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a b s t r a c t

Safety and energy density are significant for lithium-ion batteries (LIBs), and the flammable organic elec-

trolyte is one of the most critical causes of the safety problem of LIBs. Although LiNi0.8Co0.1Mn0.1O2

(NCM811) cathode with high capacity can improve the energy density, the interface stability between

NCM811 cathode and electrolytes needs to be improved. Herein, we report a multifunctional additive,

diethyl(2-(triethoxysilyl)ethyl)phosphonate (DETSP), which can suppress the flammability of the elec-

trolyte and enhance the cycling stability of NCM811 cathode with a capacity retention of 89.9% after

400 cycles at 1 C, while that of the blank electrolyte is merely 61.3%. In addition, DETSP is compati-

ble well with the graphite anode without impairing the electrochemical performances. Significantly, the

performance and safety of NCM811/graphite full cells are also improved. Experimental and theoretical re-

sults demonstrate that DETSP can scavenge acidic byproducts and is beneficial to form a stable cathode-

electrolyte interface (CEI). Accordingly, DETSP can potentially be an effective solution to ameliorating the

safety of the commercial electrolyte and improving the stability of high-voltage cathodes.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have achieved great success, widely

used in various fields like energy storage, portable devices, and

electric vehicles in the past 30 years [1–3]. However, their safety

and energy density require further improvement for more ad-

vanced and larger scale applications [4]. Due to high capacity

and rate capability, nickel-rich layered oxides (LiNi1-x-yMnxCoyO2,

Ni-rich NCMs) served as the substitute of conventional cathodes

like LiFePO4 and LiCoO2 have attracted much attention, especially

LiNi0.8Co0.1Mn0.1O2 (NCM811), which has lower cost and higher en-

ergy density owing to its high content of nickel [5–7]. Neverthe-

less, the cycle stability and safety of NCM811 are limited by the un-

stable cathode-electrolyte interface (CEI) which often leads to side

reaction with electrolyte and further transition metal (TM) disso-

lution [8,9].

Composed of LiPF6 salt and several kinds of carbonates in-

cluding dimethyl carbonate (DMC), ethyl methyl carbonate (EMC)

and ethylene carbonate (EC), commercial electrolytes usually fail

to produce stable CEI at a high voltage besides the high volatility

and flammability [10]. An effective way to improve the interfacial
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stability between commercial electrolytes and high-voltage cath-

odes is coating the cathode surfaces with inert compounds such

as AlF3 [11] and SiO2 [12]. However, the coating process not only

raises the cost, but also increases the impedance, which leads to

low ion conductivity [13]. Comparatively, it is more convenient and

cost-efficient to modify the electrolytes with additives [14]. Re-

searchers have reported a host of electrolyte additives which can

be oxidized preferentially to form stable CEI due to their higher

energy level of the highest occupied molecular orbital (HOMO)

than the components of the electrolyte [15–19]. In particular, Si-

based additives, such as methoxytriethyleneoxypropyltrimethoxysi-

lane (MTE-TMS) [13], tris(trimethylsilyl)phosphite (TMSP) [18], (2-

allyl-phenoxy)trimethylsilane (APTS) [20], and 2,2,7,7-tetramethyl-

3,6-dioxa-2,7-disilaoctane-4,4,5,5-tetracarbonitrile (TDSTCN) [21],

have been reported to be capable of forming a protective film and

effective in inhibiting the capacity decay by scavenging HF to avoid

side reactions. Nevertheless, besides improving cycling stability, it

is also highly desired for high-voltage LIBs to enhance the safety.

One of the major safety issues of LIBs is the high flammabil-

ity of carbonate electrolytes. To address this problem, gel poly-

mer electrolytes (GPEs) [22–24] or all solid-state electrolytes (SSEs)

[25–27] have been developed. However, these alternatives have

their own drawbacks such as complex preparation process, high
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Fig. 1. (a) Schematic diagram of the multifunctional DETSP used in the LIBs. (b) Calculated HOMO/LUMO energy of EC, DMC, EMC, and DETSP. (c) The 1H and 31P NMR

spectra of DETSP. (d) SET and total heat release of electrolytes with different contents of DETSP. (e) Nyquist plots and (f) LSV curves of electrolytes with different DETSP

contents.

cost, and low conductivity. A more straightforward and cost-

effective approach is to add flame retardants to the liquid elec-

trolytes [28,29]. Owing to low cost and low toxicity, the organic

phosphorus flame retardants have been widely investigated for

their ability to suppress the flammability of the electrolyte [30–

36]. Unfortunately, most of the phosphorus retardants are harm-

ful to electrochemical performances, especially unable to passivate

the electrodes, which makes electrolytes decompose continuously.

