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A LiPO,F,/LiPFg dual-salt electrolyte enabled stable
cycling performance of nickel-rich lithium ion
batteries

Lili Liu,¥®® Shijie Gu,+¢ Shili Wang,?® Xiuyun Zhang {29 and Shimou Chen
In this work, a dual-lithium salt was proposed for constructing an electrolyte for high energy density lithium
ion batteries. LIiPO,F, was composed with traditional LiPFg to enhance the high voltage performance of the
electrolyte. The electrochemical performance of the NCM811/Li cells with LiPO,F,/LiPFg dual-lithium salt at
2.8-4.5V was investigated. It was found that the dual-lithium salt can inhibit the oxidative decomposition of
the electrolyte, suppress the dissolution of the transition metal ions in the electrode material, and reduce
the side reaction between the transition metal ions and the electrolyte. We believe that the strategy of
a dual-lithium salt electrolyte may provide a new idea to stabilize the electrode/electrolyte interface at

rsc.li/rsc-advances

1. Introduction

In the past decades, lithium-ion batteries (LIBS) have made
remarkable progress in the fields of 3C portable devices, aero-
space, UAV and electric vehicles."® With the environmental
pollution caused by fossil energy becoming more and more
serious, electric vehicles are more appealing and are being
developed more and more rapidly.*® However, poor battery life
limits their development.

It is well known that the energy density of cathode materials
is the main factor affecting the performance of batteries. In
recent years, new ternary nickel-cobalt-manganese cathode
materials have attracted wide attention of researchers.® A
material with a nickel content of more than 60% is called
a nickel-rich material. With the increase of nickel content, the
thermal stability and high voltage stability of the cathode will
decrease. The dissolution of transition metals will have side
effects with the electrolyte, consume the electrolyte and reduce
the cycling stability of the cell.” In order to solve these problems,
surface coating and electrolyte modification are the most
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high voltage, which is very important for developing high energy density batteries.

commonly used methods. But the latter is more convenient and
effective. The simplest way to modify the electrolyte is to add
other components, which are mainly divided into two kinds:
dual-lithium salts and electrolyte additives.*™**

On the one hand, researchers are devoted to the study of
electrolyte additives. Wang et al. reported that trimethyl borate
was used as an additive in electrolytes to improve the cycling
stability of NCM333/Li batteries." It was found that the capacity
retention rate increased from 48% to 89% after 200 cycles by
adding trimethyl borate into the base electrolyte, and the
discharge specific capacity increased from 78 mA h g* to
102 mA h g~' at high rate of 6C. Some researchers have
proposed that the interface between the cathode and electrolyte
has a similar structure to that between the anode and electro-
Iyte. They named this interface the solid electrolyte interface
(SEI). This interface can transport lithium ions but prevent
electrons from passing through. Dong et al studied the
problem of poor stability of the interface between an NCM523
cathode and electrolyte by using p-toluenesulfonyl isocyanate as
a film-forming additive.™ The improvement in cycling perfor-
mance of the cell is attributed to the decomposition of -S=0 in
PTSI, which inhibits the contact between lithium salt and water
in the electrolyte, reduces the generation of HF and the
formation of LiF. On the other hand, researchers are also
working on the research of dual-lithium salts. Zhao et al
combined LiBOB with LiPFs to improve the long-term cycling
performance, rate performance and voltage stability of lithium
(Li) metal batteries with a LiNi, ;6Mng 14C00.100, cathode.*® The
electrolyte not only helps to form a denser SEI layer on the
surface of lithium metal, but also forms an enhanced cathode
electrolyte interface layer, which prevents the corrosion of the
cathode interface and reduces the formation of a disordered
phase after cycling. Li et al. studied the effects of imine lithium
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and dual-lithium salt electrolytes with different salt chemistries
in carbonate solvents on the cycling stability of lithium metal
batteries.’® The stability order of common lithium salts is as
follows: LiTFSI-LiBOB > LiTFSI-LiDFOB > LiFSI-LiDFOB >
LiPFs > LiFSI-LiBOB. This provides a new way to improve the
stability of electrolyte by using dual-lithium salts.

