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For LiCoO2 (LCO) operating at high voltages (44.5 V vs. Li/Li+), the intensive side reactions between

LCO and traditional ethylene carbonate (EC)-based electrolytes with LiPF6 salts can produce plenty of

corrosive species (such as HF and HPO2F2), causing severe surface degradation. Herein, anti-oxidative

fluoroethylene carbonate (FEC) and difluoroethylene carbonate (DFEC) were selected as co-solvents to

reduce the generation of corrosive species. Besides, PF6
� anions enrich the Helmholtz plane of the

LCO/electrolyte interface and promote the formation of a robust cathode/electrolyte interphase (CEI)

featuring LiF/LixPOyFz/Li3PO4 inorganics and P-containing organics under the synergy of fluorinated

solvents, which significantly inhibits the catalysis of highly oxidative Co4+/On� (0 o n o 2). Benefiting

from the reduced corrosive species and reinforced CEI, the layered structure of the LCO surface is well

preserved during long-term cycling, with a highly reversible O3/H1-3 phase transition. Consequently, a

LCO||graphite pouch cell exhibits a remarkable capacity retention of 85.7% after 500 cycles in

3.0–4.55 V. This work provides a new insight into developing advanced functional electrolytes for high-

voltage lithium-ion batteries.

Broader context
In recent years, the growing demands for advanced high-energy-density lithium batteries have stimulated tremendous research interest for developing high-
voltage LiCoO2 (LCO) cathodes. However, the incompatibility of traditional commercial electrolytes against the highly delithiated LCO surface with strongly
oxidative Co4+/On� (0 o n o 2) severely hinders their large-scale applications, mainly due to the excessive oxidation of solvents, especially in ethylene carbonate
(EC)-based electrolytes, which can form acid-corrosive species (including HF and HPO2F2). In this study, by replacing EC with more anti-oxidative
fluoroethylene carbonate (FEC) and difluoroethylene carbonate (DFEC) co-solvents, the enhanced structural stability of LCO at 4.6 V (vs. Li/Li+) was achieved
and the optimization mechanism was revealed. During cycling, due to the anti-oxidative characteristic of FEC/DFEC solvents, the layered structure of LCO was
well maintained by reducing interface corrosive species, and the robust cathode/electrolyte interphase (CEI) enriched with LiF/P–O species was progressively
constructed on the surface of LCO, ensuring the stability of the surface/interface region and reversibility of Li+ (de)intercalation of LCO during long-term
cycling.

Introduction

LiCoO2 (LCO) has long been the indispensable cathode mate-
rial in the consumer electronics field, mainly due to its high
volumetric energy density and high rate/cycling performances.
With the acceleration of the lightweight tendency of new
electronic products, the application of LCO cathodes calls for
a higher cut-off voltage beyond 4.5 V (vs. Li/Li+, hereafter) to
release more reversible specific capacity with significantly
enhanced energy density. However, high-voltage (HV) operation
can seriously affect the stability of the LCO/electrolyte interface,
which is mainly reflected in the severe interface parasitic
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reactions originating from the high catalytic oxidation
activity of Co4+/On� (0 o n o 2) on the LCO surface, the surface
structure degradation originating from Co/O loss, etc.1–4 These
issues further cause deteriorated Li+ diffusion kinetics across
the LCO surface and destroy the reversibility of bulk phase
transitions, leading to crack formation and, consequently,
rapid capacity decay.5–8 To alleviate these issues, the optimiza-
tion of interface properties, especially through electrolyte tun-
ing, is the most efficient and low-cost route to stabilize the
structure of LCO at high voltages.

As is known, commercially used electrolytes are usually
composed of cyclic carbonate (such as ethylene carbonate
(EC)) and linear carbonate (such as ethyl methyl carbonate
(EMC) or diethyl carbonate (DEC)) solvents as well as low-
concentration LiPF6 salts. However, in most occasions, their
combinations encounter difficulty in tolerating an HV opera-
tion beyond 4.5 V, showing severe electrochemical decomposi-
tion at both the LCO cathode and graphite/Li anode interfaces,
as depicted in Fig. S1 (ESI†).9 The continuous oxidation/dehy-
drogenation of EC/EMC solvents generate detrimental H+/H2O,
accompanied with CO/CO2 gas release.2,10,11 Meanwhile, the
increased H+/H2O concentration further intensifies the decom-
position (hydrolysis) of the LiPF6 salt, forming plenty of corro-
sive species, such as HF, HPO2F2, H2PO3F, and H3PO4.9,12

These corrosive species cause severe Co dissolution from the
LCO surface, finally leading to its structure degradation and
the formation of a fragile cathode/electrolyte interphase (CEI).
It is noted that the Co dissolution from the LCO side has a cross
effect on the Li metal or graphite anodes, i.e., Co2+ can deposit
on the anode sides and further cause the passivation of
anodes.13 Therefore, enhancing the overall stability of the
electrolyte to remove HF and H2O and forming a protective
CEI to reduce undesirable interfacial reactions are the key
breakthroughs to stabilize the LCO structure from the aspect
of electrolyte tuning.

Compared to the traditional EC solvent, the emerging
fluorinated cyclic carbonates (including fluoroethylene carbo-
nate (FEC) and difluoroethylene carbonate (DFEC)) gradually
show their great potential in HV applications due to the
enhanced anti-oxidative properties.14–19 Recently, they have
been widely investigated as electrolyte additives or solvents in
electrolytes, which can regulate the Li+ solvation structure and
promote the formation of a robust solid electrolyte interphase
(SEI) on Li metal or Si/Si–C anodes.16,20,21 As reported pre-
viously, with the increase in fluorination extents of solvents
from EC, FEC to DFEC, the Li+ desolvation energy from the
electrolytes decreases with the promoted Li+ transport kinetics,
finally contributing to the improved low-temperature
performance.18 In addition, the FEC and DFEC are promising
reducible sacrificial agents to help reconstruct the robust SEI
on the anode with a certain amount of LiF, ROCO2Li and
polymeric species, especially utilizing their synergetic
effects.20,22,23 Despite these insights, the detailed optimization
mechanism of FEC/DFEC solvents on enhancing the HV cycle
performance of LCO still remains vague and requires further
investigation.

