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Supplementary Fig. 1 (a) Illustration of the initial state to observe the interface between Al foil and SbF3 solution. (b) Once being immersed and aged, there will be electron exchange (shown by the gray arrow) and ion exchange (shown by the red arrow) on the surface of the Al foil. 
The Al-ions would be replaced by Sb here and diffuse into the solution. Due to the low solubility of SbF3, Al -ions will preferentially combine with fluoride ions and become fluoride precipitates in the outermost layer of the PGI-layer. 
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[bookmark: _Hlk202383981]Supplementary Fig. 2 (a)-(d) The optical images of initial state of zinc foil, and the different samples after aging durations, that is, PGI-0, PGI-2, and PGI-10 samples, respectively. Aluminum substrates were aged in an antimony trifluoride (SbF3) solution for varying durations (2 min, 5 min, and 10 min), with the resulting coated electrodes designated as PGI-2, PGI-5, and PGI-10, respectively. Macroscopic examination revealed that the surface color of the bare Al progressively darkened from bright silver to gray with increasing treatment time (Fig. S2).
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Supplementary Fig. 3 SEM images of GPE/Al-metal interface for in-situ-formed GFA-2 (a), GFA-5 (b), GFA-10 (c). Cross-sectional SEM analysis indicated that the thicknesses of the PGI-2, PGI-5, and PGI-10 coatings increased progressively, measuring approximately 8 μm, 15 μm, and 20 μm, respectively.
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Supplementary Fig. 4 SEM and (d) corresponding elemental mapping image of PGI layer.
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Supplementary Fig. 5 SEM images of Sb-coated Al. The scale bar is (a) 10 μm and (b) 5 μm.
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[bookmark: _Hlk206528814]Supplementary Fig. 6 In situ impedance spectroscopy of Sb-Al electrode during the stripping and deposition processes in the first twenty cycles.
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Supplementary Fig. 7 In situ impedance spectroscopy of PGE-Al electrode during the stripping and deposition processes in the first twenty cycles.
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Supplementary Fig. 8 Impedance response of Sb-Al in symmetric cells before and after the potentiostatic hold.
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Supplementary Fig. 9 Impedance response of GFA-coated Al in symmetric cells before and after the potentiostatic hold.
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Supplementary Fig. 10 Galvanostatic charge and discharge curves of the Sb-Al symmetrical cells under the increasing current density.
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Supplementary Fig. 11 Models for (a) Sb- Al electrode, and (b) PGI-Al electrode.
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[bookmark: _Hlk206580294]Supplementary Fig. 12 Distribution of the electric field and the different morphologies after Al deposition in Sb-Al and PGI-Al cells, respectively. (a) The electrical field is unevenly distributed by concentrating at microscopically uneven spots, resulting in the dendritic morphology after Al plating on Sb-Al (b). (c) homogenizing the distributions of electrical fields for PGI-Al electrode, and (d) the void-filling morphology as dendrite-free morphology after Al plating.
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Supplementary Fig. 13 In situ optical observation device images of aluminum anodes in plating process.
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Supplementary Fig. 14 The cycling performance of PGI-2 coated Al at a current density of 10 mA cm-2 and a plating capacity of 10 mA cm-2.
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Supplementary Fig. 15 The cycling performance of PGI-10 coated Al at a current density of 10 mA cm-2 and a plating capacity of 10 mA cm-2.


