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A B S T R A C T   

High-nickel layered ternary cathode coupling with Si-based anode is one of the most promising strategies to 
realize high-energy-density batteries for power electric vehicles. However, undesired interfacial instability on 
both sides of cathode and anode causes continuous parasitic reactions and phase transformations, and results in 
fast degradation of the batteries. To address this issue, herein, in-situ reliable, compact and ionically conductive 
interface films are constructed effectively on both LiNi0.6Co0.2Mn0.2O2 (NMC622) cathode and SiO-C anode 
simultaneously by simply using a multifunctional additive, lithium difluorobis(oxalato) phosphate (LiDFBOP), 
due to its preferential redox reactivity then efficiently influencing the subsequent electrochemical behaviors of 
bulk electrolyte. These films shield the electrodes against the electrolyte attack, thus enabling long-term cycling 
stability and enhancing Coulombic efficiency of NMC622/SiO-C pouch cells. In addition, the highly Li-ionically 
conductive interphases also promote the electrode kinetics, which ensure the excellent rate capability as well as 
low temperature performance. The underlying interface formation mechanisms in term of specific consumption 
amount of additive on each electrode simultaneously are quantitatively studied by combining several comple
mentary advanced characterizations techniques such as IC, TOF-SIMS, XPS and HRTEM etc., which not only 
benefit to predict the optimal addition content for cost-effective electrolyte in the actual conditions, but also 
validate that abundant Li-containing fluorinated inorganics and organic species regulate the microstructure and 
the composition of interface films, leading to enhanced ionic conductivity and intensified structure integrity, 
then finally contributing to the improved electrochemical performance of full pouch cells. New and in-depth 
insight in additive-involved interface reactions provides new opportunities for the design of rational surface 
films to realize high-energy batteries.   

1. Introduction 

Lithium (Li)-ion (Li+) batteries (LIBs) with high energy density and 
safety are urgently required for implementation in the field of electric 
vehicles, which depends on high specific capacity delivery with high 

discharge voltage output [1,2]. Traditional commercial LIBs comprising 
of graphite anode and LiCoO2 cathode have almost reached their upper 
limit in energy density due to the unsatisfactory capacity [3]. Therefore, 
it is critical to develop next-generation electrode materials to break 
through this bottleneck [4,5]. As for cathodes, due to the synergy 
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between transition metal ions, layered ternary composite materials 
LiNi1-x-yCoxMnyO2 became most promising in recent years [6,7]. Among 
them, the cathodes with enhanced Ni content perform higher capacity 
delivery [8–10]. However, because the radius of Ni is similar to Li, the 
increase of Ni content might cause the dislocation and mixed arrange
ment between Ni and Li, leading to high-concentrated Ni in Li layer 
[11]. This would result in difficulties in Li diffusion when cycling and 
final poor cycling stability and rate capability and even structural 
deterioration. Besides, interfacial instability could trigger continuous 
side reaction and accelerate decay of cathode especially when cycled in 
high cut-off charge voltage [12]. Therefore, a good quality interface 
layer is necessary, which not only protects the cathode from being 
attacked by electrolyte, but also play a role in helping stabilize structural 
integrity of cathode and preventing dissolution of transition metal ions 
[13]. As for anodes, due to their high capacity and low discharge po
tential, Si-C composite materials are expected to be widely used 
commercially for realizing higher energy density and safer LIBs in the 
short term [14,15]. However, severe interfacial instability associated 
with continuous side reactions and infinite volume changes still remians 
to be solved [16,17]. Therefore, an interface layer with highly me
chanical properties, electrochemical stability and improved Li+ con
ductivity is needed for a better cycling performance. 

From the above, it follows that constructing a more stable and ion
ically conductive interface film on both cathode and anode simulta
neously is vital to perform a high-energy battery with high-capacity 
electrode materials. Of many strategies, electrolyte modification such as 
introducing a multifunctional electrolyte add9itive to the nonaqueous 
liquid electrolyte shows significant advantages being low cost, easy to 
implement and allowing better compatibility for practical batteries [18, 
19]. However, most of interface film-forming organic electrolyte addi
tives reported which focused on stabilizing electrolytes at cathode sur
faces might be detrimental to the performance of the paired anodes and 
vice versa [20,21]. On the other hand, compared to organic additives, Li 
salt-type electrolyte additives could provide Li+ to be incorporated into 
the interface films, leading to their decreasing interface impedance, 
enhancing mechanical and electrochemical stability, and even improved 
low-temperature properties [22–24]. Therefore, in recent years, many 
different kinds of them have been proposed and extensively studied, 
such as lithium hexafluorophosphate (LiPF6) [25], lithium difluor
ophosphate (LiDFP) [26,27], and lithium bis(oxalato) borate (LiBOB) 
[28,29]. Among them, LiBOB has shown its capability in protecting 
surfaces either on cathode or on anode respectively. It can be reduced at 
around 1.2 V (versus Li metal) and contribute to form a stable interface 
layer on graphite, which effectively inhibits co-intercalation of solvent 
even in the pure propylene carbonate solvent. Also, it was confirmed to 
oxidize on cathode surface, forming polyboric acid or oxalic acid com
pounds in the interface film to prevent the corrosion of the cathode by 
electrolyte. However, its poor solubility and consequent high-resistance 
interface films severely limit its commercial applications. Lithium 
difluorobis(oxalato) phosphate (LiDFBOP), having the same oxalate 
anions as LiBOB, a new developed salt-type electrolyte additive derived 
from the structural replace towards LiPF6, was confirmed to be benefi
cial to stabilize both cathode and anode [30–32]. However, based on 
constructing a next-generation high-energy batteries, there is rarely 
reported that a systematic research towards its participation in forming 
solid electrolyte interfaces (SEIs) with desirable structures for Si anodes 
and cathode electrolyte interfaces (CEIs) for Ni-rich cathodes in full 
cells; furthermore, it has been lacking a novel approach proposed to 
quantify and differentiate the necessary sacrifice of additive on both 
anode and cathode simultaneously in real full cells to understand the 
interfacial behaviors and specific consumption process of additives 
associated with regulating the subsequent formation mechanisms of 
interface films on each electrode and their contributions to the improved 
performances. 

