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Abstract
Increasing the charging cutoff voltage is an effective method for improving the energy density of lithium-ion batteries. How-
ever, the conventional carbonate-based electrolyte with LiPF6 is unstable when the end-of-charge voltage up to 4.5 V (vs. Li/
Li+), resulting in poor cycling stability of LIBs. In this work, when 1.0 wt% LiDFP is added into the conventional electrolyte 
for LiNi0.4Co0.4Mn0.2O2/graphite pouch cells, the capacity retention of the cell is significantly improved from 22.9 to 87.6% 
after 100 cycles, even a high capacity retention of 81.0% is maintained after 200 cycles. The results of spectroscopic and 
electrochemical techniques indicate that the passivation film induced by LiDFP can be formed simultaneously at both cath-
ode and anode surfaces. The improvement of cell high-voltage performance can be credited to the addition of LiDFP, which 
effectively inhibited the dissolution of transition metals and the side reaction of electrolyte on the cathode and anode surfaces.
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Introduction

With the development of new energy automobile industry, 
lithium-ion batteries (LIBs) are being widely favored in 
the field of electric vehicles owing to their advantages of 
high-energy density, rechargeable ability, and long repeat 
service life [1–5]. As the core component of electric vehicle 
power system, the performances of LIBs directly determine 

the driving range and the market competitiveness of electric 
vehicles. Therefore, the advanced of LIB technology with 
good safety performance, higher energy density, and low 
production cost is urgent to promote the development of the 
new energy electric automobile industry.

The energy density of LIBs is highly cathode materi-
als dependent, and the ternary layered LiNixCoyMn1-x-yO2 
(NCM, 0 < x, y < 1) has considered as a prominent cathode 
material owing to their high operating voltage and high 
capacity. To meet the demands for electric vehicle appli-
cations, raising the end-of-charge voltage can increase the 
specific capacity of these materials and provide a higher 
energy density for the LIBs [6–8]. The traditional electro-
lyte is mainly composed of lithium hexafluorophosphate 
(LiPF6) as the solute and organic carbonate/carboxylate as 
the solvent, which is closely related to the performance of 
cells. For example, while the operating voltage is greater 
than 4.5 V (vs. Li/Li+), the electrolyte suffers severe oxida-
tion decomposition on the cathode, which cannot meet the 
requirement of normal working for those cathode materials 
under the high voltage [9, 10]. Furthermore, the decomposi-
tion of electrolyte is accompanied by the hydrogen fluoride 
(HF) generation. HF will corrode the cathode materials, 
causing the dissolution of transition metal ions (such as, Ni, 
Co, and Mn) in cathode materials, and further migration, 
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and deposition between cathode and anode surface. These 
issues would trigger the sustained electrolyte decomposi-
tion as well as lithium dendrites growth on the anode [11]. 
Therefore, it is significantly important to develop suitable 
electrolytes that meet the high-voltage requirements of 
LiNixCoyMn1-x-yO2-based cells.

Changing the electrolyte components (solvents and addi-
tives) is the most convenient strategy to improve the elec-
trochemical performance of cells at high voltage. Although 
some high-voltage solvents, such as fluorinated, sulfones, 
and room temperature ionic liquids (RTILs), can deliver a 
wider electrochemical window for electrolytes, those sol-
vents suffer from the poor lithium salt solubility and high 
viscosity, which will sacrifice the rate capability and low-
temperature performance of cells [12–15]. Additives occupy 
a small proportion in the electrolyte and generally have little 
effect on the physicochemical characteristics of the elec-
trolyte. Therefore, it is a practical and effective method to 
improve the performances of the cells by adding some addi-
tives into the electrolyte. Recently, functional electrolyte 
additives like L‑tryptophan [16], 2-(trifluoroacetyl) thio-
phene [17], and trimethyl borate [18] have been reported for 
enhancing the electrochemical performance of cells at high 
voltage and their cathode film-forming properties. However, 
the effect of these additives on the surface interface of the 
anode has been rarely reported. Meanwhile, those organic 
electrolytes will consume the active lithium in the process 
of interface formation, resulting in reduced Coulombic effi-
ciency and even a negative impact on the initial cycle capac-
ity of the battery.