In our work, LiPO,F, and LiPF, with different molar ratios
were combined to improve the high voltage stability of nickel-
rich NCM811/Li cells. The stability of cells is evaluated by
constant current charging and discharging. The electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV) were used to study the redox stability of electrolyte. Scan-
ning electron microscopy (SEM) was used to study their elec-
trochemical behaviour, morphology of electrodes and stability
of electrolytes. It was found that the decomposition products of
dual-lithium salts electrolyte were less and the structure of
electrodes remained intact.

2. Experimental
2.1 Preparation of electrode and electrolyte

A mixture of ethylene carbonate (EC)/ethyl methyl carbonate
(EMC)/diethyl carbonate (DEC) (1: 1 : 1 in wt ratio) containing
1 M LiPF, was used as the base electrolyte (base). The LiPO,F,
(LiDFP) dissolves in dimethoxymethane (DME). The base elec-
trolyte was then diluted to 0.95 M, 0.9 M, 0.85 M, 0.8 M, 0.7 M,
and add LiDFP (in DME) in the base solvent. Finally, they are
mixed to control the concentration of Li* to 1 M named dual-
lithium salts.

The LiNij gC0y1Mng,0, powder and Super P (conductive
agent) were evenly mixed in an agate mortar. The NCM811
cathodes were then mixed 80 wt% NCMS811, 10 wt% poly-
vinylidene fluoride (PVDF), and 10 wt% Super P binder in -
methyl-2-pyrrolidone to make slurry. The slurry was coated on an
Al foil using doctor blading technique. Finally, the coated elec-
trode was vacuum-dried at 90 °C for 10 h to remove the residual
water, and then followed by roll-pressing by using a pressing
machine to enhance the adhesion and electrical contact between
LiNij gC0p1Mng 10,5, Super P (conductive carbon), and PVDF
(binder) on the aluminum current collector. The composite
electrode was assembled into CR2025 half-cells in an Ar-filled
glove box (Ar, 99.999% purity). Polypropylene (Celgard 2400)
was utilized as a separator. Li metal foil (99.9% purity, Alfa
Aesar.) was used both as a counter and a reference electrode.

2.2 Electrochemical measurements

The charging and discharging tests of cells at constant current
of 0.3C (1C = 200 mA h g™') were carried out using LAND
(CT2001A, China) testing system. Linear sweep voltammetry test
(LSV, 0-6 V, 0.1 mV s "), the cyclic voltammetry (CV, 2.8-4.6 V,
0.1 mV s~ '), and the electrochemical impedance spectroscopy
(EIS) measurements via Metrohm Auto lab M204.

2.3 Physical characterization

Viscosity and conductivity were measured at room temperature
by viscometer (DMA5000M-Lovis2000ME) and conductivity
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meter (FE38), respectively. The morphology and interface
composition of the electrodes fresh and after cycling were
characterized by XPS and SEM (Hitachi SU8020, Japan).
Samples were rinsed 3-5 times with anhydrous DMC to remove
excess components. The Escalab 250xi system of high voltage Al-
Ko radiation = 1486.6 eV is used as X-ray source. The C1s (284.8
eV) peak of graphite (C-C) is used for final correction.

3. Results and discussion

In lithium-ion batteries, the conductivity of electrolyte is re-
flected in Li" transport. It is generally believed that when the
conductivity of the electrolyte reaches about 10 mS cm ™" at
room temperature, the batteries can maintain good cycling
stability and rate performance."”

Fig. 1 shows the effect of different concentrations of LiDFP
on the conductivity and viscosity of the electrolyte. When the
concentration of LiDFP is lower than 0.2 mol L™, the conduc-
tivity increases with the increase of the concentration of LiDFP,
but decreases when the concentration of LiDFP is higher than
0.2 mol L™ " (Fig. 1a). However, the conductivity of the electrolyte
with LiDFP is higher than that of the base electrolyte in the
experimental concentration range. In particular, when the
concentration of LiDFP is 0.2 mol L™, the conductivity reaches
11.61 mS cm'. Similarly, the electrolyte viscosity decreases
with the increase of the concentration of LiDFP (Fig. 1b), which
provides a good interfacial wettability between the electrolyte
and the separator.*®
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Fig. 1 Effect of different concentrations of LiDFP on conductivity (a)
and viscosity (b) of electrolyte.
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Fig. 2 Electrochemical window (a) and redox stability (b) of different
electrolytes.

