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Experiments

Materials preparation

Materials. All compounds including solvents were acquired from Aladdin, Sigma-
Aldrich, Adamas, Sinopharm Chemical Reagent Co., Ltd and MTI Corporation and

they were used as received. The electrode materials contain CuF2 (Adamas, 98%), Pb
foil (0.3 mm thick, =99.999%), Ketjen Black (KB-C, MTI Corporation), poly(vinyl

difluoride) (PVDF, Sigma-Aldrich), and Super P (SP, MTI Corporation).

Preparation of electrolyte. Firstly, 0.5 M 6-Thioguanine (abbreviated as TG, Aladdin,
98%) was dissolved in dimethyl sulfoxide (DMSO, Aladdin, 99.9%) under vigorously
magnetic stirring for 6 h to get a homogeneous TG/DMSO solution. Then 0, 0.5 M, 1.0
M, 1.5 M or 2.0 M CsF (Aladdin, 99.9%) was added into the solution and the white
electrolytes were obtained after stirring overnight. According to their chemical
compositions, these electrolytes were abbreviated as CTD0, CTD1, CTD2, CTD3 and
CTDA4, respectively. We also tried the ether solvents (e.g. G4), but TG was seemingly
insoluble in ether.

Preparation of CuF2 composite cathode. Commercial anhydrous CuF> and KB-C



were taken to acquire the CuF, composite cathode (noted as CuF»-c) with a mass ratio

of 8:2 via high energy ball milling with a rate of 600 rpm for 5 h.

Electrochemical measurement

CuF»-c was mixed with SP and PVDF, which serve as conductive carbon and binder
respectively, under a mass ratio of 7:2:1. PVDF was dissolved in 1-methyl-2-
pyrrolidinone (NMP, Sinopharm Chemical Reagent Co., Ltd, =99.0%) under a mass
concentration of 1 mg/20 uL in advance before the mixing process. Then the mixture
was bladed on the pure Al foil and dried in vacuum at 60 °C for overnight. Glassfibre
from Whatman was used as the separator. The CR2032-type coin cells were assembled
in a glove box filled with Ar (O2, H2O < 0.1 ppm, Vigor). The electrochemical window
of electrolytes was measured by linear sweep voltammetry on an electrochemical
workstation (Princeton Versa STAT3). The ionic conductivity of electrolytes was
gauged through an ionic conductivity meter (DDSJ-308A) at room temperature.
Galvanostatic charge-discharge cycling performance was carried out with a discharge
cut-off voltage of -0.15 V (vs. Pb**/Pb) and a charge cut-off capacity of 150 mA h g'!
at room temperature at a current density of 50 mA/g on the Land multichannel battery
testing system (CT2001A). The symmetric cells by taking the mixture of Sn and SnF»
(with a mass ratio of 1:1) as electrodes were employed to determine the F~ transport
number (tr) on VersaSTAT3 workstation s with a DC polarization voltage of 10 mV.

The tr value could be obtained according to the following equation:
_ Iss(AV — IoRo)
" Io(AV - IgsRg)

where AV is 10 mV, Iy and Iss are the current responses at the initial and steady states,

Ro and R are the corresponding resistances at the initial and steady states.

Materials characterization
Electrolyte characterization. To provide an insight into the interaction mechanism of
TG with CsF, the TG, CsF and electrolyte CTD were used for nuclear magnetic

resonance (NMR) spectroscopy measurement. The 'H, '3C, and '°F spectra were



acquired from a Bruker Avance III HD 400 MHz spectrometer with deuterated reagents
of CD3CN, DMSO-d6 and CDCIls respectively. Fourier transform infrared (FTIR)
spectroscopy was collected by Nicolet iS10 in a wavenumber range from 4000 to 400
cm !

Electrode characterization. The phase evolution of Pb anodes before and after cycling
was analyzed by X-ray diffractometer (XRD, Bruker, D8 Discover) in a scanning 26
range of 10-80 ° at a rate of 10°/min with Cu Ka radiation. The chemical composition
and elemental valence of the pristine and cycled CuF»-c composites were detected by
X-ray photoelectron spectroscopy (XPS, ESCAlab-250) with an Al anode source.
Further information of the microstructure and spatial distribution of phases for cathodes
were disclosed by high-resolution transmission electron microscopy (HRTEM) images
and selected area electron diffraction (SAED) patterns collected from JEOL JSM-6700F,
operated with an acceleration voltage of 200 kV. All the ex-situ characterizations of the
cycled electrode samples were prepared by disassembling the cycled cells in the Ar-

filled glove box and then repeatedly washed with DMSO to remove the residual salts.

