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Figure S1. (a) Rietveld refinement and (b) crystal structure of N3VOPF.
In Figure S1a, all XRD diffraction peaks emerged sharp, indicating the good crystallinity of the synthesized N3VOPF, in which lattice parameter a=b=6.39572 Å, and c=10.6341 Å. The crystal structure of N3VOPF (Figure S1b) consists of an open framework formed by [PO4] tetrahedra and [VO5F] octahedra sharing oxygen atoms, in which fluoride atoms bridge the [VO5F] octahedra.1 Na+ manifest in two distinct positional configurations, termed as Na1 (8h) and Na2 (8j).
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Figure S2. Full XPS spectra of N3VOPF and NVOPF.
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Figure S3. Raman spectrum of NVOPF.
The peaks at 530, 938, and 1045 cm-1, which are attributed to the vibrational modes of [PO4]. Two distinct characteristic peaks at 1350 and 1590 cm-1 are assigned to the defective carbon (D) and graphitic carbon (G) bands, respectively. The ID/IG ratio of 1.112 reflects the predominance of defective carbon, validating the presence of rGO.2
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Figure S4. TEM image of NVOPF.
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[bookmark: OLE_LINK6]Figure S5 (a) N3VOPF and (b) NVOPF HRTEM images.
The measured lattice space of 0.534 nm in NVOPF indicates an expansion compared to the (002) lattice spacing of N3VOPF.
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Figure S6. HAADF image with corresponding EDX mapping images of N3VOPF.






[image: ]
Figure S7. EDX spectra of N3VOPF and NVOPF.
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Figure S8. (a) Scheme of the three-electrode Swagelok cell. (b) CV curve of 0.05 M Fc in 0.5 M Ca(TFSI)2 in a mixed solvent of PC and EC (1:1 v/v ratio) at 1 mV s-1 (WE: Au, CE: ACC, RE: ACC). (c) Position of the Fc+/Fc and the Ca2+/Ca vs. SHE (upper) and ACC (lower).
[bookmark: _Hlk174989952]The potential of the employed ACC was determined by a standard redox reference system. The ferrocene/ferrocenium ion (Fc+/Fc) redox couple, which exhibits a potential of 0.4 V vs. the standard hydrogen electrode (SHE), served as the calibration standard for the ACC potential. Any observed drift in the Fc+/Fc couple potential relative to ACC effectively reflects a drift in the ACC potential itself.3 
[bookmark: _Hlk173951152]Figure S8a illustrates the schematic diagram of the three-electrode Swagelok cell employed in this study. Notably, the ACC electrode serves as both the counter and reference electrode in this configuration. Figure S8b presents the CV curve obtained using a three-electrode setup comprising: a working electrode (Au), a counter electrode and reference electrode (ACC), and an electrolyte solution (0.05 M Fc and 0.5 M Ca(TFSI)2 in a mixed solvent of PC and EC). The potential of the Fc+/Fc couple with respect to ACC was calculated using equation:

where φFc/Fc+ is the measured potential of the ferrocene/ferrocenium couple, φp, c and φp, a are the cathodic and anodic peak potentials, respectively. 
Figure S8c compares the scale of the potential value of the Fc+/Fc redox couple vs. SHE and vs. ACC reference electrode. The Fc+/Fc redox couple was measured at about 0.1 V vs. ACC, which thus shifts all the potential values measured vs. ACC of -0.3 V. Thus, the potential of the Ca2+/Ca redox couple is excepted at -3.168 V vs. ACC.
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Figure S9. The cycling performance of rGO at 50 mA g-1.
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Figure S10. (a) Coulombic efficiency at 20 mA g-1 and the corresponding (b-i) charge/discharge profile as marked from Figure S10a.
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[bookmark: OLE_LINK3]Figure S11. The cycling performance of NVOPF at 100 mA g-1.
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Figure S12. (a) Rate performance before activation and representative the (b) charge/discharge profiles from the rate performance before activation.






