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Table S1 EIS fitting parameters (R, Rz, Rs, Ra, Q2, Qs, @z, as, and as) during charge-discharge cycling for the Li|P/AB half-cell (1st, 3',
and 10th cycle) using Orgprs, Orgrsa, Orgrec, and IL2:s (see Figure S6(c-f) for the spectra).

Electrolyte Resistance (Q) CPE (F s®Y)

Cycle R: R2 Rs R4 Q2 a Qs as Q4 as
half-cell Li|P/AB 1 9.76 3.69 13.75 0.97 6.92x10° 0.944 0.11x10°3 0.804 3.78x10°° 0.978
Orgrrs 3 6.34 10.16 1.53 1.08 0.24x10°% 0.619 6.57x10°3 0.983 0.22x10°% 0.771

10 5.09 17.08 1.78 0.42 0.28x10° 0.598 0.32x10°° 1.000 0.14x1072 0.495
half-cell Li|P/AB 1 25.48 9.38 15.33 0.07 0.43x10°% 0.560 0.24x10°3 0.652 7.14x10°° 0.875
Orgrsa 3 22.40 7.01 14.15 229 1.04x10° 0.550 0.25x10° 0.622 9.54x1072 0.883

10 33.49 6.45 22.56 20.42 8.89x10° 0.996 0.14x10°3 0.659 0.74x10°® 0.865
half-cell Li|P/AB 1 5.60 1.04 10.16 245  2.74x10° 0.329 0.23x10°° 0.634 4.30x1072 0.512
Orgrec 3 6.68 0.91 5.91 239 2.21x10° 0.935 0.13x10°3 0.697 3.90x102 0.318

10 7.13 0.64 8.06 158 6.19x10° 0.727 2.45x10°3 0.563 5.23x10° 0.564

half-cell LilP/AB 1 10.84 3.88 0.91 025 457x10° 0.835 0.30x10°3 0.493 0.88x10° 0.558
IL2:s 3 1.58 3.51 4.23 0.00 8.45x10° 0.776 2.20x10° 0.012 9.94x1072 0.016
10 4.76 5.31 0.99 152  1.91x10° 0.845 7.81x10°3 0.952 1.95x102 0.449
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Figure S1. The EDX spectrum of the P/AB powder prepared by high-energy ball milling of red P
and AB (6:4 in weight) at 900 rpm for 3 h. The resulting elemental compositions are summarized
in the inset table.
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Figure S2. The dQ/dV plots obtained from the charge-discharge curves of the Li|P/AB half cells
using (a) Orgers, (b) Orgrsa, (€) Orgrec, (d) IL2:8, and () ILs:s. The corresponding charge-discharge
curves are shown in Figure 2. Current density = 250 mA g* (1-3 cycles) and 500 mA g* (4-50
cycles) and cut-off voltage = 0.005-2.0 V. The capacity is calculated based on the weight of the
P/AB composite.
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Figure S3. Cyclic voltammograms of the Li|P/AB cells during the first three cycles using (a)
Orgprs, (D) Orgrsa, (€) Orgrec, (d) 1Lz, and (€) ILss Scan rate = 0.1 mV s1; cut-off voltage =

0.005-2.0 V.
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Figure S4. Galvanostatic charge-discharge curves of the (a) Li|P/AB half cells (current density =
250 mA g-(P/AB)*for 1st cycle and 500 mA g-(P/AB)* for 50th cycle; cut-off voltage = 0.005—
2.0 V) and (b) P/AB|LiFePO4 full cells (1st and 50th cycle) using Orgers, Orgrsa, Orgrec, L2,
and ILss electrolytes (current density = 16 mA g-(LiFePO4)™* for the 1st cycle and 80 mA g-
(LiFePO.)* for the 50th cycle; cut-off voltage = 1.6-3.8 V). The curves at the 1st and 50th cycles
are shown in continuous and dashed lines, respectively, with the same color.
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Figure S5. Electrochemical performance of Li|P/AB half cells and P/AB|LiFePO4 full cells using
1 M Li[PFe] in EC:DMC 3 wt% FEC. Galvanostatic charge-discharge curves of the (a) Li|P/AB
half cells (current density = 250 mA g-(P/AB)!; cut-off voltage = 0.005-2.0 V) and (b)
P/AB|LiFePOQ4 full cells, (current density = 16 mA g-(LiFePO4)*; cut-off voltage = 1.6-3.8 V).
Cycle test of the (c) Li|P/AB half cells (Current density: 1-3 cycles = 250 mA (g-P/AB) %, 4-50
cycles = 500 mA (g-P/AB)%; cut-off voltage = 0.005-2.0 V) and (d) P/ABJLiFePO; full cells,
(Current density: 1-3 cycles = 16 mA (g-LiFePO4) %, 4-50 cycles = 80 mA (g-LiFePO.)%; cut-off
voltage = 1.6-3.8 V).
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Figure S6. Electrochemical performance of the Li|P/AB half cell and the results of EIS tests during
cycling. (a) Cycle performance with Orgprs, Orgrsa, Orgrec, IL2:s, and ILs:s (Current density: 1-3
cycles =250 mA (g-P/AB) !, 4-200 cycles = 500 mA (g-P/AB)!; cut-off voltage = 0.005-2.0 V).
(b) Rate performance with Orgrec, IL:s and ILs:s (Current density: 250-1000 mA (g-P/AB)!; cut-
off voltage = 0.005-2.0 V). Nyquist plots with (c) Orgpre, (d) Orggsa, (€) Orgrec, and (f) IL2:5. EIS
was measured at 0.5 V in the charging step of the 2nd, 4th and 11th cycle. (g) Equivalent circuit
used for fitting all the EIS Nyquist plots (see Table S1 for the fitted parameters).