To investigate the electrochemical performance of the elec-
trolyte, LSV and CV were tested by using Auto lab. The working
electrode is made of stainless-steel electrode, and the counter
electrode and the reference electrode are lithium foils. As shown
in Fig. 2a, the base electrolyte decomposes at about 4.24 V, and
the electrolyte is decomposed at about 4.47 V after adding
0.2 mol L' of LiDFP, indicating that LiDFP can increase the
electrochemical window and suppress the decomposition of the
electrolyte. The initial cyclic voltammetry curve in Fig. 2b shows
that the oxidation peak of the cell moves towards low potential
in the dual-lithium salts electrolyte, which can be attribute to
the decomposition of LiDFP reduces the decomposition of the
electrolyte and the polarization of the interface between the
electrolyte and the electrode.***"

The cycling stability of the half-cells with the different
concentrations LiDFP electrolyte was evaluated at a charge-
discharge voltage of 2.8-4.5 V (Fig. 3). Based on the above
analysis, the discharge capacity of the cell containing 0.2 M
LiDFP was 198.5 mA h g™, and that of the base electrolyte was
only 108.1 mA h g~ " after 130 cycles. Then the capacity retention
rate of the cell with 0.2 M LiDFP was as high as 92.1%, and that
of the cell with base electrolyte was only 53.1%. The severe
capacity degradation of the cell with base electrolyte can be
mainly caused by serious decomposition of the electrolyte at
high voltage and the structural damage of electrode. However,
the cycling stability of the cell with LiDFP can be attributed to
the fact that the LiDFP can suppress the decomposition of the
electrolyte and form a stable interface to protect the stability of
the structure of electrode.

The rate performance of NCMB811/Li cells with different
electrolytes were tested at 0.1C, 0.5C, 1C, 3C, 5C, 10C. As shown

1706 | RSC Adv, 2020, 10, 1704-1710

View Article Online

Paper
(a) 240
; ™
"5
=
T 160
®
3
2120
“
5
Z 80 &  1MLiPFg
Z ® 0.95 M LiPFg+0.05 M LIDFP
= w0l 090MLIPFg+020MLIDFP
® 0.80 M LiPFg+0.10 M LiDFP
0.70 M LiPFg +0.30 M LiDEP
0 A . . . . .
0 20 40 60 80 100 120
Cyecle Number
() e ———————— | 11)
1ot
99.5% 06.5% 1%
Wor T 92.1% {80
) [] e —_— .
g 9 93.4% 170 %
H g
— =
ERR {60 &
: g
2 70p 64.2% 150 &
E E
g 60f 531% 40 3
S 50 - " "l £
“ —m— | M LiPF, 1 cC
40 —=—0.8 M LiPFg+0.2 M LiDFP {20
30t {10
20 0
0 20 40 60 80 100 120

Cycle Number

Fig. 3 The cycling performance of NCM811/Li cells with different
electrolytes.

in Fig. 4a, when the cell with base electrolyte is charged-
discharged at low current, the discharge specific capacity is
large. However, when using high current (more than 5C) to
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Fig. 4 The rate performance of NCM811/Li cells with (a) the blank
electrolyte containing 1 M LiPFg; and (b) the dual-salt electrolyte
containing 0.8 M LiPFg + 0.2 M LiDFP.
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charge, the discharge specific capacity is reduced and the
discharge voltage of the cell is seriously reduced. The increase
of polarization voltage of the cell with base electrolyte under
high current indicates that the increase of irreversible capacity,
which leads to the serious decrease of discharge specific
capacity. On the contrary, although the cell with dual-lithium
salts electrolyte has a slightly lower coulomb efficiency, the
discharge specific capacity is larger at high rate above 5C
(Fig. 4b). This can be attributed to the decrease of polarization
voltage of the cell with dual-lithium salts electrolyte, which
indicates that the reversible capacity of the cell increases with
a high capacity retention rate.