As an electrolyte additive, lithium difluorophosphate 
(LiDFP) has been extensively investigated in commercial 
NCM/graphite full cells to improve the low-temperature 
performance [19], improve the high-voltage performance 
[20, 21], decrease the internal impedance, and enhance 
rate performance [22, 23]. Additionally, LiDFP also has 
been confirmed as an effective electrolyte component for 
lithium metal batteries [24, 25]. These works indicated 
that LiDFP is a multifunctional additive by forming a sta-
ble surface film with high ionic conductivity on different 
electrodes. For the ternary layered NCM cathode mate-
rial, the proportions of Ni, Co and Mn in these materi-
als will result in a difference in surface interface proper-
ties. Although LiDFP has shown positive effect on other 
NCM-based battery systems, the application of LiDFP 
in the LiNi0.4Co0.4Mn0.2O2 material-based cell has been 
rarely studied. In this work, to further confirm the general 
adaptability of LiDFP as an efficient electrolyte additive, 
the LiNi0.4Co0.4Mn0.2O2/graphite pouch cells are used to 
test the effect of LiDFP on the high-voltage performance. 
Electrochemical results show that LiDFP can improve the 
rate capacity and cycling stability of LiNi0.4Co0.4Mn0.2O2/
graphite pouch cells under the end-of-charge voltage of 

4.5 V. Microscopic characterizations further validate that 
addition of LiDFP inhibits the dissolution and deposition 
of transition metal ions, constrains the continuous decom-
position of electrolyte by passivating the interface between 
cathode and anode surfaces, and subsequently improves 
the high-voltage performance.

Experiment section

Preparation of electrode and electrolyte

The graphite materials and LiNi0.4Co0.4Mn0.2O2 were pro-
vided by BTR Battery Materials Co., Ltd., and Shenzhen 
Tianjiao Technology Co., Ltd., respectively. The positive 
electrode slurry using N-methyl-2pyrrolidinone (NMP) as 
dispersion solvent is composed of LiNi0.4Co0.4Mn0.2O2, 
poly(vinylidenedifluoride) (PVDF), and conductive carbon 
(weight ratio 93.0: 4.0: 3.0). The negative electrode slurry 
is composed of graphite, styrene butadiene rubber (SBR), 
carboxymethyl cellulose (CMC), and Super-P (weight ratio 
95.0: 2.5: 1.5: 1.0), in which the deionized water was used as 
the dispersion solvent. Afterwards, the two slurries were cast 
onto the Al foil and Cu foil, respectively, and then putted 
into a vacuum drying oven to dry at 120 °C for around 12 h. 
The average loading level of the prepared cathode and anode 
electrode was 31.80 and 16.55 mg cm−2, respectively. The 
dried LiNi0.4Co0.4Mn0.2O2 electrode, graphite electrode, and 
Celgard 2400 separator were rolled up and then put into the 
specific aluminum-plastic to obtain the cells without electro-
lyte. For the LiNi0.4Co0.4Mn0.2O2/graphite cells at 4.2 V and 
4.5 V, the capacities of these cells are designed about 550 
and 665 mAh, and the capacity ratios of anode to cathode 
electrode (N/P ratios) are about 1.30 and 1.15, respectively.

The battery-grade LiPF6, LiDFP, diethyl carbonate 
(DEC), ethylene carbonate (EC), and dimethyl carbonate 
(DMC) solvent were supplied by Guangzhou Tinci Materi-
als Technology Co., Ltd. and without further purification. 
One molar LiPF6 dissolved in EC and DEC (weight ratio 
1:3) preparing in a glove box filled with Ar was used as 
reference electrolyte, where the moisture and oxygen con-
tents were controlled lower than 1.0 ppm. Different con-
tents (0.5%, 1.0%, 1.5%, and 2.0%, wt%) of LiDFP were 
dissolved in the reference electrolyte and were used as the 
studied electrolytes. The moisture and free acid contents 
of the electrolytes were measured by auto moisture titra-
tion instrument (KF 831 Metrohm, Swiss) and automatic 
potentiometric titrator (798 Metrohm, Swiss), and the corre-
sponding contents were kept below 50.0 ppm and 20.0 ppm. 
The LiNi0.4Co0.4Mn0.2O2/graphite pouch cells with different 
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electrolytes were assembled in the glove box, and the elec-
trolyte injection weight is maintained at about 3.65 ± 0.05 g 
for each cell.