Discussion related to Figure S6

In the half-cell cycle test (Figure S6a), capacity fades quickly with Orgers and Orgrsa. The capacity
retention improves after adding FEC additive retaining 81.2 % capacity after 200 cycles. Among
these organic electrolytes, Orgprs exhibits Coulombic efficiencies over 100 %, owing to active
material pulverization resulting in electrolyte decomposition, which is in contrast to the case of
Orgrsa Whose Coulombic efficiencies are kept below 100 %. Both the IL2:s and ILs:s provide high
capacity retentions of 84.7 and 82.9 % after 200 cycles with an average Coulombic efficiencies of
100 %. This high capacity retention facilitated by the use of IL electrolytes is unprecedented for
phosphorus-based materials for LIBs without employing any complicated fabrication. Figure S6b
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shows similar rate capability with 1L2:s and ILs:s, displaying 1473 and 1463 mAh g at 1000 mA
g L. Rate capability with Orgeec is slightly inferior to those with IL electrolytes (1176 mAh g* at
1000 mA g). Figure S6 (c-f) shows Nyquist plots of the Li|P/AB (1st, 3rd and 10th cycle) half
cell using (a) Orgers, (D) Orgrsa, (C) Orgrec, and (d) Lz, respectively. The EIS Nyquist plots
were fitted using the equivalent circuit shown in Figure S6g and the fitted parameters are listed in
Table S1. The circuit consists of four resistances Ri, Rz, Rz, Rs, and Warburg resistance at low
frequency, where R represents the bulk resistance, R» denotes the SEI layer resistance at high
characteristic frequency (>4000 Hz), and Rz and R4 corresponds to the interfacial resistance at
medium frequency range (1-500 Hz). Two resistances are used for interfacial behavior for better
fitting purpose. In half-cell EIS spectra of Orgpers, Orgrsa, and Orgrec, the interfacial resistance
decreased after the 3rd cycle (Orgers: R2 = 10.16, R3 = 1.53, R4 =1.08 ohm; Orgrsa: R2=7.01, R3
=14.15, R4=2.29 ohm; Orgrec: R2=0.91, R3=5.91, R4=2.39 ohm) but increased after 10th cycle
(Orgprs: R2=17.08, R3 = 1.78, Ra = 0.42 ohm; Orgrsa: R2 = 6.45, R3 = 22.56, R4 = 20.42 ohm;
Orgrec: R2=0.64, R3=8.06, Rs = 1.58 ohm), respectively as compared to 1st cycle (Orgprs: R2 =
3.69, R3=13.75, R4=0.97 ohm; Orgrsa: R2=9.38, R3=15.33, R4=0.07 ohm; Orgrec: R2=0.64,
R3=8.06, Rs = 1.58 ohm), whereas, a constant decrease till 10th cycle was observed IL2s.
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Figure S7. First cycle galvanostatic charge-discharge curves of the P/AB|LiFePOq full-cell with
IL.s in a three-electrode setup. Current density = 16 mA g-(LiFePO4)!. The legends, Vcel, ELirepos,
and Ep.aB, denote the cell voltage and the potentials of the LiFePO4 positive and P/AB negative
electrodes, respectively.
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Figure S8. XPS spectra of the P/AB electrode with Ar etching after (a,b) 1% cycle and (c-¢) 50"
cycle in the C 1s, F 1s and S 2p regions, respectively, using Orgprs, Orgrsa, Orgrec and ILo:g
electrolytes in the 1st, 2nd, 3", and 4th rows respectively.