Silanes can also serve as flame retardants to improve the safety of

electrolytes [37–39], but the flame-retardant efficiency is often in-

ferior to the phosphorus compounds.

To resolve the conflicts between flame retardancy and elec-

trochemical performances, some multifunctional additives have

been investigated. Zhu et al. [4] reported diethyl(thiophen-2-

ylmethyl)phosphonate as a multifunctional additive to suppress

the flammability of the electrolyte and simultaneously boost the

capacity retention of LiNi0.5Mn1.5O4. Chen et al. [37] demon-

strated that vinyltriethoxysilane can enhance the cycling stability

of LiCoO2 and reduce the self-extinguishing time (SET) of elec-

trolytes. Although some progress has been made, these additives

yet suffer from limitations such as complicated synthesis process

and inadequate flame retardancy.

In this work, as illustrated in Fig. 1a, we designed a multi-

functional additive, i.e., diethyl(2-(triethoxysilyl)ethyl)phosphonate

(DETSP), which contains phosphorus and silicon to simultaneously

improve the flame retardancy of electrolytes and high electrochem-

ical performance of different electrodes. DETSP is effective in re-

ducing the flammability of commercial electrolytes, and with only

10 wt% of DETSP added, the SET value can be reduced by nearly

half. In addition, DETSP is simultaneously compatible with the GP

anode and NCM811 cathode, particularly enhancing the cycle sta-

bility of NCM811 due to the preferential oxidation to form a pro-

tective film and the ability to suppress metal dissolution and phase

transition. The cycle performance of full NCN811/GP cells was also

improved. DETSP could be a promising multifunctional additive for

LIBs to improve both the safety and electrochemical performance,

broadening the application fields of LIBs.

The synthesis process of DETSP was shown in Scheme S1 (Sup-

porting information), and the structure of DETSP was character-

ized by nuclear magnetic resonance (NMR) and mass spectrom-

etry (MS). The 1H NMR and 31P NMR spectra (Fig. 1c) showed

that the peaks were all in accordance with the structure of DETSP.

The [M+H]+ peak was also consistent with the theoretical value,

further confirmed the successful synthesis of DETSP. The oxida-

tion and reduction behaviors can be roughly evaluated by the en-

ergy levels of HOMO and the lowest unoccupied molecular orbitals

(LUMO) [40]. As shown in Fig. 1b, DETSP has a lower energy level

of LUMO and a higher energy level of HOMO, which means that

DETSP would reduce and oxidize before the solvents of the com-

mercial electrolytes. The details of relevant experiments will be

further discussed later.

The thermogravimetric analysis (TGA) of DETSP was given in

Fig. S1 (Supporting information). It can be seen that the tempera-

ture at a weight loss of 5% (T5%) was 123.1 °C, which can match the

burning process of the blank electrolyte (1mol/L LiPF6 in EC, DMC,

and EMC, 1:1:1 by volume) [41], suggesting that DETSP would be

efficient in flame retarding of the blank electrolyte. The SET value

is commonly used to characterize the flammability of electrolytes.

As shown in Fig. 1d, adding DETSP to the blank electrolyte can sig-

nificantly reduce its SET value. Specifically, the SET values of the

electrolytes with 5% and 10% of DETSP were 20.5 and 18.8 s/g, re-

spectively, lower than that of the blank electrolyte (36.1 s/g), re-

flecting that the 10% DETSP electrolyte was less flammable [42]. In

addition, adding DETSP to the blank electrolyte reduced its heat of

combustion by nearly half, further demonstrating that DETSP can

effectively reduce its flammability.

The Nyquist plots and linear scanning voltage (LSV) curves of

electrolytes with different contents of DETSP were presented in

Figs. 1e and f, respectively, and the corresponding ion conduc-

tivities and electrochemical windows were summarized in Table
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Fig. 2. CV curves of NCM811/Li half cells with (a) blank electrolyte and (b) 10% DETSP electrolyte. (c) Rate performance, (d) long-term cycling performance at 1 C, and (e)

corresponding charge/discharge profiles of NCM811/Li half cells with different electrolytes.