Electrochemical and surface characterizations

All charge/discharge tests were measured on the Neware 
cell testing system (CT-3008) at room temperature. The 
LiNi0.4Co0.4Mn0.2O2/graphite pouch cells of the 1st, 2nd, 
and 3rd cycles were conducted galvanostatically at 0.1 C, 
0.2 C, and 1.0 C, respectively. Subsequently, the cycling per-
formance of the pouch cells was tested at a constant current 
of 1.0 C at voltage ranges of 3.0–4.2 V and 3.0–4.5 V. The 
rate performance was carried in a content charging current 
of 1.0 C and then discharged at 0.2 C, 0.5 C, 1.0 C, 2.0 C, 
3.0 C, and 5.0 C in the voltage ranges of 3.0–4.5 V, respec-
tively. Measurements at each C-rate were repeated over 5 
cycles. The electrochemical impedance measurement was 
performed at the charged state over the limited frequency 
range (100 kHz to 40 mHz) and amplitude potential (10 mV) 
on a frequency response analyzer (Solartron1455A, Eng-
land). For surface characterizations, the cells after the 
charge/discharge cycles were disassembled manually inside 
a glove box. The LiNi0.4Co0.4Mn0.2O2 and graphite electrode 
were rinsed with battery-grade DMC for three times and 
thoroughly dried under a vacuum drying oven at room tem-
perature. The field emission scanning electron microscopy 

(SEM, ZEISS Ultra 55, Germany) was used to observe the 
surface morphologies of the fresh and cycled electrodes. The 
energy dispersive spectrometer (EDS, Bruker Quantax 200, 
Germany) was used to analyze the surface element content 
of the cathode and anode electrodes.

Results and discussion

Electrochemical performances

To explore the influence of LiDFP as an additive in the elec-
trolyte on the electrochemical performance at high voltage, 
the cycling performance of LiNi0.4Co0.4Mn0.2O2/graph-
ite pouch cells containing different amount of LiDFP was 
studied at various end-of-charge voltages (4.2 and 4.5 V). 
All cells were charged and discharged under a constant cur-
rent density of 1.0 C. As shown in Fig. 1a and Table 1, the 
cyclic performance of the LiDFP-containing unit cell is 
significantly improved; the capacity of LiDFP-free unit cell 
decays sharply and exhibits a capacity retention of 22.9% 
(the initial discharge capacity was 159.8 mA h  g−1 and 
decreased to 36.6 mA h g−1 after 100 cycles) after the 100th 
cycle. By contrast, the corresponding capacity retention of 
the cell containing 0.5% and 1.0% content of LiDFP in the 
electrolyte maintained 86.4% (the initial discharge capacity 
was 159.9 mA h g−1 and decreased to 138.1 mA h g−1 after 

Fig. 1   The effect of LiDFP 
on the cyclic performance of 
LiNi0.4Co0.4Mn0.2O2/graphite 
cells operated at different end-
of-charge voltages of (a) 4.5 V 
and (b) 4.2 V

Table 1   Discharge 
capacities and discharge 
capacity retentions of the 
LiNi0.4Co0.4Mn0.2O2/graphite 
pouch cells contained different 
weight ratios of LiDFP in the 
electrolyte beyond the end-of-
charge voltages of 4.2 and 4.5 V 
after 100 and 200 cycles

Potential range 0% 0.5% 1.0% 1.5% 2.0%

3.0–4.2 V (100th) Discharge capacity (1st) 135.8 139.1 137.5 137.6 137.5
Discharge capacity (100th) 130.5 131.6 129.5 127.5 119.4
Capacity retention (100th) 96.1% 94.5% 94.2% 92.6% 86.8%

3.0–4.5 V (100th) Discharge capacity (1st) 159.8 159.9 162.8 160.2 160.8
Discharge capacity (100th) 36.6 138.1 142.6 146.8 137.4
Capacity retention (100th) 22.9% 86.4% 87.6% 91.6% 85.4%

3.0–4.5 V (200th) Discharge capacity (200th) — 113.6 131.9 82.2 86.0
Capacity retention (200th) — 71.0% 81.0% 51.3% 53.5%