Discussion related to Figure S8

Figure S8a shows the C 1s spectra after 0, 5, 10, and 20-second etching. The surface without
etching is mostly covered by C—O species as denoted by a peak at 286.7 eV 1. Just 5-second etching
results in peak shifting to the lower binding energy and C-C (284.6 eV) species are present in
different concentrations according to the electrolyte decomposition. The F 1s spectra (Figure S8b)
predominantly consist of LiF (685 eV) in all the electrolytes which is commonly observed in the
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SEI layer in LIBs.2 A small peak of S—F present in F 1s spectrum at 0 s was also confirmed in the
S 2p spectrum, which indicates the reaction of F from FSA™ decomposition with organic
components. After 50 cycles, further decomposition of electrolytes can be observed. In the C 1s
spectra (Figure S8c), a shoulder at 288 eV related to C=0 can be observed in Orgprs, Orgrsa, and
IL2:g but not in Orgrec, indicating that decomposition of FEC in the early stage passivated the
electrode and prevented decomposition of carbonate solvents. After etching for 5 s, the C=0 layer
was stripped off in all the cases, but Orgers, Orgrsa, and Orgrec do not show significant changes
with further etching. On the other hand, IL2:g shows evolution of C—C peak with increasing etching
time. Figure S8d shows the F 1s spectra after 50 cycles for each electrolyte. The spectrum of Orgere
at 0 s shows distinct peaks around 688.5 eV for the P—F bond in Li«F,PO,,® and around 685 eV for
LiF. After 5-second etching, only LiF peak is observed and further etching did not produce any
changes. Other F 1s spectra showed C—F bond peak and LiF peak similar to that after 1st cycle at
0's, and the C—F peak disappears after 5-second etching. In the S 2p spectra after 50 cycles (Figure
S8e), Orgrsa, and Orgrec Show similar spectra to that after 1st cycle, whereas IL2:g shows a
relatively stronger peak at a high binding energy compared to that at 1st cycle. However, after
etching for 20 s, the peak of S*~ is observable, indicating there is a slight increase in the thickness
of SEI layer in IL electrolyte after 50 cycles.

Table S2 Binding energies of the chemical species detected in XPS spectra (Figure S8).

Species Binding energy / eV
Cls Fls S2p
c-C 284.6 - -
Cc-O 286.7 - -
C=0 288.0 - -
S-F - 690.5 1715
LiF - 685.0 -
P-F - 688.5
FSO2— 690.5 171.5
S04~ - - 169.4
S* - - 162.4
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Figure S9. Raman spectra of the Orgrsa, Orgrec, and IL2:s electrolytes.

Discussion related to Figure S9:

This range in Raman spectra corresponds to the ring-bending mode of EC and S-N-S bending
mode of FSA™ which shift, depending on their coordination states. In Orgrsa and Orgrec, the
spectrum is deconvoluted into two peaks at 716 and 730 cm™ assigned to the ring-bending
vibration of free EC molecule and Li-ion coordinated EC molecule in the form of Li(EC)4" (the
latter overlaps with the peak for free FSA™ as mentioned below).* On the other hand, the Raman
spectrum of 1L,:s shows four deconvoluted peak at 702, 730, 740, and 758 cm™* correlated to the
C2Ciim* (at 702 cm™), free FSA (at 730 cm™?), and Li-coordinated FSA™ (contact ion pair (CIP)
at 740 and aggregating (AGG) at 758 cm™2), respectively.® It should be noted that the absence of
the peaks at 740 and 758 cm ™ in Orgrec and Orgrsa suggest that these electrolytes do not contain
the Li ion coordinated by FSA™. This result suggests that the coordination sphere of Li* ion is
different in the organic and IL electrolytes; Li* is coordinated by solvent molecules decreasing its
energy of lower unoccupied molecular orbital in the organic electrolyte, promoting reductive
decomposition of solvent. On the other hand, the coordination of Li* by FSA™ anion in the IL
electrolyte, promotes reductive decomposition of FSA™ anion enabling sulfur based SEI layer
formation as observed in XPS result.

S13



— Li;P
—LiP
—P-P

=—P-0
10 min

5 min

2 min

135 132 129 126
Binding energy / eV

Figure S10. The P 2p XPS of the P/AB electrode after charging to 0.005 V at various Ar etching
time of 2, 5 and 10 minutes.
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