Therefore, in this work, we report an emerging multifunctional 
LiDFBOP additive in stabilizing the cathode and anode interfaces 

simultaneously based on high-energy-density LiNi0.6Co0.2Mn0.2O2 
(NMC622)/SiO-C full cells, demonstrating their improved electro
chemical performance. The theoretical calculations and experimental 
electrochemical measurements are combined to understand the effects 
of the decomposition of additive on subsequent interfacial electro
chemical behaviors of electrolyte. A new method is introduced by 
optimizing charge/discharge strategies with ion chromatography (IC) 
measurements to quantitatively analyze the specific consumption 
amount of additive on each electrode interface respectively during 
cycling and discuss the possibility in predicting the optimal usage 
amount of additive in the actual conditions for designing an ideal and 
cost-saving electrolyte. By conducting complementary spectroscopic 
characterizations techniques, the underlying formation mechanisms of 
interface films affected by additive on each SiO-C and Ni-rich electrode 
and their contributions to the improved electrochemical performance of 
batteries are further discussed. 

2. Experimental section/methods 

2.1. Preparation of Electrodes for pouch cells 

2500 mA h LiNi0.6Mn0.2Co0.2O2 (NMC622)/SiO-artificial graphite 
materials (SiO-C) pouch cells (without electrolyte) with the type of 
50*60*100 mm were manufactured by Tianjin JEVE Power Industry Co., 
Ltd technology (Tianjin, China), which were assembled by using double- 
faced active material-coated positive and negative electrode plates. The 
cathode composite electrode consists of the mixture of NMC622 mate
rials (Xiamen Tungsten Co. Ltd., China), carbon black, and poly
vinylidene difluoride (PVDF) in a weight ratio of 96:1.5:2.5 coated onto 
an Al current collector. The anode composite electrode contains the 
mixture of SiO-C (BTR Battery Materials Co., Ltd., Shenzhen, China), 
Super-P, carboxymethyl cellulose (CMC) and styrene butadiene rubber 
(SBR) in a weight ratio of 95:1:1.5:2.5 coated onto Cu current collector. 
The loading mass of active material on each NMC622 cathode or SiO-C 
anode composite electrodes is 339 g m− 2 or 161 g m− 2, respectively, 
leading to a N/P ratio of 1.14. The other two kinds of NMC622/Li and 
SiO-C/Li batteries for measurements and subsequent characterizations 
are assembled based on the type of half coin cells instead of pouch cells, 
which mainly aimed for evaluating the effects of additive on the film- 
forming potential and electrochemical behavior of electrolyte on indi
vidual cathode or anode separately. The half coin cells used the circular 
electrode plates tailored from what employed in pouch cells above 
mentioned. 

2.2. Preparation of electrolytes 

1 M LiPF6 was dissolved in mixture solvents of ethylene carbonate 
(EC)/ethyl methyl carbonate (EMC) (3:7, wt.%) denoted as baseline 
electrolyte, and lithium difluorobis(oxalato) phosphate (LiDFBOP) as an 
electrolyte additive, was obtained from CHUNBO Co., Ltd (Busan, South 
Korea). Lithium bis(oxalato) borate (LiBOB, Tianjin Jin-Niu power 
sources Co., Ltd) was chosen as an electrolyte additive for comparison in 
part of the experiments. For testing, the injection amount of electrolyte 
into each pouche cell is controlled at about 7.0 ± 0.05 g. 

2.3. Electrochemical measurements 

Linear sweep voltammetry (LSV) was performed on a CHI660E 
instrumental electrochemical station (Chinstruments, China) using a 
three-electrode configuration with platinum electrode as the working 
electrode and lithium foil as the counter and pseudo reference elec
trodes. The LSV measurements were conducted by setting the voltage 
range between 3.0 and 6.5 V (vs. Li+/Li) with a scanning rate of 0.1 mV 
s− 1. Cyclic voltammetry (CV) experiments were conducted at a scan rate 
of 0.1 mV s− 1 and a potential range of 0 V–2.5 V (vs. Li+/Li) on a four- 
channel multifunctional electrochemical work station (PARSTAT MC). 
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The charging/discharging behaviors of the batteries were tested using a 
battery charger test (CT-3008W, Neware, China). The formation cycle 
for the pouch cell was separated into three stages including the various 
current rate of C/10, C/2 for charging and C/5 for discharging at a 
voltage range of 3.0-4.3 V. Afterwards, the cells were transferred into 
the glove box, opened to release any gas generated during the formation 
cycle and then sealed again for long-term cycling test. The current for 
long-term cycling is 2500 mA (1C) by a constant current/constant 
voltage mode within a voltage range of 3.0-4.3 V at 25 ◦C. For evaluating 
the low-temperature properties, the pouch cells were discharged to 2.5 V 
at a constant current of 0.2C after stored for 12 h under 100% state of 
charge (SOC) at -20◦C. The electrochemical impedance spectroscopy 
(EIS) analysis was tested on a frequency response analyzer (FRA, 
Solartron1455A, Solartron Group, UK) with an amplitude potential of 10 
mV and frequency range between 0.04 Hz and 100 kHz. All the cells 
were conducted at a nearly half SOC condition after a potentiostatic 
equilibration step at 4.0 V. 