4137Ionics (2021) 27:4135–4142



1 3

100 cycles) and 87.6% (the initial discharge capacity was 
162.8 mA h g−1 and decreased to 142.6 mA h g−1 after 100 
cycles) of the initial discharge capacity, respectively. There 
is no significant difference in the capacity loss among the 
cells containing 0.5% and 1.0% LiDFP after 100 cycles. As 
the cycle progressed, when the cell cycles 200 times, the 
cell containing 1.0% of LiDFP showed the most excellent 
cyclic stability with a capacity retention of about 81.0% 
(131.9 mA h g−1 after 200 cycles), while the cell with 0.5% 
of LiDFP only maintained 71.0% of the initial discharge 
capacity (113.6 mA h g−1 after 200 cycles). Intriguingly, 
when the cells cycled at an end-of-charge voltage of 4.2 V, 
the cells used the electrolyte containing 0%, 0.5%, 1.0%, 
1.5%, and 2.0% LiDFP display slight difference in cycling 
performance (Fig. 1b), as well as the capacity retention rates 
of the cells are 96.1%, 94.5%, 94.2%, 92.6%, and 86.8% after 
100 cycles, as shown in Table 1. The cycling performance 
of the cells under different end-of-charge voltages is sig-
nificantly different, indicating that LiDFP as an electrolyte 
additive for 4.5 V LiNi0.4Co0.4Mn0.2O2/graphite pouch bat-
tery is effective.

Figure   2a   exhibi ts  the  ra te  capabi l i ty  of 
LiNi0.4Co0.4Mn0.2O2/graphite pouch cells using the electro-
lytes, which were dissolved with 0% and 1.0% LiDFP, in the 
limited potential range of 3.0–4.5 V at different discharge 
currents of 0.2 C, 0.5 C, 1.0 C, 2.0 C, 3.0 C, and 5.0 C. And 
the corresponding average discharge capacities of each cur-
rent are provided in Table 2. As can be seen from Fig. 2a, the 
discharge capacity of the 1.0% LiDFP additive-added cell is 
slightly higher than that of the cell without additive, and the 
difference in capacity is more obvious under high discharge 
current. Compared with the electrolyte without LiDFP, the 

average discharge capacity at 5.0 C increases from 40.1 to 
52.6 mAh g−1 by the addition of LiDFP, as displayed in 
Table 2. The result shows that LiDFP enhances the capacity 
of the cell at high discharge current. The Coulombic effi-
ciency of the LiNi0.4Co0.4Mn0.2O2/graphite cells cycling at 
rate of 1.0 C and in the operating voltage of 3.0–4.5 V for 
200 cycles with 0% and 1.0% LiDFP is displayed in Fig. 2b. 
As seen from Fig. 2b, the Coulombic efficiency of LiDFP-
free cell reaches the stable state need several cycles, while 
the addition of LiDFP could significantly shorten the stable 
period, indicating that LiDFP was more conducive to the 
formation of surface interface film. Additionally, the Cou-
lombic efficiency of the cell employing the electrolyte con-
taining 1.0% LiDFP displays very reposeful performance, 
which owns to the stable LiDFP-originated SEI film on the 
electrode surface, whereas the Coulombic efficiency of the 
LiDFP-free cell shows a sudden unpredictable change in 
cycling. This can come into a conclusion that the irregular 
change of the Coulombic efficiency is related with the for-
mation and decomposition of the unstable SEI film, resulting 
in the loss of active substance. The successive decompo-
sition of electrolyte on the electrode surface could hinder 
the de-intercalation/intercalation of Li+ through electrode, 
resulting in capacity attenuation during cycling (Fig. 1a). 
Combined with the rate capability of cells in Fig. 2a, it 
can be explained that the interface membrane modified by 
LiDFP is relatively stable and is more conducive to Li+ de-
intercalation under high voltage.

