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Enhanced high voltage performance of
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effect of LiPO,F, and FEC in fluorinated electrolyte
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LiNig.sMng 3C0q 20, can achieve high energy density due to its merits of high theoretical capacity and
a relatively high operating voltage, but the LiNigsMngzCog 20, battery suffers from capacity decay
because of the unstable solid electrolyte interface on the cathode. Herein, we investigate the application
of a fluorinated electrolyte composed of fluoroethylene carbonate (FEC) as a cosolvent and lithium
difluorophosphate (LiPO,F,) as a salt-type additive extending the life span of the LiNigsMng3Cog,02
cathode. LiNig sMng 3C0g 20, can achieve and maintain a capacity of 157.7 mA h g~* over 200 cycles at
a 1C rate between 3.0 and 4.4 V, as well as a reversible capacity of 132.7 mA h g~* even at the high rate

o 2020 of 10C. The enhanced performance can be ascribed to the formation of the robust and protective
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Accepted 3rd February 2021 fluorinated organic—inorganic film on the cathode, which derives from the FEC cosolvent and LiPO,F,
additive and ensures facile lithium-ion transport. The synergistic effect of the cosolvent and additive to

DOI: 10.1039/d0ra10280f boost the electrochemical performance of LiNigsMng3Cog,0, cathode will pave a new pathway for
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1. Introduction

Lithium-ion batteries (LIBs) have been perceived as suitable
power sources for portable electronic devices and have emerged
remarkably in our daily lives.* Cathode materials that operate at
high voltages have been developed to increase the energy
density of LIBs.>* However, the overcharged cathode also
accelerates the decomposition of the electrolytes at high
potential,>® resulting in the formation of an unstable solid
electrolyte interphase (SEI) film composed of organic carbonate
and inorganic lithium salts on the cathode surface.”® It is well
known that the conventional organic electrolyte results in
a poor and thick SEI layer, which contains a large number of the
resistive decomposition products of LiF and Li,CO3,” as well as
other inorganic and organic by-products.’ To achieve the high
energy density, LIBs are operated at high voltage accompanied
by the decomposition of the electrolyte*** and the collapse of
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the structure of the electrode,'>'* which ultimately leads to poor
electrochemical performance. Therefore, new electrolyte
components, especially solvents and additives, must be devel-
oped to accommodate those high-potential applications.

Recently, fluorinated SEI film generated by the decomposi-
tion of fluorinated solvents or anions was reported as a stable
film that can regulate the diffusion behavior of lithium ions and
extend the life of LIBs.'*"” A fluoroethylene carbonate (FEC) has
been developed to effectively improve the electrochemical
performances and change the nature of the SEI layer of elec-
trodes in LIBs."” Aurbach et al. demonstrated the excellent
cycling stability of Li|Li symmetric cells and Li|NCM cells in the
FEC-based electrolyte, because of the formation of a stable SEI
on the electrode surface.*® Replacing EC with FEC in the
electrolyte for high-voltage LIBs showed dramatically improved
cycling behavior of LiCoPO,/Li cells due to the formation of an
effective protective film on the cathode.** Sun et al. reported that
the prominent cycling stability and high coulombic efficiency
under the high areal loading conditions of LiNiy ¢Mng ,C0¢ 50,/
Li batteries were achieved by combining traditional ethyl
methyl carbonate (EMC) with FEC solvents.” Cryo-electron
microscopy as a powerful analytical technique was used to
reveal the nanostructure of SEI influenced by FEC; unlike
a mosaic film in an electrolyte without FEC, the SEI formed in
the FEC-containing electrolyte was a multilayer nanostructure
ﬁlm.22,23