2.4. Materials characterizations 

For the structure and composition characterizations, the cycled SiO- 
C and NMC622 electrodes were retrieved and washed three times with 
anhydrous EMC to remove residual salts and solvents, then evacuated 
overnight in the glove box (Braun company, Germany, H2O < 0.1 ppm, 
O2 < 0.1 ppm) at room temperature. X-ray diffraction (XRD) patterns of 
the cycled NMC622 cathodes were obtained by a Rigaku Ultima IV with 
Cu Kα radiation. Field emission scanning electron microscopy (SEM, 
HITACHI S-4800, Japan) coupled with an energy dispersive X-ray 
spectrometer (EDS) was supplied to characterize the morphologies, 
structures and surface elemental distribution of cycled electrodes. 
Transmission electron microscopy (TEM) was conducted by operating at 
200 kV on a Tecnai F20 (Philip-FEI, Netherlands) apparatus. X-ray 
photoelectron spectroscopy (XPS) was acquired under monochromatic 
Al Kα radiation (hυ = 1486.6 eV) with a Quantum 2000 ESCA spec
trometer (Physical Electronics, USA) equipped at 23.2 W and in a vac
uum value less than 10− 8 Torr. In details, the cycled cells were 
dismantled in a glove box under Argon atmosphere and the electrodes 
inside were then washed as mentioned above and transferred into the 
special XPS vacuum chamber. The universal contamination of C-H bond 
at 284.8 eV was used as a reference for the final adjustment of the energy 
scale in the spectra. The quantitative and qualitative researches of 
inorganic lithium salt components at different SOC were conducted by 
ion chromatography (IC) experiments on a Thermo Fisher Scientific Ion 
chromatography (Aquion ICS-2100). The specific operation process of IC 
is as below: Firstly, the mixed solution of 1.8 mM Na2CO3 and 1.8 mM 
NaHCO3 with 20 vol.% acetonitrile was prepared as leacheate at a flow 
rate of 1.0 mL min− 1 and 20 mM H2SO4 solution was used as regenerated 
liquid at a same flow rate of 1.0 mL min− 1. Then the pump flow rate was 
set to 2 mL min− 1, and the temperature of the cylinder was 35 ◦C. When 
the system pressure rose to 1000 kPa, the current was set to 5 mA and 
the suppressor was opened. The system was balanced for about 30 min, 
and the detection sample diluted 2000 times was processed on the IC 
machine for testing. A time-of-flight secondary ion mass spectrum (TOF- 
SIMS) was measured on an ION-TOF GmbH TOF-SIMS 5-100 spec
trometer. The analysis chamber was maintained in ultrahigh vacuum at 
a pressure below 2 × 10− 9 mbar and a 500 eV Cs+ ion beam (main
taining sputtering rate of 0.03 nm s− 1) was applied for sputtering the 
cycled NMC622 and SiO-C electrodes for depth profiling. The typical 
sputtering area was 100 × 100 um. All the detected secondary ions of 
interest had a mass resolution of > 12,000 and a depth resolution of < 1 
nm. 

2.5. Computational methods 

Density functional theory (DFT) was employed to investigate the 
reduction and oxidation processes of the additive molecule. The specific 

structures were fully optimized by the B3PW91 method with the basis 
set of 6-311++G (d, p). The polarized continuum model (PCM) as 
implemented in Gaussian09 was used to describe the implicit solvent 
effect on the reduction and oxidation processes of the additives. 
Dielectric constant of EC (89.6) was used for all PCM calculations. 

3. Results and discussion 

3.1. Effect of LiDFBOP additive on electrochemical behaviors of 
electrolyte 

To evaluate the effect of LiDFBOP additive on the physicochemical 
properties of electrolytes, we measured and compared the water con
tent, Li+ conductivity and viscosity of different electrolytes. As shown in 
Table S1, the water contents of all the electrolytes meet the requirement 
for direct application in preparing batteries for kinds of electrochemical 
measurements without further treatment; when adding LiDFBOP to the 
baseline electrolyte, there is less decrease in the Li+ conductivity with 
less increase in the viscosity than the electrolyte with LiBOB, which 
indicates the LiDFBOP additive is a more potential candidate for real
izing a better rate performance battery with less sensitive to environ
mental temperature. Then IC measurement was used to analyze the 
chemical stability of the electrolyte with LiDFBOP at elevated temper
ature. As shown in Fig. S1, we compared the chemical compositions of 
the electrolyte before and after stored at 60◦C for different time. 
Evidently, there is almost no change detected in the electrolyte with 
LiDFBOP throughout, indicating its better high-temperature chemical 
stability. 

To construct a better interface film, film-forming additive is used to 
be introduced as a sacrificial agent and expected to preferentially 
decompose before the bulk electrolyte, thereby affecting the subsequent 
reactions occurring on the electrode interfaces and improving the elec
trochemical performance of interface films. Therefore, it is important to 
understand the reactivity of all electrolyte components involved theo
retically and experimentally. Firstly, as presented in Fig. 1a, we calcu
lated and compared the highest occupied molecular orbital (HOMO), the 
lowest unoccupied molecular orbital (LUMO) and the bond-dissociation 
energies of LiDFBOP in comparison with the EC and EMC solvents, LiPF6 
salt and another additive LiBOB. As summarized in Table S2, the LiDF
BOP additive exhibits higher HOMO energy and lower LUMO energy 
than solvents, Li salt and even LiBOB additive, suggesting its possibility 
in preferential oxidation on the cathode interfaces and reduction on the 
anode interfaces respectively as concluded in Fig. 1b. This may help 
form the original interfaces on the electrodes and change their electro
chemical behaviors. Besides, the LiDFBOP additive shows the lowest 
dissociation energy among all the Li salts used, suggesting its potentially 
better solubility in the carbonic ester solvents. Then we conducted the 
linear sweep voltammetry (LSV) and cyclic voltammetry (CV) for getting 
the electrochemical stability window of different electrolytes to further 
verify the reactivity of LiDFBOP and analyze its effects on the electro
chemical behaviors of modified electrolytes. Comparing the LSV curves 
displayed in Fig. 1c, for the baseline electrolyte, there is no evident 
oxidation peak of electrolyte below 6.0 V (versus Li metal reference), 
after which a significant oxidation peak appears, indicating that the 
baseline electrolyte starts to decompose dramatically. However, when 
adding the LiDFBOP or LiBOB additive to the baseline electrolyte, small 
oxidation peaks are found below 6.0 V, which originate from the pref
erential decomposition of oxalate-containing anions from additives 
before the decomposition of bulk electrolyte [33]. In order to further 
elucidate the redox reaction mechanism of LiDFBOP, we calculated its 
charge distribution (Fig. S2a) and orbital distributions of HOMO and 
LUMO (Fig. S2b) under both the oxidation and reduction states by 
density functional theory (DFT). The result shows that the frontier or
bitals are distributed on the oxalate, which is consistent with the 
simulation of charge distribution, indicating that the oxalate functional 
group of LiDFBOP is the most reactive in both the oxidation and 
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reduction processes and is prone to bond-breaking. Interestingly, the 
initial oxidation potential of 4.0 V from LiDFBOP is lower than that of 
4.25 V from LiBOB, which is in accordance with the results from theo
retical calculation that LiDFBOP is easier to oxidize than LiBOB. 
Furthermore, it is reasonable to draw a preliminary conclusion that the 
early sacrifice of LiDFBOP or LiBOB additive is helpful to postpone and 
inhibit the oxidation decomposition of baseline electrolyte, contributing 
to the overall improved stability of the modified electrolytes against 
electrochemical oxidation. From the CV curves shown in Fig. 1d, the 
stability of electrolytes with different additives against electrochemical 
reduction is discussed. For the baseline electrolyte, there appears an 
irreversible reduction peak centered at about 0.60 V, which can be 
ascribed to the reduction decomposition of EC solvent [18]. This peak 
can be suppressed by adding LiBOB or LiDFBOP additive to the baseline 
electrolyte. For the electrolyte with 1.0 wt.% LiBOB, a new small irre
versible peak centered at about 1.70 V appears, which can be assigned to 
the reduction decomposition of LiBOB additive. On adding 1 wt.% 
LiDFBOP to the baseline electrolyte, a new irreversible reduction peak of 
LiDFBOP additive centered at higher potential of about 1.95 V is iden
tified, again demonstrating its easier reduction reactivity. The prefer
ential reduction decomposition of both kinds of additives helps suppress 
subsequent excessive decomposition of EC solvent. Besides, an improved 
lithiation/delithiation dynamics of SiO-C anode can be seen when cycled 
in the additive-added electrolyte, especially for the LiDFBOP additive, 
reflecting a better interface layer formed on the anode due to the effect 
of the LiDFBOP additive. As exhibited in Fig. 1e, we also compared the 
first-cycle galvanostatic voltage profiles of SiO-C/Li half cells to check 
the effects of additives on electrochemical behaviors based on real dis
charge/charge. The same conclusion can be obtained that LiDFBOP 
additive is easier to reduce at about 1.90 V than LiBOB at about 1.63 V 
and any other components in the electrolyte. Based on these 