T h e  i m p e d a n c e  m e a s u r e m e n t s  o f  t h e 
LiNi0.4Co0.4Mn0.2O2/graphite pouch cells were carried out 
to evaluate the effect of LiDFP additive. Nyquist plots of 
cells using electrolytes with 0% and 1.0% LiDFP additive 

Fig. 2   LiNi0.4Co0.4Mn0.2O2/
graphite cells with 0% and 1.0% 
LiDFP operated at 3.0–4.5 V: 
(a) rate performance and (b) 
Coulombic efficiencies at the 
charge/discharge rate of 1.0 C

Table 2   The average 
discharge capacity of 
LiNi0.4Co0.4Mn0.2O2/graphite 
cells with 0% and 1.0% LiDFP 
operated at 3.0–4.5 V under 
different charge/discharge rates

Discharge capacity/mAh g−1

0.2 C 0.5C 1.0 C 2.0 C 3.0 C 5.0 C 0.5 C

0% 170.3 161.9 153.1 135.5 98.8 40.1 155.8
1.0% 171.6 165.4 157.8 138.3 100.9 52.6 161.2
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operated at 3.0–4.5 V before cycling and after 200 cycles 
are displayed in Fig. 3a and b, respectively. As can be seen 
in Fig. 3a, before cycling, there is a slight difference in the 
interfacial impedance between the cells with 0% and 1.0% 
LiDFP. Comparing to the additive-free cell, the impedance 
of the LiDFP-added cell is lower. The SEI film formed 
by LiDFP has a low interfacial impedance meaning and 
less migration resistance of Li+, allowing the cells to have 
high Coulombic efficiency of the first cycle and good rate 
capability. However, the additive-free cell shows a rap-
idly enlarged semicircle during 200 cycles, as displayed in 
Fig. 3b. Figure 3c shows the equivalent circuit model, the 
high-frequency semicircle (Rf, surface-film resistance) and 
the intermediate frequency semicircle (Rct, charge-transfer 
resistance) are two concerned parts of the EIS spectra of 
pouch cells [26–30], and the corresponding impedance 
spectrum fitting results are summarized in Table 3. For 
the cell without LiDFP additive, the values of Rf and Rct 
are 110 and 601 mΩ, much higher than that of 57 and 
103 mΩ for the LiDFP-added cell (Table 3). The change 
of EIS impedance is mainly determined by the charac-
ter of interfacial film. An unstable SEI film will result 
in the continuous consumption of electrolyte; meanwhile, 
the accumulation of electrolyte decomposition products 
at the electrode interface is the major factor affecting the 
increase of cell impedance. In addition, the irreversible 
loss of active lithium in the electrolyte will directly cause 
the decline of the cell capacity. Combined with the above 
impedance measurements results, it can be inferred that 
LiDFP as an addictive is beneficial to enhance the stability 
of the surface film. Therefore, the LiDFP-originated SEI 
film can inhibit the side reactions on the electrode surface 
and alleviate the growth of the EIS impedance of cells 
during cycling at high voltage.

Interface characterization

In order to further confirm the effect of LiDFP on the 
electrode interface, SEM and EDS characterizations were 
adopted to analyze the surface morphology and compo-
sitions of the circulating electrode. Figure 4a shows the 
SEM image of the pristine LiNi0.4Co0.4Mn0.2O2 electrode 
without electrolyte. It can be seen that the materials with a 
smooth surface and the contours between the particles are 
clear. Figure 4b and c exhibit the SEM images of the cycled 
LiNi0.4Co0.4Mn0.2O2 electrode with 0% and 1.0% LiDFP 
after 200 cycles, respectively. In comparison with the rela-
tively clean particle surface of Fig. 4a, the surface of the 
cycled cathode without LiDFP is indefinable, suggesting 
that abundant electrolyte decomposition products accumu-
lated. In contrast, in the electrolyte containing LiDFP, the 
circulating cathode electrode almost keeps the morphology 
of fresh cathode, verifying that the LiDFP layer film can 
effectively suppress the electrolyte decomposition. Table 4 
displays the concentration of F, P, Ni, Co, and Mn on the 
surface of the cycled LiNi0.4Co0.4Mn0.2O2 and graphite elec-
trode obtained from cells using 0% and 1.0% LiDFP by EDS 
characterization. From the element distribution of cathode 
surface, the contents of both F and P for the 1.0% LiDFP 
cell are lower than that in the cell with the additive-free 
electrolyte, as known that these two elements are mainly 
from LiPF6 decomposition. The difference in the contents 
of F and P for the cells using different electrolytes indicates 

Fig. 3   EIS analysis of 
LiNi0.4Co0.4Mn0.2O2/graphite 
pouch cells with 0% and 1.0% 
LiDFP charged to 4.5 V: (a) 
before cycling; (b) after 200 
cycles; (c) the corresponding 
equivalent circuit diagram

