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Abstract

The formation mechanism of phosphate esters which affect cycle life of LIB in LiPFe-based electrolyte was investi-

gated by using liquid chromatography/mass spectrometry. It was found that phosphate esters were formed through

the oxidation of the electrolyte containing ethylene carbonate at high potential followed by its reduction at low po-

tential. Carbonate oligomers which were formed at the positive electrode diffused to the negative electrode, and

then were reduced to lithium alkoxides. These lithium alkoxides react with POFs originated from LiPFs, leading to

the formation of phosphate esters.
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Table 1 Retention of discharge capacity of LIBs with different electrolytes and charge voltage.

Cell Electrolyte composition Charge voltage / V Retention of discharge capacity / %
Cell 1 1.0 M LiPFg EC : EMC (30 : 70in vol.%) 4.2 99
Cell 2 1.0 M LiPFg EC : EMC (30 : 70in vol.%) 4.5 76
Cell 3 1.0 M LiPF¢ FEC : EMC (30 : 70 in vol.%) 4.5 87
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Fig. T Chromatograms of the electrolyte composed of EC : EMC (30 : 70 in vol.%) after charge-discharge
cycling life test of Cell 1 and Cell 2. Charge voltage is (a) 4.2 V for Cell 1, and (b) 4.5 V for Cell 2.Cn (n =1~ 6) and
Pn (n = 1~ 6) are assigned to carbonate oligomer compounds and phosphate ester compounds, respectively.
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Table 2 Characteristic products of detected peaks shown in Fig. 2(a) by means of LC/Qtof-MS.

Peak No. R.T./min Observed mass Estimated formula Compound
(M 4+ H]*or [M+ Nalt)
(@ 6.91 201.037 CeH100¢ Carbonate oligomer
(@) 8.62 215.054 CHy,06 Carbonate oligomer
(@} 8.81 289.054 CoH1404 Carbonate oligomer
4 10.14 303.068 CioH160s Carbonate oligomer
c5 10.21 229.068 CgH1406 Carbonate oligomer
c6 11.38 317.084 CiHi0, Carbonate oligomer

Table 3 Characteristic products of detected peaks shown in Fig.2(b) and Fig. 4 by means of LC/Qtof-MS.

Peak No. R.T./min Observed mass Estimated formula Compound
(IM 4+ H]*or [M+ Nalt)
1 6.91 201.037 CeH1006 Carbonate oligomer
Q2 8.62 215.054 GH;,06 Carbonate oligomer
a 8.81 289.054 CoH1404 Carbonate oligomer
c4 10.14 303.068 CioH160, Carbonate oligomer
C5 10.21 229.068 CgH1406 Carbonate oligomer
c6 11.38 317.084 CiHig0, Carbonate oligomer
P1 6.11 155.047 C4H:,0O4P Phosphate ester
P2 6.69 251.030 CgHy130,P Phosphate ester
P3 7.74,7.89 265.046 CH,50,P Phosphate ester
P4 8.11 329.052 CgHy004P, Phosphate ester
P5 8.81,8.95 279.061 CgH,,0,P Phosphate ester
P6 9.95 293.076 CoH,50,P Phosphate ester
C,H,,0,P CeH150,P C;H;s0,P
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Fig.2 Extracted ion chromatograms of exact mass corresponding to phosphate esters shown in Table 3.
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Fig. 3 Chromatogram of the electrolyte composed of FEC : EMC (30 : 70 in vol.%) after charge-discharge
cycling life test of Cell 3. Charge voltage is 4.5 V.Pn (n = 1 ~ 3) are assigned to phosphate ester compounds.
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Fig. 4 Relation between peak area of detected phosphates and retention of discharge capacity after charge-dis-
charge cycling life test of Cell 1, Cell 2, and Cell 3.
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Fig. 5 Chromatograms of the electrolyte composed of EC : EMC (30 : 70 in vol.%) after floating test using
three-electrode symmetric cell with positive electrodes. Charge potential is (a) 4.3 V vs. Li/Li ™, and (b) 4.6 V vs. Li/Li *
.Cn (n =1 ~5) are assigned to carbonate oligomer compounds.
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Fig. 6 Chromatogram of the electrolyte composed of FEC : EMC (30 : 70 in vol.%) after floating test using
three-electrode symmetric cell with positive electrodes. Charge potential is 4.6 V vs. Li/Li *.

Table 4 Characteristic products of detected peaks shown in Fig. 6 by means of LC/Qtof-MS.

Peak No. R.T./min Observed mass Estimated formula Compound
(IM + H]*or [M+ Nal]*)
1 9.02 215.053 G H;,06 Carbonate oligomer
(@ 9.18 289.054 CoH1404 Carbonate oligomer
(@} 10.54 303.068 Ci0H1600 Carbonate oligomer
c4 10.63 229.068 CgH1406 Carbonate oligomer
c5 11.77 317.084 CiHig0, Carbonate oligomer
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Li fEiRiE %D EC REMIK D7 1~ k7'Z L7 Fig. WEnixhoiz. —4, Fig 7(b) 5, 4.6 V vs. Li/
7R, Fig 7(@ »5, 4.3V vs. Li/Li EBNFTE Li E BN R BR R OB b B 2 PRI L, Li
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Fig. 7 Chromatograms of the electrolyte composed of EC : EMC (30 : 70 in vol. %) in which Li foil is immersed
following floating test using three-electrode symmetric cell with positive electrodes at (a) 4.3 V vs. Li/Li ¥, and (b)
46V vs. Li/LiT.Cn (n=1~75) and Pn (n =1~ 6) are assigned to carbonate oligomer compounds and phos-
phate ester compounds, respectively.

Table 5 Characteristic products of detected peaks shown in Fig.8(b) by means of LC/Qtof-MS.

Peak No. R.T./min Observed mass Estimated formula Compound
([M 4+ Hl*or [M + Na]™*)

C1 9.02 215.053 CHq,06 Carbonate oligomer

(@ 9.18 289.054 CoH1404 Carbonate oligomer

(@} 10.54 303.068 CioH160s Carbonate oligomer

c4 10.63 229.068 CsH1406 Carbonate oligomer

5 11.77 317.084 CyHi504 Carbonate oligomer

P1 8.01,8.15 265.045 CH,50,P Phosphate ester

P2 8.46,8.56 253.026 CeH1,06PF Phosphate ester

P3 9.21 279.058 CgH,,0,P Phosphate ester

P4 9.83 267.040 C,H1,04PF Phosphate ester

P5 10.31 367.077 CHx1040PF Phosphate ester

P6 11.33 381.091 CioH53040P Phosphate ester
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Fig.8 Chromatogram of the electrolyte composed of EC : EMC (30 : 70 in vol.%) in which Li foil is immersed.
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Fig. 9 Chromatogram of the electrolyte composed of FEC : EMC (30 : 70 in vol. %) in which Li foil is immersed
following floating test using three-electrode symmetric cell with positive electrodes at 4.6 V vs. Li/Li *.
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Fig. 10  Formation mechanism of phosphate ester occurred in LIB.
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