observations above, LiDFBOP could be a rational candidate for con
structing stable interfaces on both cathode and anode simultaneously to 
realize high-performance and high-energy-density NMC622/SiO-C full 
cells. 

3.2. LiDFBOP additive in electrolyte enabling NMC622/SiO-C pouch cells 

To understand the impact of additives on electrochemical cycling 
performance, NMC622/SiO-C pouch cells were assembled and galva
nostatic measurements were conducted. Fig. S3a compares the prefor
mation voltage profiles of pouch cells with different additives acquired 
by setting the current density of 0.1C (1C = 2500 mA) and charging cut- 
off voltage to 4.0 V. As displayed in the detailed inset, there appear 
evident charging platforms at about 1.80 V (vs. SiO-C anode) and 2.0 V 
for the pouch cells with LiDFBOP and LiBOB additive respectively, while 
almost nothing found for the pouch cell using the baseline electrolyte. 
This can be ascribed to the reduction decomposition of additives on the 
SiO-C anode interfaces, which is responsible to the subsequent 
decreasing voltage polarization on charging period and finally leading to 
higher charging capacity during the formation stage. Then the current 
densities of 0.5C and 0.2C were applied during charging and discharging 
process respectively to finalize formation cycle at a voltage range of 3.0- 
4.3 V as shown in Fig. S3b-c. Related charging and discharging data are 
summarized in Table S3, compared to the baseline electrolyte, there is 
more capacity delivery at both charging and discharging process while a 
little bit lower Coulombic efficiency (CE) output for the electrolytes with 
additives, suggesting that during the formation cycle the additives used 
were involved into the formation of interface films resulting in the in
crease of irreversible capacity. However, these films show better Li+

dynamic, thereby leading to the decreasing voltage hysteresis and the 
increasing capacity during both charging and discharging process. This 

Fig. 1. Effect of additives on electrochemical behaviors of electrolytes. (a) The calculated HOMO, LUMO and bond-dissociation energies of solvents, Li salt and 
electrolyte additives. (b) The comparisons of redox reactivity of different common electrolytic components. (c) LSV curves of different electrolytes on platinum 
electrodes at a scan rate of 0.1 mV s− 1. (d) CV curves of SiO-C/Li half cells using baseline and additive-containing electrolytes at a scan rate of 0.1 mV s− 1 and a 
potential range of 0 V–2.5 V (vs. Li+/Li) for the first cycle. (e) Galvanostatic voltage profiles of SiO-C/Li half cells using baseline and additive-containing electrolytes 
at a current rate of 0.1C and a potential range of 5 mV-1 V for the first discharge/charge cycle. 
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might influence the battery on the performance of long-term cycling and 
rate capability, even low-temperature properties. 

Herein, Fig. 2a-b shows long-term cycling stability and CE of the 
NMC622/SiO-C pouch cells using different electrolytes with different 
additives at a constant current density of 1C and a voltage range of 3.0- 
4.3 V. After 400 cycles, the cell using baseline electrolyte has a capacity 
retention of only 76.8% with a lower average CE of only 99.7%, showing 
its poor cycling stability. When LiBOB was added into the baseline 
electrolyte, the capacity retention is enhanced up to 84.2% with an 
improved average CE of 99.8%. Furthermore, there is a higher capacity 
retention of 87.2% with an average CE exceeding 99.8% when cycling 
the cell using the electrolyte with LiDFBOP additive, indicating its best 
cycling performance deriving from the stable interfaces formed on both 
electrodes. 

To study the electrochemical properties of the interface layer, elec
trochemical impedance spectra (EIS) of SiO-C/NMC622 pouch cells with 
different electrolytes were recorded with charging to 4.0 V during the 
formation cycle. As shown in Fig. S4, all Nyquist plots can be divided 
into three parts by the range of frequency. A high-frequency depressed 
semicircle is ascribed to Li+ migration through the passivating layer on 
interface; an intermediate frequency dispersion characteristic indicates 
a charge transfer associated with Li+ migration at the electrode inter
face; the very low-frequency inclined tail represents the Li+ diffusion 
process [34]. Thus, the diversity of the impedance curves derives from 
the nature of the interface films and the kinetic characteristics of Li+. As 
expected, the addition of LiDFBOP furthest decreases the resistance of 
the interface film leading to promoted Li+ dynamics, which is beneficial 
to improve the rate capability of batteries. This phenomenon suggests 
LiDFBOP additive participates in and regulate the formation of interface 
layer with better Li+ dynamic behaviors. As shown in Fig. 2c, the pouch 

cell using the electrolyte with LiDFBOP additive shows better rate per
formance at various current densities. Even at a high rate of 5C, there 
still exhibits a capacity of almost 1000 mA h. The results further confirm 
that the addition of LiDFBOP to the baseline electrolyte have a good 
combination of electrochemical activity and cycle stability. 