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The resultant SEI interface generated from the organic film-
forming electrolyte is less ionically conductive than those
generated from the decomposition of inorganic salt. Lithium
difluorophosphate (LiPO,F,) as a new salt-type additive has
attracted a lot of attention and participated in the formation of
a film on graphite with high ionic conductivity and stable
surface to enhance the high rate performance of graphite
electrodes.”** LiPO,F, can also improve the performance of
LIBs under high voltages due to a stable SEI film formed on the
cathode surface.>**® The stable SEI film can effectively prevent
direct contact between the cathode material and the electro-
lyte, thus suppressing the detrimental interfacial reactions.
Even though LiPO,F, has been reported before, it is usually
studied alone, or in combination with other additives. The
cooperation of the organic cosolvent and inorganic additive in
an electrolyte has multiple benefits that can play a synergistic
role, neutralize their drawbacks and improve the compre-
hensive performance of LIBs. The resultant organic-inorganic
SEI film derived from organic cosolvent and inorganic lithium
salts exhibits high ionic conductivity, which not only
decreases the interfacial resistance, it also enhances the
stability of the electrode/electrolyte interface, resulting in the
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suppression of the oxidation of the electrolyte and the disso-
lution of transition metal ions. To the best of our knowledge,
the effectiveness of LiPO,F, in an EC-free FEC-based electro-
lyte has not been reported for high-voltage LIBs. In this work,
LiPO,F, as an additive was applied in 1 M LiPF¢/FEC/DMC
solution for LIBs. The electrochemical performance of the
LiNig sMn, 3C0,0, cathode in a LiPO,F,-containing FEC-
based electrolyte was investigated and the effect of the
LiPO,F,-containing FEC-based electrolyte was clarified under
high voltage.

2. Experimental

The EC-based electrolyte consists of 1.0 M LiPF, in the solvent
mixture of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (3:7 by volume). The FEC-based electrolyte was
prepared by dissolving 1.0 M LiPF, in a solvent mixture of flu-
oroethylene carbonate (FEC) (98%, Macklin Co., Ltd.) and DMC
(3 :7 by volume) in the glove box filled with Ar gas. Hybrid
electrolytes were prepared by the addition of 1 wt% LiPO,F,
(Ningbo Nanomicro Energy Technology Co., Ltd.) to the FEC-
based electrolyte. The viscosities and conductivities of the
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(@) Molecular structure of the electrolyte components (FEC, EC, LiPO,F,, and DMC). (b) The HOMO/LUMO energies of the various

components in the electrolyte. (c) LSV curves of the electrolyte solution: EC-based electrolyte (1 M LiPFg/EC + DMC), FEC-based electrolyte (1 M
LiPFg/FEC + DMC) and LiPO,F,-containing FEC-based electrolyte (1 M LiPFs/FEC + DMC with 1 wt% LiPO,F,) in the potential range of 3.0-6.0 V

at a scan rate of 5mV s~?

rate of 1 mV st

© 2021 The Author(s). Published by the Royal Society of Chemistry

. (d) Cyclic voltammogram of LiNig sMng 3C0q .0, cathodes with various electrolytes between 3.0 and 4.4 V at a scan
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electrolyte were measured by a DV-2T viscometer (Brookfield,
USA) and FE38 standard conductivity meter (Mettler-Toledo,
Switzerland) at temperatures ranging from 298 K to 338 K.
The color changes and acidities of the samples before and after
storage were monitored by photographs and pH paper (Sino-
pharm Chemical Reagent Co. Ltd.), respectively. The solvent
molecules (EC, FEC and DMC), lithium salt (LiPF¢) and additive
(LiPO,F,) in the electrolyte were geometrically optimized and
the relative energy calculated using the Gaussian 09 software. In
addition, the B3LYP density functional theory with 6-311+G(d,
p) basis set was used to calculate the highest unoccupied
molecular orbital energy and the lowest unoccupied molecular
orbital energy (Exomo and Erumo)-

