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Supplementary Note 1: Shape of cyclic voltammograms with PVF cathode

All CVs in main text Figure. 4a correspond to reversible redox. The repeatability suggests that impurities
are unlikely to be the source of the non-ideal behavior. The CV of an ideal surface binding reaction contains a
single peak. However, some anion (typically, TFSI") pairs exhibit deviations from ideal behavior, with
asymmetry/multimodality and peak broadening. There are theoretically potential origins for the anion-related
properties of peak shape, including:

(1) Buried Fc and plane of electron transfer (PET). Active unit (ferrocene) packing in PVF buries part of
the Fc. As described in the previous experiments and model about close-packed Fc self-assembled monolayers
(SAMs)!2, the positional difference between the active unit and the closest ion/ion cluster creates multiple
electron transfer planes (PETs) that induce splitting and broadening of the CV peak. We noticed that making the
units farther apart (VFS cathode with TFSI™ anion, shown in Supplementary Figure 11) obtained a more ideal
CV.

(2) Intermolecular interactions experienced by the Fc and anions. For Fc surface-bound redox activity,
CVs can be fitted to models based on Langmuir or Frumkin isotherms to gain insight into the nature of
intermolecular interactions®*, including oxidized and reduced forms of Fc with anions. In addition, differences in

anion size make internal transport potentially sterically hindered, leading to discriminatory CV results’.
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Supplementary Figure 1. TGA and DSC curves of the prepared PVF. The polymer has almost no mass loss
before pyrolysis at 400 °C.



Supplementary Figure 2. The SEM and EDX elemental mapping of cathode (PVF: Super P: PVDF =4: 5: 1,

mass ratio), the scale bar in all EDX results is 1 um, same as SEM.
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Supplementary Figure 3. Nyquist plots of SPEs at different temperatures (O: Li = 20: 1), test using stainless
steel|SPE|stainless steel structure. (a, b) LiTFSI-PEO (¢, d) LiBOB-PEO (e, f) LiFSI-PEO (g, h) LiCl104-PEO
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Supplementary Figure 4. Ionic conductivity results of SPEs. The ion conductivity changes of different salts
with temperature, calculated from Supplementary Figure 3.
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Supplementary Figure 5. The DSC curves of SPEs. Using LiTFSI and LiBOB as salts, the melting enthalpy

of SPEs decrease significantly. However, LiClO4 and LiFSI have a weak effect on reducing polymer
crystallinity.
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Supplementary Figure 6. Determination of lithium-ion migration number. Chronoamperometry profiles
and AC impedance spectra before/after polarization for symmetric Li||Li cells at 60 °C, with (a) PEO-LiTFSI
(b) PEO-LiBOB (¢) PEO-LiFSI and (d) PEO-LiClO4 as electrolyte.
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Supplementary Figure 7. Salt concentration impact in PEO-LiBOB. Chronoamperometry profiles and
electrochemical impedance spectra for symmetric Li|PEO-LiBOB|Li cells with O: Li at (a) 30: 1 and (b) 40: 1.
(¢) AC impendence, (d) ionic conductivity and tLi+ of SPEs. (e) Nyquist plot of Li|PEO-LiBOB|PVF cells with
different O: Li. All the electrochemical tests were performed at 60°C.
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Supplementary Figure 8. Linear sweep voltammetry of SPEs. Tested using CR2025 coin-cell configuration
with Li|SPE|stainless steel at 60 °C, 0.2 mV s\
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Supplementary Figure 9. Redox properties of ferrocene. The CV results of Li||ferrocene cell with PEO-
LiClO4 electrolyte at 60 °C, 0.2 mV s!. The prominent oxidation peak observed in the first cycle appears as a
hump in the second cycle, indicating the poor reversibility of the ferrocene redox.
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Supplementary Figure 10. The ionic conductivity and redox peaks difference of SPEs (AE, collected from
CV results) with anion species at 60 °C
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Supplementary Figure 11. Synthesis and electrochemical tests of liner structure ferrocene cathode. (a)
synthesis of liner structure ferrocene (VFS) by click-chemistry. Specifically, 1 g of vinyl ferrocene a 1.5-fold
molar amount of ethanedithiol (99%, Aladdin) were put into 5 ml of dry toluene. The reaction was stirred at