In this work, the optimization mechanism by the rational
control of electrolyte solvents from EC to FEC/DFEC solvents
was systematically explored based on comprehensive character-
izations and theoretical simulations. We found that the
enhanced stability of LCO in an anti-oxidative FEC–DFEC-
based electrolyte is basically attributed to reduced corrosive
species and the formation of robust and uniform CEI, which
significantly reduce the catalysis of highly oxidative Co4+/On�

(0 o n o 2) and play important roles in stabilizing the surface
structure as well as enhancing the phase transition reversibility
of LCO. Specifically, under the synergy of anti-oxidative and
weak-solvated fluorinated solvents, the reaction path of PF6

�

anions in the inner Helmholtz plane of the LCO/electrolyte
interface is regulated, which reduces the hydrolysis of PF6

� to
form corrosive species such as HF and HPO2F2, but to promote
the formation of robust CEI abundant with LiF/LixPOyFz/Li3PO4

inorganics and P-containing organics. As a result, the LCO
cathode shows significantly enhanced rate capability and
long-term cycling stability with a high capacity retention of
85.5% after 1000 cycles in LCO||Li cells between 3.0–4.6 V and
85.7% after 500 cycles in LCO||graphite pouch cells between
3.0–4.55 V.

Results and discussion
Electrolyte regulation

Starting with the most basic electrolyte system comprising
commonly used solvents of cyclic and linear carbonates (EC/
EMC), given that the DEC is more stable than EMC, and the
fluorinated EC solvents (FEC/DFEC) have enhanced anti-
oxidation properties, five types of electrolytes are rationally
designed to understand the effects of solvent tuning on the
electrochemical stability upon HV operation, as listed in Table
S1 (ESI†). As illustrated in linear sweep voltammetry (LSV)
results (Fig. S2, ESI†), the partial replacement of EMC by DEC
can inhibit the drastic oxidative decomposition of electrolytes
to a certain extent. Besides, further replacing EC with fluori-
nated solvents (FEC/DFEC) exhibits an extended electrochemi-
cal window to higher potentials. Therefore, it is necessary to
understand the effects of solvent’s tuning on its physicochem-
ical properties and resulting cell performances. As reported
previously, there always exists an electrical double layer (EDL)
between the electrode surface and the electrolyte, called the
Helmholtz plane, which includes the inner Helmholtz plane
(IHP) and outer Helmholtz plane (OHP). Generally, the OHP
contains Li+ ions inside the solvation shells, and the IHP
contains anions and organic molecules adsorbed on the LCO/
electrolyte interface.2,24,25 Specifically, the difference in the
solvation structures of OHP will significantly affect the (de)so-
lvation kinetics of Li+ ions and the chemical species in IHP,
finally leading to a distinct CEI layer.

We first analyzed the interaction between the Li+ ions and
the solvents (including EC, FEC, and DFEC) via density func-
tional theory (DFT) calculations. The calculated binding affinity
can qualitatively evaluate the interaction strength between the
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Li+ ions and the solvents.18 As shown in Fig. S3a (ESI†), the
binding affinity values of Li+-fluorinated solvents are higher
than that of Li+–EC, indicating the weaker solvation strength
between Li+ ions and FEC/DFEC solvents. Fig. 1(a) and Fig. S3b
(ESI†) further show the calculated Li+ solvation energies in a
Li+[solvents]4 solvation structure, and it is clear that the DFEC-
derived one is the most prone to release free Li+ ions, whether
we replace one solvent molecule (Li+[EC]3[DFEC]) or replace all
of them (Li+[DFEC]4). Besides, the necessary involvement of
FEC solvents helps to stabilize the Li+ solvation structure and to
regulate the electrolytic viscosity to some extent.26

The difference in the Li+–solvent interaction will greatly
affect the coordination of the PF6

� anions in the solvation
structure. In the Raman spectra of electrolytes (Fig. 1(b)), the
peaks of Raman shift at about 720 and 740 cm�1 correspond to
the free and solvated PF6

�, respectively. It can be seen that, the
weaker the Li+–solvent interaction, the higher the intensity of
solvated PF6

�. In Fig. 1(c) and Fig. S4a (ESI†), the results of
Fourier transform infrared (FTIR) spectroscopy also indicate
that less free PF6

� (840 cm�1) and more solvated PF6
�

(870 cm�1) exist in the fluorinated electrolyte. Besides, in

Fig. S4b (ESI†), the up-field shifts of 7Li nuclear magnetic
resonance (NMR) spectra in fluorinated electrolytes, which
are EC-free and weakly solvated, further demonstrate the
intensive PF6

�-shielding effect on the Li+ ions, corresponding
well to the Raman and FTIR results.27

The temperature-dependent electrochemical impedance
spectroscopy (EIS) measurements (Fig. S5, ESI†) were further
applied to quantify the Li+ desolvation kinetics on the LCO
surface in different electrolytes.28 We conducted the
Li0.7CoO2||Li0.7CoO2 symmetric cell to exclude the effect of
the CEI layer and prevent damage to the surface layer structure.
The fitted results (Fig. 1(d) and Fig. S5, ESI†) show that the Li+

desolvation energy in the FEC (60.9 kJ mol�1) and FEC–DFEC
(55.9 kJ mol�1) electrolytes are obviously lower than that in the
EC electrolyte (63.2 kJ mol�1), exhibiting the facilitated Li+

(de)solvation kinetics in FEC and FEC–DFEC electrolytes. In
addition, the slight increase in the Li+ desolvation energy in the
DFEC electrolyte (61.6 kJ mol�1) can be attributed to the
synthetical effects of Li+–solvents/anions, i.e., the weak Li+–
DFEC interaction lead to the significantly enhanced Li+–PF6

�

interaction, resulting in the increased Li+ desolvation energy.