Slurries were prepared containing 80 wt% active materials,
10 wt% super P and 10 wt% PVdF in N-methyl-2-pyrrolidone.
The slurries were coated onto aluminum foil and dried at
110 °C for 12 h in a vacuum oven, and then punched into 12 mm
diameter disks for testing. The electrochemical properties were
investigated using CR2032 coin-type half-cells, which were
assembled in a glove-box filled with argon. A lithium-foil and
a polypropylene film (Celgard 3501) were used as the counter
electrode and separator, respectively. The galvanostatic charge/
discharge tests were carried out at a constant current density
between 3.0 and 4.4 V using a LAND battery system (Wuhan,
China). The electrochemical window of electrolytes was studied

V]

26 5.0
—m— —0— EC-based electrolyte
24 o . FEC-based electrolyte 145
_ 2t —m— —0— LiPO2F2-containing FEC-based electrolyte /. - 4.0
% : 1 s
Eanl 1 S
P ~. g a0 g
E 8} . S g . g
z ~ g - 1252
16k T— \"%' r><l/ g
51 ?E\‘ - o— {20 8
2 14} ¥ = S0 T~ S
£ = L T o115
S | ¥ v ~e=—p
12 "/ \
— N 41.0
[ s S~
o - == Hos
8 1 1 1 1 0'0
300 310 320 330 340
c Temperature (K)
60
180 - @ Before polarization
@  After polarization
551 150
= 120
50 z
= 90 00909,
f:/_ N z °® ot % .
Epran 60 250000, L~
g Q
5 30} %"3
40 B or 1 L 1 1 1 1 L 1 L J
0 30 60 90 120 150 180 210 240 270
L Zn| @
35+
30 1 1 1 1 1 1
0 200 400 600 800 1000
Time(s)

Fig.2 (a) Conductivity and viscosity of the electrolyte solution: EC-based
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by linear sweep voltammetry (LSV) between 3.0 and 6.0 V vs. Li/
Li* with a scan rate of 5 mV s~'. Cyclic voltammetry (CV)
measurements were performed in the potential range of 3.0-
4.4 V at a scan rate of 1 mV s '. Electrochemical impedance
spectroscopy (EIS) studies were conducted using an AC ampli-
tude of 5 mV in a frequency range of 0.01-100 kHz. LSV, CV and
EIS tests were collected by a CHI-660E workstation at 25 °C. LSV
was taken on stainless steel/Li cells, while the LiNiysMng ;-
C0y.,0,/Li cells were used for CV and EIS tests.

To analyze the surface component and morphology of the
LiNiy sMn, 3C0,,0, cathodes, the cells before and after cycling
were disassembled in a glove box. The electrodes were soaked in
DMC for 1 h to remove the residual electrolyte, and dried under
vacuum at room temperature. The morphology of the electrodes
was observed by scanning electron microscopy (SEM, Hitachi,
Japan) and transmission electron microscopy (TEM, Tecnai F30,
Netherlands). The chemical analysis of surface compositions
was characterized by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific K-Alpha).

3. Results and discussion

The chemical structure and molecular orbital energies of the
electrolyte components, as well as the electrochemical stabili-
ties of the electrolytes are shown in Fig. 1. Fig. 1a and b show the
chemical structure of the electrolyte components, the highest
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electrolyte, FEC-based electrolyte and LiPO,F,-containing FEC-based

electrolyte. Chronopotentiometry for (b) EC-based electrolyte, (c) FEC-based electrolyte, and (d) LiPO,F,-containing FEC-based electrolyte.
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occupied molecular orbital (HOMO) energies, and the lowest
unoccupied molecular orbital (LUMO) energies, respectively.
For the molecule with higher HOMO energy, the electron in the
outermost layer has higher energy and tends to be lost more
easily at high voltage, resulting in the oxidization of the mole-
cule at a lower voltage. It was found that FEC has lower HOMO
energy than other solvents (EC and DMC). Hence, the FEC
replacing the EC as the cosolvent in the electrolyte can broaden
the electrochemical window. For the molecule with a lower
LUMO energy, the foreign electrons are more likely to occupy
this orbital, and thus the molecule is reduced at a higher
voltage. It can be seen that LiPO,F, had a lower LUMO energy,
reflecting stronger electron affinity.