Table 3   Results of fitted 
impedance values for the 
LiNi0.4Co0.4Mn0.2O2/graphite 
pouch cells with 0% and 1.0% 
LiDFP after 200 cycles

Samples Rf/mΩ Rct/mΩ

0% LiDFP 110 601
1.0% LiDFP 57 103
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that LiDFP as an additive can effectively protect the stability 
of electrolyte at the positive electrode surface. At the same 
time, the graphite electrode samples obtained under differ-
ent conditions are also observed by SEM characterization, 
as displayed in Fig. 4d, e, and f. A fresh electrode, which 
is surrounded by PVDF (conductive agents), shows a clean 
surface (Fig. 4d), while the loop electrode in the electro-
lyte with 0% LiDFP is covered with thick deposits (Fig. 4e), 
and some obvious pores are presented in the coating layer, 
causing the direct contact between the electrode surface and 
the electrolyte. Differently, the circulating electrode in the 
electrolyte with 1.0% LiDFP displays a compact and uniform 
layer covered on the surface without visible gaps. Addition-
ally, as can be seen from Table 4, the cell with 1.0% LiDFP 
shows a lower content of F and P than that of the additive-
free cell, suggesting that 1.0% LiDFP added is effective in 
inhibiting the electrolyte from continuous decomposing 
during cell cycling. For the circulating cathode surface 
containing LiDFP, the Ni, Co, and Mn contents are higher 
than that of the sample without additive, which is caused by 
the formation of an interfacial protective film covering on 
the cathode surface by LiDFP. However, for the anode, the 

LiDFP-containing electrode surface delivers a lower Ni, Co, 
and Mn contents that the sample without additive, which 
indicates that the addition of LiDFP can effectively alleviate 
the dissolution of Ni, Co, and Mn from cathode and accumu-
late on the anode surface. Therefore, it can be seen from the 
SEM and EDS results that LiDFP can affect the morphology 
and chemical composition of both LiNi0.4Co0.4Mn0.2O2 and 
graphite surfaces and enhance the stability of SEI and CEI 
films. These microscopic characterization results are consist-
ent with the electrochemical measurements.

Conclusions

LiDFP as a film-forming additive in LiPF6/carbon-
ate electrolyte greatly enhances the performance of 
LiNi0.4Co0.4Mn0.2O2/graphite pouch cells. Electrochemical 
results reveal that using the electrolyte with 1.0% LiDFP 
additive, the battery has significantly improved cycling 
performance at 4.5 V compared to that using additive-free 
electrolyte. The SEM and EDS results clearly show that 
the improvement of electrochemical performance at high 

Fig. 4   SEM micrographs of fresh and the samples obtained from the LiNi0.4Co0.4Mn0.2O2/graphite pouch cells with 0% and 1.0% LiDFP cycled 
between 3.0 and 4.5 V after 200 cycles; cathode: (a) fresh, (b) 0% LiDFP, (c) 1.0% LiDFP; anode: (d) fresh, (e) 0% LiDFP, (f) 1.0% LiDFP

Table 4   Surface concentration 
of F, P, Ni, Co and Mn in 
the LiNi0.4Co0.4Mn0.2O2 and 
graphite electrodes gained 
from the cells added with 0% 
and 1.0% LiDFP in a limited 
operating voltage between 3.0 to 
4.5 V after 200 cycles by EDS

F P Ni Co Mn
Atomic percent/at.%

Cathode 0% 14.20 2.00 4.21 4.42 4.86
1.0% 8.97 1.64 6.09 6.27 6.51

Anode 0% 23.45 3.95 0.08 0.16 0.40
1.0% 14.99 3.69 0.03 0.07 0.17
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voltage is mainly attributed to its film-forming capability on 
the cathode and anode surfaces, which inhibits the serious 
electrolyte decomposition and the dissolution of transition 
metals. In addition, the modified electrode interface film 
by LiDFP has a low interface impedance, thus accelerating 
the Li+ diffusion, and resulting in a high rate capability and 
Coulombic efficiency. This work demonstrates that LiDFP 
has prominent potential as functional additive for the devel-
opment of high-energy density and high-voltage LIBs.
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