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Methods
Preparation of cathode
[bookmark: _Hlk156810391][bookmark: _Hlk156810381]Iron fluoride (FeF3, Aladdin, 97%), Copper fluoride (CuF2, Aladdin, 99.5%), Poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, Macklin, melt index:9-15 g/10 min), Polyethylene oxide (PEO, Aladdin, average Mv ~600,000), Polyethylenimine (PEI, Macklin) and bis(trifluoromethylsulfonyl)imide (LiTFSI, Macklin, 99.9%) were purchased as raw materials. The active powder CuF2@C was obtained by ball milling the raw material CuF2 and super P in a mass ratio of 8:2 at 400 r/min for 12 h. The active powder FeF3@C was obtained by ball milling the raw material FeF3 and super P in a mass ratio of 8:2 at 400 r/min for 12 h. All cathodes were made by a traditional slurry-coating way where active powder, super P, and poly-(vinylidene fluoride) (PVDF) binder were ground at a mass ratio of 70:20:10 and then homogenized in n-methyl-2-pyrrolidone (NMP) at a speed of 4000 rpm in a micro homogenizer (MSK-SFM-12M) for 10 minutes. The slurry was then bladed on Al foil to render uniform coating, which was further dried in a vacuum oven at 100 °C for at least 24 h and the cathode mass loading was around 0.5-1 mg cm−2.
Sintering of solid electrolyte pellet
Sodium carbonate (Na2CO3, 99%), zirconia (ZrO2, 99.99%), silicon dioxide (SiO2, 99.5%), Ammonium dihydrogen phosphate (NH4H2PO4, 99%) were purchased from Macklin. Firstly, the stoichiometric Na2CO3, ZrO2, SiO2, and NH4H2PO4 were mixed in the zirconia jars. Secondly, all powders were ball milled in the ethanol with zirconia balls for 12 h, rotary speed of 400 rpm. These mixtures were dried at 80 °C in a vacuum oven for 12 h. Finally, the powders were calcined at 1000 °C for 6 h with a heating rate of 5 °C/min to form precursors.
The milled powder was pressed for disk-shaped pellets (16 mm in diameter and 1.2 mm in thickness) at around 150 MPa for 5 min. The green pellets were calcined at 1240 °C for 6 h with a heating rate of 5 °C/min to form Na3Zr2Si2PO12 (NZSP) pellet.
Li1.5Al0.5Ge1.5(PO4)3 (LAGP) powder was bought from Hubei Solid New Energy Technology Co., Ltd and pressed as a pellet, then the green pellet was calcinated at 900 °C for 10 h with a heating rate of 5 °C/min to form LAGP pellet.
Assembly of semi-solid-state batteries
Preparation of polymer interface layers (PILs) was conducted in an argon-filled glovebox. The different PILs were composed of different polymers and LiTFSI salts. 
Among them, PIL-PVDF-HFP was prepared by dissolving PVDF-HFP and LiTFSI in N,N-dimethylformamide (DMF) solvent at a mass ratio of 2:1 to make a solution (the concentration of LiTFSI is about 7.0 *10-2 mol/L), and then coating ~30 μL solution on the positive electrode side by drop coating and heating at 80 °C for 5 h to remove DMF to get PIL.
PIL-PEI was prepared by dissolving PEI and LiTFSI in DMF solvent at a mass ratio of 2:1 to make a solution, and then coating the solution on the positive electrode side by drop coating. 
When PILs were used in sodium semi-solid battery systems, only LiTFSI was replaced with NaClO4, and the rest of the preparation process was the same. 
The semi-solid-state batteries were assembled in an argon-filled glovebox. The sodium semi-solid-state batteries (SSSBs) were made with a Na-metal anode, NZSP electrolyte, and a CuF2 cathode with PIL coated. The liquid electrolyte was composed of 0.8 M NaClO4 in the mixture solution of ethylene carbonate, diethyl carbonate, and propylene carbonate with a volume ratio of 4:4:2. ~5 μl of above electrolyte with the addition of 5 wt% fluoroethylene carbonate is used to wet the positive side interface. The lithium semi-solid-state batteries (LSSBs) were made with a Li-metal anode, LAGP electrolyte, and a CuF2 cathode with PIL coated. The liquid electrolyte was composed of 1 M LiTFSI or 0.8 M LiClO4 in the mixture solution of ethylene carbonate, diethyl carbonate, and propylene carbonate with a volume ratio of 4:4:2. ~5 μl of above electrolyte with the addition of 5 wt% fluoroethylene carbonate is used to wet the positive side interface (1). 
Electrochemical tests
The battery test system (Neware BTS-5) was used to conduct galvanostatic measurements of the batteries. All batteries testing was performed using CR-2032 coin-type batteries in a voltage window of 2-4.1 V for LSSB at 35 oC (308.15K)/60 oC (333.15K) and 1.7-4 V for SSSB at 30 oC and 35 oC. The cyclic voltammetry (CV) curve and electrochemical impedance spectroscopy were obtained by employing a CHI660C electrochemical workstation.
The current density of the galvanostatic intermittent titration technique (GITT) tests was 42 mA g-1, the duration time of each current pulse was 30 minutes, and the resting time was 10 h for CuF2.
Characterization
Phase structures of the as-prepared materials were investigated by X-ray diffraction (XRD) on a Bruker D8 diffractometer (equipped with Cu-Kα radiation) with a scan range of 10-80°. 
In situ XRD data in Figure S10b were collected using a homemade in situ XRD cell, which is a button battery with a hole in the positive electrode and sealed with Kapton tape. The structure of it is shown in Figure S10a.
In situ XRD data in Figure S30 were collected using an in-situ cell (further information about the cell design can be obtained at http://www.bjscistar.com) with an X-ray transparent beryllium window. 
Neutron Powder Diffraction: The measurements were performed on the High Resolution Powder Diffractometer(λ=2.4395(2) Å)(2), ECHIDNA at the Australian Nuclear Science and Technology Organisation (ANSTO). The neutron powder diffraction (NPD) patterns were collected at the temperature of ~300 K. All diffraction patterns were refined using the FullProf program.
Scanning electron microscopy (SEM, Hitachi S-4800) and Transmission electron microscopy (TEM, FEI Tecnai G2 F20) measurements were employed to characterize the morphology and microstructure of samples. Low-magnification HAADF-STEM images were collected from spherically corrected transmission electron microscope (FEI Titan G2 80-200 ChemiSTEM). High-resolution transmission electron microscopy (HRTEM) images were collected from Talos F200S. Atomic resolution HAADF-STEM images and electron energy loss spectroscopy (EELS) mapping spectra were obtained from probe aberration-corrected JEM ARM200F (S) TEM and aberration-corrected *JSM-IT500HR/*JSM-IT500HR TEM operated at 200 kV. 
Energy dispersive spectroscopy (EDS) mappings were carried out on FEI Talos F200X and Talos F200X S/TEM. Molybdenum grid was used to replace Cu support film when samples containing Cu elements for element analysis. 
