can also be used to improve the high-voltage perfor-

mance of other batteries in a broad temperature range.

Lithium (Li)-ion batteries (LIBs) have enjoyed great success
since their commercialization in 1991 as the preferred energy
storage system in portable electronics and, more recently,
in electric vehicles.l! Nevertheless, the advancement of LIBs
has fallen far behind the ever-growing needs for high-energy-
density batteries nowadays. Therefore, developing high-voltage
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half of its theoretical value of 275 mAh g7},
under the charging cut-off voltage of 4.2 V
in early developments of LCO-based bat-
teries. Although higher cut-off voltages
bring higher capacities, it is usually accom-
panied with serious capacity fading and
performance deterioration. Beyond 4.2 V, LCO could go through
bulk phase deformations to cause fast capacity fading. It should
be noted that, recent studies point out that the surface degrada-
tion is an even more pressing issue for LCO cathodes cycled
under higher voltages.! Due to the high degree of Co3—0,,
hybridization, electron extraction from both Co** and O%*"
would happen in deeply delithiated LCO (above =150 mAh g7),
which could cause O%" oxidation and thus oxygen loss from the
cathode.>®! In addition, the formation of highly oxidative Co*"
during charging promotes electrolyte decomposition, and the
corrosive side products (e.g., HF) in conventional LiPFg/car-
bonate electrolytes could also destabilize the LCO surface to
induce Co and O loss. More importantly, the surface degrada-
tion can propagate inside the bulk particle due to the migration
of oxygen vacancies.[®”) Such effects would be more aggravated
under higher temperatures due to the accelerated interfacial
side reactions. Therefore, a highly stable cathode-electrolyte
interphase (CEI) is indispensable for improving the LCO per-
formance under high voltages. Although different doping/
surface coating methods or electrolyte additives/salts have
shown improved LCO cycling stabilities at high voltages, few
reports have demonstrated feasibility for applications under
elevated temperatures with charging cut-off voltage as high as
4.5 V.38 Moreover, forming a favorable CEI in situ via electro-
lyte design is highly beneficial for practical applications, thus
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circumventing the easy failure of brittle exterior coating layers
during mechanical processing or long-term cycling.”

The development of suitable high-voltage electrolytes for LCO
becomes even more stringent when we want to maximize the
energy density of LCO-based batteries by employing Li metal
as the anode.'! As an ideal anode material, Li metal presents
one of the highest specific capacities of 3860 mAh g™ along
with the extremely low electrochemical potential (—3.040 V vs
standard hydrogen electrode). However, its notoriously high
reactivity toward electrolytes causes significant obstacles for
battery applications: severe side reactions, quick consumption
of Li metal and electrolyte, Li dendrite growth, etc.'! There-
fore, in order to achieve a high-energy-density Li||LCO battery
with good performance for practical applications, it is of critical
importance to find electrolytes satisfying the following criteria:
1) highly stable with the Li metal anode, 2) highly stable with
the LCO under high voltages, 3) capable of operating in a wide-
temperature range, and 4) suitable for high-rate conditions.
Recently, significant progresses have been made by using local-
ized high-concentration electrolytes (LHCEs) to enhance the
cycling stability of various battery chemistries, such as Li metal
batteries, Na metal batteries, Li—O, batteries, LIBs, etc.'”l How-
ever, the stability of LHCEs is also affected by the selection of
cathode materials. Among the intercalation cathode materials
such as LiFePO,, LiNi,Mn,Co;_, ,0, (NMC), and LCO, LCO has
high Co content and Co itself has catalytic capability that may
promote more side reactions at high voltages. Therefore, fur-
ther development and evaluation are critical to verify the high-
voltage stability of LHCEs used for Li||LCO batteries even some
of these electrolytes have been proven to be stable with other
cathode materials like NMC. In contrast to conventional ether
electrolytes that are unstable beyond 4 V, ether-based LHCEs
show great potential for stabilizing high-voltage cathodes, while
maintaining excellent stability with Li metal, thus providing
a unique electrolyte design strategy to solve the notorious Li
anode challenge. Here, we demonstrate a long cycling Li||LCO
battery with a high charging voltage of 4.5 V by designing
advanced electrode/electrolyte interphases on both LCO
cathode and Li anode via an in situ formation process. Using
a new ether-based LHCE, the Li||[LCO battery has demonstrated
a discharge capacity of about 137 mAh g after 800 cycles
under 4.5 V at room temperature (RT, i.e., 25 °C), and about
82% capacity retention after 200 rigorous cycles at 55 °C.