S1 (Supporting information). The ion conductivities of electrolytes

with 5% and 10% of DETSP were 0.67 and 0.57 mS/cm, respectively,

lower than that of the blank electrolyte (1.28 mS/cm), while their

electrochemical windows were 4.2V, same as that of the blank

electrolyte. However, further increasing the content of DETSP to

15% made the serious deterioration of both ion conductivity and

electrochemical window. Based on these above results, comprehen-

sively considering the flame retardancy and electrochemical prop-

erties, the electrolyte with 10% DETSP was chosen to investigate

the performance of LIBs subsequently.

The influence of DETSP on the high-voltage cathode (NCM811)

was studied firstly. Usually, there are three typical peaks in the CV

curve of NCM811 cathode, corresponding to three phases transi-

tions of NCM811 [43]. Specifically, the peaks at approximately 3.86,

4.03, and 4.24V are assigned to the phase transitions of hexago-

nal (H1) to monoclinic (M) (H1-M), M to hexagonal (H2) (M-H2),

and H2 to hexagonal (H3) (H2-H3), respectively. Among them, the

H2-H3 transition is the crucial reason for serious lattice volume

variation to sharply decrease the capacity of NCM811 [44,45]. At

the 1st cycle, the onset oxidation potential of the blank electrolyte

was 3.81V (Fig. 2a), slightly higher than that of the 10% DETSP

electrolyte (Fig. 2b), indicating that the DETSP has higher oxida-

tion activity than the blank electrolyte, which is consistent with

its higher energy level of DETSP’ HOMO [13]. Interestingly, from

the 1st to the 5th cycle, the H2-H3 transition peak of NCM811 for

the 10% DETSP electrolyte was weak with little change in intensity,

while that of the blank electrolyte was strong and gradually in-

creased, indicating that the DETSP can significantly inhibit the H2-

H3 phase transition. Correspondingly, for DETSP-containing elec-

trolyte and blank electrolyte during discharge, their peaks of phase

transition from H3 to H2 (H3-H2) at about 4.1V presented a sim-

ilar changing rule to that of H2-H3 phase transition. These results

indicate that the preferential oxidation of DETSP in electrolyte is

conducive to construct a stable cathode-electrolyte interface (CEI)

on the NCM811 and further suppress the NCM811 phase transition

during the charge-discharge process, which would endow a good

cycling performance for the high-voltage LIBs.

As expected, it can be found in Fig. 2c that the NCM811/Li

cell with 10% DETSP electrolyte delivered a higher discharge spe-

cific capacity than that of the cell using blank electrolyte at cur-

rent densities from 0.1 C to 5 C, and the capacity can return to as

high as 178.5 mAh/g at 0.1 C after cycling at 5 C. Beyond that, the

long-term cycling tests (Fig. 2d) at 1 C show that the 10% DETSP

electrolyte-based NCM811/Li cell possessed an average Coulombic

efficiency of 99.3% and a capacity retention of 89.9% after 400

cycles, while those of the blank electrolyte were only 96.9% and

61.3%, respectively. As is well-known, the voltage is one of the most

essential parameters for energy density, and the irreversibility of

the NCM phase transition usually leads to a decrease of discharge

voltage [45]. According to the charge/discharge curves (Fig. 2e),

the polarization voltage of 10% DETSP electrolyte-based cell was

noticeably low throughout the long-term cycling (Fig. S2 in Sup-

porting information), but the polarization voltage of the cell using

the blank electrolyte dramatically increased with the cycling times.

Overall, it can be concluded that the NCM811/Li cell can achieve

the excellent long-term cycling stability by adding DETSP to the

commercial electrolyte.

As an important parameter for the interfacial compatibility,

the interfacial impedance plays a significant role in studying the

electrochemical performance [46]. The electrochemical impedance

spectra of NCM811/Li cells with different electrolytes before and

after cycling were illustrated in Figs. S3a and b (Supporting infor-

mation), respectively, and the relevant parameters from the fitted

equivalent circuit models were summarized in Table S2 (Support-

ing information). Before cycling, the bulk resistance (Rb) of the 10%

DETSP electrolyte was close to that of the blank electrolyte, but

its charge transfer resistance (Rct) at the interface was much less

than that of the blank electrolyte. After 100 cycles at 1 C, although

the resistance of Li+ transport through the interface (Rf) of the two

electrolytes was almost the same, the Rct values of the 10% DETSP

electrolyte and the blank electrolyte increased to 274.7 and 525.7

�, respectively. These results suggest that DETSP is beneficial to

decrease the resistance and improve interfacial stability between

the NCM811 cathode and the electrolyte.