These samples were transferred to the testing chamber after drying and sealing.

Theoretical calculation

DFT calculations were implemented by adopting the Vienna Ab initio Simulation
Package (VASP). Projector augmented wave pseudo-potentials were used to describe
the interaction between valence electrons and ions. Additionally, the exchange-
correlation interaction was treated by Perdew-Burke-Ernzerhof (PBE) of the
generalized gradient approximation (GGA) function. The cutoff energy was set as 500
eV and the structures were relaxed until the energy variation is less than 10 eV. The
force convergence criterion was set as 0.02 eV/A. The adsorption energy (E,) for TG to
F was described as Ea= Erc+r- (E1c *+ EF), where Etcs+r is the total energy of adsorption
system after geometry optimization, Etg and Er are the energies of TG molecule and F
atom respectively. The van der Waal (vdw) interaction was described via the DFT-D3

correction method of Grimme.
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Figure S1. Optical photos of the preparation process of electrolyte.
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Figure S2. (a) Illustration of adsorption situations of different AAs to F. (b)
Corresponding adsorption energies of AA-F complexes. The data of FBTMPhB-F and
TPFPB-F both refer to the work reported by Konishi et al..l]
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Figure S3. ’F NMR spectra of CsF, CTD1 and CTD3. The chemical shift values for
CsF, CTD1 and CTD3 are -108 ppm, -113 ppm and -137 ppm respectively.
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Figure S4. ’C NMR spectra of TG, CTD1 and CTD3. There is no peak shift for CTD1
and CTD3 and the newly added peak at 40.5 ppm is the signal of C from DMSO.
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Figure S5. (a) FTIR curve of CTDO. A broad band in the region from 3390 to 1750 cm’
I'is observed, and it indicates the formation of TG complex. This complex is formed
via the hydrogen bonds between TG molecules. (b) Scheme of the hydrogen-bonded
TG chains in CTDO.
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Figure S6. Scheme of the cutting of hydrogen bonds in TG chains in CTD3.



lonic conductivity of electrolyte based on AA strategy

lonic conductivity

Electrolyte (mS/cm, RT) Ref.
0.15 M CsF+ 0.5 M TPhBX Sx 0.046 2
Sat-CsF +0.5 M DiOB-An G4 0.0032 3
Sat-CsF +0.5 M DiOB-Py G4 0.027 3
CTD1 2.1 This work
CTD2 2.40 This work
CTD3 1.75 This work
CTD4 1.54 This work

Figure S7. lonic conductivities of F-ion electrolytes based on AA strategy at room

temperature reported by literatures,[>! and the sulfone electrolytes designed in this

work.
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Figure S8. Impedance spectra for (a) CTD1 and (c) CTD 4 before and after polarization
measurement. DC polarization measurement and current response with time for (b)

CTD1land (d) CTD 4.
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Figure S9. Charge/discharge curves of CuF2|CTDn|Pb cells during the initial cycle.
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Figure S10. Electrochemical curves of (a) CuF,|/CTDI1|Pb, (b) CuF:|CTD2[Pb, (c)
CuF,|CTD4|Pb cells during the 10™ and 30™ cycles.
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30 25

316 7.55 mA/g 139.3 4
75 10 mA/g 100 25 55.5 5
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Figure S11. Performance comparison between reported FIBs based on liquid

electrolytes and our FIB.[> 414
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Figure S12. (a) *H and (b) *3C NMR spectra of as-prepared CTD3 and cycled CTD3

after 10 cycles

Figure S14. HRTEM images of discharged cathode in different areas.



Figure S15. TEM images of charged cathode in different areas at different scales of (a)
100 nm and (b-d) of 50 nm.

Figure S16. HRTEM images of charged cathode in different areas.
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Figure S17. XPS spectra of pristine CuF> cathode and cycled cathodes when CTDI1

serves as the electrolyte: (a) C 1s, (b) O 1s, (c) Cs 3d and (d) N Is.
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Figure S18. XPS spectra of cycled CuF: cathodes when CTD3 serves as the electrolyte:
(a) C1s,(b) O 1s, (c) Cs 3d and (d) N 1s.
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