Fig. 1 Influence of electrolyte regulation on the Helmholtz plane. (a) Calculated Li+ solvation energy in the Li+[solvents]4 solvation structure. (b) Raman
spectra and (c) FTIR spectra of EC, EC–DEC, FEC and FEC–DFEC electrolytes. (d) Li+ desolvation energy in EC, FEC and FEC–DFEC electrolytes by fitting
the Rct of Li0.7CoO2||Li0.7CoO2 symmetric cells obtained at different temperatures with the Arrhenius equation. (e) Calculated HOMO/LUMO energy of
different solvents. (f) Schematic of the inner and outer Helmholtz plane regulation in the FEC–DFEC electrolyte.
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During the cycle, the de-solvated PF6
� anions and solvents can

gather in IHP to anticipate the interfacial reactions. The lowest
unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO) energies of the solvents were further
calculated via DFT calculations, to reveal the potentials of the
reduction/oxidation stability of organic solvents in IHP/OHP.
Both the HOMO and LUMO energies of DFEC and FEC are
lower than those of EC (Fig. 1(e)), which indicate their
enhanced anti-oxidative stability on LCO side and preferential
reduction to form the initial SEI on Li or graphite side.
Furthermore, the HOMO and LUMO energies of different
Li+[solvents]4 solvation structures (Fig. S6, ESI†) also indicate
that completely replacing the EC solvent with FEC/DFEC sol-
vents can dramatically enhance the anti-oxidative stability and
reduction activity of the solvation structure.

As summarized in Fig. 1(f), the introduction of FEC/DFEC
solvents can effectively regulate the IHP and OHP, causing
weaker interactions between Li+ ions and solvents, and more
PF6

� anions participate in the Li+ solvation sheath. On the one

hand, in OHP, the lower Li+ (de)solvation energy ensures the
fast Li+ transport kinetics. On the other hand, in IHP, more
electrochemically anti-oxidative organic solvents and the PF6

�

anion-dominant interface chemistry significantly promote the
formation of chemo-mechanically stable CEI abundant with
inorganic species during the cycle, thereby improving the
compatibility of the regulated electrolyte with LCO at 4.6 V.

Cell performances

The cell performances of the progressively optimized electro-
lytes were evaluated by assembling the LCO||Li cells. The
correlated X-ray diffraction (XRD) results of pristine LCO are
presented in Fig. S7 (ESI†), showing a pure layered a-NaFeO2

structure with a space group of R-%3m. Transmission electron
microscopy (TEM) characterizations and correlated diffraction
patterns were further utilized to analyze the surface and bulk
structures of LCO (Fig. S8, ESI†), both showing the character-
istics of layered structures. The initial charge/discharge curves
of LCO||Li cells (Fig. 2(a) and Fig. S9, ESI†) indicate that,

Fig. 2 Cell performances of LCO||Li cells and LCO||graphite pouch cells in different electrolytes. (a) ICE, (b) CV tests and (c) rate performances of LCO||Li
half cells in the EC, EC–DEC, FEC, FEC–DFEC electrolytes in the voltage range of 3.0–4.6 V. (d) Cycling performance of LCO||Li half cells in EC and FEC–
DFEC electrolytes in the voltage range of 3.0–4.6 V, at a current of 2C. (e) Comparison of cell performances of recently reported electrolyte regulation
for LCO cathodes at room temperature. (f) Cycling performance of the LCO||graphite pouch type full cell in the voltage range of 3.0–4.55 V at 1C in the
EC and FEC–DFEC electrolytes and the digital photograph of the pouch-type full cell after 500 cycles. (g) Corresponding charge and discharge curves at
different cycles for the LCO||graphite pouch cell.
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through regulating the solvents, it exhibits a high reversible
discharge capacity of B220 mA h g�1 and a high initial
Coulombic efficiency (ICE) of up to B96.3% cycling in the
FEC–DFEC electrolyte, while in the EC electrolyte, it exhibits a
lower discharge capacity of B218 mA h g�1 and an ICE of lower
than 90%, which are attributed to the reduced interface polar-
ization and optimized interfacial reaction. The reduced inter-
face polarization can be further confirmed by the cyclic
voltammetry (CV) tests, as shown in Fig. 2(b) and Fig. S10
(ESI†). The LCO||Li cells cycled in FEC and FEC–DFEC electro-
lytes show a much smaller half-peak width and voltage hyster-
esis than that in the EC electrolyte, demonstrating the faster Li+

transport kinetics.29 Meanwhile, the lowest leakage current for
LCO||Li cells is observed in FEC–DFEC electrolytes, which also
indicate the optimized LCO/electrolyte interface with less detri-
mental side reactions (Fig. S11, ESI†). Hence, they display
significantly improved rate capability and cycling stability, as
shown in Fig. 2(c) and Fig. S12 (ESI†). At a high current density
of 8C (1C = 200 mA g�1), the discharge capacities of LCO||Li
cells cycled in EC, EC–DEC, FEC and FEC–DFEC electrolytes are
116.6, 131.2, 140.1, and 173.9 mA h g�1, respectively. Mean-
while, after 500 cycles at a rate current of 1C, the capacity
retention of LCO||Li cells in the EC, EC–DEC, FEC and FEC–
DFEC electrolytes are 37.7%, 61.4%, 83.2% and 92.7%, respec-
tively. Impressively, the LCO||Li cell using an FEC–DFEC elec-
trolyte shows a high capacity retention of 85.5% after 1000
cycles at 2C (Fig. 2(d)), which is among the best reported cycling
performances (Fig. 2(e) and Table S2, ESI†). Besides, the
comparison of long-term cyclic charge/discharge curves of
LCO||Li cells in different electrolytes (Fig. S13 and S14, ESI†)
and the evolution of correlated charge/discharge average vol-
tages upon cycles (Fig. S15, ESI†) were performed, and the
results indicated the detrimental structural degradation occur-
ring on LCO with severe voltage decay in the EC electrolyte.
While in the FEC–DFEC electrolyte, the charge/discharge curves
almost overlap with nearly no change in charge/discharge
average voltages within 200 cycles, further confirming the
beneficial effects of the solvent regulation. Theoretically,
due to the anti-oxidative property of DFEC, the cells in the
DFEC electrolyte can achieve much better cell performances
than those in the FEC–DFEC electrolyte. However, as shown in
Fig. S16 (ESI†), although the LCO||Li cell using the
DFEC electrolyte also shows a high capacity retention of
89.6% after 500 cycles at 1C with significantly reduced
voltage decay, the incompatibility between DFEC electrolyte
and Li anode leads to some negative results, including low
Coulombic efficiency during cycling and the poor stability of
Li||Li symmetric cells, which is attributed to the massive
consumption of DFEC on the Li anode.20 In contrast, the
FEC–DFEC electrolyte shows better compatibility with the Li
anode, and the correlated Li||Li symmetric cell shows superior
plating/striping cycling stability with low over-potential for over
500 h (Fig. S17, ESI†). For comparison, the Li||Li symmetric
cell with the EC electrolyte shows evident fluctuation in
voltage hysteresis and suffers from a sudden short-circuit at
about 220 h.