X-ray photoelectron spectroscopy (XPS) was recorded on Escalab250Xi and Thermo ESCALAB 250XI X-ray photoelectron spectrometer. 
The solid-state Nuclear Magnetic Resonance (ss-NMR) one-dimensional (1D) 19F direct polarization (DP) experiments were measured with Bruker AVANCE NEO 500WB spectrometer with a 1.3 mm HXY magic-angle spinning (MAS) probe in double-resonance mode tuned to 19F frequencies. All 19F spectra were carried out at 298 K and processed in Bruker TopSpin software. 19F Larmor frequency of 470 MHz, with a spinning frequency of 20, 40, and 60 kHz, respectively. Spectra were referenced to the external standard LiF at −204 ppm.
Electron Paramagnetic Resonance (EPR) spectra were recorded at room temperature, in continuous-wave mode, EPR200M (CIQTEK, China), at mw power of ~0.1 mW. The field was modulated at 100 kHz with an amplitude of 2 G. The micro frequency was typically 9.57 GHz and a Bruker strong pitch (g = 2.0028) reference was used as a calibrator.
The Raman analysis was performed with a Raman spectrometer (LabRaAM HR Evolution) with an excitation wavelength of 532 nm. 
Synchrotron X-ray absorption spectroscopy (XAS): For the sample during the discharge process, Cu K-edge XAS measurements were performed at the 4B9A beamline(3) of BSRF under ring conditions of 2.2 GeV and about 80-mA. A Si (111) double-crystal monochromator was used for energy selection, and the sample data was collected in fluorescence mode. While data on the standard (i.e., Cu foil) was collected in transmission mode. The spectrometer energy resolution was approximately 1.4 eV, which gives an overall energy resolution of about 1.5 eV at the Cu K-edge, including core-hole effects. Energy calibration was performed by simultaneous measurement of the absorption edge of a Cu foil, i.e., referencing to energy shift between the maximum of the first peak in the derivative spectrum of a pure Cu foil and the Cu K-edge reference energy (8979 eV). 
For the samples during the charge process. All XAS measurements were performed in transmission mode. The measurements performed at the Institute of Science and Technology for New Energy, Xi’an Technological University used a laboratory-based X-ray absorption spectrometer. The measurements performed at easyXAFS used a similar instrument easyXAFS300 employing an Ag anode and operated at ≈1200 W power (40 kV and 30 mA). All EXAFS measurements were performed at easyXAFS. 
Each XAFS scan spanned the energy range from 100 eV below the Cu K-edge to 150 eV above edge for XANES and up to k = 12 from edge for the EXAFS analysis. All measurements were calibrated using the first derivative of a Cu foil reference. Data processing was carried out using the Athena and Artemis software.
Wavelet transform (WT) analysis of the experimental EXAFS spectra:
Wavelet transform of a given signal χ(k) is defined as(4):
        	(1)
where the scalar product of the EXAFS signal, and the complex conjugate of the wavelet ψ(k) is calculated as a function of a and k'; a is the parameter connected with R and k' conform to localization of wavelet function in k space. In this work we use the WT based on the Morlet wavelet functions:
 		        	(2)
These parameters should be adjusted to get appropriate resolution in k- an R-space. For providing better quality WT images, we used modified WT functions, where parameters σ and η correspond to width and frequency of the wavelet function, respectively. Here, to better observe the atomic information of the second shell, σ=10 and η=1.
First-principle calculations
[bookmark: _Hlk132299205]The Vienna Ab-initio Simulation Package (VASP)(5, 6), which implements density functional theory (DFT) with a GGA-PBE functional(7), was used for first-principle calculations. The projector-augmented-wave (PAW) method was used to describe core electrons(8). The valence electrons of Cu, Fe, F, O, N, and C atoms were Cu: 3d104s1, Fe: 3d64s2, F: 2s22p5, O: 2s22p4, N: 2s22p3, C:2s22p2. The plane waves of kinetic energy were set to 400 eV. In this study, bulk Cu, CuF, and CuF2 crystal structures were simulated within space groups Fmm (Face-Centered Cubic), F3m (Face-Centered Cubic), and P21/c (Monoclinic), respectively. For surface configurations, the slabs of Cu (011), CuF (011), CuF2 (011), Fe (110), FeF2 (110), and FeF3 (012) were considered in adsorption calculations. Polymer adsorbates (PVDF-HFP and PEI) are generally made of rather long polymer chains, while, in our adsorption models, we only consider the 1,1-difluoroethylene + hexafluoropropylene and ethyleneimine as repeating units of PVDF-HFP and PEI, respectively. For the protonation behavior of PEI, the secondary amine is protonated by adding an extra H+ to the ethyleneimine in our calculations. The DFT+U method was employed to treat localized Cu 3d and Fe 3d orbits. The effective single parameters U−J of 4.0 and 5.2 eV were set for Cu and Fe in fluoride based on previous DFT studies. (9, 10) Spin-polarized total energy calculations and structure relaxations were performed. For surface geometry optimization, the first Brillouin zone was sampled using a grid of 2 × 2 × 1 Γ-centered mesh k-point because of the supercell. Dispersion interactions were taken into account using Grimme’s method (DFT-D3)(11) to consider the interactions between slab atoms and the adsorbed molecules. CuFx (x = 0-2) and FeF2 surface slabs are made of eight atomic layers, with the bottom four layers fixed to describe the bulk properties, and there are six layers of atoms on the surface of Fe and FeF3, the slabs of Fe and FeF3 are fixed with three and four atomic layers respectively. Then, 15 Å vacuum layers were chosen to simulate all adsorption models. The atoms were relaxed until the energy converged smaller than 10−6 eV. Meanwhile, all atomic coordinates and lattice parameters are fully relaxed until the force convergence of 0.02 eV/Å. 
Correspondingly, phonon dispersion curves were calculated with the PHONOPY code(12) using the finite displacement method. VESTA(13) and VMD(14) were employed to display all crystal structures and the post-processing VASPKIT code(15) was used to deal with the VASP-calculated data. 
The adsorption energy () between the slab and various adsorbed molecules was calculated using the following equation:     
    (3)
[bookmark: _Hlk133764452]where  was the total energy of the adsorption structures.  and  were the energy of the surface and the adsorbate configurations, respectively. Noticeably, negative adsorption energy indicates a spontaneous exothermic process.
In Bader charge analysis, we counted all Bader charge changes of Cu atoms on the surfaces of Cu, CuF, and CuF2 respectively according to the following equation: 