The structural and morphological degradation of NCM811 like

corrosion and volume expansion is often induced by side re-

actions between electrolyte and NCM811 cathode during the

charge/discharge process. Therefore, the NCM811 cathodes of

NCM811/Li cells with different electrolytes before and after 200

cycles were observed by scanning electron microscopy (SEM). As

shown in Figs. 3a-f, compared with the fresh NCM811 cathode,

the NCM811 particles for the blank electrolyte after cycling were

swollen with rough surface, while the NCM811 particles for 10%

DETSP electrolyte after cycling exhibited a smooth surface with a

relatively intact morphology, indicating its better stability, which

probably attributed to the ability of DETSP to scavenge HF. In addi-
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Fig. 3. SEM images of (a, b) fresh NCM811, (c, d) NCM811 cycled in blank elec-

trolyte, and (e, f) NCM811 cycled in 10% DETSP electrolyte after 200 cycles at 1 C.

(g) XRD patterns of NCM811 and (h, i) corresponding partially enlarged patterns.

TEM images of NCM811 from various electrolytes-based cells after cycling: (j, k)

blank electrolyte and (l) corresponding FFT image, (m, n) 10% DETSP electrolyte and

(o) corresponding FFT image.

tion, the corresponding Li anode surface was also illustrated in Fig.

S4 (Supporting information). Comparing the digital photos in Figs.

S4d and g, there were much more deposits on the Li surface of the

cell using the blank electrolyte, and high magnifications of SEM

further show that there were plenty of cracks in the sediments on

the surface and many irregular Li dendrites. However, the cell us-

ing 10% DETSP electrolyte had a relatively flat Li surface with only

a few cracks and deposits. These results suggest that DETSP can

inhibit the side reactions between electrolytes and electrodes, thus

reducing continuous electrolyte decomposition and improving the

stability of both the NCM811 cathode and Li anode.

The structure of NCM811 was further characterized by X-ray

diffraction (XRD). As shown in Fig. 3g, after 200 cycles, the main

peaks of NCM811 from two cells with either 10% DETSP electrolyte

or blank electrolyte were almost similar to the fresh NCM811.

However, compared with the fresh NCM811, for the blank elec-

trolyte after cycling, the corresponding enlarged patterns show

that the positions of (003) and (104) peaks of NCM811 shifted to

the smaller 2θ angels and their intensities became weaker (Figs.

3h and i), which could be ascribed to the loss of structural order

and the expansion of lattice [47]. By contrast, the less shift of 2θ
angles and the weaker attenuation of intensities for the (003) and

(104) peaks of NCM811 from the 10% DETSP electrolyte-based cell

after cycling further demonstrate the improved structural stability

of NCM811 [48].

Furthermore, the CEI on the NCM811 was observed by the

transmission electron microscopy (TEM). As shown in Figs. 3j and

m, a non-uniform CEI with a wide thickness of 5–26nm is visi-

ble for the blank electrolyte, while there is a more uniform and

thinner CEI with a thickness of only 5–8nm for DETSP-containing

electrolyte, which is conducive to Li+ transportation between the

cathode and the electrolyte [49]. Higher magnification in Fig. 3k

and the corresponding fast Fourier transformed (FFT) image (Fig.

3l) reveal the existence of the (200) of NiO rock-salt phase, demon-

strating that the structure of NCM811 has been transformed, which

is harmful to the capacity [44]. In contrast, as shown in Figs. 3n

and o, the (101) belonging to NCM811 suggests that the NCM811

cathode after cycled in the 10% DETSP electrolyte can remain a rel-

atively pristine crystal structure, which is consistent with the re-

sults of XRD. Furthermore, as shown in Fig. S5 (Supporting infor-

mation), the transition metal (Ni and Mn) contents of Li anodes cy-

cled in different electrolytes were determined by inductively cou-

pled plasma optical emission spectrometry (ICP-OES). The Ni and

Mn contents of 10% DETSP electrolyte-based cell are obviously less

than those of the blank, indicating that 10% DETSP can effectively

suppress transition metal dissolution. These results suggest that

the addition of DETSP can produce an ideally stable CEI and sup-

press severe phase transition of NCM811 during cycling, so as to

enhance its structural stability.

To better reveal the role of the DETSP on the interface between

the cathode and the electrolyte, the composition of CEI was charac-

terized by X-ray photoelectron spectroscopy (XPS). As shown in Fig.