The electrochemical performances of Li||LCO batteries were
evaluated using galvanostatic cycling within the voltage range of
3.0-4.5 V under different temperatures. A medium-high cathode
loading of =13.5 mg cm™ (or =2.6 mAh cm™ under 4.5 V) was
used to ensure that an appreciable amount of Li metal was
deposited and stripped each cycle. The charge and discharge
rates were 0.63 and 1.9 mA cm™2, respectively. In the conven-
tional carbonate electrolyte (1 M LiPFg in ethylene carbonate
(EC)—ethyl methyl carbonate (EMC) (3:7 by volume) with 2 wt%
vinylene carbonate, referred as BL-carbonate electrolyte here-
after), the Li||LCO cell, with 450 um thick Li and 75 pL electro-
lyte, shows a continuous capacity fading along with obvious
overpotential increases in voltage profiles at RT (Figure 1a and
Figure Sla, Supporting Information). The cell only exhibits a
specific capacity of 64 mAh g™! (36% capacity retention) after
200 cycles. The cell average Coulombic efficiency (CE) is about

99.0%, indicating there are still apparent side reactions (1.0%
per cycle) on the LCO cathode and the Li anode, more specifi-
cally on the cathode because the Li metal and the electrolyte in
the cells are in excess amounts. These side reactions are most
likely due to the excessive oxidation of the carbonate electrolyte
on LCO surface under the 4.5 V high voltage. Such a deleterious
effect is more pronounced under elevated temperatures. A sig-
nificantly accelerated capacity decay is observed at 45 °C and
the average cell CE is even lower (971% for the first 100 cycles),
compared to those under RT.

Nevertheless, as indicated in Figure 1b, the cycling perfor-
mances of Li|LCO cells dramatically improve when a newly
formulated ether-based LHCE (referred as AD-ether electro-
lyte hereafter) is employed. The electrolyte consists of lithium
bis(fluorosulfonyl)imide (LiFSI), 1,2-dimethoxyethane (DME)
and 1,1,2,2-tetrafluoroethyl  2,2,3,3-tetrafluoropropyl ether
(TTE), with a molar ratio of 1:1:3. TTE has a negligible ability
to dissolve LiFSI compared to DME, thus it is rarely involved
in the solvation of the salt ions. Previously, a ratio of 1:1.2
between LiFSI and DME was found to be useful for the Ni-rich
LiNi; gMn;Co, 10, (NMC811) cathode with an upper voltage of
4.4 V.3l Here, the higher salt/solvent ratio selected is to mini-
mize the amount of “free” solvent DME while maintaining a
good miscibility with the diluent TTE. As a result, an LHCE
is formed with viscosity (3.7 cP at 25 °C) and ion conductivity
(1.6 mS cm™ at 25 °C) comparable to the conventional BL-car-
bonate electrolyte (3.8 cP and 8.3 mS cm™ at 25 °C). Impor-
tantly, the cycling stability of Li||[LCO cells is dramatically
improved in the AD-ether electrolyte. At RT, the cell can main-
tain 92.9% of the initial capacity after 300 cycles (Figure 1b).
Meanwhile, the cell shows very consistent voltage profiles over
the entire cycling, with minimum middle voltage drop, which
implies the excellent cathode stability under high voltage in the
AD-ether electrolyte (Figure S1b, Supporting Information). The
greatly increased cell CE of about 99.9% suggests that the unde-
sired side reactions between the electrolyte and the LCO cathode
under high voltage are largely suppressed. Furthermore, the
AD-ether electrolyte could enable superior cell cycling perfor-
mances under elevated temperatures. Under 45 and 55 °C,
the cell capacity retentions are 83.6% (300 cycles) and 81.3%
(200 cycles), respectively. The lower cell CEs observed during
earlier cycles under elevated temperatures (Figure 1b) are due
to the accelerated electrolyte side reaction kinetics compared
to that under RT. Nevertheless, the CEI gradually stabilizes to
inhibit parasite reactions and improves the cell CEs to a high
level. Overall, the AD-ether electrolyte significantly improves
the Li]|LCO battery cycling performance under 4.5 V. In a sepa-
rated long-term cycling test, the cell delivers a high specific
capacity of 136.7 mAh g (corresponding to ~80% capacity
retention) after cycling for 800 times under RT (charge and dis-
charge at 0.63 and 1.9 mA cm™, respectively) without dendrite-
induced cell short-circuiting (Figure 1c, where lower discharge
capacities in first few cycles are likely due to the initial passi-
vation film formation on that batch of Li metal chips). Com-
pared to the LiFSI-1.2DME-3TTE electrolyte reported lately, the
AD-ether electrolyte (LiFSI-1.0DME-3TTE) shows Dbetter
anodic stability due to the reduction of “free” DME mole-
cules (Figure S2, Supporting Information). As shown in
Figures S3 and S4, Supporting Information, the AD-ether
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Figure 1. Electrochemical performances of Li||LCO batteries. a) Cycling