where  was the surface Cu atoms Bader charge of the adsorption structures with adsorbates.  was the pristine surface Cu atoms charge of the surface structures without polymer adsorbates. Considering that the PILs have an influence on the Cu-F coordination in the upper four layers of the fluoride, we counted the Bader charges of the Cu atoms in the top four layers for CuF (011) and CuF2 (011) slabs, and the Bader charges of the Cu atoms in the top layer for Cu (011) slab, respectively.
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Figure S1. Relaxation experiment studies on several conversion electrode materials. Galvanostatic charge-discharge (GCD) profiles and relaxation experiment analysis of (a-c) FeF3 lithium-ion battery (LIB) and (d-f) FeF3 sodium-ion battery (SIB). For FeF3 LIB, the electrode was relaxed for 48 h in the charged state (~Li 1.2) and relaxed for 288 h in the discharged state (~Li 1.2). For FeF3 SIB, the electrode was relaxed for 48 h in the charged state (~Na 1.0) and relaxed for 288 h in the discharged state (~Na 1.0). All results indicate that voltage hysteresis can be significantly eliminated after a sufficiently long relaxation time. 
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Figure S2. GITT curves of CuF2 for (a) LIB and (b,c) SIB with liquid electrolyte. After relaxation, both CuF2 SIB and LIB with liquid electrolyte exhibited a trend of approaching the equilibrium voltage of CuF.
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Figure S3. Open-circuit voltage statistics for different product ratios of several transition metal compounds (CCF means the molar ratio of CuF2: Cu: LiF = 1: 1: 2; FFL means the molar ratio of FeF3: Fe: LiF = 1: 1: 3; C1F2 means the molar ratio of Cu: LiF = 1: 2; C1F1 means the molar ratio of Cu: LiF =1: 1; FL means the molar ratio of Fe: LiF = 1: 1).
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Figure S4. (a, b) HRTEM images of the intermediates at the surface of the CuF2 electrode in the discharged state (~Li 1.0). (c) HAADF-STEM image of spherical Cu nanoparticles at the surface of the CuF2 electrode in the discharged state (~Li 1.0). (d) HRTEM image of the spherical Cu nanoparticles.
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Figure S5. Spatial distribution of Cu element with different valence states under the conversional path 1. EELS mappings of Cu value state of the active particle of CuF2 electrode without PIL-PVDF-HFP in the discharged state (~Li-1.0). Among them, Cu(I) is mainly distributed in the outer layer of the particles.
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Figure S6. Relaxation and reverse charging experiments. (a) Voltage-time curve of CuF2 LIB after reverse charging for different times when discharging to 2.7 V. (b) Voltage-time curve of FeF3 LIB after reverse charging for different times when discharging to 1.8 V (the reverse charging process is a constant current charging process, which can be understood as delithiation. The legend marked (Li-x) is the degree of delithiation of charge, x is the degree of lithiation (theoretical capacity is Li-2.0 for CuF2 and Li-3.0 for FeF3), and (c) the corresponding statistical results. (1→2 means relaxation of CuF2; 1→4 means reverse charging of CuF2;1→3 means relaxation of FeF3; 1→5 means reverse charging of FeF3).
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Figure S7. (a) Schematic diagram of the intercalation-type cathode phase transition, consisting of the conversion between the lithium-rich phase β and the lithium-poor phase α and (b) the corresponding simplest free energy and voltage curve schematic diagram.
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Figure S8. Schematic diagram of the conversion-type electrode phase transition. (a) Schematic diagram of the spatial distribution of the phase composition during the discharge process. (b) The corresponding lithium chemical potential in different regions of the ternary phase diagram. Schematic diagram of simplified (c) free energy curve and (d) voltage curve of electrode active particles from the outside in. (e) Schematic diagram of the origin of voltage hysteresis of the conversion reaction, which indicates that voltage hysteresis is due to the difference in equilibrium half-reaction caused by the uneven spatial distribution of reaction products. This provided a plausible picture of the ineffectiveness of traditional kinetic optimization strategies: that is, the improvements in kinetics accelerate the diffusion of Li, Cu, and F, but the driving force for Li, Cu, and F diffusion requires differences in chemical potential(16) caused by the inhomogeneity, which means that the inhomogeneity elimination by the diffusion of Li, Cu and F always lags behind the new inhomogeneity generated by the reaction.
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Figure S9. (a) Rietveld refinement of XRD pattern of FeF3 electrode in the discharged state of ~Li-1.0; (b) In-situ XRD patterns of FeF3 electrode in the discharged state of ~Li-1.0 during the relaxation process and its magnification patterns. The FeF3 electrode in the discharged state exhibits the previously reported LixFeF3 phase(17). After different relaxation times, the structural transition during the relaxation process can be observed. In detail, with the progress of the relaxation process, the intermediate products LixFeF3 phase and the final products of the conversion reaction, LiF and Fe, are gradually produced, and the carbon peak shifts to a low angle, indicating that the crystal plane spacing and degree of graphitization slightly increase(18).
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Figure S10. (a) Schematic diagram of a homemade in situ XRD cell. (b) In situ XRD pattern of the relaxation process of CuF2 LIB in discharge state (~0.5 Li), the phase structure changed from Cu(II) phase to Cu(I) phase-calculated (Cu(I)F and Li3Cu(I)F4 phases can be obtained from Figure S11 d,e). 
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[bookmark: OLE_LINK1]Figure S11. Phonon spectra of (a) Cu(II)F2, (b) Cu(I)F and (c) Li3Cu(I)F4 based on finite displacement method from DFT calculations. Obvious imaginary frequencies from Cu(I)F phonon spectrum could be observed, indicating that its crystal was thermodynamically metastable. (d,e) The structure of CuF phase and Li3Cu(I)F4 phase and their corresponding XRD results.
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Figure S12. (a) Schematic diagram of the cell’s internal structure. SEM images of (b-d) CuF2 with PIL-PVDF-HFP (CuF2-PPH) cathode and (e-g) CuF2 cathode. A large number of cracks could be seen in the electrode, but after being coated with PIL-PVDF-HFP, the surface became flat and dense.
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Figure S13. (a,b) The charge density difference plots of CuF2 (011) surface with PVDF-HFP and PEI. (c,d) The charge density difference plots of CuF (011) surface with PVDF-HFP and PEI. (e,f) The charge density difference plots of Cu (011) surface with PVDF-HFP and PEI. (isovalue=1×10-3 e Bohr-3, yellow and cyanine semi-transparent clusters represent increase and decrease of electron density, respectively.)
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Figure S14. Top view of the images of the 2D surface slice charge difference density. (a,b) The 2D surface slice charge difference density mappings of CuF2 (011) surface with PVDF-HFP and PEI, (c,d) The 2D surface slice charge difference density mappings of CuF (011) surface with PVDF-HFP and PEI, (e,f) The 2D surface slice charge difference density mappings of Cu (011) surface with PVDF-HFP and PEI. (blue and red represent the increase and decrease of electron density, respectively). Bader charges analysis mappings of PVDF-HFP with (g) CuF2 (011) and (h) CuF (011) from DFT calculations (wathet blue and red represent gain and loss charge, respectively. Among them, the charge of surface Cu atoms increase on the surface of CuF2 (011) marked by the red circle).
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Figure S15. Schematic diagram of structure comparison between (a) CuF2 LIB with liquid electrolyte and (b) CuF2-PPH LSSB (PL means protective layer) after 5 cycles. (c) Optical photo and (d) EDS mapping of the negative side of the CuF2 LIB with liquid electrolyte; (e) optical photo and (f) EDS mapping of the negative side of CuF2-PPH LSSB; (g) optical photo and (h) EDS mapping of the solid electrolyte pellet corresponding to the positive side. The introduction of PVDF-HFP and semi-solid-state design can significantly inhibit the dissolution of copper and diffuse to the lithium metal anode.
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Figure S16. GCD profiles of (a) CuF2 LIB without PIL and (b) CuF2 LSSB without PILs.