View Article Online
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The electrochemical stabilities of the electrolytes were
investigated by linear sweep voltammetry (LSV), as shown in
Fig. 1c. The oxidation current of the cosolvent EC-based elec-
trolyte appeared at around 4.1 V (vs. Li/Li*) and increased above
4.2 V (vs. Li/Li"), while the decomposition voltage of the FEC-
based electrolyte was around 4.3 V (vs. Li/Li"). After the addi-
tion of LiPO,F, to the FEC-based electrolyte, the starting
oxidation potential of the FEC-based electrolyte increased to
approximately 4.4 V (vs. Li/Li*). Furthermore, the oxidation
current of the LiPO,F,-containing FEC-based electrolyte was
relatively small and remained stable in the voltage range of 4.3-
6.0V, suggesting that the combination of the FEC cosolvent and
the LiPO,F, additive can increase the anodic limiting potential.

Table 1 The values of the parameters used to determine the lithium transference numbers (t ;+) in egn (1) at 25 °C

AV
Sample Iy (nA) Iss (HA) R, (Q) Rss (Q) (mVv) tuit
EC-based electrolyte 42.32 33.56 173.9 358.8 10 0.48
FEC-based electrolyte 38.37 35.34 148.2 262.2 10 0.56
LiPO,F,-containing FEC-based 35.32 32.03 150.1 240.2 10 0.62
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Fig. 3 Charge/discharge curves of LiNig sMng 3C0q .0, cathodes with the (a) EC-based electrolyte, (b) FEC-based electrolyte, and (c) LiPO,F,-
containing the FEC-based electrolyte at voltages ranging from 3.0 to 4.4 V. (d) Cycling performances and coulombic efficiencies of LiNigs-
Mng 3C00,0, cathodes with various electrolytes between 3.0 and 4.4 V. (e) Rate capability of LiNigsMngzCog,0, cathodes in various

electrolytes.
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Fig. 1d shows the CV curves of the first cycle of the LiNig s-
Mn, ;C0,,0, cathode in various electrolytes. A pair of
oxidation/reduction peaks accompanied by Ni**/Ni*" and Co®"/
Co*" were observed during the Li* extraction and insertion.?>?
Among them, the oxidation and reduction peaks of the FEC-
based electrolyte containing LiPO,F, were more obvious and
the distance between these two peaks was closer. These results
indicated that the FEC cosolvent and LiPO,F, additive can
significantly alleviate the electrochemical polarization, and the
Li" insertion/extraction process became much more reversible.

The conductivity and viscosity of the electrolyte play an
important role in the performance of a battery. Fig. 2 shows the
conductivity, viscosity and lithium-ion transference number of
the electrolytes. As shown in Fig. 2a, the FEC-based electrolytes
exhibited higher conductivity and lower viscosity than the EC-
based electrolyte. However, the addition of 1 wt% LiPO,F, to
the FEC-based electrolyte resulted in a slight decrease in the
conductivity and an increase in the viscosity, due to the disso-
ciation energy of LiPO,F, being higher than that of LiPFs.
Fig. 2b-d show the dc polarization current responses, and the
corresponding impedance spectra before and after the dc
polarization of the Li/Li symmetric cells. The Li" migrations
were calculated according to eqn (1),>*** and are summarized in
Table 1:
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1, and I are the initial state and steady-state currents. R, and
R; are the initial resistance and stable resistance of the passiv-
ation layer, respectively. AV is the voltage applied across the Li/
Li cell. The EIS measurements of the symmetric cell were
carried out before and after polarization, and an interval of an
hour between the tests was needed to reach a quasi-equilibrium
state. The polarization measurements were applied a 10 mV dc
voltage to a symmetrical battery, and a stable current was ob-
tained after 1000 s. The respective values of ¢;+ for the EC-based
electrolyte, FEC-based electrolyte and LiPO,F,-containing FEC-
based electrolyte at 25 °C were 0.48, 0.56 and 0.62, respec-
tively. It was demonstrated that the O>~ electron cloud of
LiPO,F, had a strong attraction to Li" and caused anion defor-
mation due to the strong anion coordination effect.”® Hence,
this effect enhanced the dissociation effect of the Li* and PFq~
ion-pair, and then made Li" easier to move in the electrolyte,
resulting in a high lithium-ion transference number (¢;;+).*