The LCO||graphite pouch-type cells (with capacity of about
0.6 A h) were further fabricated to evaluate the feasibility of the
designed FEC–DFEC electrolyte. As presented in Fig. 2(f) and
(g), the LCO||graphite cell with the FEC–DFEC electrolyte
presents an excellent cycling stability with a high capacity
retention of 85.7% after 500 cycles in the voltage range of
3.0–4.55 V at 1C without visible swelling detected. When
compared, the LCO||graphite full cell with the EC electrolyte
shows a rapid capacity decay with obvious swelling upon cycles,
indicating the severe electrolyte decomposition and interfacial
side reactions. Besides, benefiting from the promoted Li+

transport kinetics of the FEC–DFEC electrolyte, the LCO||gra-
phite cell shows outstanding low-temperature performance
with a high capacity retention of 88.2% at �20 1C compared
with that at 25 1C (Fig. S18, ESI†).

Reduced interfacial side reactions

The optimized LCO/electrolyte interfacial reaction is the origin
of realizing its better electrochemical performances at 4.6 V.
Herein, several in situ characterizations are combined to
explore the optimization mechanism behind. In Fig. 3(a), the
in situ Raman spectra of LCO||Li cells with EC and FEC–DFEC
electrolytes are obtained for the initial two cycles in the voltage
range of 3.0–4.6 V, and the correlated CV curves are shown in
Fig. S19 (ESI†). The characteristic Raman peaks of LCO, located
at the Raman shifts of 485 and 595 cm�1, can be assigned to the
O–Co–O bending mode (Eg) and Co–O stretching mode (A1g),
respectively.30,31 It is noted that, for the EC electrolyte, when
the voltage is beyond 4.2 V, the Eg and A1g peaks disappear in
the 1st cycle, and their intensity decreases significantly in the
2nd cycle, mainly attributed to the breakage of Co–O bonds,
which is induced by the severe interfacial side reactions
between highly oxidative Co4+/On� (0 o n o 2) and the EC
electrolyte. This finally results in the structure degradation
from ‘‘layered to spinel/rocksalt’’ on the LCO surface, since
there appears a new peak at 670 cm�1 in the Raman spectra
after the cycles (Fig. S20, ESI†).30,32 In contrast, in the FEC–
DFEC electrolyte, the Eg and A1g peaks remain constant during
the cycle even charging to a high voltage of 4.6 V, indicating the
stabilized Co–O bonds on the LCO surface. Besides, there is no
signal observed at 670 cm�1 after the cycles, illustrating the
stabilized layered phase on the LCO surface.

Then, the in situ ultraviolet-visible spectrophotometry (UV-
vis) was adopted to understand the chemical degradation of
LCO.33 As observed in Fig. 3(b), there are obvious signals of
Co2+ dissolution near the wavelength of B500 nm upon char-
ging LCO to 4.6 V in the EC electrolyte, which cannot be
detected for the LCO cycled in the FEC–DFEC electrolyte and
can be confirmed by the inductively coupled plasma-optical
emission spectroscopy (ICP-OES) tests (Fig. S21, ESI†).34 Since
the low-valence Co ion’s dissolution from the LCO surface is
regarded as the result of HF corrosion and oxygen loss, it is
reasonable to hypothesize that the modified solvation chemis-
try in the FEC–DFEC electrolyte is capable of constructing a
protective CEI with the inhibited generation of corrosive HF
species and reduced interfacial side reactions.
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The interfacial reaction can be further detected via in situ
differential electrochemical mass spectrometry (DEMS) tests
(Fig. 3(c) and (d)), in which the gas release from the LCO||Li
cells is presented for the initial two cycles in the voltage range
of 3.0–4.6 V. For the LCO||Li cell in the EC electrolyte, massive
contents of CO2, O2 and CO are released in the high-potential
range during the first cycle, which continuously proceeds in the
second cycle. The obvious gas release is attributed to the
following aspects: (i) the decomposition of EC and EMC sol-
vents is aggravated by highly oxidative Co4+/On� (0 o n o 2),
and (ii) HF constantly attacks the LCO surface upon charging,
deteriorating the surface O loss. When compared, there is
nearly no gas release observed in the FEC–DFEC electrolyte
during the initial cycles, indicating the optimized interfacial
reaction by effective electrolyte regulation. Furthermore, the
soft X-ray absorption spectroscopy (sXAS) was applied to iden-
tify the reinforced structure stability by the solvent regulation.
Fig. 3(e) compares the O K-edge spectra (TEY mode) results of

pristine LCO and LCO at the charged state (at 4.6 V, after 10
cycles) in EC and FEC–DFEC electrolytes, respectively. For
pristine LCO, the peak located at a photon energy of 530.5 eV
corresponds to the hybridization of Co3+ (e*g)–O 2p. For LCO
charging to 4.6 V, the peaks located at photon energies of
529 eV and 527 eV emerge, corresponding to the hybridization
of Co4+ (e*g)–O 2p and Co4+ (t2g)– O 2p, indicating the much
more remarkable ascending of Co valence in the surface for
LCO in the FEC–DFEC electrolytes than in the EC electrolyte.35