[image: ]
Figure S17. (a-c) GCD profiles of (a) CuF2-PPH LSSB and (b) CuF2 LSSB with PIL-PEI. Among them, CuF2-PPH LSSB exhibited small voltage hysteresis, while CuF2 LSSB with PIL-PEI exhibited huge voltage hysteresis.
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Figure S18. (a) XRD patterns of pure CuF2 powder and CuF2-PPH; the neutron powder diffraction (ND) patterns of (b) pristine CuF2 powder and (c) CuF2-PPH, showed that the crystal structure of CuF2 remained unchanged after composited with PVDF-HFP.
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Figure S19. (a) EPR spectra of CuF2, CuF2-PPH and CuF2-PPH in the half-discharged state (~3.2 V) (CuF2-PPH-3.2 V). (b) NMR spectra of CuF2, CuF2-PPH and CuF2-PPH-3.2 V (sidebands are marked with asterisks), and (c) its partial magnification (x-axis range: -200--100), in which the PIL-PVDF-HFP spectrum indicates that the peaks in the range -70--120 ppm come from C-Fx; (d) XPS Augar spectra of CuF2-PPH LSSB in the discharged state (~3.2 V). (e) HRTEM image of Cu(I)F phase and its FFT result.
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Figure S20. (a) Raman spectra of CuF2 electrode and CuF2-PPH. XPS spectra of (b) Cu electrode and Cu-PPH; (c) XPS spectra of CuF2 electrode and CuF2-PPH. 
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Figure S21. Ex situ XRD patterns of CuF2-PPH LSSB in the new path during charge-discharge process and its magnification patterns (carbon is marked with an asterisk and aluminium is marked with black dot. The different charge/discharged states are represented by Li-x (x=0-2.0), where Li-2.0 represents a fully-discharged state in which the discharge capacity of the electrode reaches ~90% of the theoretical capacity).
[image: ]
Figure S22. HAADF images of CuF2 (a) in the pristine state and (b) the fully-discharged state. (c) TEM image of CuF2 in the fully-discharged state. (d) HAADF images and EDS mappings of CuF2 in the half-discharged state.
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Figure S23. HAADF images and EDS mappings of CuF2-PPH LSSB in the (a) pristine state and (b) fully-discharged state.
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Figure S24. (a) HRTEM images of the new path of CuF2-PPH LSSB in the discharged state (~Li 1.0). The distribution of the intermediate products was indicated by different color regions. There were mainly four kinds of products coexisting, i.e. (b) CuF2 (blue region), (c) Cu(I) phase (CuF/Li3CuF4, green region), (d) Cu (orange region), and (e) LiF (purple region). (f-i) FFT results of the four intermediate products. Except for CuF2, the other three phases are cubic, which also provides a structural basis for the conversion reaction.
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Figure S25. HAADF-EDS mappings and EELS mappings of (a) CuF2-PPH LSSB and (b) CuF2 LSSB in the discharged state (~Li 1.0). The shallow contrast was LiF-rich nanoparticles produced by the conversion reaction during the discharge process. In the absence of PIL-PVDF-HFP, the outside of the particles was LiF-rich phase, while more Cu was located inside the particles. On the contrary, the distribution of each element was relatively more uniform with PIL-PVDF-HFP.
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Figure S26. (a-b) XPS spectra of different etching depths of CuF2-PPH LSSB electrodes in the discharged state (~Li 1.0). 
[image: ]
[bookmark: _Hlk158015988]Figure S27. (a) First discharge curves of CuF2 LSSB at 32.3 mA g-1 and CuF2-PPH LSSB at 20.1 mA g-1. (b) Schematic illustration of path switching. The surface energy of the Cu(I) intermediate was reduced through interfacial absorption, which greatly promoted the reaction to a new pathway.
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Figure S28. (a-i) Traditional reaction path: Rietveld refinement of XRD pattern of CuF2 LSSB in the different states of charge.
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Figure S29. Study of the composition of the conventional reaction route process of CuF2 electrode without PIL. (a) Ex-situ XRD patterns of the conventional reaction route process of CuF2 LSSB without PIL and (b) molar ratio statistics for each component (the Cu(I) phase is obtained from Figure S11d,e).