The temperature for cycling is one of the key factors to influence the 
electrochemical performance of batteries. Low temperature could in
crease the viscosity, limit solubility of Li salt and decrease Li+ conduc
tivity of the electrolyte, leading to enhanced resistance and polarization 
of batteries. This would cause several issues such as low discharge 
voltage, limited capacity delivery and the precipitation of lithium metal 
on the anode [35,36]. Therefore, it is urgent to improve the performance 
of batteries charging and discharging at low temperature to expand their 
practicability. Herein, as shown in Fig. 2d, we also tested the pouch cells 
at -20◦C to understand the effects of LiDFBOP additive on their 
low-temperature properties. In comparison with cycling at room tem
perature, the median discharge voltage of the pouch cell with baseline 
electrolyte cycled at low temperature decreases from 3.7 V to 3.1 V, 
indicating severe polarization leading to only 800 mA h capacity de
livery, which is caused by slow Li+ diffusion due to the increasing vis
cosity of electrolyte and interfacial resistance. Therefore, constructing a 
highly conductive and stable interface film is important for improved 
low-temperature properties. It is obvious that with the addition of 
LiDFBOP to the baseline electrolyte, the median discharge voltage 
significantly increases up to 3.2 V and the capacity delivery is almost 
1000 mA h, while the addition of LiBOB just shows a limited improve
ment. Therefore, as shown in Fig. S5, more stable long-term cycling with 
higher capacity delivery can be achieved when cycling the pouch cell 
with LiDFBOP additive at -20◦C. These observations again suggest that 
LiDFBOP additive is involved to form a better interface film even at such 

Fig. 2. The electrochemical cycling performance of NMC622/SiO-C pouch cells. (a-b) Cycling stability (a) and Coulombic efficiency (b) of NMC622/SiO-C pouch 
cells using different electrolytes at a current density of 1C and a potential range of 3.0–4.3 V. (c) Rate capability of NMC622/SiO-C pouch cells using different 
electrolytes at various current densities. (d) Discharging voltage profiles of NMC622/SiO-C pouch cells using different electrolytes with a current rate of 0.2C at low 
temperature of -20 ◦C. 
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a low temperature. 

3.3. Characterizations of LiDFBOP additive-involved film-forming 
mechanism on both cathode and anode interfaces 

As discussed above, the improved interfaces stability and their better 
electrochemical properties on both cathode and anode surfaces depen
dent on the LiDFBOP additive used should be the main reason leading to 
better electrochemical performance of the NMC622/SiO-C pouch cells. 
Therefore, it is necessary to understand the related LiDFBOP additive- 
involved film-forming mechanisms on both cathode and anode in
terfaces simultaneously. So far, there has already reported many re
searches focusing on studying working mechanism of additive either for 
cathodes or anodes, most examples of which includes various organic 
additives such as fluoroethylene carbonate (FEC), vinylene carbonate 
(VC), and propane sultone (PS) [37–40]. However, based on the 
new-generation representative NMC622/SiO-C pouch cells, it has been 
lacking to reveal the redox nature and decomposition dynamics of 
multifunctional salt-type additive like LiDFBOP which modifies both 
positive and negative electrodes interfaces simultaneously. Besides, to 
the best of our knowledge, there is no research focusing on discussing 
the precise usage amount of electrolyte additive and its respective 
consumption amount on each electrode in full cell at different stages 
during cycling, which is important to deepen our knowledge of additive 
and provide new opportunities for the design of rational amount of 
additive according to the actual conditions. However, due to the lack of 
advanced technology, it is difficult to distinct where and how much 

additive decomposes based on traditional characterizations such as 
X-ray photoelectron spectroscopy (XPS) and transmission electron mi
croscope (TEM). Herein, we developed a new technique by combining 
the designed charge/discharge strategies and IC measurements to solve 
this issue, which is discussed below. Then, combined with traditional 
characterization methods such as XPS, TEM and time-of-flight secondary 
ion mass spectrum (TOF-SIMS) etc., a comprehensive understanding of 
the effects of LiDFBOP additive on battery performance is deeply 
discussed. 

3.3.1. Measurement of the continuous consumption of LiDFBOP additive on 
both electrodes simultaneously based on NMC622/SiO-C pouch cells by IC 
and controlled charging and discharging technique 

Fig. 3a illustrates the process of method designed for quantitatively 
detecting the amount of LiDFBOP additive remaining in the electrolyte 
retrieved at different charging state of NMC622/SiO-C pouch cell. The 
specific testing details of IC is provided in the Experimental Section. As 
shown in Fig. 3b, two parallel NMC622/SiO-C pouch cells with LiDFBOP 
additive were prepared and one of them was charged to 4.3 V at a 
constant current density of 0.1C. During this formation process, the time 
spent was recorded as t2. Meanwhile, the other was only charged to 3.2 
V at the same constant current density of 0.1C, the time spent of which 
was recorded as t1, and after which the cell was kept at constant voltage 
of 3.2 V until the total time spent was t2. According to the galvanostatic 
voltage profiles based on different battery configuration, the origin of 
voltage hysteresis in NMC622/SiO-C pouch cell can be confirmed by 
comparing to that happening in half cells. In details, when the pouch 

Fig. 3. Quantitatively analyzing the specific consumption amount of LiDFBOP additive simultaneously on each electrode in NMC622/SiO-C pouch cell. (a) Schematic 
of the process of analyzing the amount of LiDFBOP additive remaining in the electrolyte after cycling. (b) The galvanostatic voltage profiles of different battery 
configuration at the current density of 0.1C and the illustration of the amount of LiDFBOP additive remaining in the electrolyte associated to different charging state 
of pouch cell. (c) The IC spectra of electrolytes in the pouch cells at different charging state comparing and summarizing the contents of LiDFBOP additive remaining 
in the related electrolytes. 