Meanwhile, the peaks located at B532 eV also arise obviously,
illustrating the formation of low-valence Co (such as Co3O4 or
CoO) or Li2CO3 on the LCO surface, and the relative peak
intensity is obviously higher for LCO at 4.6 V in the EC
electrolyte than in the FEC–DFEC electrolyte.36,37 We further
conducted cryogenic transmission electron microscopy (cryo-
TEM) measurements to characterize the surface region of LCO
in different electrolytes after 10 cycles in the voltage range of
3.0–4.6 V. Fig. S22 (ESI†) indicates that the uneven surface

Fig. 3 Characterizations of the LCO/electrolyte interfacial side reaction. (a) In situ Raman spectra of the LCO||Li half cells in the EC and FEC–DFEC
electrolytes in the voltage range of 3.0–4.6 V at a constant voltage scanning of 0.2 mV s�1. (b) In situ UV-vis characterization in the voltage range of 3.0–
4.6 V at a constant voltage scanning of 0.2 mV s�1. The in situ DEMS tests of LCO||Li cells in (c) EC and (d) FEC–DFEC electrolytes in the voltage range of
3.0–4.6 V. (e) O K-edge spectra of TEY mode from sXAS measurements of pristine LCO and LCO with two types of electrolytes at 4.6 V after 10 cycles in
the voltage range of 3.0–4.6 V.
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structure damage and CEI layer distribute on LCO, indicating
that serious interfacial side reactions occur on LCO in the EC
electrolyte, while LCO in the FEC–DFEC electrolyte exhibits
intact particle and thin CEI layer with a thickness of less than
5 nm. In summary, the solvents’ decomposition induced by
oxidative Co4+/On� (0 o n o 2) and surface structure degrada-
tion of LCO with severe Co/O loss can be largely alleviated by
using the FEC–DFEC electrolyte.

Formation of robust CEI

As discussed above, the regulation of IHP and progressive
construction of the CEI layer on the LCO surface in the FEC–
DFEC electrolyte are responsible for the reduced interfacial side
reactions, thus it is critical to dissect its structure and composi-
tion to understand the optimization mechanism. Herein, the
structure electrochemistry in the LCO/electrolyte interface was
first characterized by in situ EIS, as shown in Fig. S23a and b
(ESI†). The EIS curves can be fitted and resolved to obtain two
significant parameters (Fig. S23c and d, ESI†), i.e., the surface
film resistance (Rsf) referring to the property of CEI/SEI, and the
charge transfer resistance (Rct) referring to the property of the

LCO surface after 10 cycles.38 As observed, the FEC–DFEC
electrolyte leads to more stable CEI/SEI formation due to the
slight fluctuation of Rsf values during the cycle, and better
surface Li+ transport kinetics with remarkably decreased Rct

values. Fig. 4(a)–(d), Fig. S24 and S25 (ESI†) compare the cryo-
TEM morphologies of LCO in different particles after 100 cycles
in the EC and FEC–DFEC electrolytes, respectively. During the
cycles, a loose and non-uniform CEI is formed on the LCO
surface in the EC electrolyte (Fig. 4(a) and (b)), while a dense
and homogeneous CEI with a thickness of 20 nm is formed in
the FEC–DFEC electrolyte (Fig. 4(c) and (d)). In addition, as
analyzed from the fast Fourier transform (FFT), the CEI formed
in the EC electrolyte contains LiF and some amorphous species,
while for the CEI formed in the FEC–DFEC electrolyte, there are
large amounts of inorganic species including Li3PO4, LiF and
Li2CO3.

The in depth X-ray photoelectron spectroscopy (XPS) was
further applied to characterize the chemical compositions of
CEI on LCO and correlated SEI on the Li anode after 100 cycles.
In Fig. S26 (ESI†), the analyses of C 1s, O 1s, F 1s, P 2p, and Li 1s
XPS results were performed, and the illustration of the fitted

Fig. 4 Morphology and composition analyses of the LCO CEI layer. Cryo-TEM characterizations of the LCO CEI layer and FFT analysis after 100 cycles of
LCO||Li cells in (a) and (b) EC and (c) and (d) FEC–DFEC electrolytes in the voltage range of 3.0–4.6 V at 1C. (e) and (f) The 3D reconstruction of diverse
types of secondary-ion fragments for the LCO/electrolyte interface in the EC and FEC–DFEC electrolyte. (g) The distribution of LiF2

�, POF2
�, PO2

�, PO3
�,

and PO2F2
� species in the CEI layer from outside to inside. (h) Schematic of the LCO CEI formation during the cycle in EC and FEC–DFEC electrolytes.
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results are clarified in detail in ESI.† Generally, in the EC
electrolyte, the CEI on LCO surface contains the PF6

�

decomposition-derived LiF/LixPOyFz inorganics and solvent
decomposition-derived organics, mainly due to the expense of
forming more corrosive species (Fig. S26, ESI†). In addition, the
SEI on Li metal has a similar composition accompanied by
obvious Co deposition, as shown in Fig. S27 and S28 (ESI†). The
characteristics of CEI/SEI in FEC–DFEC electrolyte based on
XPS results can be illustrated as follows. First, there is no
visible signal of Co detected on the surface of the cycled Li
anode in the FEC–DFEC electrolyte, indicating the reduced
formation of corrosive species and cross effect of Co during
the cycles. Second, it shows a lower signal peak of Co–O lattice
in the O 1s spectra, indicating the well-covered CEI to protect
the LCO surface from corrosion. Third, there appears a new
peak at 283.5 eV in the C 1s spectra, referring to the formation
of organic species due to the ‘‘cross effect’’ of the decomposi-
tion of FEC/DFEC solvents from the anode side, which will be
discussed subsequently.39–42 Fourth, as more PF6

� ions are
participating in the Li+ solvation structure, there exist more
LiF inorganics, while the content of P-containing species also
increases with few Co dissolution (including LixPOyFz, OPFx-
(OR)y and phosphate (Li3PO4, OP(OR)3), in which R represents
the alkyl chain), resulting in the uniform and robust CEI in the
FEC–DFEC electrolyte.43,44 Thus, based on the FEC–DFEC elec-
trolyte, both the CEI on the LCO side and the SEI on the Li
anode side are robust and uniform, which is vital for the
enhanced cell performances under HV operation.