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Figure S30. Structural evolution of CuF2 LIB with liquid electrolyte. (a,b) The in situ XRD pattern of CuF2 LIB with liquid electrolyte indicated that the Cu(I) phase did not appear in the conversion reaction process under the conventional path 1. 
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Figure S31. (a-i) Rietveld refinement of XRD pattern of CuF2-PPH electrode in the different states of charge.
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Figure S32. Theoretical coordination calculation results of (a) Cu, (b) CuF2, and (c) CuF. CuF exhibited a large amount of Cu-F/Cu-F-F/Cu-Cu-F coordination information in the R range of 3-5 Å, which demonstrated a large number of polyatomic scattering phenomena corresponding to high k values in CuF(19). (d) Schematic diagram of the mechanism of synchrotron X-ray absorption spectroscopy. The excited central atom was scattered by the energy of surrounding atoms to obtain information, and the coordination environment and bulk structure characteristics of the central atom could be further analyzed(20).
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Figure S33. GITT curves of (a)CuF2-PPH LSSB and (b) CuF2-PPH SSSB. “Voltage hysteresis free” of the conversion reaction is achieved under the new path.
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[bookmark: _Hlk136013843]Figure S34. (a) GCD profiles of LiFePO4 (LFP) LSSB, CuF2 LIB (path 1), and CuF2-PPH LSSB (path 2) at 60 °C (EE means energy efficiency, ED means energy density); (b) Cycle performance of CuF2-PPH LSSB with PIL at 60 °C. The current density is 0.1 C (1 C=500 mAh g-1). The charge-discharge behavior under the new path 2 of CuF2 took into account the high specific capacity of the multi-electron transfer reaction of the conversion reaction and the high energy efficiency close to the intercalation cathode. 
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Figure S35. Summary graph of electrochemical performance. (a) Discharge voltage-volume energy density plot, showing the potential application of various cathode systems in terms of voltage and volume energy density. (b) Voltage efficiency-gravimetric energy density graph, showing the comprehensive performance potential of various secondary battery cathode systems considering both high energy efficiency and energy density. (c) Combined with the mass ratio of each component of the solid-state battery, the mass energy density of the full battery under different cathode material systems (LFP means LiFePO4; LVP means Li3V2(PO4)3; LMNO means LiMn2-xNixO4; LCO means LiCoO2; LNCMO1 means Li1.17Ni0.2Co0.05Mn0.58O2; LMCNO means Li1.2Mn0.54Co0.13Ni0.13O2; LNCMO2 means LiNi0.6Co0.2Mn0.2O2; LRSO means Li2Ru1−ySnyO3; LNCMO3 means LiNi0.9Co0.05Mn0.05O2; LNCMO4 means LiNi0.8Co0.1Mn0.1O2), (d) The effect of the utilization ratio of Li metal and cathodes on the mass energy density of all-solid-state batteries (the mass ratio of cathode is set to 45 wt%). (e) Statistical results of voltage and polarization of various conversion-type electrodes showed that most of the current conversion-type electrodes could not meet the basic requirements of energy efficiency (>80%) due to serious voltage hysteresis problems. However, CuF2-PPH in our work exhibited both high discharge voltage and high energy efficiency. The reference mainly studies and displays various types of polyanionic type, Prussian blue, layered oxide, organic cathode cathodes (21-42), and some conversion-type cathodes (Table S5).
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Figure S36. Electrochemical performance of CuF2-PPH sodium batteries configuration. (a) GCD profiles of CuF2-PPH SSSB and (b) its CV curve; (c) CV curves of CuF2-PPH SSSB at different scan rates and (d) the corresponding fitting results. 
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Figure S37. GCD profiles of CuF2-PPH LSSB at 45 mA g-1 under a high loading of ~2.3 mg cm-2 and a low interfacial electrolyte of 6 μl cm-2. The PIL layer is prepared from a solution of about 20 μl cm-2 (PVDF-HFP: LiTFSI = 0.2 g: 0.1g in 3 ml DMF). Here, CuF2 LSSB delivers a discharge capacity of 500 mAh g-1. Considering the mass of the introduced PIL leads to a decrease in the proportion of active material to 57 wt%, so it is actually possible to achieve a total specific capacity of 285 mAh g-1.





