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Figure S1. (a) The optimized Li (110) surface slab used in the AIMD simulations. Optimized electrolyte structures of (b) Tetramethylene sulfone
(TMS) (c) 1,1,2,2-Tetrafluoroethyl 2,2,3,3-tetrafluoropropyl ether (TTE) (d) Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (e) Lithium
polysulfide (PS) at the CAM-B3LYP/6-311++G (d,p) level of theory. Color scheme: Li, purple; C, gray-black; H, white; O, red; N, blue; F, light green;
S, yellow; He, gray-blue.



Figure S2. The constructed AIMD simulation boxes of LiTT (a) and LiTT-PS (b) electrolyte formulations.



Table S1 FTIR spectra of liquid TMS, TTE, LiTT, and In Situ DRIFTS spectra over Li electrode at OCV.

Assignment Liquid sample (FTIR) Over Li (in-situ DRIFTS) References
TMS TTE LiTT T™MS TTE LiTT
vas C-H 3009, 2952 | 3000 3010 2987 2995 2996 3004'2,30373,29504
vs C-H 2883 2906 2886 2882 28802, 2900%
o C-H 1450, 1415 | 1461,1415, 1452,1418 1449,1414 1437 1463,1407, 1448!, 14121, 14454
1407 1419
vas O=S=0 1297 1354, 1297 1289 1351721 13011, 135456, 13487
tCH2 +n C-H 1311,1257, | 1361,1355 1257, 995 1253,1204, 1319,1287 1288,1252 11092, 13623, 12488
1109 1099
vas C-F 1220,1192 1196 1220,1185 1196 1192910 11941
vs O=S=0 1147 1196,1147 1137 1196,1143 11471, 11393, 114312
vs C-F 1139 1147 1144 1143 11354, 12277
vas C-O-C/C-O 1122 1109 1124 1124 1140°, 1180-10253
vas S-N-S 1059 1063 106011, 1065%, 10513
vC-C 1032 1023 1032 970 1032 103212
p C-H 992, 906 968 995, 908 1032,988, 942 987!,903":2
903
vs C-O-C/C-O 835 835 847 839 816°, 8054
v C-S (LiTFSI) 792 781 7786, 7903
vs S-N-S 763 758 7616, 7623
8 C-F/vC-S(TMS) | 735 780 739 724 770 743 73312, 7396, 7403
¥ S-N-S 673,655 687, 674 65556
vas: asymmetrical stretch, vs: symmetrical stretch, v: stretching, 2 bending, 7: wagging, t: twisting, p: rocking, w: scissoring




Figure S3 shows the FTIR spectra of liquid LiTFSI/TMS-TTE (LiTT) electrolytes and their components.
The FTIR vibration bands of liquid TMS, TTE, and LiTFSI band assignments are presented in Table 1, consistent
with previous reports. 1-%? The FTIR spectrum of TTE in Figure S3 (a) showed a main contributing band at 1122
cm! and a shoulder at high wavenumber side that can be attributed to asymmetrical stretching of C-O-C (vas C-
O-C) and symmetrical stretching of C-F (s C-F) of fluoride ether, respectively, with corresponding vas C-F, vs
C-O-C and 6 C-F (bending mode) at 1192, 835, and 780 cm™!. >-° The C-H vibration modes can be found at 3000
(vas C-H), 2906 (vs C-H), and 1407 cm! (w C-H). TMS in Figure S3 (b) showed prominent bands from
asymmetrical and symmetrical stretching of O=S=0 at 1297 (vas O=S=0) and 1147 cm’! ( vs O=S=0),? with
corresponding C-H modes at 2952 (vas C-H), 2883 (vs C-H), 1415 (w C-H), 1257 (= C-H), 1109 (z C-H) and 906
cm! (p C-H). ! The absorbance band at 735 cm! is attributed to the stretching vibration of S-C from the TMS
ring. Surprisingly, the TMS-TTE mixture (Figure S3 (c), TMS: TTE = 1:1 (V:V)) showed nearly the same
features as that of TMS, indicating the TMS signals dominate over that of TTE.