S6 (Supporting information), the peaks of the C–C (284.8 eV), C–H

(285.9 eV), and C–O–C (286.9 eV) in the high-resolution C 1s spec-

tra are mainly attributed to the carbonate solvents and polyvinyli-

dene fluoride (PVDF) binder [50]. The peak at 290.0 eV in the C

1s and the peak of C=O at around 534.0 eV in the high-resolution

O 1s spectra correspond to the decomposition of carbonate elec-

trolytes. As illustrated in Fig. 4a, the C–F (688.4 eV) and the LiF

(685.8 eV) in the high-resolution F 1s spectra can be ascribed to

the PVDF binder and the decomposition of LiPF6, respectively [51].

The LiF ratio of 10% DETSP electrolyte is only 32%, which is sig-

nificantly less than that of the blank electrolyte (62%). Too much

LiF could increase the interfacial impedance and badly affect the

ion conductivity [14]. Additionally, as the components of a pro-

tective film, LixPFy (137.4 eV) and LixPOyFz (134.6 eV) in the high-

resolution P 2p spectra were also produced by the decomposition

of the electrolyte. In the high-resolution Si 2p spectra, it is worth

noting that the Si-F (104.9 eV) and Si–O (103.1 eV) can be observed

on the surface of NCM811 from the cycled cell with the 10% DETSP

electrolyte, while there were no significant signals of the electrode

cycled in the blank electrolyte. The Si species were derived from

the decomposition of DETSP, further indicating that DETSP can in-

duce a protective film on the surface of NCM811, leading to less

electrolyte decomposition and structural loss of cathode.

To better explain the mechanism of DETSP on the improved

electrochemical performance, the different electrolytes added with

5 vol% H2O for several hours were investigated by NMR analysis.

As shown in Fig. 4b, the 31P NMR spectra show that there was

a new peak of POxFy
− at around −15ppm appeared in the blank

electrolyte after hydrolysis, while only the peaks of LiPF6 were de-

tected in the 10% DETSP electrolyte. Moreover, the 19F NMR spec-

trum of the hydrolyzed blank electrolyte also displayed the peak

of POxFy
− at around −72ppm and a new peak at −144ppm as-

signed to HF (Fig. 4c). However, both peaks disappeared in the 10%

DETSP electrolyte, indicating that the DETSP can inhibit the hydrol-

ysis of electrolytes, reducing the formation of fluorine-containing

products like POxFy
− and HF to avoid the further leaching of

transition metal ions from NCM811 [50], which ensures to re-
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Fig. 4. (a) XPS spectra of NCM811 extracted from cells with different electrolytes after 200 cycles. (b) 1H NMR and (c) 19F NMR spectra of the blank electrolyte and 10%

DETSP electrolyte after hydrolysis. (d) Binding energies of X-HF and X-H+ (X=DETSP, EC, DMC, and EMC).

main the relatively complete surface of NCM811 during charge and

discharge.

In addition, the binding energies of DETSP with HF/H+ were

investigated by DFT calculations. It can be seen from Fig. 4d

that DETSP tends to combine with HF and the binding energy is

−56.97 kJ/mol, lower than those of the carbonated solvents, indi-

cating that DETSP could eliminate negative effects of HF on elec-

trodes [50,51]. And the binding energy of DETSP with H+ is also

the lowest compared with the other components of electrolytes.

The calculation results are in agreement with the hydrolysis exper-

iment, suggesting that DETSP is conducive to capturing the haz-

ardous products from the side reactions of electrolytes.

To expand applications of DETSP, the compatibility of 10%

DETSP electrolyte with graphite (GP) was studied. As shown in Fig.

S7 (Supporting information), during the first cycle, the reduction

peak area of the GP/Li cell with 10% DETSP electrolyte at around

0.7V was larger than that of the blank electrolyte, indicating that

DETSP would probably be involved in the reduction reaction. The

rate performance of GP/Li cells using different electrolytes was il-

lustrated in Fig. 5a, and it can be seen that adding 10% DETSP

did not affect the discharge specific capacity, and the cell still re-

mained at comparable capacities to those of the blank electrolyte

at current densities from 0.2 C to 5 C. Significantly, the capacity

of cell with 10% DETSP electrolyte can return to a level as high

as that of the blank electrolyte, indicating its excellent rate perfor-

mance. Furthermore, the cycling test at 0.5 C shows that the cell

with 10% DETSP electrolyte had almost no capacity decay after 150

cycles (Fig. 5b). More interestingly, both capacity and Coulombic

efficiency of cell using 10% DETSP electrolyte were far higher than

those of the cell using blank electrolyte during the initial 10 cy-

cles, indicating that DETSP may promote the production of a stable

interface on the GP anode. Actually, it can be found from Fig. S8

(Supporting information) that 10% DETSP electrolyte-based GP half

cells had a stable first charge-discharge curve and a lower polar-

ization voltage. Unlike some conventional phosphate flame retar-

dants, these results indicate that DETSP as the functional additive

of blank electrolyte is highly compatible with the GP anode.