performances in the BL-carbonate electrolyte at 4.5 V under RT and 45 °C.

b) Cycling performances in the AD-ether electrolyte at 4.5 V under RT, 45 and 55 °C. c) Long-term cycling stability test in the AD-ether electrolyte under
RT. d) Cell discharge rate capability tests at RT in different electrolytes. e) Discharge tests under low temperatures in different electrolytes.

electrolyte demonstrates much better cycling performances
under high temperature (55 °C) or high voltage (4.55 V, 87.6%
capacity retention after 200 cycles), compared to the previously
reported LiFSI-1.2DME-3TTE electrolyte.

Besides the evaluation of the effect of the AD-ether electro-
lyte on the long-term cycling stability of Li||LCO cells at RT and
elevated temperatures, the battery rate capability and discharge
performance under low temperatures with the two electrolytes
were also comparatively studied. A specific capacity of nearly
140 mAh g! can be achieved at 9.5 mA cm™2 discharge rate for

the AD-ether electrolyte, far better than that measured in the
BL-carbonate electrolyte (Figure 1d). In addition, when tested at
sub-zero temperatures (10, =20, and —30 °C), the cells with the
AD-ether electrolyte exhibit apparently higher discharge capaci-
ties and average voltage outputs (Figure le). It is indicated
that the AD-ether electrolyte not only shows excellent electro-
chemical stabilities with the Li metal anode and the reactive
LCO cathode at high voltage and under elevated temperatures,
but also improves the battery rate capability and low-temper-
ature discharge behaviors. Therefore, the use of the AD-ether
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Figure 2. a-h) SEM images and i) EIS characterizations of electrodes and Li||LCO cells after cycling. a,d) The pristine LCO cathode. b,e) The LCO
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Li anode after 200 cycles in BL-carbonate. h) The Li anode after 200 cycles in AD-ether. i) The evolutions of cell Nyquist plots after cycling in different

electrolytes.

electrolyte, instead of the conventional BL-carbonate electro-
lyte, addresses many critical challenges confronted with high-
energy-density Li||[LCO batteries and significantly promotes
their practical applications.