LiTT (LTFSI/TTE-TMS) electrolyte (Figure S3 (d)) showed additional bands that can be assigned to LiTFSI
at 1354 (vas 0O=S=0), 1196 (vs O=S=0/vas C-F), 1059 (vas S-N-S) and 763 (»s S-N-S) cm™!. > 13 Vibration
bands of O=S=0 and C-S from LiTFSI and TMS were found at different frequencies because of the different
chemical bonding environments of O=S=0 in LiTFSI and TMS. We assign vs O=S=0 from LiTFSI at 1196 cm'!
36,12 and that from TMS at 1147 cm! with their corresponding vas O=S=0 at 1354 and 1297 cm’!, respectively.
The C-S band of LiTFSI was found at 792 cm!' compared to that from TMS at 735 cm™!. The broad band at around
1200 cm™! can be due to the overlapping of v O=S=0 and vas C-F and the possible TMS interaction with LiTFSI
may contribute to the band broadness.!* When the PS was included as an additive of LiTT (Figure S3 (e)), no
new absorbance band was observed, but the relative band intensities of LiTT-PS were different compared to that

of LiTT, indicating the interaction between Li,Sg and the other electrolyte components.
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Figure S3. FTIR absorbance spectrum of liquid samples: (a) TTE, (b) TMS, (¢) TMS: TTE = 1:1, (d) LiTT, and
(e) LiTT-PS.

Figure S4 shows the different spectra of (LiTT-TMS-TTE) and (LiTT-PS-TMS-TTE). Figure S4 (a) (LiTT-
TMS-TTE) shows bands at 1354 (vas O=S=0), 1194 (s O=S=0/vas C-F), 1135 (ws C-F), 1059 (vas S-N-S),
789 (s C-S/S-N-S) and 745 cm!(6 C-F) attributed to LiTFSI as discussed above. When comparing the difference
spectra of (LiTT-PS-TMS-TTE) (Figure S4 (b)) to that of (LiTT-TMS-TTE) (Figure S4 (a)), the presence of PS
resulted in broadened bands (of O=S=0, S-N-S, and C-S) and their relative band intensity was changed. This
suggests the presence of interaction between Li,Sg with LiTFSI or TMS.
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Figure S4. Difference spectra of FTIR spectra of liquid samples: (a) LiTT-TMS-TTE and (b) LiTT-PS-TMS-
TTE.
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Figure S5. Images of Li foils immersed in TMS, TMS-PS, TTE, and TTE-PS, LiTT, and LiTT-PS after 10

minutes, 12 hours, and 24 hours, respectively. The experiments were performed inside an Ar-filled glove box.
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Figure S6. The relative energy fluctuations of the LiTT (blue line) and the LiTT-PS (orange line) systems over
the AIMD simulation.
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Video S1. Molecular dynamic film of the decomposed TMS solvent adhered to the Li anode surface in the LiTT

electrolyte formulation.
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Figure S7. Bader charge evolutions correspond to the decomposed TMS molecule and the constituent atoms (S,

01, 02, and (CH;)4) in the LiTT system.
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Video S2. Molecular dynamic film of the decomposed TTE solvent in the LiTT electrolyte formulation.
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Video S3. Molecular dynamic film of the TFSI anion degradation process in contact with the Li anode surface
in the LiTT electrolyte formulation.
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Figure S8. The atomic charge distributions of the constituent atoms from the reacted TFSI anion in the LiTT
formulation at (a) 0 ps and (b) 15 ps of the simulated times. Color scheme: C, gray-black; S, orange; N, blue; O,

red; F, green.
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Video S4. Molecular dynamic film of the PS additive degradation process in the LiTT-PS electrolyte formulation.
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Figure S9. Bader charges evolutions of the constituent atoms (S1-S8) from the degraded PS additive in the
LiTT-PS system.
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Figure S10. Extracted snapshots of the TFSI anion degradation process in contact with the Li anode surface in
the LiTT-PS electrolyte formulation at different simulation time steps. Calculated Bader charges correspond to

the TFSI anion, and the CN fragment is also shown at the bottom of each panel.
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Figure S11. The atomic charge distributions of the constituent atoms from the reacted TFSI anion in the LiTT-

PS formulation at the end of the simulated times.
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Figure S12. HOMO and LUMO energy levels of TMS, TTE solvents, LiTFSI salt, and Li,Sg (PS) additive.
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Figure S13. Reduction time steps of each electrolyte component in the (a) LiTT and (b) LiTT-PS formulations
during the AIMD simulations.



Table S2. The calculated Bader charges of the constituent atoms from each SEI species in the LiTT and the
LiTT-PS systems after the AIMD simulations (15ps).