Tablet S1 Adsorption energy of Cu (011), CuF (011), and CuF2 (011) surfaces with polymer adsorbates from DFT calculations.
	[bookmark: _Hlk133761035]Adsorption structures
	Adsorption energy/eV

	CuF2 (011) + PVDF-HFP
	-0.89013232

	CuF2 (011) + PEI
	-3.83540454

	CuF (011) + PVDF-HFP
	-3.41241039

	CuF (011) + PEI
	-7.43768445

	Cu (011) + PVDF-HFP
	-1.43991977

	Cu (011) + PEI
	-2.8033432



Tablet S2 Number of Cu-F bonds of CuF (011) surface and CuF (011) surface with polymer adsorbates from DFT calculations. The statistical results show that the adsorption of PVDF-HFP on CuF (011) surface has little effect on the coordination of Cu-F bonds.
	Number of Cu-F bonds
	CuF
	CuF (011) +PVDF-HFP
	CuF (011) + PEI

	First layer of the surface
	24
	24
	24

	Second layer of the surface
	32
	30
	20

	Third layer of the surface
	32
	32
	30

	Fourth layer of the surface
	32
	31
	29

	Total number
	120
	117
	103













Tablet S3 Surface Cu atoms Bader charge analysis and charge transfer between CuF2, CuF, and Cu surfaces and different polymer adsorbates from DFT calculations. The positive and negative values represent the Bader charge gained or lost by the surface Cu atoms after the adsorption of PILs, respectively.
	CuF2 (011)
	Q/e-
	CuF (011)
	Q/e-
	Cu (011)
	Q/e-

	CuF2+PVDF-HFP
	0.1044
	CuF+ PVDF-HFP
	0.076309
	Cu+ PVDF-HFP
	-0.919078

	CuF2+PEI
	0.787233
	CuF+PEI
	1.325601
	Cu+PEI
	0.542586



Table S4. Statistical table of Rietveld refinement results of XRD of CuF2 electrode without PIL-PVDF-HFP in the different charge of states.

	
	phase
	Unit cell
	Size(μ)
	microstrain
	Ratio(%)

	Pristine 
WR=3.33
	CuF2
	a=4.60929;
b=4.55034;
c=3.29578.
	1
	1000
	95

	
	CuF
	a=4.28133.
	1
	1000
	5

	Li-0.2
WR=3.05
	CuF2
	a=4.61055;
b=4.5549;
c=3.29936.
	1
	1000
	84

	
	CuF
	a=4.2709
	1
	1000
	3

	
	Cu
	a=3.61358
	0.105
	1000
	13

	Li-0.8
WR=3.55
	CuF2
	a=4.63257;
b=4.53155;
c=3.29977.
	1.5308
	5981.3
	71

	
	CuF
	a=4.26957
	1
	1000
	1

	
	Cu
	a=3.61386
	1.1423
	503.7
	28

	Li-1.2
WR=3.02
	CuF2
	a=4.62475;
b=4.53827;
c=3.29971.
	1
	1000
	43

	
	CuF
	a=4.26943
	1
	1000
	3

	
	Cu
	a=3.61447
	0.1564
	5779.3
	54

	Li-1.6
WR=3.37
	Cu
	a=3.6147
	0.0251
	10533.7
	85

	
	CuF2
	a=4.62644;
b=4.56021;
c=3.29478
	1
	10733.3
	11

	
	CuF
	a=4.27595
	0.475
	4457.5
	4

	Li-2.0
WR=2.99
	CuF2
	a=4.61255;
b=4.54382;
c=3.33022.
	1
	15909.6
	4

	
	CuF
	a=4.28221
	0.0838
	17804.4
	3

	
	Cu
	a=3.61728
	0.0274
	16084.5
	93

	Li-1.2(Charge)
WR=3.05
	CuF2
	a=4.61627;
b=4.56285;
c=3.27425.
	0.0347
	5377.2
	9