The electrochemical impedance spectra of the cells with
different number of cycles were also tested (Fig. 5). The high-
frequency semicircle indicates the interface impedance, the
mid-frequency semicircle stands for the charge transfer
impedance, and the low-frequency region is the Li" diffusion
impedance.”** Different electrochemical impedance spectra
reflect different variations within the cells. After 3 cycles, the
interface impedance of the dual-lithium salts electrolyte system
is very large, which can be attributed to the initial decomposi-
tion of LiDFP increases the inorganic component of the inter-
face. With the progress of charging-discharging, the Li"
diffusion resistance changes in the different electrolytes. After
20 and 40 cycles, the Li* diffusion resistance of the dual-lithium
salts system decreases significantly, that is, the slope of the line
increases, indicating that the Li" diffusion kinetics is acceler-
ated. This may be the reason for the increase of the specific
discharge capacity of the dual-lithium salts system. After 70
cycles, the impedances of the two electrolyte systems were
similar, and both decreased compared to the impedances at
initial stage of discharge, indicating that the cathode-electrolyte
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interface of two systems forms a stable CEI film. The presence of
this film avoids the continuous contact of the electrode material
with the electrolyte and reduces the side reactions, which can be
effectively enhance the cycling performance of the cells.

Fig. 6 is the XPS spectrum of the surface of cathodes after 120
cycles in base and dual-lithium salts electrolytes. For C1s, on
the two cathode surfaces, the peak at 286.4 eV comes from the
C-O and the C=O bond, respectively.** These peaks are
substances such as raw ROCO,Li, ROLi and Li,COj3;, which are
produced by decomposition of the electrolyte solvent.***® In
addition, the peak at 291.9 eV corresponds to the C-F bond of
the PVDF adhesive.”” In the dual-lithium salts system, the
decrease of carbonate component on the surface indicates that
the dual-lithium salts inhibit decomposition of the electrolyte.
The peak at 532.5 eV in the O1s spectrum can be detected on
both cathodes, indicating that both electrolytes were decom-
posed and involved in the formation of the CEI film. The C-F
(687.9 eV) peak in the F1s spectrum is the PVDF component in

Ols Fl1s P2p
=0 PVDF
Base
Li,POF, uF
0.8 M LiPF,
0.2 M LiDFP

1 1 1 1 1 1 1 1 1 1 1 1 1
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Fig. 6 Cls, Ols, Fls, P2p XPS spectra of cathode surface in base and
dual-lithium salts electrolytes.
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Fig. 5 The electrochemical impedance spectra of the cells after 3, 20, 50, 70 cycles.
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Fig. 7 Analysis of dissolution of transition metal ions in electrolyte by
ICP-AES.

the cathode. The peak of LiF in the dual-lithium salts system is
obviously stronger than that in base electrolyte system, indi-
cating that the decomposition of LiDFP produces LiF, which
also proves that the impedance of the dual-lithium salts inter-
face is large in the impedance spectrum. On the P2p spectrum,
Li,PF, is added to the surface of the dual-lithium salts system.>®
These are the decomposition products of LiDFP. The interme-
diate decomposition product Li,POyF, indicates that both
electrolytes decompose under high voltage. Although the
interface inorganic component increases due to the increase of
interface inorganic components, the interfacial impedance of
the dual-lithium salts decreases in the later stage of discharge,
indicating that the organic component is formed on the surface
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of the inorganic component as the progress of charge-
discharge.” These microscopic changes provide a theoretical
basis for improving the cycling stability of the cell.

Under high voltage, the structure of NCM811 material will be
destroyed, resulting in deterioration of the cycle stability of the
battery. By analyzing the transition metal deposited on the
cathode, the degree of material damage can be inferred. The
contents of Ni, Co and Mn were analysed by ICP-AES, as shown
in Fig. 7. It is found that the concentration of transition metal
ions in the dual-lithium salts system is lower than that in the
base electrolyte system, which proves that the structure of the
material remains intact, and also shows that the dual-lithium
salts has a protective effect on the electrode material.