Among the PGI-x series, PGI-5 demonstrates a more stable voltage profile, with a reduced voltage hysteresis of 45 mV throughout 5000 hours of operation. In contrast, PGI-2 also shows enhanced cycling stability and lower voltage hysteresis compared to bare Al. However, PGI-2 displays more pronounced voltage fluctuations after 660 hours (Supplementary Fig. 13), which can be attributed to its relatively thin PGI layer being less mechanically robust against volume changes during aluminum plating and stripping. Additionally, PGI-10 exhibits greater voltage variations and higher polarization, as illustrated in Supplementary Fig. 14. This is caused by the excessive thickness of its PGI coating, which hinders ion transport between the Al metal and the electrolyte. Together, these findings highlight PGI-5 as the optimal protective layer among the series. Unless otherwise specified, the term “PGI” in the text refer to “PGI-5”.
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Supplementary Fig. 16 Coulombic efficiency profiles of PGI-Al asymmetric cells under a 3 mAh cm–2 capacity at a current density of 3 mA cm–2.
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Supplementary Fig. 17 Voltage profiles of PGI-Al measured during Al plating/stripping at an areal capacity of 3 mAh cm–2 at a current density of 3 mA cm–2.
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[bookmark: _Hlk202432971]Supplementary Fig. 18 Voltage profiles measured during Al plating/stripping at an areal capacity of 5 mAh cm–2 at a current density of 5 mA cm–2.
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[bookmark: _Hlk224662742][bookmark: _Hlk206532674]Supplementary Fig. 19 SEM of Al growth in the presence of glass fiber separator when PGI-Al is used as anode. Deposition capacity: 5 mAh cm2. Scale bars:50 μm.. SEM of Al growth in the presence of glass fiber separator when Sb-Al is used as anode. Deposition capacity: 5 mAh cm2. Scale bars:50 μm.
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Supplementary Fig. 20 (a) Sb-based narrow-band interface and (b) Sb-AlF3 wide-band interface exhibit substantial differences in the modulation of ion/electron transport pathways and the sites for aluminum nucleation.
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Supplementary Fig. 21 XRD pattern of PGI-Zn coated Al.
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Supplementary Fig. 22 SEM images of PGI-Zn coated Al. The scale bar is (a) 100 μm and (b)10 μm.
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Supplementary Fig. 23 The cycling performance of PGI-Zn coated Al at a current density of 10 mA cm-2 and a plating capacity of 10 mA cm-2.
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Supplementary Fig. 24 XRD pattern of PGI-Sn coated Al.
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Supplementary Fig. 25 SEM images of PGI-Sn coated Al. The scale bar is (a) 100 μm and (b)10 μm.



[image: ]

Supplementary Fig. 26 The cycling performance of PGI-Sn coated Al at a current density of 10 mA cm-2 and a plating capacity of 10 mA cm-2.
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Supplementary Fig. 27 XRD results of three-dimensional graphite
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Supplementary Fig. 28 Nyquist plots of Al-graphite full cells using Sb-Al as anode. Nyquist plots of Al-graphite full cells using PGI-Zn as anode.
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[bookmark: _Hlk202383580]Supplementary Fig. 29 (a) Equivalent circuit model of Al||graphite full cells. (b) Rct of PGI coating Al||graphite battery and Sb-coated Al||graphite battery.
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Supplementary Fig. 30 Galvanostatic discharge/charge curve of PGI-Al||graphite battery at 2 C to 50 C under 25℃.
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Supplementary Fig. 31 Galvanostatic discharge/charge curve of PGI-Al||graphite battery at 10 C under 25℃.
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Supplementary Fig. 32 Galvanostatic discharge/charge curve of PGI-Al||graphite battery at 20 C under 80℃.
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[bookmark: _Hlk220518825]Supplementary Fig. 33 Galvanostatic discharge/charge curve of PGI-Al||graphite battery at 0.2 C under -20℃.
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Supplementary Fig. 34 Galvanostatic discharge/ charge curve of PGI-Al||graphite battery at 0.2 C under -30℃.
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Table S1. Comparison of electrochemical performance of 3D porous gradient interlayer with some previously reported Al metal anodes in non-aqueous electrolyte.
	Optimization Strategy
	Composition
	Current density
(mA cm-2)
	Areal capacity
(mAh cm-2)
	Cycle Time
(h)
	Ref.

	





Electrolyte Optimization
	AlCl3/DPE
	0.1
	0.2
	2000
	1

	
	[bookmark: _Hlk215830422]AlCl3/acetamide  
	0.1
	0.1
	225
	2

	
	1,2-difluorobenzene additive
	0.054
	0.27
	1000
	3

	
	CTAC additive
	3
	1
	1200
	4

	
	Molten salt
	2
	2
	500
	5

	
	Fluorobenzene additive
	8
	8
	7600
	6

	Multifunctional Host
	(111) Al
	1
	5
	2000
	7

	
	Carbon cloth
	1.6
	8
	3600
	8

	
	SA-Co/NPCS
	1
	2
	5000
	9

	Separator Design
	Cellulose
	0.5
	1
	800
	10

	

SEI Protective Layer
	MXene
	2
	12
	5000
	11

	
	Bi
	10
	10
	550
	12

	
	Diatomite
	3
	1
	2000
	13

	
	PDMS
	5
	5
	2800
	14

	
	MOF-C
	1
	1
	11000
	15

	
	
	
	
	
	

	
	3D Porous Gradient Interlayer
	10
	10
	5000
	This work
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