To further understand the mechanism of robust CEI for-
mation, the spatial distribution of species in the CEI layers on
the LCO surface was investigated by time-of-flight secondary
ion mass spectrometry (TOF-SIMS) measurements. Fig. 4(e)
shows a seriously corroded LCO surface with Co loss and
generating Co–F species in the EC electrolyte, while in the
FEC–DFEC electrolyte, the LCO surface is well maintained with
nearly no visible signs of corrosion and Co–F species, which
indicates the inhibition of corrosive species (such as HF and
HPOxFy) in the FEC–DFEC electrolyte. However, Fig. 4(f) and
Fig. S29 (ESI†) display the more uniform and robust spatial
distributions of the LiF2

�, POF2
�, PO2

�, PO2F2
�, and PO3

�

species in the CEI formed in the FEC–DFEC electrolyte than
that formed in the EC electrolyte. Combining the XPS results
(Fig. S26, ESI†), it suggests that in the FEC/DFEC electrolyte,
there are more PF6

� anions participating in the Li+ solvation
structure, leading to a different reaction pathway in compar-
ison with the hydrolysis reaction in the EC electrolyte, thereby
avoiding the formation of corrosive species but promoting the
generation of P–O species. Fig. 4(g) shows the variations in the
distribution of CEI products from surface to inside. It illus-
trates that LiF2

� seems to locate in the inner layer of CEI, while
the POF2

�, PO2
�, PO2F2

�, and PO3
� species tend to locate in

the outer layer of CEI. That is to say, upon cycles, the PF6
�

anions enrich in the IHP region of the LCO/electrolyte interface
and tend to preferentially deposit on the surface of LCO,
forming the PF5 and inner LiF species. Then, the PF5 species
further reacts with the reduction products of FEC/DFEC

(i.e. lithium alkyl carbonates (ROCO2Li) and lithium alkoxide
(ROLi), as shown in Fig. S30, ESI†), forming more P-containing
organic species in the outer layer (i.e., OPFx(OR)y and OP(OR)3),
corresponding to the P/F/O-containing species in the TOF-SIMS
results.41,45–48 Moreover, the LixPOyFz/Li3PO4 inorganics shown
in XPS and cryo-TEM results are related to the further decom-
position of OPFx(OR)y and OP(OR)3 species.

Furthermore, we assemble the LCO||Li4Ti5O12 (LTO) full
cells to confirm the ‘‘cross effect’’ of reduction products of
FEC/DFEC from the Li/graphite anode (Fig. S31, ESI†). The XPS
spectra of the LCO cathode electrode with different etching
times after 50 cycles of LCO||LTO cells indicate that both the
Li–O–C peak (located at 283.5 eV in the C 1s spectra) and the
P–O peak (located at 134 eV in the P 2p spectra) are absent on
the LCO surface (Fig. S32, ESI†). Besides, the cryo-TEM images
and FFT results of different LCO particles (Fig. S33, ESI†) show
that plenty of LiF nanoparticles deposit on the LCO surface,
and the near-surface region of LCO still remains a pure layered
phase. The enrichment of LiF component and the stable sur-
face structure of LCO can be attributed to the PF6

� anions and
anti-oxidative FEC/DFEC solvent-dominant interface chemistry
in the IHP of LCO in the FEC–DFEC electrolyte, which is
consistent with LCO cycled in LCO||Li cells. However, the lack
of P–O XPS signal and Li3PO4 inorganic components can be
attributed to the flat and high potential plateau of the LTO
anode (at about 1.55 V vs. Li+/Li), which inhibit the FEC/DFEC
reduction on the anode side to some extent, and further affect
the CEI evolution process. Additionally, the poor cycling stabi-
lity of LCO||LTO cells may be attributed to the catalytic activity
of the LTO surface, which can induce some interfacial side
reactions accompanied by gas release.49,50

Combining the cryo-TEM, XPS, and TOF-SIMS results, the
mechanism of forming a robust CEI on the LCO surface is fully
illustrated in Fig. 4(h). In the EC electrolyte, during the cycles,
the oxidation of EC solvents leads to the generation of H2O/H+

and promotes the hydrolysis of PF6
� anions to form some

corrosive species (such as, HF and HPOxFy). These corrosive
species not only cause surface structure degradation, but also
obstruct the formation of a well-protective CEI on the LCO
surface. As a result, a loose and non-uniform CEI is formed on
the LCO surface. In contrast, in the FEC–DFEC electrolyte,
during the cycles, the solvents are much stable to resist the
oxidation on the LCO surface. Besides, in the IHP region of the
LCO/electrolyte interface, the PF6

� anions are more concen-
trated due to the regulation of the solvation chemistry, which
promotes more deposition of LiF/LixPOyFz/Li3PO4 inorganics
and P-containing organics in the CEI, under the synergy of
reduction products of FEC/DFEC. Consequently, the CEI
formed in the FEC–DFEC electrolyte presents a chemo-
mechanically stable feature, which can effectively reduce the
Co4+/On� (0 o n o 2)-induced interfacial side reaction and the
surface degradation of LCO, especially during long-term cycles.

Long-term characterizations

As discussed above, a robust CEI with high chemo-mechanical
stability and better Li+ transport kinetics is achieved in the
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FEC–DFEC electrolyte, which enhances the reversibility of bulk
phase transition in return and finally enables the long-term
cycling stability of LCO. Here, the dQ/dV curves and in situ XRD
patterns were utilized to confirm this perspective. In Fig. 5(a)
and (b), the redox peaks in the potential ranges of 3.9–4.0 V and
4.5–4.6 V in dQ/dV curves represent the O3/O30 and O30/H1-3
phase transitions, respectively, in which, the latter peaks cor-
relate with the sliding of the O–Co–O layer.6,51 In the EC
electrolyte, the phase transition reversibility of LCO is not
satisfactory, i.e., as the cycle proceeds, the potential difference
between the oxidation and reduction peaks increases gradually
for O3/O30 phase transitions and vanishes for O30/H1-3 phase
transitions after 300 cycles. In contrast, LCO cycled in the FEC–
DFEC electrolyte exhibits highly reversible phase transitions,
showing stabilized Li+ (de)intercalation from bulk LCO,
which is due to the reduced surface degradation and the
optimized CEI.