	
	CuF
	a=4.27914
	0.0659
	16437.9
	5

	
	Cu
	a=3.61642
	0.0188
	20798.9
	86

	Li-0.4(Charge)
WR=3.11
	CuF2
	a=4.61482;
b=4.55014;
c=3.28503.
	0.0385
	12114.0
	15

	
	CuF
	a=4.26183
	0.0701
	6993.2
	9

	
	Cu
	a=3.60921
	0.0164
	12533.1
	76

	Li-0(Charge)
WR=3.07
	CuF2
	a=4.62506;
b=4.4912;
c=3.32907.
	1
	4581.9
	29

	
	CuF
	a=4.28281
	0.0709
	6814.9
	8

	
	Cu
	a=3.62742
	0.019
	5611.8
	63




Table S5. Statistical table of Rietveld refinement results of XRD of CuF2 electrode with PIL-PVDF-HFP in the different charge of states.

	
	phase
	Unit cell
	Size(μ)
	microstrain
	Ratio(%)

	Pristine 
WR=3.757
	CuF2
	a=4.61051;
b=4.55332;
c=3.294.
	1
	1000
	99.4

	
	CuF
	a=4.28133.
	1
	1000
	0.6

	Li-0.2
WR=4.555
	CuF2
	a=4.61055;
b=4.5549;
c=3.29936.
	0.0524
	1691.7
	64.7%

	
	CuF
	a=4.26749.
	0.0305
	8540.3
	20.9%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	5653.5
	11.2%

	
	Cu
	a=3.61796
	1.0331
	5879.5
	3.2%

	Li-0.8
WR=5.51
	CuF2
	a=4.60987;
b=4.55705;
c=3.29593.
	1.9768
	3756.4
	12.

	
	CuF
	a=4.26957
	0.0345
	2329.5
	15.1%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	8105.1
	11.3%

	
	Cu
	a=3.61386
	10
	946.7
	27.4%

	Li-1.2
WR=4.72
	CuF2
	a=4.61328;
b=4.53827;
c=3.29971.
	0.6
	25337.9
	0.6%

	
	CuF
	a=4.25989
	0.1017
	4960.6
	51.1%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	0.6066
	28103.7
	19.5%

	
	Cu
	a=3.61089
	1
	125
	28.8%

	Li-2.0
WR=6.01
	CuF
	a=4.26785
	0.0463
	1000
	13.7%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	19442.4
	3.4%

	
	Cu
	a=3.61503
	1.4554
	1583.8
	82.9%

	Li-1.6
WR=8.27
	CuF2
	a=4.58893;
b=4.5507;
c=3.29903.
	0.0619
	15243.6
	6.1%

	
	CuF
	a=4.25815
	0.18
	18670.8
	15.9%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	12994.4
	4.9%

	
	Cu
	a=3.60834
	0.3016
	7093.8
	73.1%

	Li-1.2(Charge)
WR=7.88
	CuF2
	a=4.61601;
b=4.4795;
c=3.26664.
	1
	32060.2
	12.2%

	
	CuF
	a=4.26328
	0.1627
	10378.7
	20.9%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	9702.6
	17.1%

	
	Cu
	a=3.61418
	1
	412.5
	49.8%

	Li-0.4(Charge)
WR=7.03
	CuF2
	a=4.7067;
b=4.5123;
c=3.30579.
	1
	1000
	25.6%

	
	CuF
	a=4.25676
	0.1857
	7078.0
	9.9%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	50922.9
	15.7%

	
	Cu
	a=3.62337
	0.0658
	30091.8
	48.8%

	Li-0(Charge)
WR=5.42
	CuF2
	a=4.65184;
b=4.45216;
c=3.26037.
	1
	1291.0
	80.8%

	
	Li3CuF4
	a=4.26064;
b=4.26064;
c=4.26064.
	1
	3181.6
	4.2%

	
	Cu
	a=3.59154
	0.0871
	61830.4
	15%





Tablet S6(43-109) Statistics on the voltages and overpotentials of various conversion-type electrodes in LIB and SIB.
	Number
	Compound
	Battery
	Overpotential
(V)
	Discharge voltage (V)
	Voltage efficiency (%)
	Reference