70 °C for 24 hours, and the resulting solution was precipitated with methanol. The mass ratio of active materials
(VFS): Super P: PVDF =4: 5: 1 in electrode. (b), (¢) show the CV results with Li||VFS cells at 60 °C. Various
anion species and the ratio of O: Li in PEO-LiBOB were investigated (scan rate, 0.2 mV s™'). During the tests,
the VFS electrode showed extra oxide current beyond 3.8 V due to the instability of -C-S-C- bond. Thus, the
CV measurements were performed at 2.6~3.8 V for Li||VFS cells.
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Supplementary Figure 14. The cycles of Li||[PVF in liquid electrolyte, specific current applied of 62 mA g™! at

30 °C. The capacity and potential profiles of cells at (a, b) 1.0 M LiTFSI in TEGDME and (¢, d) 1.0 M LiPF¢

in EC: DMC = 1: 1 wt.%.
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Supplementary Figure 15. Cycle performance of Li|PEO-LiBOB|PVF cells at 60 °C. The capacity,
coulombic efficiency and potential profiles of cells at (a, b) 20, (¢, d) 50 and (e, f) 100 pA cm™.
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Supplementary Figure 17. Potential profiles of (a) LiPEO-LiClO4|PVF and (b) Li[PEO-LiFSI|PVF full cells
at 60 °C.
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Supplementary Figure 20. (a) Potential profile and (b, ¢) EIS of Li|PEO-LiTFSI|PVF at 60 °C, 100 pA cm™.
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Supplementary Figure 21. Charge storage behaviour in Li|PEO-LiTFSI|PVF cell, performed at 60 °C.
Generally, the electrochemical kinetics processes obey the following equations®.

i=av

(1)
log(i) = blog(v) + log(a) 2)

where i and v represent the peak current and corresponding scan rate, respectively, a and b denote adjustable
parameters. The b value is calculated from the slope of the log(i) versus log(v) plot. Generally, the electrochemical
process is ionic diffusion dominated when b approaches 0.5. When b is close to 1.0, the process is surface-

controlled. According to the calculation, the b values of peak 1 and peak 2 are 0.80 and 0.89.
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Supplementary Figure 22. Potential profiles of Li|PEO-LiTFSI|Super P cell at 50 pA ¢cm2, 60 °C. Super P:

PVDF = 85: 15 wt.% in electrode. The result confirmed that the capacity contribution of the conductive agents

is negligible.
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Supplementary Figure 24. Cell performance of SWCNT as the conductive agent, tested by Li|PEO-
LiTFSI|PVF cells at 100 pA cm™, 60 °C. It can be clearly observed that at high active material content (80
wt.%), the electrode with 5 wt.% SWCNT has a lower polarization, drops from 166 mV to 80 mV.
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Supplementary Figure 27. Performance of Li||[PAQs cell. (a) Synthesis of poly(anthraquinonyl sulfide) (PAQs),
the methods refer to the previously reported literature’. The mass ratio of PAQs: Super P: PVDF = 4: 5: 1 in
electrode. (b) Redox of PAQs in Li||[PAQs cells. The capacity and potential profiles of Li|[PAQs cells with (a, b)
1.0 M LiTFSI in TEGDME, 30 °C and (¢, d) PEO-LiTFSI, 60 °C as electrolyte.