LiTT (Je|) LiTT-PS (Je|) SEI species
0.034 0.057 Li°
0.816 0.811 Li,O
. 0.820 0.817 Li-C
L1 0.840 0.832 Li,S
0.849 0.843 Li-N
0.855 0.851 Li-F
-1.812 -1.843 Li,S
-0.240 S-S
S 1.782 1.728 S-N
2.501 2.404 S-C
3.025 3.219 S=0
-2.941 -3.862 Li-C
-0.012 -0.046 C-C/C-H
C 0.140 0.135 C-S
0.430 0.395 C-O0
1.727 1.706 C-F
-1.669 -1.658 Li-O-R
O -1.290 -1.292 C-0
-1.018 -1.007 S=0
-0.912 -0.897 LiF
F -0.636 -0.629 CF,
-0.631 -0.625 CF;
-1.776 -1.579 Li-N
N -1.263 -1.342 N-S




Table S3 Fitting results of XPS analysis of Li foil after 24-h immersion tests.

TMS

TMS-PS

TTE

TTE-PS

LiTT

LiTT-PS

Assignment/Ref.

52.2¢eV,23.1%
53.3eV,40.1%
54.4 eV, 28.1%
55.1eV,8.7%

52.3eV,17.7%
53.3¢eV, 24.4%
54.4 ¢V, 35.4%
55.1eV, 22.4%

52.1eV,24.2%
53.3¢eV,36.5%
54.3 eV, 30.5%

52.1eV, 38.0%
53.3¢V, 30.7%
54.3¢eV, 10.1%
54.9¢eV, 10.2%

51.8 eV, 25.8%
53.2¢V, 13.2%
54.6 eV, 7.8 %
55.9¢eV,9.4%
56.8 eV, 14.4%

51.7eV, 19.1%
53.1eV, 20.6%
54.5¢,30.3%
55.7eV, 12.2%
56.8 eV, 6.3%

Li® (52.3 eV)'s

Li,O (53.7 eV)'S
Li-C (55.5 eV)'s
Li,S (54.4 eV)'6
Li-N (55.5 eV)”

5 55.6 eV, 8.9% 55.8¢eV, 11.0% 57.9 eV, 29.8% 57.9eV, 11.5% Li-F (56.8 V)8
1613eV,9.1% | 161.3eV,86% | NA 161.3 eV, 47.8% 162.5eV, 10.6% | 162.4¢eV, 5.7% Li,S (161.3eV)Y°
164.4 eV, 15.5% 164.5 eV, 52.2% 164.3 eV, 15.9% | S-S (164.1 eV)
164.8 eV, 9.6% 164.8¢eV, 11.1% | S-N (163.7 eV)*!
o | 165.7eV,53.8% | 166.5 ¢V, 23.4% 166.7 eV, 153% | 166.7 eV, 21.2% | S-C (164.6 eV)"°
S| 167.7eV,37.1% | 167.8 eV, 52.5%, 168.9 eV, 64.6% | 168.9 eV, 52.8% | S=0 (168.2eV)*
282.1eV, 52.6% | 282.0eV,70.2% | 281.8¢eV,48.3%, |281.8eV,79.1% |281.7eV,39.5% |281.9¢V,6.1% Li-C (282.4eV) 15
283.5eV, 17.1%, | 283.6eV, 7.5% C=C (~284 eV)2
284.0eV,30.7% | 284.1eV, 15.0% | 284.0eV,32.3% |284.0eV,5.8% 282.8¢eV, 19.4% | 282.9¢eV, 48.0% | C-C/C-H (284.4/285.5 eV)?> 23
285.7 eV, 16.8% | 285.8 ¢V, 14.8% 284.9 eV, 8.0% 284.9¢eV,27.0% | C-S(285.2eV)¥
" 285.4 eV, 6.7%, 285.8 eV, 5.3%, 286.4 eV, 16.0% | 286.2¢eV, 10.3% | C-O (285.7 eV)?
5 287.4 eV, 5.0% 287.3 eV, 2.3%, 287.7eV,17.5% | 287.8 eV, 8.5% C-F (288.5eV)*
529.0eV,40% | 529.1eV,34.9% | 528.8¢eV,42.6% | 528.8¢eV,58.9% | 526.4¢eV,43.7% | 526.4¢eV,8.5% Li-O-R (530.9, 528.7 eV)?5:15
530.5eV,57.4% | 530.5eV,41.1% 532.3¢eV,44.7% | 532.9eV,27.0% | C-O (530.5eV)*
é 530.9 eV, 54.6% | 531.1eV,65.1% 528.8eV, 11.6% | 528.7eV,64.5% | S=0 (531.2 eV)?’
NA NA NA NA 686.1 eV, 63.4% | 686.1 eV, 25.5% | LiF (686.3 eV)?®
688.8 eV, 12.2% | 688.9 eV, 43.7% | CF, (688.5 eV)?
f 690.6 eV, 24.3% | 691.9eV,30.7% | CF; (689.5 eV)¥
NA NA NA NA 4009 eV, 56.4% | 401.0eV, 65.8% | Li-N (400.1 eV)3°
= 399.7 eV, 43.6% | 399.9¢eV,34.2% | N-S(398.9 eV)3!
Z