The in situ XRD patterns are employed to further probe the
influence of electrolyte regulation on the phase transition of
LCO (Fig. 5(c) and (d)). When charged to voltages beyond 4.5 V,
LCO in the EC electrolyte shows a more obvious O30/H1-3 phase
transition than that in the FEC–DFEC electrolyte, as character-
ized by the peak separation of (003) and (101) peaks. Further-
more, when charged to 4.6 V, the (003) peaks of LCO can be
divided into three peaks, i.e. O30, O30/H1-3 (a transition state
from O30 to H1-3) and H1-3.35,52 For LCO in the FEC–DFEC

electrolyte, qualitatively, the percentages of O30, O30/H1-3, and
H1-3 are 33%, 52%, and 15% in the 1st cycle, and 32%, 55%,
and 13% in the 2nd cycle, respectively. For LCO in the EC
electrolyte, the percentages of O30, O30/H1-3, and H1-3 are 6%,
80%, and 14% in the 1st cycle, and 6%, 50%, and 44% in the
2nd cycle, respectively. The above-mentioned results indicate
that, in the FEC/DFEC electrolyte, in a fully charged state, LCO
contains more O30 phases in the FEC–DFEC electrolyte, indi-
cating the reduced slippage of O–Co–O layers. In addition, we
consider that the origin of a higher degree of O3/H1-3 phase
transition in the EC electrolyte during the initial two cycles is
due to the formation of a thin surface spinel phase, with a
thickness of about 2–5 nm (Fig. S34a and b, ESI†), which is
attributed to the interfacial reactions between the LCO surface
and the EC electrolyte in the 1st charging process. As a result,
the polarization of the LCO electrode can be reduced to a
certain extent, resulting in more Li+ being extracted from
LCO upon the activation process in the initial two cycles.53

On the contrary, due to the regulated interface stability of LCO
in the FEC–DFEC electrolyte, there is no activation process on
the LCO surface, which remains as a layered structure at 4.6 V
(Fig. S34c and d, ESI†). After 100 cycles, the layered structure
of LCO is still well maintained in the FEC–DFEC electrolyte
(Fig. S35, ESI†). Additionally, the worse cycle life of LCO in the
EC electrolyte can hardly be related to the higher delithiation
depth of LCO in the 1st and 2nd charging processes, but is

Fig. 5 Influence of electrolyte regulation on the phase transition of LCO. The dQ/dV curves during the cycling of LCO||Li cells in (a) EC and (b) FEC–
DFEC electrolytes in the voltage range of 3.0–4.6 V at 1C. The in situ XRD measurements and the (003) peak resolving of LCO at 4.6 V in (c) EC and (d)
FEC–DFEC electrolytes in the voltage range of 3.0–4.6 V at 0.25C.
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closely related to the severe surface structure deterioration due
to the accumulated corrosive species in the LCO/electrolyte
interface, and the formation of non-protective CEI in long-
term cycles (Fig. 4 and Fig. S22, S26, ESI†).

To further probe the influence of solvents’ regulation on the
surface degradation of LCO during long-term cycles, the galva-
nostatic intermittent titration technique (GITT), EIS, SEM and
TEM characterizations were performed. As observed in Fig. S36
(ESI†), according to the GITT curves, the calculated diffusion
coefficient of Li+ (DLi+) for LCO in the FEC–DFEC electrolyte
after 100 cycles is significantly higher than that in the EC
electrolyte. This reinforced and stabilized DLi+ value for LCO
in the FEC–DFEC electrolyte is mainly attributed to the reduced
surface degradation, thereby promoting faster Li+ diffusion
kinetics. Fig. S37a–c (ESI†) presents the EIS measurements of
LCO after different cycles, and the fitted results of Rsf and Rct,
in the EC and FEC–DFEC electrolytes.54 Particularly, after 100
cycles, the Rct value for LCO in the FEC–DFEC electrolyte is only
300 O, far below that of 2300 O in the EC electrolyte, demon-
strating a much better Li+ transport kinetics across the stable
surface structure. Then, the distribution of relaxation times

(DRT) was further applied to analyze RCEI and RSEI, which can
decouple the intertwined electrochemical steps by capturing
their time characteristics (Fig. S37d, ESI†). It is noted that RSEI

and RCEI both show increased signal intensity and shift to
larger relaxation time t in the EC electrolyte, demonstrating
the sluggish Li+ transport through SEI and CEI due to severe
interfacial side reactions, while for the FEC–DFEC electrolyte,
the RSEI values hold steady and RCEI show decreased signal
intensity and shift to a lower relaxation time t, which suggests a
stable SEI layer and a progressively optimized CEI layer
(Fig. 4(c)).55,56

The cyclic microstructural changes of LCO in different
electrolytes were directly observed by SEM and cross-section
TEM. As shown in Fig. S38 and S39 (ESI†), after the cycles,
obvious cracks across the overall LCO particles can be observed
in the EC electrolyte, while there is no visible crack observed in
the FEC–DFEC electrolyte, which can be attributed to the
following aspects: (i) the robust and uniform CEI on the LCO
surface enables the steady Li+ (de)intercalation from LCO bulk
and (ii) the comprehensive result of surface structure stabili-
zation and enhanced phase transition reversibility. In Fig. 6(a)