29



a
210 100
ra 28 I
1804 #2 %
">150-
< 98
< 120
£ e 97
2
é %01 196
S 60+
3047 Li[PEO-LITFSIPVF+LFP O PVF:LFP=1:2 | gg
A 60 °C, 200 JA cm A PVELFP=1:1]gg
oL . . :
0 200 400 600 800

Cycle number

Coulombic efficiency (%)

Voltage (V)

4.2
Cycle 50
4.0 1
|
3.8
3.6
341 o~
3.2
3.0
PVF: LFP=1:2
284 ——PVFLFP=1:1
0 20 40 60 80 100 120 140

Capacity (mAh g™

Supplementary Figure 28. Cycles of composite cathodes at 200 pA cm-2, 60 °C. (a) Capacity and (c¢) potential
profiles of Li|PEO-LiTFSI|PVF+LFP cells (mass ratio of active materials: Super P: PVDF = 6: 3: 1). The mass

loading of active materials = 1.5 mg cm’
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Supplementary Figure 29. Electrochemical energy storage testing of PVF+LFP and LFP cathode with high
mass loading. The initial area capacity is limited to around 1 mAh ¢cm?, the mass loading in figure refer to the
active materials. (a) and (b) show the potential profiles and coulombic efficiency of Li||PVF+LFP cell. (¢) provide
the potential profiles of Li|[LFP cell. Benefiting from anion-extended carriers, the mixed cathode provides stable
cycles, even if PVF represents 50 wt.% of the active material. In contrast, LFP cathode suffer an irregular voltage
fluctuation at 4™ cycle, leading to a continuous drop in coulombic efficiency. (Li|[LFP cell performed at 100 pA
cm? for first 5 cycles and 200 pA cm™ for the rest, and Li||PVF cell was conducted at 200 uA cm™, both cells
cycled with PEO-LiTFSI electrolyte, 60 °C. The mass ratio of both cathodes was active material: Super P: PEO
=6:3: 1, PVF: LFP = 1: 1 in the mixed cathode.)
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Supplementary Figure 30. Ex situ postmortem SEM and EDX cross-section measurements of the Li|PEO-
LiTFSI[PVF+LFP cell after 50 cycles at 200 pA cm2, 60 °C, area specific capacity around 1 mAh cm™. The
scale bar in all EDX results is 50 um, same as SEM.
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Supplementary Figure 31. Electrochemical impedance spectroscopy of stainless steel|PEO-LiTFSI|stainless
steel with 5, 10 wt.% SN content in SPE at 30 °C.
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Supplementary Figure 32. Coulombic efficiency of Li|SPEs|PVF cells at 30 °C for rate test in Figure 6a,
without/with SN content in SPEs.
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Supplementary Figure 33. CV results of Li||PVF cells without/with 5 wt.% SN in SPEs at 0.2 mV s™!, 30 °C.



Supplementary Table 1. Characterization for polymerization

monomer : .
monomer initiator /initiator time  conversion M n M w
0 -1y a) -1y a)
(mole ratio) (h) (%) (gmol™) ¥  (gmol™)
vinyl 2,2'-azobis (2- 100 48 38 i1 o

ferrocene methylpropionitrile)

% The M » (number-average molecular weight) and M v (weight-average molecular weight) were obtained by
gel permeation chromatograph in tetrahydrofuran, M n / M w = 1.708.
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Supplementary Table 2. Determination of lithium ion transference number by chronoamperometry

Iy (mA)  Iss (mA)  Ro(Q) Rss(Q) L+
PEO-LiTFSI  0.04024 0.02845  238.07 237.70 0.092
PEO-LiBOB 0.6981 0.0077 372.03 365.69 -0.383
PEO-LiFSI 0.05668 0.03548 162.53 164.45 0.118
PEO-LiCIO4 0.01948 0.01589  499.22 495.23 0.105
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Supplementary Table 3. Equivalent circuit and fitting results of Li|SPE|PVF cells

SPE of . b Re (Q), mid- R (Q), high-
Li||PVF cells equivalent circuit Ro (@) frequency frequency
PEO-LiTFSI 15.60 99.32 /

RO Rct ,
PEO-LiFSI IR 38.42 103.9 /
CPE,
PEO-LiClO4 46.51 195.2 /

R

Re  Ra
PEO-LiBOB RGN 9.117 971.1 111.6

CPE,  CPE,

 Compared with SPEs with TFSI-, FSI-, and ClO4" as anions, the ionic cluster aggregation in the PEO-LiBOB lead a distinct multiple

charge-transfer interface (the multi semi-circles in the high-frequency and mid-frequency regions of EIS results, Figure 3c). Therefore,
different equivalent circuits are used for fitting.
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Supplementary Table 4. Redox peaks of CV and the ionic conductivities of different SPEs