NA: Not applicable




The results shown in Figure S14 indicate that LiTFSI decomposed over the Li surface. The difference spectra
by subtracting the liquid FTIR spectrum of (TMS/TTE=1/1 equal volume mixture) from that of LiTT (LiTFSI-
TTE/TMS) is shown in Figure S14 (a), wherein the bands of TFSI anion can be used as a reference to that over
Li surface. The bands at 1354 (vas O=S=0), 1196 (s O=S=0/vas C-F), 1128 (ws C-F), 1059 (vas S-N-S), 792
(vC-S), 759 (s S-N-S) and 704 cm! (6 C-F) can be attributed to TFSI anion in liquid phase based on references
3713 Figure S14 (b) is from our previous work of LITFSI/DME-DOL over Li metal anode??, wherein DME and
DOL solvents would not chemically react with Li metal while LiTFSI will. This DRIFTS difference spectrum of
DME-DOL from that of LITFSI/DME-DOL (Figure S14 (b)) over Li metal anode can reveal contributing bands
of LiTFSI over Li metal. From this difference spectrum, the bands at 1348 (vas O=S=0), 1196 (vs O=S=0/vas
C-F), 1132 (vs C-F), 1024 (vas S-N), 768 (s S-N/v C-S) and 702 cm™! (6 C-F) attributed to TFSI anion bands
over Li metal. When DRIFTS spectra of TFSI anion (Figure S14 (b)) compared to liquid FTIR spectra (Figure
S14 (a)), the band related to O=S=0 and S-N-S red-shifted to low frequency, i.e., vas O=S=0 shifted from 1354
to 1348, vas S-N-S from 1059 to 1024 and v C-S from 792 to 768cm!. When compared to previous pure solid
ATR-FTIR spectra of LiTFSI 13, vas O=S=0 band red-shifted to low frequency (from 1357 to 1348 cm!) and
vas S-N red-shifted to low frequency (1062 to 1024 cm™'). The red shift in frequency of TFSI anions bands over
Li metal related to the charge transfer reaction of Li* with TFSI anion leading to S-N-S bond breaking formation
of Li-SO,CF; and Li,-NSO,CFj; species over li electrode in agreement to previous DFT modeling report 33. The
band related to O=S=0 showed a slight frequency shift due to Li" bonded to O=S=0 without bond breaking, but
the band associated with S-N-S showed a more significant frequency shift due to S-N-S bond broken forming Li-
SO,CF; and Li,-NSO,CFj; species. This indicates that the TFSI anion reacts with li metal and forms Li-
SO,CF5/Li,-NSO,CFj3 species when TMS/TTE or DOL/DME solvents are used. The TMS/TTE reacts with
lithium metal at OCV, whereas DME/DOL is relatively stable at OCV.
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Figure S14. liquid FTIR difference spectra of TMS/TTE from spectra of (a) LiTT and DRIFTS difference spectra

of (b) DME from DD-DOL.

In Figure S15, the difference spectra were done by subtracting the liquid FTIR spectra of each electrolyte
component from corresponding DRIFTS spectra over the Li surface. The difference spectra provide bands nearly
similar to its own DRIFTS spectra, indicating the surface species adsorbed over Li metal dominate in DRIFTS
spectra more than that from the thin layer of liquid electrolyte component. This result confirms that decomposed

species adsorbed over Li metal.
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Figure S15. Difference spectrum of liquid FTIR of (a) TMS from DRIFTS of TMS, (b) TMS-PS from DRIFTS
of TMS-PS, (¢) TTE from DRIFTS of TTE, (d) TTE-PS from DRIFTS of TTE-PS, (e) LiTT from DRIFTS of
LiTT and (f) LiTT-PS from DRIFTS of LiTT-PS over Li metal.



Figure S16. picture of copper electrode taken from Cu||Li cell after second lithiation cycle.
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