Fig. 3 shows the electrochemical properties of Li/LiNij s-
Mn, ;C0,,0, cells cycled in different electrolytes between 3.0
and 4.4 V at 1C rate (three activated cycles with 0.1C rate).
Fig. 3a-c present the voltage profiles of the Li/LiNiysMng ;-
Co,.,0, cell in various electrolytes for the 1st, 50th, 100th, 150th
and 200th cycles, respectively. The initial charge and discharge
capacities of the cell with the EC-based electrolyte were
205.9 mA h g~ " and 189.9 mA h g, respectively, which corre-
sponded to an initial coulombic efficiency of 92.2%. The cell
cycled in FEC-based electrolyte without additive exhibited
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Fig. 4 Nyquist plots of LiNigsMng3Coq,0,/Li cells in various electrolytes: (a) after 1 cycle, (b) after 50 cycles, and (c) after 150 cycles,

respectively. (d) The corresponding equivalent circuit model.
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Table 2 Fitted data for the EIS spectra of LiNigsMng 3C00.20; cells with various electrolytes

After 1 cycle

After 50 cycles After 150 cycles

Sample Rei (Q) R (Q) Rei (Q) R (Q) Rei (Q) R (Q)
EC-based electrolyte 67.24 57.64 29.26 219 33.78 330.1
FEC-based electrolyte 44.35 55.32 10.4 125.5 14.8 325.3
LiPO,F,-containing FEC-based 35.33 26.78 7.25 22.74 11.51 90.1

electrolyte

a lower initial coulombic efficiency of 87.5% (discharge and
charge capacities were 192.3 mA h ¢~ and 219.6 mA h g™,
respectively). Similar to the FEC-based electrolyte, the cell
cycled with the LiPO,F,-containing FEC-based electrolyte also
showed a coulombic efficiency of 87.2%. This low initial
coulombic efficiency was attributed to the electrolyte decom-
position with the formation of the SEI film on the cathode. After
the second cycle, the charge and discharge process proceeded
reversibly, although the capacity generally decreased for all
samples. Fig. 3d compares the cyclic stability of batteries with
various electrolytes at 1C rate (three activated cycles with 0.1C
rate). It can be seen that the cells in the FEC-based electrolyte
showed better cyclic stability than that in the EC-based elec-
trolyte, due to a more stable SEI film formed in the FEC-based
electrolyte.' Furthermore, with the addition of LiPO,F, in the
FEC-based electrolyte, the cyclic stability was remarkably
improved, and the capacity decreased from 192.2 mA h g~ to
157.7 mA h g~ " for up to 200 cycles, corresponding to a capacity
retention of 82.1%. This phenomenon can be attributed to an
excellent film on the cathode surface modified by the LiPO,F,,
which can suppress the further decomposition of the solvents,

resulting in enhanced interfacial stability of the cathode/
electrolyte and the cyclic stability of the LiNipsMng3C0¢,0,
cathode.”**

The rate capability of the LiNigsMng3C0,.,0, cells with
various electrolytes was also compared. Fig. 3e shows the
specific capacities of the LiNi, sMn, 3Co, ,0, cathode at current
densities of 0.5C, 1C, 2C, 3C, 5C, and 10C (1C =170 mA h g™ )
in the voltage range of 3.0-4.4 V. Because of the higher lithium-
ion transference number, the FEC-based electrolytes exhibited
a better rate performance than the EC-based electrolyte. More-
over, the battery with the LiPO,F,-containing FEC-based elec-
trolyte can reach a specific capacity of 132.7 mA h g™, even at
the high rate of 10C. This observation added evidence for the
extremely stable SEI film formed on the cathode surface with
high ionic conductivity, accompanied by the electrochemical
decomposition of the FEC cosolvent and LiPO,F, additive.