SPE of
LIHPVF cells E Oxidation peak E Reduction peak AE Ox.p- Red.p

Ionic conductivity
at 60 °C (S cm™)

PEO-LiTFSI 3.515 3.412 0.103
PEO-LiBOB 3.571 3.361 0.210
PEO-LiFSI 3.622 3.324 0.298
PEO-LiClO4 3.539 3.227 0.312

3.535E-4

3.018E-4

2.160E-4

7.301E-5
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Supplementary Table 5. DFT calculations of binding energies of anion and ethyl ferrocenium

ethyl ferrocenium anion  anion absolute = compound absolute E binding )
. 1 Eo°
absolute energy (a.u.) species  energy (a.u.) energy (a.u.) (kcal mol™)
TFST -1827.61 -3557.01 -46.05 3.463
BOB- -779.62 -2509.04 -58.92 3.470
FSI -1351.90 -3081.34 -69.84 3.476
-1729.32 ClO4 -760.93 -2490.38 -75.37 3.381

© mean of oxidation and reduction peaks ((Eoxp+Eredp) /2) represent the electrode potential (Eo)
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Supplementary Table 6. Performance comparison between this work and the reported literature

Ionic Thickness Cathode / Amount and mass Current Density
Design of solid conductivity of solid/wel Theoretical loading of positive (uA cm?) / Ref
polymer electrolytes (S cm!) at test electrol gte capacity electrode (active Capacity ’
temperature y (mAh g9 materials) Retention
40 wt.%, 1.0 mg cm? for
Unmodified 3 A0a g0 e o S e metor | 100/871%  This
Y N %, 9. o
PEO-LiTFSI 60 °C 124 PVF+LiFePO, mixed 1000 / 62.9% work
high mass loading)
LiCoO, /
PEO-LiTFSI/PMA- 2.05x10* at ~140 o 2 50/90.0%
LiTFSI 65 °C BOwm - cpargeto /O WHY, 3.0 mgem 500 / 40.7% 8
425V)
Cross-linked UIO-66, 2.26x10* at LiFePOy4 / o 2 40.8/89.7%
PETMP and PEGDA 40 °C 80 um 170 80 wt.%, 2.4 mg cm 408/547%  °
Ultrathin PI film filled 2.3x10* at LiFePO, / 2 25.5/85.3%
with PEO-LiTFSI 60 °C 8.6 um 170 60 wt.%, 1.5 mg cm 255/44.1% 10
18 wt.% DMF in 1.2x10* at LiFePO4 / o D) 42.5/73.5%
xPTHF 70 °C 100 pm 170 70 wt.%, 2.5 mg cm 425/ 15.4% 1
PEOm,-Liy; Sis 5.6x10* at LiFePOy4 / o 2 12.7/96.7%
composite SPE 45°C 100 pm 170 80 wt.%, 1.5 mg em 510/ 49.7% 12
Polyeutectic electrolyte 7x10* at LiFePO, / o 2 119/85.3%
constructed by NIPAM 50 °C 100 pm 170 70 wt.%, 3.5 mg em 1190/ 44.1% 3
Single Li-ion . 0
Conductive Solid ~ ~104at70°C  100pm  “FPO/ g3 104 4.0 mg em? 34/88.2% 14
170 136 /41.2%
Polymer Electrolyte
Deep eutectic solvent : glass fiber .

. 1.79x10 at LiMn,0y4 / o 2 17.8/79.1%
baseec}esceilri-geizhng 25 0C mem:rane 148 80 wt.%, 1.5 mg cm 3552 /70 4 15
Self-Healing Janus 3 o LiMn,04 / o 2 7.1/86.2%

Interfaces for LAGP 107 at25°C 300 pm 148 80 wt.%, 1.2 mg em 71/55.5% 16

9 All the cell test were performed with coin-type cell, and lithium metal as negative electrode.
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