W. Zhao et al.                                                                                                                                                                                                                                   



Energy Storage Materials 53 (2022) 424–434

430

cells were charged to 3.2 V, the voltage change of which mainly depends 
on the polarization of negative electrode while almost unchanged in the 
potential of positive electrode, in which the oxidation decomposition of 
electrolyte on the cathode interfaces was negligible. As indicated in 
previous conclusions, since the reduction potential of LiDFBOP additive 
is 1.9 V (vs. Li metal), the consumption of LiDFBOP additive during this 
process mainly derived from its reduction decomposition on the surface 
of negative electrode. When the pouch cells were sequentially charged to 
4.3 V, the voltage change of which mainly depend on the polarization of 
positive electrode as the potential of negative electrode tends to be 
constant, oxidation decomposition of electrolyte started and part of the 
consumption of LiDFBOP additive would occur on the cathode in
terfaces. Therefore, the amount of LiDFBOP additive consumed on the 
negative electrode in the latter pouch cell after cycling for t2 equals to 
that consumed throughout in the former one. The remaining amounts of 
LiDFBOP additive of these two pouch cells after cycling for t2 are 
denoted as w1 and w2 respectively, the difference between which is the 
consumption amount of LiDFBOP additive oxidizing on the positive 
electrolyte. The amount of LiDFBOP additive remaining in the electro
lyte after cycled to different state of charging was quantitatively 
detected by IC technique. As shown in Fig. 3c, all the spectra have a 
characteristic peak of LiDFBOP, the intensity of which was fitted and 
normalized. When charged to 3.2 V and potentiostatically kept for t2, 
the value of w1 is 0.74 wt.%, indicating there is 0.26 wt.% LiDFBOP 
additive involved to construct the interface films on anode (SEIs) by its 
reduction decomposition. When directly charged to 4.3 V for t2, the 
value of w2 is 0.43 wt.%, indicating there is 0.31 wt.% (equals to w1- 
w2) LiDFBOP additive involved in the formation of the interface films 
on cathode (CEIs) by its oxidation decomposition. Therefore, the method 
proposed here provides us a direct evidence that the LiDFBOP additive 
could decompose to help form a protective layer on both cathode and 
anode surfaces simultaneously. The detailed insight gained here sets up 
a new way of thinking to understand the consumption distribution of 
additive and regulate its usage amount based on different charging and 
discharging strategies to get a better performance and cost-saving 
batteries. 

3.3.2. Characterization of the CEI layer on stablizing the NMC622 cathode 
In addition to the interface stability, the microstructural stability of 

NMC622 cathode is another key factor to influence its electrochemical 
stability. First of all, to confirm the effects of interface films formed in 
the LiDFBOP-containing electrolyte on the microstructural stability of 
NMC622 cathode, X-ray diffraction (XRD) patterns were acquired after 
200 cycles as shown in Fig. S6. The corresponding lattice parameters 
were calculated and concluded in Table S4. In comparison with NMC622 
cathode cycled in the baseline electrolyte, there is no noticeable change 
in that cycled in the LiDFBOP-added electrolyte, indicating the highly 
stable structure of the NMC cathode used in this research even after 
long-term cycling. Therefore, the improvement in electrochemical per
formance observed for the pouch cells with LiDFBOP-added electrolyte 
has a different origin, which could be due to the better CEI layers formed 
on the cathode surfaces, modifying interface Li+ dynamics, suppressing 
excessive decomposition of bulk electrolyte and improving their self- 
stability as discussed above. 

To further verify this hypothesis, a series of characterizations were 
carried out aiming at dissecting the morphology, structure and compo
sition on cathode surface under the participation of LiDFBOP additive. 
To detect the evolution of surface morphology of the NMC622 cathodes 
under different electrolytes after 400 cycles, the respective scanning 
electron microscopy (SEM) images are compared in Fig. S7. As observed 
in Fig. S7a-b, the fresh NMC622 cathode material comprises of sec
ondary particles, which could be dispersed well and embraced by binder 
and conductive agent when preparing the NMC622 electrode. After 
cycled in the baseline electrolyte, it is clearly seen in Fig. S7c-d that the 
surface on the NMC622 cathode is covered with a layer of oxidation 
products and the particles of NMC622 show obvious tendency to break 

into those with smaller sizes, suggesting that the protective layer formed 
without additive is in poor conditions of stability, homogeneousness and 
compactness. This film is unable to inhibit further oxidation decompo
sition of electrolyte, leading to the excessive corrosion towards bulk 
cathode materials during long-term cycling and final structural pulver
ization. Therefore, there occurs increasing resistance and deteriorated 
stability during cycling in the NMC622-based pouch cells using the 
baseline electrolyte. With the addition of 1.0 wt.% LiDFBOP to the 
baseline electrolyte, an integrated, homogeneous, compact and thin 
surface deposition layer covers the cathode surface as shown in Fig. S7e- 
f, which is beneficial for fast Li+ migration and decreasing interfacial 
resistance, leading to the improved electrochemical performance as 
observed above. It can be concluded that LiDFBOP additive begins to 
decompose by oxidation at the formation stage and helps form a ho
mogeneous and compact surface film on the cathode subsequently, thus 
effectively inhibiting the continuous oxidation decomposition of elec
trolyte, contributing to the structural integrity and improved cyclic 
stability of cathode material. To further understand the microstructure 
and thickness of surface layer on NMC622 cathode under different 
electrolytes, TEM was conducted. As shown in Fig. S8a, it is obvious to 
distinguish the boundary of pristine NMC622 particle without any 
coating layer attached. After cycled in the baseline electrolyte, as dis
played in Fig. S8b, the NMC622 particle is coated with fragmented and 
uneven deposits, which might be caused by the dissolution of most of 
esterified organic macromolecules products. From the inset of selected 
area electron diffraction (SAED) pattern, the surface film mainly com
prises of amorphous substance from the oxidation of solvents and a small 
amount of LiF and LixPOyFz from the oxidation of Li salts. After adding 
LiDFBOP additive to the baseline electrolyte, as exhibited in Fig. 4a, a 
uniform and compact protective layer is found to form on the cathode 
surface with the thickness of about 10 nm. From the inset of SAED 
pattern, with the effects of LiDFBOP, the surface film is rich in crystalline 
inorganic substance, leading to its excellent structural and electro
chemical stability for suppressing the degradation of cathode material 
by preventing persistent attack from electrolyte. 

Then XPS analysis [41], as a semi-quantitative and 
surface-sensitivity method, was used to be carried out to further char
acterize the chemical compositions of the respective CEIs formed on the 
cathode surfaces in different electrolyte systems. To exclude the inter
ference of decomposition of LiPF6 salt and focus on the analysis of final 
LiDFBOP-derived CEIs, the lithium perchlorate (LiClO4) was used as the 
electrolytic salt and 2 wt% LiDFBOP additive was introduced into the 
electrolyte. The probing depth is about 10 nm dependent on the applied 
experimental conditions. As shown in Fig. 4b, for the C 1s spectra from 
the cycled NMC622 electrode in LiDFBOP-added LiClO4 salt-based 
electrolyte, there are five peaks centered in 284.4, 286.0, 288.6, 289.5 
and 290.4 eV, corresponding to C-C sp2 hybridization bonds of 
conductive agent, C-O-C, -CO2 and -CO3 bonds of -CH2CH2O- 
semi-polycarbonate and trace amount of Li2CO3 products from decom
position of electrolyte, and C-F bonds of PVDF binder respectively. This 
suggests that the CEI layer covered on the NMC622 cathode is thin 
enough so that the signal from the bottom electrode can be also detected. 
As shown in Fig. S9, for the C 1s spectrum from the NMC622 cathode 
cycled in the baseline electrolyte, the peak at 289.5 eV representing -CO3 
bonds shows increasing relative intensity while the peak at 290.4 eV 
corresponding to C-F bonds of PVDF binder shows decreasing relative 
intensity than those from the fresh NMC622 cathode and the NMC622 
cathode cycled in LiDFBOP-added electrolyte in Fig. 4b, demonstrating 
that the surface of the electrode cycled in the baseline electrolyte is 
abundant and covered with more Li2CO3 etc. by-products, which mainly 
originates from the excessive decomposition of carbonate solvents. The 
presence of many decomposition segments such as carbonyl groups 
leads to thicker interface layers with low ionic conductivity, brittleness 
and lack of adhesion with the underlying cathode surface, which can 
hardly protect NMC622 electrode from continuously attacked by elec
trolyte. To further confirm the participation of LiDFBOP additive in the 