The synergistic effectiveness of LiPO,F, and FEC in the
fluorinated electrolyte on the performance of LiNiysMng ;-
Coy,0, cells was further investigated by EIS measurements.
Fig. 4 shows Nyquist plots for the LiNiysMng 3C00,0, cells
before and after 1, 50, and 150 cycles, respectively, together with

Fig. 5 SEM images of (a) pristine and cycled LiNig sMng 3Coq >O, electrodes with (b) the EC-based electrolyte, (c) FEC-based electrolyte, and (d)
LiPO,F,-containing the FEC-based electrolyte after 100 cycles. TEM images of cycled cathodes with (e) the EC-based electrolyte, (f) FEC-based
electrolyte, and (g) LiPO,F,-containing FEC-based electrolyte after 100 cycles.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the corresponding equivalent circuit model. The values of
interface resistance and electrolyte resistance estimated from
the impedance spectra are illustrated in Table 2. All the EIS
spectra consist of two semicircles in the high-medium
frequency region and a sloped line in the low-frequency
region. The high-frequency semicircle is associated with the
electrode surface film resistance (Rg;), while the mid-frequency
semicircle represents the charge transfer resistance (R
between the electrodes. The straight line in the low-frequency
region is ascribed to the Warburg impedance (Wj, relating to
Li" diffusion within the electrode).””** It was noted that the
semicircles of samples increased continuously with cycling at
high-medium frequency, which was ascribed to the progressive
growth of SEI on the cathode surface and the increased thick-
ness of the SEI film caused by the electrolyte decomposition.
Both resistances, Rs; and R, increased from the 1st to the
150th cycle in the following order: LiPO,F,-containing FEC-
based electrolyte < FEC-based electrolyte < EC-based electro-
lyte. It was implied that the surface film formed on the cathode
in the EC-based solution was thicker than that in the FEC-based
solution. The replacement of EC by FEC could change the
composition of the SEI film, making it easier for Li' to pass
through the interface layer." More importantly, the increase in
R.: slowed down significantly with cycling for cells after the
addition of LiPO,F, in the electrolyte, which confirmed that
a relatively stable SEI film was formed on the cathode surface by
the FEC cosolvent and LiPO,F, additive, resulting in the miti-
gation of the internal impedance increase and suppressing the
continuous decomposition of the electrolyte.

SEM and TEM were used to obtain more insightful infor-
mation on the morphology of the LiNi, sMn, 3C0,.,0, cathode
before and after cycling. Fig. 5 shows the surface morphology of
the LiNi, sMng 3C0,,0, electrodes before and after 100 cycles in
various electrolytes. It was found that the LiNi, sMng 3C0,,0,
composite had spherical particles with a rough surface,
composed of small primary crystals. However, morphology
changes were observed for the electrodes after 100 cycles. As
shown in Fig. 5b, the LiNi, sMn, 3C0,,0, composite cycled in
EC-based electrolyte showed a smooth topography on the
particle surface. The smooth surface was attributed to the
consequent growth of SEI on the exposed surface of the
LiNi, sMn, 3C0, ,0, composite, accompanied by the decompo-
sition of electrolyte at high voltage. For the electrode cycled in
the FEC-based electrolyte (Fig. 5¢), LiNiy sMn, 3C0, ,0, particles
together with carbon black were relatively uniformly dispersed
in the matrix, and a small but detectable morphology change
was found. In comparison, neither the obviously detectable
morphology change nor the microstructural failure was
observed for the LiNiy;Mny3C0,0, composite cycled in
LiPO,F,-containing FEC-based electrolyte, even after 100 cycles
(Fig. 5d). The thickness of the SEI films of the cycled cathodes in
various electrolytes was characterized by TEM. The cathode
cycled in the EC-based electrolyte was covered with a non-
uniform and agglomerated SEI layer with a thickness of
~65 nm (Fig. 5e). With the addition of FEC, a slightly thinner
SEI film (~45 nm) was formed on the cathode (Fig. 5f). As shown
in Fig. 5g, significant improvements were observed for the
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cathode cycled in LiPO,F,-containing FEC-based electrolyte.
The cathode was coated with a uniform and dense SEI film with
a thickness of ~20 nm, which can ensure facile lithium-ion
transport and mitigate the decomposition of the electrolyte.
The SEI film formed in the LiPO,F,-containing FEC-based
electrolyte was thinner and more stable than that of other
electrolytes. Therefore, both FEC and LiPO,F, should be
responsible for the formation of a stable/durable SEI film that
can protect the LiNiy sMn, 3C0,.,0, cathode from the erosion of
electrolyte.