Fig. 8 shows the results of EDS analysis of SEM and surface
elements of the electrodes after 130 cycles in different electro-
lytes. It can be clearly observed that the fresh cathode electrode
material has a regular spherical structure (Fig. 8a), and the
surface is clean and free of deposits. However, the surface of the
material after cycling in the base electrolyte (Fig. 8c) is covered
with a thick layer of component, which is usually caused by
decomposition of the electrolyte. The surface of the electrode
after cycling in the dual-lithium salts electrolyte (Fig. 8b) is
relatively clean and the structure remains intact. From the
above results, the addition of LiDFP inhibits the decomposition
of the electrolyte and reduces the diffusion resistance of Li".
EDS analysed the elemental electrolyte (Fig. 8d) and the
elements on the surface of the electrode after cycling in the
dual-lithium salts. It was found that the addition of LiDFP

(d) 1MLiPFg Element wit%
F 13.61
Al 1.27
. Mn 3.64
Co 9.91
Mn  col| Ni Ni 71.57
Total 100.00
1.63 3.63 5.63 7.63
(e 0.2 M LiDFP+0.8 M LiPF Element W%
e ¥ 11.05
Al 0.41
Ni P 0.93
Mn 3.25
Co 9.25
—J - N Ni 74.54
- - L L Total 100.00
1.6 36 5.6 7.6

Fig. 8 SEM images of the NCM 811 electrode: fresh (a) and after 130 cycles in (b) the dual-salt electrolyte containing 0.8 M LiPFg + 0.2 M LiDFP,
(c) the blank electrolyte containing 1 M LiPFg. The corresponding EDS analysis of surface element distribution of the NCM 811 electrode after 130

cycles in blank electrolyte (d) and dual-salt electrolyte (e).
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Fig. 9 The overcharge protection performance of NCM811/Li cells
with different electrolytes.

increased the content of surface F and P elements. LiDFP has
been integrated into the electrode-electrolyte interface to
increase the inorganic component content. In addition, it can
be seen that the content of Al decreased from 1.27 wt% to
0.41 wt% after the addition of LiDFP, indicating that LiDFP can
inhibit the corrosion of the current collector by the acidic
component in the electrolyte.

The overcharge protection performance of NCM811/Li cells
with different electrolytes was further investigated by charging
the cells to 5 V at the rate of 0.2C. As shown in Fig. 9, the curves
of the two cells are similar before charging to 4.7 V. But after
charging to 4.7 V, in the cells with 1 M LiPF, the charge voltage
rises sharply to 5 V, while the cell with the dual-lithium salts
rises relatively more slowly. The time of the cell charging to 5V
are 7.2 h and 28.8 h, respectively. This shows that the combi-
nation of LiPF, and LiDFP can enhance the overcharge protec-
tion performance, which provides a basis for improving the
stability of the electrolyte and the safety performance of the
battery.

4. Conclusion

The combination of LiPF¢ and LiDFP can reduce the viscosity of
the electrolyte and improve the ionic conductivity of the elec-
trolyte. At the same time, it can improve the cycling stability of
the NCM811/Li cells at high voltage (4.5 V). It was found that the
capacity retention rate of the cell with LiPO,F,/LiPFs dual-
lithium salts was as high as 92.1% after 130 cycles, which is
much higher than that in the base electrolyte (only containing
LiPF¢). Electrochemical impedance spectroscopy indicated that
the interfacial impedance of the cells with dual-lithium salts
was large at the initial stage of discharge, and the interface
impedance decreased at the end of the discharge. The CV test
found that the cell with dual-lithium salts electrolyte cell has
a lower polarization. XPS and SEM analysis found that the
LiPO,F, lithium salt can reduce the decomposition of the
electrolyte. ICP-AES shows that the LiPO,F, can be decomposed
on the surface of the electrode to stabilize the structure of the
electrode material. Our results show that the strategy of dual-
lithium salts provides a new idea for developing high perfor-
mance electrolyte of lithium ion batteries.

This journal is © The Royal Society of Chemistry 2020
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