[image: ]
Figure S13 The HRTEM image of NVOPF in charged state at the 25th cycle.
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[bookmark: OLE_LINK2]Figure S14. The HAADF-STEM images of NVOPF in charged state at the 200th cycle.
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Figure S15. (a) Rietveld refinement and (b) crystal structure of calciated NVOPF.
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Figure S16. EDX spectrum of calciated NVOPF.
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Figure S17. HAADF image with corresponding EDX mapping images of calciated NVOPF at 2nd charge state.
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Figure S18. XRD patterns of NVOPF in discharged state at the 1st and 2nd cycle.
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Figure S19. HAADF image with corresponding EDX mapping images of the electrode in charged state at the 70th cycle.
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[bookmark: OLE_LINK7]Figure S20. HAADF image with corresponding EDX mapping images of the electrode in charged state at the 200th cycle.






[image: ]
[bookmark: _Hlk167972435]Figure S21. (a) The comparison of full XPS spectra of the electrode at 2nd charged and 200th charged states. XPS spectra of (b) F 1s and (c) V 2p of the electrode in desodiated state and charged state of the 200th cycle. The purple peak is the shoulder peak of C-F.4, 5
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Figure S22. STEM images and the corresponding FFT patterns of (a) (001), (b) (002), and (c) (200) planes of VOPO4 in charged state at the 200th cycle.
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Figure S23. Schematic illustration of the charge/discharge process during electrochemical activation. 
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[bookmark: OLE_LINK15]Figure S24. The comparison of high-resolution Na 1s XPS spectra.
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[bookmark: OLE_LINK17]Figure S25. Reconstructed VOPO4 NSs model and the corresponding front, top, and right views.






[image: ]
[bookmark: OLE_LINK18]Figure S26. Representative ortho slices marked by black pieces.
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[bookmark: OLE_LINK13]Figure S27. Illustration of the volume segmentation by contrast.
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Figure S28. Representative segment at different rotation angles from reconstructed (a) VOPO4 NSs and (b) voids. Different colors represent each isolated part. Therefore, the continuous portion of VOPO4 NSs (blue) and voids (green) exceeds 99%.
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[bookmark: OLE_LINK8]Figure S29. GITT potential response curve of (a) NVOPF at 2nd and (b) VOPO4 at 200th cycle with time, and the test was carried out at a constant current pulse of 10 mA g−1 for 5 mins and a relaxation period of 30 mins. GITT curve of (c) NVOPF at 2nd and (d) VOPO4 at 200th cycle and diffusivity versus state.
The Ca2+ diffusion coefficient (D) was calculated using the following Equation:6

where τ represents the duration of the constant current pulse, and MB, mB, VM, and S denote the active mass, molar mass, molar volume, and area of the electrode (NVOPF or VOPO4), respectively. ΔEs corresponds to the potential difference during the open-circuit period, and ΔEτ signifies the potential change during the current pulse.
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[bookmark: _Hlk170307244]Figure S30. ADF images of VOPO4 at (a) charged and (b) discharged states, with selected positions indicated for STEM-EELS mappings, as shown in Figure 5g and 5h, respectively.
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[bookmark: _Hlk152006359]Figure S31. EELS spectra of Ca L-edge and the corresponding of VOPO4 during 200th cycle. The green line and blue line correspond to different selected position of discharged state. Another two lines correspond to different selected position of charged state.
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Figure S32. Log(i) versus log(v) plots of redox peaks in CV curves of (a) NVOPF and (b) VOPO4.