For evaluating practicality of DETSP, the cycling performance of

NCM811/GP full cells was conducted at 0.5 C. It can be seen from

Fig. 5c that the NCM811/GP full cell with the 10% DETSP electrolyte

exhibits a better cycling stability than the full cell with the blank

electrolyte. Specifically, after 100 cycles, the former delivered a ca-

pacity retention of 73.5%, while the latter’s capacity retention was

only 53.9%. The corresponding charge/discharge profiles in Fig. 5d

show that the intersection of the cell with 10% DETSP electrolyte

shifted right, indicating that DETSP could reduce the polarization

at the interfaces between electrolytes and electrodes [52].

The differential scanning calorimetry (DSC) was carried out to

investigate the influence of DETSP on the thermal behavior of

NCM811/Li cells (state of charge (SOC)=100%) [22]. As shown in

Fig. 5e, there were two exothermic peaks around 176 and 187 °C
in the cell with the blank electrolyte, corresponding to the reac-

tion with Li metal and the decomposition of electrolyte, respec-

tively. The total specific heat release was as high as 1322 J/g, while

that of the 10% DETSP-based cell was only 465 J/g, suggesting that

10% DETSP can improve the safety of cells. It is worth noting that

the endothermic peak of the cell with 10% DETSP electrolyte was

assigned to the melting of Li metal (Fig. 5f), while this peak was

5
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Fig. 5. (a) Rate performance and (b) cycling performance at 0.5 C of GP/Li half cells.

(c) Cycling performance at 0.5 C and (d) corresponding charge/discharge profiles

of NCM811/GP full cells with different electrolytes. DSC of NCM811/Li cells with

(e) blank electrolyte and (f) 10% DETSP electrolyte. Burning tests of pouch batter-

ies and the corresponding digital photos of electrodes after burning with (g) blank

electrolyte and (h) 10% DETSP electrolyte.

invisible and replaced by the excessively large exothermic peaks in

the cell with blank electrolyte, further indicating that DETSP can

reduce the risk of thermal runaway of cells.

Furthermore, the burning test of pouch battery with the blank

electrolyte and the corresponding digital photos of electrodes after

ignition were illustrated in Fig. 5g. The combustion process lasted

14 s with damaged electrodes and significant active material loss.

In contrast, for the pouch battery with 10% DETSP electrolyte (Fig.

5h), it can be seen that the flame was extinguished after 11 s, and

the surface of the electrodes after combustion was relatively com-

plete, suggesting that the addition of DETSP shortened the burn-

ing time and improved the safety of pouch batteries. Moreover,

the composition of the GP anode after burning was characterized

by XPS. As shown in Fig. S9 (Supporting information), there were

more C in the residue for the 10% DETSP electrolyte, and the Si-O

signal was detected, indicating that DETSP may conduce to form

barrier char layer in the condensed phase.

In this study, a multifunctional additive DETSP of commercial

organic electrolyte was successfully prepared to attain the safe and

high-performance high-voltage LIBs. With the addition of 10 wt%

DETSP, the SET and heat of combustion decreased nearly half, sig-

nificantly improving the safety of electrolytes. On the other hand,

different from conventional phosphorus flame retardants, the elec-

trochemical properties including electrochemical window and ion

conductivity of 10% DETSP electrolyte were comparable to those of

the blank electrolyte. Furthermore, the 10% DETSP electrolyte sig-

nificantly improved the cycling performance of NCM811 with the

Coulombic efficiency of 99.3% and the capacity retention of 89.9%

after 400 cycles at 1 C. Theoretical calculations and experimen-

tal results indicate that DETSP not only can be oxidized prefer-

entially to form a stable protective film but also scavenge HF to

avoid structural degradation during cycling. And the 10% DETSP did

not reduce the cycling stability of GP anode, even improving the

Coulombic efficiency.
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