The chemical composition of the cathode surface was
studied by X-ray photoelectron spectroscopy (XPS), as shown in
Fig. 6. For the C 1s spectra, three peaks were observed for the
fresh electrode, C-C (284.8 eV), C-O (286.1 eV) and C-F (290.6
eV), corresponding to conductive carbon, polyether carbon
(-CH,CH,0-), and PVDF binder.**** After cycling in EC-based
electrolyte, the peak for C-F tended to be small, accompanied
by the appearance of two new peaks of C=0 (288.5 eV) and
Li,CO; (289.9 eV). These two peaks were caused by the decom-
position of electrolyte during long-term cycling under high
voltage.”> However, the Li,CO; peak disappeared and the C=0
peak weakened for the electrode cycled in FEC-based electro-
Iytes, which suggested that FEC-based electrolytes decomposed
less than EC-based electrolytes at high voltages.*> Combined
with SEM, TEM, EIS and XPS results, the presence of many
decomposition segments such as carbonyl groups can hardly
protect the LiNijysMn, 3Co4,0, cathode from sustained elec-
trochemical side reactions with the electrolyte. Meanwhile, the
thicker SEI layer generated in the EC-based electrolyte seemed
to be difficult for Li* migration.

Besides the carbonyl-based organic components, inorganic
species also played a crucial role to stabilize the SEI film on the
cathode. For the F 1s spectra, the fresh electrode showed the
C-F (687.7 eV) peak of PVDF, and this C-F peak was found to be
smaller after cycling in the EC-based electrolyte, followed by
a small LiF peak (684.8 eV).* It is well known that LiF is
important to form a stable SEI film;*® thus, a SEI formed on the
cathode surface in EC-based electrolyte should not be stable.
Compared with the EC-based electrolyte, the intensities of both
C-F and LiF peaks tended to be larger after cycling in the FEC-
based electrolyte. Therefore, in FEC-containing solutions, the
SEI on the cathode was enriched with FEC and salt-reduction
products, especially for LiF.*> This composition of the surface
film ensured long-term stable cycling of the battery in the FEC-
based electrolyte. However, LiF has a lower conductivity, and
the increase in LiF will result in weak Li* transmission, which is
consistent with the results of the EIS spectra. The excessive LiF
was derived from the hydrolysis of LiPFe (LiPFs + H,O — POF; +
HF + LiF)***” and the defluorination and ring opening of FEC by
PF5.**%% In constrast, the LiF peak significantly decreased for
the electrode cycled in the LiPO,F,-containing FEC-based elec-
trolyte. It was supposed that LiPO,F, suppressed the hydrolysis
of LiPF¢ and the side reaction between FEC and PF; produced by
LiPFg;****** thus, the amount of LiF can be controlled within
a reasonable range,”® which not only reduced the electro-
chemical impedance of the SEI layer, but also ensured the
cycling performance under high voltage.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 The C1s, F 1s, and P 2p spectra of the LiNig sMng 3Cog 20O, cathodes using various electrolytes obtained after 50 cycles. The XPS spectra of

the pristine LiNig sMng 3C0q 20, cathode are compared.

