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Abstract ; To fundamentally enhance the safety of lithium-ion batteries, phosphorus-based flame
retardants were added to the electrolyte, and the effects of different valence states of phosphorus-based
flame retardants on safety performance and electrochemical performance were studied. The impact of

phosphorus-based flame retardants on the thermal stability of the electrolyte was compared using self-
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extinguishing time and differential scanning calorimetry. The influence of phosphorus-based flame
retardants on the basic properties of the electrolyte was analyzed through linear sweep voltammetry.
Further, cyclic voltammetry tests, cycling performance tests, rate capability tests, and electrochemical
impedance spectroscopy were conducted to explore the effects of varying volume ratios of phosphorus-based
flame retardants on the electrochemical performance of LiFePO, | Li half-cells. The results show that
electrolytes containing 5% trimethyl phosphate ( TMP ) and trimethyl phosphite ( TMPi) exhibit
significantly reduced self-extinguishing times, with the former also expanding the electrochemical window
of the electrolyte. The LiFePO, | Li half-cell with 5% TMP demonstrates a smaller potential difference
between the oxidation and reduction peaks, reduced battery polarization, and maintains a higher discharge
capacity after 300 cycles, with a capacity retention rate of 99. 6%. In contrast, the addition of 5% TMP1i
leads to a decline in discharge capacity. Methyl phosphate flame retardants exhibit weaker molecular
activity and less adverse effects compared to methyl phosphite flame retardants. Under the premise of not

compromising electrochemical performance, adding 5% trimethyl phosphate is more effective in improving
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the safety of lithium-ion batteries.
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flame retardant

. o [ER/SIEEN
BT FLR FEL A R 2H R BUML %
BE(TMPO/| LiPF, #1521 1. 0 mol/L 0

TMPi0) |EC: DMC : EMC fifgb=1:1:1
LiPF AR 1.0 mol/L
TVMPS iPF, Pl ’JEJ&E. mo 5
EC : DMC : EMC Fifglb=1:1:1

LiPF¢ W5 1 5 < 1. 0 mol/L
TMP8 o 8
EC: DMC : EMC Jfillb=1:1:1

LiPF, ¥ & B 1. 0 mol/L
TMP10 iPF; PRI :1. 0 mo 10
EC: DMC : EMC fif=1:1:1

LiPF GEEKIE 1.0 mol/L
T™MP15 e %ﬁﬁﬂ@/&%. me 15
EC: DMC : EMC =1 :1:1

LiPF JEE.1.0 /L
TMPiS iPF %Fﬁﬂﬁi@&;. mo s
EC: DMC : EMC fimltb=1:1:1

LiPF, B 1. 0 mol/L
TMPiS iPF, P ’JE(ZEE. mo g
EC: DMC : EMC Ffiglb=1:1:1

LiPF, Y& . 1. 0 mol/L
TMPi10 10T ¢ %J\ /JE(ZQE mo 10
EC : DMC : EMC Fifgltb=1:1:1
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TMPil5 iPF, Yo () e mo. 5
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Fig.1 Molecular structure models of organic solvents and phosphorus-containing flame retardants

FrOCIR pRECR T SCHBR BE I L) ( Generalized Gradient
Approximation, GGA ) F 1Y PBE ( Perdew-Burke-
Ernzerhof)
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Table 2 Energy of organic solvents and phosphorus-

containing flame retardants after structural optimization

BiRY RH IR | #WWrEe eV et/ eV
EC-Li* GGA-PBE 200 —2 024. 000
DMC-Li* GGA-PBE 200 -2 055.933
EMC-Li* GGA-PBE 200 -2 243.243
TMP GGA-PBE 200 -2 497. 629
TMPi GGA-PBE 200 -2 078.930
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Table 3 Rate performance of LiFePO,|Li half-cells at
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0.1 CHIHAET | 0.1 C¥I¥E | A& | F&
BESh | R AR | RS R | R | JRRY
(mA - hWg) | (mA-Wg) | F% | H/%
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204. 1 198.2 97. 11
203. 1 198.0 97.49
188.6 186.5 98. 89
188.2 186. 1 98. 88
TMPi5 188.5 185.8 98.57 | 98.79
188.7 186.3 98.73
188.4 186.3 98. 89
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Fig. 8 Electrochemical impedance spectroscopy of LiFePO,|Li half-cells before and after 300 cycles
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Table 4 Fitted EIS parameters of LiFePO,|Li half-cells
before and after 300 cycles Q
Be 55 1 PR 55 300 [ G 2R
Rs R, R, Rs R, R,
BE 8.92 | 47.26 | 232.4 | 9.62 | 132.30 | 38.9
TMPS | 8.51 | 63.80| 186.1 | 8.68 | 99.53 | 38.5
TMPi5 | 8.19 | 66.36 | 117.3 | 11.0 | 707.73 | 51.0
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Table 5 Frontier orbital energies of organic solvents and phosphorus-containing flame retardants

—
o HTABLIE R/ a. u. - RTZL LI AE 2 /a. u. _
s R FEE | AR SR LA AE, AE, AE, AE,
EC-Li" 0.032 268 ~0.022 999 0.228 101 0.039 068 | 0.191601 | 0.026 268
DMC-Li" 0. 044 349 20,039 973 0.211 127 | 0.051 149 | 0.174627 | 0.038 349
EMC-Li" ~0.043 434 ~0.040 791 0.210309 | 0.050234 | 0.173809 | 0.037 434
T™P 20,251 100 0. 006 800 — - - -
TMPi 0. 214 600 ~0. 006 000 — — —
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Fig.9 Energy distribution of HOMO and LUMO for organic solvents and phosphorus-containing flame retardants
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