	1
	FeP
	SIB
	0.73
	1.01
	58.2
	43

	2
	CoP
	SIB
	0.80
	0.95
	54.1
	44

	3
	CuP2
	SIB
	0.27
	0.56
	67.2
	45

	4
	FeSe2
	SIB
	1.05
	0.70
	39.9
	46

	5
	FeSe
	SIB
	0.64
	0.82
	56.1
	47

	6
	CoSe
	SIB
	0.68
	1.12
	62.2
	48

	7
	NiSe
	SIB
	0.58
	1.10
	65.3
	49

	8
	SnSe
	SIB
	0.33
	0.72
	68.4
	50

	9
	MnSe
	SIB
	0.83
	0.87
	51.2
	51

	10
	VSe2
	SIB
	0.37
	1.14
	75.6
	52

	11
	MoSe2
	SIB
	0.65
	0.87
	57.4
	53

	12
	CuSe
	SIB
	0.81
	0.56
	40.9
	54

	13
	Na-Se
	SIB
	0.27
	1.3
	83.4
	55

	14
	FeS2
	SIB
	0.73
	0.75
	50.8
	56

	15
	FeS
	SIB
	0.48
	1
	67.6
	57

	16
	CoS
	SIB
	0.70
	0.86
	55.1
	58

	17
	NiS
	SIB
	0.62
	0.97
	61.1
	59

	18
	SnS2
	SIB
	0.76
	0.70
	48.2
	60

	19
	SnS
	SIB
	0.47
	0.74
	61.1
	61

	20
	MnS
	SIB
	0.84
	0.44
	34.3
	62

	21
	VS2
	SIB
	0.80
	0.95
	54.2
	63

	22
	MoS2
	SIB
	1.31
	0.51
	28.1
	64

	23
	CuS
	SIB
	0.67
	0.92
	57.8
	65

	24
	Na-S
	SIB
	0.48
	1.27
	72.7
	66

	25
	Fe2O3
	SIB
	0.93
	0.26
	21.9
	67

	26
	CoO
	SIB
	1.99
	0.54
	21.4
	68

	27
	NiO
	SIB
	1.13
	0.7
	38.3
	69

	28
	SnO2
	SIB
	1.10
	0.45
	29.3
	70

	29
	SnO
	SIB
	0.79
	0.1
	11.2
	71

	30
	MnO2
	SIB
	0.84
	2.03
	70.7
	72

	31
	VO2
	SIB
	0.85
	0.88
	50.7
	73

	32
	MoO2
	SIB
	1.07
	0.68
	38.8
	74

	33
	CuO
	SIB
	1.46
	0.6
	29.1
	75

	34
	FeF2
	SIB
	0.84
	2.13
	71.7
	76

	35
	FeF3
	SIB
	1.43
	1.30
	47.5
	77

	36
	MnF2
	SIB
	0.84
	0.82
	49.3
	78

	37
	CuF2
	SSSB
	0.06
	2.97
	97.8
	our work

	38
	FeP
	LIB
	0.54
	0.60
	52.7
	79

	39
	CoP
	LIB
	0.54
	0.64
	54.4
	44

	40
	CuP2
	LIB
	0.77
	0.38
	33.0
	80

	41
	V4P7
	LIB
	0.62
	0.35
	36.3
	81

	42
	TiP2
	LIB
	0.75
	0.38
	33.4
	82

	43
	FeSe
	LIB
	0.61
	1.30
	67.9
	83

	44
	CoSe
	LIB
	1.02
	0.80
	43.9
	84

	45
	NiSe
	LIB
	0.57
	1.29
	69.4
	49

	46
	MnSe
	LIB
	0.99
	0.43
	30.4
	85

	47
	SnSe
	LIB
	0.20
	0.52
	72.5
	50

	48
	VSe2
	LIB
	1.03
	0.60
	37.0
	86

	49
	MoSe2
	LIB
	0.86
	0.77
	47.2
	53

	50
	CuSe
	LIB
	1.34
	0.79
	37.1
	87

	51
	Li-Se
	LIB
	0.18
	1.86
	91.1
	88

	52
	FeS
	LIB
	0.29
	1.5
	83.8
	57

	53
	NiS
	LIB
	1.02
	0.84
	45.2
	89

	54
	CoS
	LIB
	1.11
	0.66
	37.2
	58

	55
	SnS2
	LIB
	0.52
	0.61
	53.7
	90

	56
	MoS2
	LIB
	1.18
	0.87
	42.5
	91

	57
	CuS
	LIB
	0.16
	1.71
	91.6
	92

	58
	Li-S
	LIB
	0.25
	2.0
	88.9
	93

	59
	FeO
	LIB
	0.80
	0.92
	53.6
	94

	60
	Fe2O3
	LIB
	0.85
	0.75
	47.0
	67

	61
	CoO
	LIB
	0.82
	0.66
	44.6
	68

	62
	NiO
	LIB
	1.37
	0.75
	35.4
	69

	63
	MnO
	LIB
	0.80
	0.49
	37.9
	96

	64
	SnO2
	LIB
	0.58
	0.42
	42.0
	95

	65
	VO2
	LIB
	1.51
	0.74
	32.9
	97

	66
	MoO2
	LIB
	1.08
	0.37
	25.4
	98

	67
	Cr2O3
	LIB
	0.99
	0.31
	23.8
	99

	68
	CuO
	LIB
	1.24
	1.00
	44.7
	100

	69
	FeF2
	LIB
	0.84
	2.07
	71.1
	101,102

	70
	FeF3
	LIB
	1.22
	1.86
	60.4
	103

	71
	CoF2
	LIB
	1.39
	1.75
	55.7
	104

	72
	NiF2
	LIB
	1.29
	1.35
	51.2
	105

	73
	MnF2
	LIB
	1.2
	0.5
	29.4
	78

	74
	FeCl2
	LIB
	0.77
	0.61
	44.3
	106

	75
	FeCl3
	LIB
	0.79
	0.76
	48.9
	107

	76
	CoCl2
	LIB
	1.08
	0.8
	42.6
	108

	77
	SnCl2
	LIB
	0.72
	0.25
	25.9
	109

	78
	CuF2
	LSSB
	0.05
	3.19
	98.4
	Our work



Tablet S6 Adsorption energy of Fe (110), FeF2 (110), and FeF3 (012) surfaces with different polymer adsorbates from DFT calculations.
	[bookmark: _Hlk133761118]Adsorption structures
	Adsorption energy/eV

	Fe (110) + PVDF-HFP
	-22.9334313

	Fe (110) + PEO
	-19.46937206

	FeF2 (110) + PVDF-HFP
	-9.31059368

	FeF2 (110) + PEO
	-6.65929626

	FeF3 (012) + PVDF-HFP
	-0.79220663

	FeF3 (012) + PEO
	-1.00252759
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