To understand the effects of the two electrolytes on the LCO
cathode and the Li anode, the cycled cells were taken part for
post-analyses. The scanning electron microscopy (SEM) images
at the top-view and cross-section view (prepared using focused
ion beam SEM) of the pristine and cycled LCO cathodes are
shown in Figure 2a—f. Even after just 100 cycles under 4.5V,
the LCO cathode in the BL-carbonate electrolyte develops severe
cracks in bulk particles, as highlighted by the red rectangles in
SEM images (Figure 2b,e). In contrast, the LCO particles in the

AD-ether electrolyte are kept intact even after 300 cycles from
the cross-section SEM image (Figure 2f). Part of the cathode
particle is covered by a surface layer, along with exposed areas
with clear textures resembling typical cathode surface. It seems
that this surface layer originates from precipitates of electrolyte
side products from reactions with the cathode (and/or the spe-
cies generated from the anode) but does not intimately adhere
to the LCO surface. On the Li anode side, the electrolyte also
greatly influences the electrode stability. As seen from the
cross-section image of cycled Li anodes (Figure 2g,h), side prod-
ucts accumulate to nearly 100 um after 200 jeopardized cycles
in the BL-carbonate electrolyte. On the contrary, the thickness
of the surface layer in the AD-ether electrolyte is only =62 um



after 200 cycles, suggesting suppressed side reactions between
Li anode and the electrolyte. The larger particles in the surface
layer in the AD-ether electrolyte also suggest the better Li anode
stability (Figure S5, Supporting Information).

The prominent differences made by the electrolytes on the
electrodes can be further explored by electrochemical imped-
ance spectroscopy (EIS). As shown in Figure 2i, a major change
of the Nyquist plot is found for the cell after 100 cycles in the
BL-carbonate electrolyte. Both the ion diffusion impedance and
charge transfer impedance (in particular) increase apparently
after cycling, as indicated by the semicircles at higher frequency
and lower frequency, respectively. In contrast, the impedance
change in the AD-ether electrolyte is very limited even after
300 cycles under high voltage. Therefore, the AD-ether electro-
lyte offers significant advantages for the stabilities of both the
LCO cathode and the Li anode over the BL-carbonate electrolyte.

The greatly improved Li anode stability in the AD-ether
electrolyte can be mainly attributed to the favorable proper-
ties of the solid electrolyte interphase (SEI) on the Li metal
surface. From the X-ray photoelectron spectroscopy (XPS) data
collected on the Li anodes cycled 200 times (Figure S6, Sup-
porting Information), the SEI in the AD-ether electrolyte shows
clear evidence of preferred LiFSI salt reduction. The genera-
tion of sulfur (S)-containing components with lower binding
energies (SO,, S,%, and Li,S) and the enrichment of LiF sug-
gest that the AD-ether electrolyte (as an LHCE) follows similar
reactivity features with high concentration electrolytes on the
Li anode." Compared to excessive solvent decompositions in
the BL-carbonate electrolyte, the AD-ether electrolyte switches
the SEI to a “salt-dominant” chemistry. The significant pres-
ence of LiF, which possesses excellent electronic insulating
capability and structure stability, can effectively protect the Li
anode from further electrolyte side reactions.'” The forma-
tion of S- and nitrogen (N)-containing anions (e.g., SO,", S,
S%-, N—SO,, etc.) may provide efficient Li* transport pathways
because of their relatively low charge densities. Such character-
istics are consistent with our previous studies of ether-based
LHCEs.31 Considering the excess amounts of Li metal and
electrolyte used in the battery tests, the cell capacity decays
should be mainly attributed to the degradation of LCO cathode
under high voltage (4.5 V). This is further supported by the con-
tinued cell decay trend in the BL-carbonate electrolyte after a
new Li anode and fresh electrolyte were employed, as shown in
Figure S7, Supporting Information.

To further distinguish whether the bulk or the surface
degradation is mainly responsible for the cathode capacity
decay, X-ray diffraction (XRD) and hard X-ray absorption
spectroscopy (XAS) were used to characterize the cycled
cathodes. As shown in Figure S8, Supporting Informa-
tion, XRD patterns of both cycled LCO cathodes indicate
that the layered cathode structure is largely retained after
cycling. Although the overall XRD peak intensity decreases
after cycling in the BL-carbonate electrolyte, no obvious
cation-mixing in the bulk structure can be found (as indi-
cated by peak ratios of Iyy3/ 104, 4.2 in pristine LCO vs 5.5 in
BL-carbonate). In addition, the comparison of the Co K-edge
X-ray absorption near edge structure and extended X-ray
absorption fine structure spectra (Figure S9, Supporting
Information) indicate that the bulk LCO cathode structures

show negligible changes after cycling in the BL-carbonate
and the AD-ether electrolytes. Therefore, the deterioration of
the LCO surface structure is mainly responsible for the cell
capacity decay in the BL-carbonate electrolyte.