Fig. 6 Long-term characterizations. TEM and corresponding FFT results of LCO after 100 cycles of LCO||Li cells in (a) EC and (b) FEC–DFEC electrolytes
in the voltage range of 3.0–4.6 V at 1C, and corresponding large-scale TEM and SAED results of LCO in (c) EC and (d) FEC–DFEC electrolytes. The digital
photograph of the positive plate and separator of disassembled LCO||graphite pouch type full cells after 500 cycles in (e) EC and (f) FEC–DFEC
electrolytes in the voltage range of 3.0–4.55 V at 1C.
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and (b), the surface structure analyses via TEM and the corre-
lated diffraction patterns were performed. As observed, the LCO
surface cycled in the EC electrolyte shows an obvious spinel
layer with a thickness of about 15 nm, and its subsurface region
exhibits a hybrid of layered and spinel phases, indicating the
serious irreversible phase transitions. In contrast, the FEC–
DFEC electrolyte leads to the well-preserved layered structure of
LCO in both the surface and subsurface regions, illustrating the
stabilization of the LCO surface for better Li+ diffusion with
more reversible capacity delivery. As reported previously, the
formation of thick surface spinel phase is mainly attributed to
the O loss at HV, leading to high Rct of cycled LCO in the EC
electrolyte. Besides, in Fig. 6(c) and (d), the selected area
electron diffraction (SAED) patterns were applied to reveal the
surface structure of LCO, in a more macroscopic field with a
circular area of 150 nm in diameter. The results show an
obvious spinel phase existing in the surface region of LCO in
the EC electrolyte, while in the FEC–DFEC electrolyte, the LCO
surface shows a pure layer phase structure.

As discussed above, the stabilization of LCO originated from
the well-protective CEI layer with significantly reduced corro-
sive species. To confirm this inference, the LCO||graphite
pouch cell after 500 cycles in the voltage range of 3.0–4.55 V
was disassembled, and Fig. 6(e) and (f) show the digital photo-
graphs of the LCO electrodes and separators in two electrolytes.
We observe that, in the EC electrolyte, the LCO electrode is
severely damaged with the active slurry detaching from the Al
foils, and the separator is also seriously contaminated by the Co

dissolution and severe side reactions, due to the long-term
corrosion from corrosive species. In contrast, in the FEC–DFEC
electrolyte, the LCO electrode maintains its pristine state, and
the separator is clean and smooth, indicating much lesser
corrosive issues. Further XPS analyses were employed to char-
acterize the LCO electrode and graphite anode of pouch cells,
as shown in Fig. S40 and S41 (ESI†). In the EC electrolyte,
LixPOyFz species exist in the CEI of LCO due to the hydrolysis of
LiPF6, and more Co deposits exist on the graphite anode due to
the Co dissolution from LCO. However, in the FEC–DFEC
electrolyte, more LiF and P-containing species are observed at
the interface of LCO, with no Co dissolution existing on the
graphite anode, mainly due to the reduced corrosive species via
solvent regulation.

Above all, the stabilization mechanism of LCO in the FEC–
DFEC electrolyte is illustrated in Fig. 7. In the EC electrolyte,
during the cycle, the dehydrogenation/oxidation of EC solvents
at the LCO/electrolyte interface leads to the formation of H2O/
H+, and subsequently, the hydrolysis of PF6

� produces massive
amounts of corrosive species such as HF and HPF2O2. These
corrosive species not only cause surface degradation via pro-
moting Co/O loss from the LCO surface, but also obstruct the
formation of a well protective CEI. After long-term cycles, LCO
suffers from severe surface structure degradation, which ser-
iously blocks the Li+ ion transport across the LCO surface, thus
leading to a rapid capacity decay. When compared, in the FEC–
DFEC electrolyte, the interfacial side reaction induced by
oxidative Co4+/On� and the generation of corrosive species are

Fig. 7 Schematic of the mechanism of stabilizing LiCoO2 at 4.6 V in the FEC–DFEC electrolyte.
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greatly inhibited due to the solvents’ regulation, in which the
PF6

� anions enrich and react in the IHP region of the LCO/
electrolyte interface and promote the formation of a uniform
and robust CEI, which further protect the integrity of LCO with
steady Li+ transport kinetics, and ensure the reversibility of
bulk phase transition. Consequently, LCO exhibits both
enhanced cycling and rate performances in the designed
FEC–DFEC electrolyte.

Furthermore, we summarize the synthesis technology of
fluorine-containing carbonates (Table S3, ESI†) and the recycle
technology of the used electrolyte (Table S4, ESI†), to discuss
the feasibility of widespread applications of such electrolytes
with high-concentration fluorinated solvents.57,58 We believe
that, with the development of advanced synthesis methods of
FEC/DFEC, i.e. development of high-performance, low-cost
catalysts, and advanced purification technology of the halogen
exchange reaction method, or the industrialization of the
electrochemical fluorination method, combined with the
maturity of the electrolyte recycling technology, the price of
fluorine-containing carbonates will continue to decrease
(Fig. S42, ESI†).59–61 Additionally, the demand for high-
voltage and high-performance electrolytes in the market will
continue to grow in the future, which will inevitably push more
capital, talent, and resources to gather in the links of research,
production, and recycling of high-voltage electrolytes. Thus, we
expect that it is possible to use fluorinated solvent electrolytes
in a large-scale, low-cost and environment-friendly way.

Conclusions

In summary, this work provided a new insight to understand
the optimization effect of solvent regulation. In traditional EC
electrolytes, the structural degradation of LCO during the cycle
at 4.6 V (vs. Li/Li+) mainly originated from the severe surface
Co/O loss induced by corrosive species. Replacing the unstable
EC solvent with the FEC/DFEC solvents can effectively regulate
the Li+ solvation structures, comprising anti-oxidative fluori-
nated solvents and highly coordinated PF6

� anions. This opti-
mized electrolyte solvation structure leads to modified interface
chemistry of PF6

� anions, constructing a robust and uniform
CEI and reducing the generation of corrosive species, ensuring
the well-maintained layered structure of LCO and reversibility
of bulk phase transition during long-term cycles. As a result,
the LCO cathode shows significantly enhanced rate capability
and long-term cycling stability at a high cut-off voltage of 4.6 V,
with a high capacity retention of 85.5% after 1000 cycles in
LCO||Li cells and 85.7% after 500 cycles in LCO||graphite
pouch cells.
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