For the P 2p spectra, the EC-based electrolyte exhibited
a small Li,POyF, peak, which originated from the decomposi-
tion of LiPFs during cycling. The FEC-based electrolyte without
LiPO,F, showed the highest Li,PO/F, peak, because of the
decomposition of LiPFs and the ring-opening reaction of FEC.
However, the Li,PO,F, peak became smaller after the addition
of LiPO,F, in the FEC-based electrolyte. Therefore, the decom-
position of LiPFy and the ring-opening reaction of FEC can be
effectively inhibited by LiPO,F,, which agreed with the former
result of the F 1s spectra.

To clarify the suppression of side reactions between FEC and
products generated by LiPFs, FEC-based electrolytes with and
without LiPO,F, were stored for several days, respectively.
Deionized water (300 ppm) was added to each electrolyte
sample before and after introducing LiPO,F, into the electrolyte
to confirm the reactivity of LiPO,F, toward the products of
LiPF¢. The changes in the color and pH before and after storage
at room temperature for three days are shown in Fig. 7. Before
storage, the appearances of the electrolytes with and without
LiPO,F, were similar and the electrolytes were transparent.
However, the color of the electrolyte without LiPO,F, changed
from colorless to brown after storage, while almost no change
happened for the electrolyte with LiPO,F,. In addition, the pH
paper dipped in the electrolyte without LiPO,F, became red,
indicating a strong acid. In contrast, a slight color change was
observed for the pH paper dipped in the electrolyte with
LiPO,F,. As previously reported,*** this was ascribed to the
hydrolysis reaction of LiPFs to form PFs, HF, and POF;, which
can react with the FEC solvent to form a colored substance. By

© 2021 The Author(s). Published by the Royal Society of Chemistry

adding the LiPO,F,, the hydrolysis of LiPFs can be suppressed
due to the higher promoters of ion-paired LiPFs dissocia-
tion,*** resulting in the great stability and ionic conductivity of
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Fig. 7 Photographs of the solvent mixtures: (a) FEC-based electrolyte
with 300 ppm H,O before and after storage for 3 days. (b) LiPO,F,-
containing FEC-based electrolyte with 300 ppm H,O before and after
storage for 3 days. (c) Indicator chart for the pH scale.
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the electrolyte. Moreover, the PO,F, " as a reaction product may
have inhibited the progress of the reaction (POF; + H,O —
PO,F,” + H' + HF).

4. Conclusion

The electrochemical properties of LiNijys;Mng3C0,,0, were
investigated under high voltage in EC-based, FEC-based and
LiPO,F,-containing FEC-based electrolytes, respectively. The
LiNij sMn, 3C0,,0, in LiPO,F,-containing FEC-based electro-
lyte exhibited excellent cycling stability with a reversible
capacity of 157.7 mA h g~ over 200 cycles at 1C rate. The
morphology and component analysis of the SEI film on the
cathode were characterized by SEM, TEM and XPS, respectively.
Based on SEM, TEM and XPS results, the component of SEI was
optimized by using the FEC and LiPO,F, to form a thin and
stable SEI layer, which dramatically suppressed the decompo-
sition of the electrolyte. Furthermore, the SEI layer formed in
LiPO,F,-containing FEC-based electrolyte had great ionic
conductivity, resulting in a significant improvement of the
electrochemical performances, including enhanced capacity
retention, and superior rate capability. LiPO,F, can also effec-
tively suppress the side reaction between FEC and products
generated by LiPFs in the electrolyte. These findings will
encourage more empirical investigations into the synergistic
effect between cosolvents and additives for Li-ion batteries.
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