Aiming to understand the evolution of CEIs in the two elec-
trolytes and its implication on cathode stability, XPS and soft
XAS were employed to study the compositions on LCO cath-
odes. While XPS analysis is depth-sensitive only up to a few
nanometers, the combination of total electron yield (TEY)
mode (probing depth: =5 nm) and fluorescence yield (FY)
mode (probing depth: =100 nm) analysis in XAS is able to help
distinguish the surface and bulk regions and provide a more
complete picture of the CEI structure. As revealed by the XPS
and the soft XAS analyses (Figure 3), the compositions in the
CEI are largely changed when switching from the BL-carbonate
electrolyte to the AD-ether electrolyte. In the BL-carbonate elec-
trolyte, the CEI on the LCO after 100 cycles is mainly composed
of decomposition products from solvent molecules, as indi-
cated by the high atomic ratios of C and O (45.92% and 34.03%,
respectively, from XPS quantification) and the prominent pres-
ence of CO;%™ (C 1s: 289.5 eV, O 1s: 531.6 eV). The C K-edge
TEY and FY spectra of the LCO in BL-carbonate (Figure 3d
and Figure S10a, Supporting Information, respectively) also
confirm the enrichments of CO;2~ and —COOH species in the
CELI This is also supported by the TEY and FY data for the O
K-edge shown in Figure 3f and Figure S10c, Supporting Infor-
mation, respectively. Two major changes are observed in O
K-edge spectra of cycled LCO sample: decrease of the pre-edge
peak below =532 eV and formation of a new shoulder peak at a
higher energy =534 eV. The pre-edge peaks below =532 eV cor-
respond to the transition of oxygen 1s electron to the hybridized
state of Co 3d and O 2p orbitals. Therefore, decrease in the pre-
edge intensity, especially for LCO cycled in BL-carbonate, may
be caused by formation of rock-salt/spinel phases due to the
surface reconstruction or formation of various organic/inor-
ganic CEI due to the electrolyte decomposition. It is worthwhile
to note that an intense peak at higher energy in O K-edge of
LCO sample cycled in BL-carbonate can be observed, which is
a typical signature of the CO;>~ in Li,CO;. CO5*~ and —COOH
species are very likely generated from the oxidation of EC mole-
cules on the LCO surface under high voltage. These species
could further promote the decomposition of LiPF4 and result
in corrosive acidic products (e.g., HF).["] Nevertheless, in the
AD-ether electrolyte, the atomic ratio of F (37.98%) becomes
the highest among all elements (also much higher than that in
the BL-carbonate, F 725%), while those of C and O decrease to
30.57% and 7.61%, respectively. In addition, the chemical nature
of F species on two cycled LCO cathodes have featured differ-
ences. The sole source of F in the BL-carbonate electrolyte is
LiPFg, whose decomposition is responsible for the formation
of LiF and PO,F,", but this is always accompanied with the
cathode corrosion. In contrast, both FSI™ (salt anion) and TTE
(diluent) could contribute to the formation of the F-enriched
CEI in the AD-ether electrolyte, as suggested in our previous
study.¥ Apart from the PVDF binder, the C-F signal could also
come from the decomposition of TTE molecules. The insu-
lating nature and the structural stability of the enriched LiF
phase in the CEI in the AD-ether is also critical for the excellent
performance of LCO cathode. It is interesting to note that not
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and 300 cycles in AD-ether, respectively.

