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Supplementary Fig. 1 | Scanning electron microscopy (SEM) images of the monolayer hexagonal boron nitride (hBN) on a, Cu foil and b, transferred to the SiO2 (300 nm)/Si substrate. c, Atomic-resolution transmission electron microscopy (TEM) image of the monolayer hBN. d, Raman spectrum of the monolayer hBN transferred to the SiO2 (300 nm)/Si substrate at multiple points showing the uniformity of hBN thickness. 
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Supplementary Fig. 2 | a, Surface energies of the Cu slab models. b, Optimized Cu(111) surface shown as a 2  2 supercell. Atoms are colored based on their layer order; first and last layer: orange, second layer: green, third layer: light blue.
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Supplementary Fig. 3 | a, Average interfacial energies () of the monolayer hBN/Cu, monolayer graphene/Cu and pristine Cu. The snapshots of the representative optimized interfacial systems of Li(111) on b, hBN/Cu, c, graphene/Cu and d, pristine Cu. The interfacial systems are modeled periodically in all axes to depict the uniform thin-layer Li surface deposition. The monolayer hBN and monolayer graphene are represented with stick style, whereas other atoms are represented with spheres. Atoms are colored based on the element: C atom: gray, N atom: blue, B atom: light pink, Li adatom: lavender, Cu atom: orange (to distinguish the Cu stacking configuration, the Cu atoms in the second and third layers are colored in light green and dark blue, respectively). In the interfacial energy calculation, a periodically flat interface was assumed. The negative interfacial energy implies that the formed interface is thermodynamically stable. However, the positive interfacial energy implies that the formed interface is thermodynamically unstable, resulting in Li dendrites.
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Supplementary Fig. 4 | Schematic representation of the asymmetric galvanic cells (substratesLi metal) with an externally connected ammeter and the solid electrolyte interphase (SEI) layers formed on a, pristine Cu, b, monolayer graphene/Cu and c. monolayer hBN/Cu. 
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Supplementary Fig. 5 | Cross-sectional TEM images of the SEI layer formed on the pristine Cu.
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Supplementary Fig. 6 | Cross-sectional TEM images of the SEI layer formed on the monolayer graphene/Cu.
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Supplementary Fig. 7 | a-c, Cross-sectional TEM images of the SEI layer formed on the monolayer hBN/Cu at various positions. d, Magnified TEM image showing (c) LiF (d-spacing: 0.21 nm) and Li2CO3 (d-spacing: 0.31 nm) crystals in the SEI layer.
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Supplementary Fig. 8 | Voltage-time profiles of the asymmetric cells (substrates||Li metal). Asymmetric cells were charged at different current densities to the point of failure. The slope k was calculated using equation (1) and (2)15.
Qtotal = Qdeposit + Qloss 	(1)
Qloss = Qir + k·j 		(2)
Herein, 200-μm Li foils were used, corresponding to Qtotal = 41.2248 mAh cm-2. The time in which the cell failed is denoted as tdis. Qdeposit is the product of current density j and tdis. 
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Supplementary Fig. 9 | Change in the X-ray photoelectron spectroscopy (XPS) profiles before and after the deposition of Li on the monolayer hBN/Cu: a, B 1s b, N 1s, c, Cu 2p and d, Li 1s. After the Li metal deposition, the intensity of peaks corresponding to the B–N bonds and Cu decreased. However, the peak assigned to Li increased after Li deposition. This indicates that the monolayer hBN/Cu was almost completely covered by the uniform and dense Li deposition.
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Supplementary Fig. 10 | Cross-section TEM image obtained after the Li deposition on the tri-layer hBN/Cu at an areal capacity of 0.1 mAh cm−2. Image shows the uniform deposition of Li on the hBN. Note that we used the tri-layer hBN/Cu because it was difficult to distinguish Cu and the deposited Li metal when the monolayer hBN was used. 
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Supplementary Fig. 11 | Coulombic efficiencies of the monolayer hBN/Cu, monolayer graphene/Cu and pristine Cu at a current density of 5 mA cm−2 and an areal capacity of 5 mAh cm−2.



[image: ]
Supplementary Fig. 12 | Charge/discharge rate capabilities of the Li metal full cells (N/P ratio = 1) with a, the pristine Cu and b, the monolayer hBN/Cu, in which the discharge current density was varied from 0.4 to 12 mA cm−2 at a fixed charge current density of 0.4 mA cm−2.
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Supplementary Fig. 13 | Surface SEM images of a, pristine Cu and b, monolayer hBN/Cu after the cycling test in anode-free full cells.
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Supplementary Fig. 14 | Slab model (left) and possible Li adsorption sites (right) on a, monolayer hBN/Cu, b, monolayer graphene/Cu and c, pristine Cu(111) surfaces. Various sites were optimized to obtain the stable adsorption sites, and the monolayer hBN and graphene are shown in a stick shape, whereas other atoms are indicated with spheres. The atoms are colored according to their element, with C atom in gray, N atom in blue, B atom in light pink and Li adatom in lavender, whereas Cu atoms are colored based on their layer order, with the first and last layer in orange, the second layer in light green and the third layer in dark blue. The adsorption energy values for each site are also provided.



Supplementary Table 1 | Comparison between the performance metrics of the anode-free full cell fabricated in this study with those of previously reported anode-free full cells.
	Concept
	Thickness (Coating layer on Cu)
	Cathode material
	Electrolyte
	Areal capacity
[mAh cm−2]
	Discharge current density
[mA cm−2]
	Cycle number
(capacity retention)
	Average coulombic efficiency
[%]
	Reference

	Monolayer hBN
	0.6 nm
	LFP
	1 M LiTFSI DOL/DME + 2 wt% LiNO3
	3
	0.8
	50
(84%)
	99.65
	This
study

	PEO film
	200 nm
	LFP
	1 M LiTFSI DOL/DME + 2 wt% LiNO3
	0.7
	0.14
	100
(52%)
	99.35
	30

	Multilayer graphene
	1.7 nm
	LFP
	1 M LiTFSI DOL/DME + 2 wt% LiNO3
	1.8
	0.2
	100
(61%)
	99.51
	31

	Tin plating
	-
	Ni0.85Co0.1Al0.05
	1 M LiPF6 FEC/EMC
	1
	0.5
	80
(~0%)
	97.16
	32

	SiOx
	10 um
	LFP
	4 M LiFSI DME
	2.6
	0.9
	100
(53%)
	99.37
	33

	Graphene oxide
	1.2 um
	NCM111
	1 M LiPF6 EC/DEC + 5% FEC
	1.8
	0.2
	50
(48%)
	98.54
	34

	Ag@PDA-GO
	9.6 um
	NCM111
	1 M LiPF6 EC/DEC + 5% FEC
	2.2
	0.5
	50
(65%)
	99.14
	35

	Mesoporous silica
	30 nm
	LFP
	4 M LiFSI DME
	2
	0.2
	100
(46%)
	99.22
	36

	B-PVDF fiber
	1 um
	NCM111
	1 M LiPF6 EC/DEC
	2
	0.2
	30
(61%)
	98.37
	37


* Average coulombic efficiency = Capacity retention(1/cycle number)
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