W. Zhao et al.                                                                                                                                                                                                                                   



Energy Storage Materials 53 (2022) 424–434

431

formation of CEIs on NMC622 electrode, the F 1s and P 2p spectra were 
also acquired to help understand its possible decomposition process. For 
the F 1s spectrum of the CEI layer as shown in Fig. 4c, the presence of the 
peak of LiF directly indicates that LiDFBOP decompose to help form a 
more stable interface on cathode side, which can also be confirmed in 
the P 2p spectrum of the CEI layer as shown in Fig. 4d where a peak 
centered at 133.2 eV corresponding to the P-O group is clearly found, 
suggesting the break of P-F bonds in LiDFBOP. To further analyze the 
origin of this thin CEI film affected by the oxidation decomposition of 
LiDFBOP additive in the electrolyte, time-of-flight secondary ion mass 
spectrum (TOF-SIMS) chemical maps of different fragment ions were 
acquired on NMC622 cathode harvested from 3-cycle pouch cells with 2 
wt% LiDFBOP additive. Fig.s 4e-k show the selected secondary ions 
maps and depth profiles on the cathode surface, and the corresponding 
3D distributions. As shown in Fig. 4e-g, there shows strong LiF2

− and PO2
−

signals uniformly distributing the surface of detected NMC622 cathode, 
which represent LiDFBOP-derived F-containing and P-containing 
decomposition products respectively, implying that LiDFBOP additive 

predominantly contributes to the construction of a high-quality CEI with 
more inorganic species. As displayed in Fig. 4h, the intensity of LiF2

− and 
PO2

− fragments quickly diminish during sputtering while the intensity of 
Ni− fragments gradually increases during sputtering, indicating that 
LiDFBOP decomposition products reside on the surface of NMC622 
cathode. This is visualized by the 3D-rendering view of LiF2

− , PO2
− , and 

Ni− fragments in Fig. 4i-k. These observations well explain the forma
tion of a uniform, dense and electrochemically stable CEI film with low 
resistance as discussed in TEM and EIS, which is regulated by the 
addition of LiDFBOP additive. As further understood with theoretical 
calculations, the formation mechanism of CEIs from the oxidation of 
LiDFBOP could be illustrated in Fig. 4l [32,42]. Therefore, it is reason
able to make a conclusion that the decomposition products of LiDFBOP, 
such as LiF and F-P-O macromoleclar polymer, help stabilize the 
high-voltage cathode interfaces, prevent the excessive oxidation 
decomposition of bulk electrolyte during long-term cycling, and pro
mote interfacial dynamics, contributing to an improved electrochemical 
performance. 

Fig. 4. The comprehensive characterizations of LiDFBOP additive-derived CEIs. (a) TEM and SAED images of NMC622 cathode cycled in the 1.0 wt% LiDFBOP- 
added electrolyte after 400 cycles. (b-d) XPS profiles of NMC622 cathode cycled in the 2.0 wt% LiDFBOP-added electrolyte with LiClO4 as Li salt at 3rd half- 
charging state. (e-k) TOF-SIMS chemical maps (e-g), depth profiles (h), and corresponding 3D distributions (i-k) on NMC622 cathode harvested from 3-cycle 
pouch cells with LiClO4 as Li salt and 2.0 wt% LiDFBOP additive. (l) Mechanism for the formation of LiDFBOP-involved CEIs. 
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3.3.3. Characterization of the SEI layer on stablizing the SiO-C composite 
anode 

As discussed above, in addition to preferential oxidation decompo
sition on the NMC622 cathode surfaces to help form a stable CEI layer, 
LiDFBOP is also expected to reduce preferentially on the SiO-C com
posite anode surfaces to help construct a protective SEI layer due to its 
lowest LUMO energy when compared to other components in the elec
trolyte. To further confirm this perspective and deeply understand the 
effects of LiDFBOP additive on the electrochemical performance of SiO- 
C composite anode, a series of characterizations were also conducted 
based on the anode side. SEM images of SiO-C composite anodes after 
different treatment are shown in Fig. S10. The particles of pristine 
composite anode material are angular and integrated. After cycling in 
the baseline electrolyte for 400 cycles, the surfaces of pristine composite 
particles are coated by a random stack of deposition layers with wide
spread product particles deriving from the reduction decomposition of 
electrolyte. As obtained from energy dispersive X-ray spectrum (EDS) in 

Fig. S11a, these SEI films mainly comprise of C and O species with less F 
and P species, which might be from LiF and LixPOyFz produced by the 
decomposition of LiPF6, implying that organic species dominate the 
construction of SEIs in the baseline electrolyte. When adding the LiDF
BOP additive to the baseline electrolyte, there is the integrated, thin, 
uniform and compact SEI films coating on the surface of SiO-C com
posite particles after 400 cycles, the composition of which mainly con
tains C species with small amount of P species from EDS in Fig. S11b, 
suggesting that the introduction of LiDFBOP contributes to suppress the 
excessive decomposition of Li salts. 