only the relative intensity of LiF (Figure S1la, Supporting Infor-
mation) increases over cycling, but the C—F signal shifts to a
lower binding energy with lower intensity (Figure S11b, Sup-
porting Information). This implies the conversion from C—F
species to LiF within the CEI, which is believed to be benefi-
cial for enhancing the long-term cathode stability. Formation of
LiF-rich CEI in AD-ether is also clearly observed from TEY and
FY spectra of F k-edge as shown in Figure 3b and Figure S10b,
Supporting Information. The F K-edge spectrum of the pris-
tine sample is contributed by the PVDF binder. For the sample
cycled in the AD-ether electrolytes, a small shoulder peak forms
at =700 eV and the edge shifts to higher energy significantly,
which is close to the edge of LiF.['¥l Although the F K-edge of
LCO sample cycled in BL-carbonate shifts toward high energy,
the energy is still lower than that of cycled in AD-ether elec-
trolyte, suggesting that the F compounds detected in F K-edge
XAS are mixture of LiF, PVDF, and PO,F, species. From
the XPS and soft XAS analyses, it can be concluded that the
cathode/electrolyte interaction is critically important in deter-
mining the CEI properties.

In order to further understand the evolutions of the CEls
formed on LCO electrodes in different electrolytes and their
influences on the cathode structures, cycled LCO cathodes
were characterized by scanning tunneling electron microscopy
(STEM). Both the high-angle annular dark-field (HAADF) and
annular bright-field (ABF) images are shown in Figure 4. In the
BL-carbonate electrolyte, the LCO cathode is covered by CEI
with a thickness of 7-11 nm after just 100 cycles under 4.5 V
(Figure 4a). Within the CEI, crystalline domains with an inter-
layer distance of =0.47 nm are found, which resemble the bulk
layered structure but with different orientations. It is likely due
to the dissolution of Co ions, which results from the catalytic
decomposition of the BL-carbonate electrolyte and the associ-
ated generation of corrosive side products. Some Co ions can
precipitate in the form of Co oxides as part of the CEI. From the
HAADF image, it is clear that such corrosion greatly changes
the crystalline structure on the LCO surface (Figure 4b). The
top surface (at least 5 nm thick) transforms from the original
layered structure to a rock-salt structure, which would hinder
the interfacial charge transfer processes, as evidenced by the
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Figure 4. The CEI structures on cycled LCO cathodes in different electrolytes by HR-STEM characterizations. a,b) After 100 cycles in the BL-carbonate
electrolyte. c,d) After 300 cycles in the AD-ether electrolyte. a,c) The ABF-STEM images. b,d) The HAADF-STEM images.

impedance spectroscopy (Figure 2i). Nevertheless, the cathode
degradation in the AD-ether electrolyte is significantly sup-
pressed, as shown in the STEM images of LCO after 300 cycles.
Despite the CEI layer grows to 5-8 nm after long-term cycling
(Figure 4c), the presence of heavy transition metal Co ions in
the CEI is much less than those in the BL-carbonate electro-
lyte. It is likely that there is limited Co ion dissolution during
the initial CEI formation process due to reactive intermedi-
ates from electrolyte oxidation, which is greatly inhibited with
the CEI in place. As a result, the surface structure of the LCO
cathode shows very limited signs of cation mixing (=2 nm)
after 300 cycles under 4.5 V. This result clearly manifests that
improving the CEI could greatly enhance the LCO cycling sta-
bility under high voltage.

In this work, we have demonstrated that designing an in situ
formed advanced CEI on the LCO cathode is highly effective in
achieving its long-term cycling performance under high voltage
(4.5 V) and elevated temperature (55 °C). The AD-ether electro-
lyte not only has an excellent compatibility with the Li metal
anode due to the in situ formed stable SEI, but more impor-
tantly enables the formation of a F-enriched CEI to inhibit
interfacial parasitic reactions and protect the LCO cathode.

Besides, the practical applicability of the Li||[LCO battery under
high rate and low-temperature conditions is also improved with
the AD-ether electrolyte. Our results highlight a promising
strategy for realizing high-energy-density LCO-based batteries
and shed light on holistic design of electrode/electrolyte inter-
phases on highly-demanding electrode materials.
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