[bookmark: _Hlk170307406]Table S1. Rietveld refinement information for N3VOPF. Rp=6.236, Rwp=8.056
	Space group: I4/mmm
a = 6.39572 Å
b = 6.39572 Å
c = 10.63406 Å
α = β = γ = 90°
Unit-cell volume = 434.990351 Å3

	Atom
	Site
	Occupancy
	x
	y
	z

	Na1
	8h
	0.743
	0.27146
	0.27146
	0.00000

	Na2
	8j
	0.066
	0.21790
	0.50000
	0.00000

	V1
	4e
	1.000
	0.00000
	0.00000
	0.19811

	P1
	4d
	1.000
	0.50000
	0.00000
	0.25000

	O1
	16n
	1.000
	0.31202
	0.00000
	0.16041

	O2
	4e
	1.000
	0.00000
	0.00000
	0.35754

	F1
	2a
	1.000
	0.00000
	0.00000
	0.00000





	Space group: I4/mmm
a = 6.30851 Å
b = 6.30851 Å
c = 10.86380 Å
α = β = γ = 90°
Unit-cell volume = 432.349869 Å3

	Atom
	Site
	Occupancy
	x
	y
	z

	Na1
	8h
	0.696
	0.29300
	0.29300
	0.00000

	V1
	4e
	1.000
	0.00000
	0.00000
	0.18847

	P1
	4d
	1.000
	0.50000
	0.00000
	0.25000

	O1
	16n
	1.000
	0.31036
	0.00000
	0.15860

	O2
	4e
	1.000
	0.00000
	0.00000
	0.34836

	F1
	2a
	1.000
	0.00000
	0.00000
	0.00000


Table S2. Rietveld refinement information for NVOPF. Rp=3.184, Rwp=4.092





Table S3. Rietveld refinement information for calcated NVOPF. Rp=3.336, Rwp=4.533
	Space group: I4/mmm
a = 6.36496 Å
b = 6.36496 Å
c = 10.73254 Å
α = β = γ = 90°
Unit-cell volume = 434.804375 Å3

	Atom
	Site
	Occupancy
	x
	y
	z

	Na1
	8h
	0.664
	0.28215
	0.28215
	0.00000

	Ca1
	8h
	0.049
	0.28215
	0.28215
	0.00000

	Ca2
	8j
	0.077
	0.21790
	0.50000
	0.00000

	V1
	4e
	1.000
	0.00000
	0.00000
	0.19589

	P1
	4d
	1.000
	0.50000
	0.00000
	0.25000

	O1
	16n
	1.000
	0.31649
	0.00000
	0.16118

	O2
	4e
	1.000
	0.00000
	0.00000
	0.36189

	F1
	2a
	1.000
	0.00000
	0.00000
	0.00000







	Battery type
	Cathode material
	Diffusion coefficient (cm2 s-1)
	Reference

	Ca2+
	This work
	3.19×10-9
	

	
	VOPO4·2H2O
	2.29×10-10 to 1.14×10-11
	 7

	
	Na1V2(PO4)2F3
	1.12×10-11 to 1.44×10-10
	 8

	
	CaV6O16·2.8H2O
	7.5×10-12 to 1.8×10-13
	 9

	
	δ-MnO2
	10-10 to 10-11
	 10

	
	NayFeFe(CN)6-x(CO)x
	1.4-5.8×10-14
	 11

	
	MnO2-PANI
	2.24×10-10 to 3.78×10-12
	 12

	
	Cu3(OH)2V2O7·2H2O@rGO
	1.3×10-9 to 2.1×10-13
	 13

	Li+
	LiNixMnyCozO2
	1-10×10-11
	 14

	
	C-LiFePO4
	6.77×10-16
	 15

	Na+
	Na3V2(PO4)2O2F
	10-13 to 10-11
	 2

	
	Nax[Fe2/3Mn1/3]O2
	1.3×10-12
	 16

	K+
	P2-K0.6CoO2
	8.3×10-12 to 1.6×10-11
	 17

	
	KVP2O7
	2-4×10-11
	 18

	Mg2+
	VOPO4
	1.5×10-13
	 19

	
	Mg0.3V2O5·1.1H2O
	4.78×10-9 to 4.42×10-11
	 20

	Al3+
	Li2V6O13
	10-12 to 10-14
	 21

	
	Co3S4
	10-18 to 10-20
	 22


Table S4. Metal-ion diffusion coefficient comparisons for different cathode materials
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