Then the microstructure and thickness of surface films formed in 
different electrolytes were further detected at 100% state of charge 
(SOC) of SiO-C composites by TEM after 400 cycles. As shown in 
Fig. S12a, there is a clean interface on the fresh SiO-C electrode without 
any coating found. After long-term cycling in the baseline electrolyte, as 
depicted in Fig. S12b, a uneven and loose surface film with the thickness 
of 10-20 nm formed on the SiO-C composite electrode. In a sharp 

Fig. 5. The comprehensive characterizations of LiDFBOP additive-derived SEIs. (a) TEM images of SiO-C anode cycled in the 1.0 wt% LiDFBOP-added electrolyte 
after 400 cycles. (b-d) XPS profiles of SiO-C anode cycled in the 2.0 wt% LiDFBOP-added electrolyte with LiClO4 as Li salt at 3rd half-charging state. (e-k) TOF-SIMS 
chemical maps (e-g), depth profiles (h), and corresponding 3D distributions (i-k) on SiO-C anode harvested from 3-cycle pouch cells with LiClO4 as Li salt and 2.0 wt 
% LiDFBOP additive. (l) Mechanism for the formation of LiDFBOP-involved SEIs. 
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contrast, as exhibited in Fig. 5a, the presence of LiDFBOP additive in the 
electrolyte help regulate deposits on the anode interfaces, leading to a 
thin, uniform and dense SEI layer with the thickness of 3-5 nm, which 
well protects the anode from further corrosion by bulk electrolyte with 
its highly stable property and improves the ionic dynamics through 
interface. This is responsible for the improved cycling stability and rate 
capability as discussed above. 

Except regulating the microstructure of interface layers on SiO-C 
composites, the LiDFBOP additive to the baseline electrolyte is ex
pected to participate in the formation of SEIs and change their compo
sitions, leading to different physicochemical properties and 
electrochemical behaviors, which can be verified by XPS measurements. 
As the same indicated above, LiClO4 instead of LiPF6 was used as elec
trolyte salt to exclude its influence on analyzing LiDFBOP-derived 
compositions in SEIs. As shown in Fig. 5b, for the C 1s spectrum har
vested from the cycled SiO-C composite anode, there are five peaks 
emerging at 283.3, 284.5, 286.5, 289.0 and 290.0 eV due to the depo
sition of the products from electrolyte decomposition, assigned to 
lithium alkylide, C-C bonds corresponding to graphite, ether linkages, 
lithium alkyl carbonate and Li2CO3, respectively. For comparisons, the C 
1s spectra from the pristine SiO-C electrode and the SiO-C electrode 
cycled in baseline electrolyte are also shown in Fig. S13. There are more 
-CO3 species detected from the SiO-C anode cycled in the baseline 
electrolyte, which derive from the continuous decomposition of car
bonate solvents due to the quite instable interfaces formed. This further 
suggests that the LiDFBOP-derived interface films are more capable to 
resist the constant volume change of bulk SiO-C anode during cycling. 
For the F 1s spectrum in Fig. 5c, there only exists one peaks centered at 
684.5 eV, which can be assigned to LiF. This directly demonstrates the 
participation of LiDFBOP in the formation of SEIs by reduction decom
position. Interestingly, there is no any O-P-F bonds found, which can be 
also confirmed with only one peak found at 133.1 eV of P-O bond in the 
P 2p spectrum as shown in Figure 5d. This seems to suggest that the P-F 
bonds in LiDFBOP additive is more active towards reduction on anode 
side than oxidation on cathode side, finally leading to more LiF and P-O 
species participating in constructing an inorganic species-dominant, 
more stable and Li-conductive SEIs on anode side. TOF-SIMS was also 
used to further confirm the LiDFBOP-derived SEIs. As shown in Fig. 5e-k, 
strong signals from the decomposition products of LiF2

− and PO2
− are 

obviously detected and occupy the entire 3D-rendering space, indicating 
the reduction decomposition of LiDFBOP additive on the surface of SiO- 
C anode, which is in accordance with the results from XPS. In contrast, 
the C2HO− fragments, standing for EC/EMC solvents/oxalate anions 
reduction products, only reside on the very surface of SEIs. This points 
out that the formation of high-quality SEIs mainly tuned by LiDFBOP 
additive protects the SiO-C anode from severe electrolyte reduction side 
reactions. As further understood with theoretical calculations, the for
mation mechanism of SEIs from the reduction of LiDFBOP could be 
illustrated in Fig. 5l. Therefore, in a brief summary, the LiDFBOP ad
ditive helps form a composite surface film abundant with Li-containing 
fluorinated organic and inorganic species such as LiF and P-O com
pounds on the anode interface, which is thinner, more uniform and Li+

conductive than that formed in the baseline electrolyte, contributing to 
enhanced electrochemical stability of SEIs, fast Li+ diffusion through the 
interface and decreasing interfacial resistance, finally resulting in 
significantly improved rate capability and low-temperature 
performance. 

4. Conclusion 

In summary, we introduce a novel multifunctional additive, lithium 
difluorobis(oxalato) phosphate (LiDFBOP), to synchronously modulate 
the cathode/anode interfaces and improve the cycling stability of 
NMC622/SiO-C pouch cells. DFT calculations together with the elec
trochemical measurements manifest that LiDFBOP additive preferen
tially decomposes on both interfaces of cathode and anode, which 

influences the subsequent electrochemical behaviors of bulk electrolyte, 
resulting in protective interface films and improving the cycling stability 
of battery. As expected, the NMC622/SiO-C pouch cells exhibit excep
tional electrochemical performance with a superior capacity retention of 
87.2% and high average CE exceeding 99.8% at a current rate of 1C after 
400 cycles, much higher than that with the baseline electrolyte, even 
using LiBOB additive. The underlying film-forming mechanisms on 
cathode and anode are studied by complementary spectroscopic char
acterizations techniques. Thin, dense and ionically conductive interface 
films composed of Li-containing organic and inorganic species syn
chronously form on both sides of NMC622 cathode and SiO-C anode, 
stabilizing the electrodes interfaces and suppressing the excessive 
decomposition of the electrolyte, alleviating the dissolution of transition 
metal ions and expediting Li+ redox kinetics, thus in turn improving 
long-term cycling stability, rate capability as well as low-temperature 
performance of the pouch cells. Besides, a new method is proposed to 
quantitatively understand the consumption distribution of additive on 
each electrode in pouch cell based on the combination of designed 
charge/discharge strategies and IC measurements. The results show that 
timely regulation of interfacial layer and a usage amount of the additive 
in the electrolyte is very important for getting a better performance and 
cost-saving electrolyte for high-energy batteries. Overall, our work 
demonstrates the critical role of LiDFBOP additive on stablizing the 
interfaces on both cathode and anode simultaneously, and detailed in
sights gained provide a facile solution to develop surface-engineered 
electrode for realizing high energy and better performance lithium-ion 
batteries even operated at low temperature. 
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