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Fig. S1 a SEM image and b optical image of the perforated Cu current collector (pCu). Due to the micrometer-scale perforation holes, the figure behind the pCu is visible
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Fig. S2 Cross-sectional SEM images of a, b the pCuE and c, d bCuE used for electrode thickness comparison
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Fig. S3 a Confocal microscopy image of the pCu-adopted electrode (pCuE), showing the opposite side of slurry coating layer. b SEM image of artificial graphite and SiOx active materials
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Fig. S4 Cross-sectional SEM/EDX images of the pCuE and the bCuE: a Cross-sectional SEM image of the pCuE, with EDX element mapping for b Si, c C, and d Cu; e Cross-sectional SEM image of the bCuE, with EDX element mapping for f Si, g C, and h Cu
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Fig. S5 Schematic illustration of the pCuE and the bCuE
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Fig. S5 a Bulk electronic resistivity and b interface (current collector and composite electrode) electronic resistivity of the pCuE and the bCuE measured using multi-probe electrode resistance analyzer
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Fig. S6 a, b Bx, c, d By, and e, f Bz magnetic field imaging (MFI) maps for the bCu and pCu foils, respectively. The foils are placed along the dashed lines for reference
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[bookmark: _Hlk203234331]Fig. S7 a Electrode current density distribution obtained from electron conduction simulation as a function of the perforation hole diameter. b Normalized current density distribution of the SiOx/AG electrode located in the perforated region
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Fig. S8 a Optical microscopy images of the SAICAS micro-blade and the electrode sample before and after measurement. b Interface adhesion strength between current collector and composite electrode for the pCuE and the bCuE
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Fig. S9 Contact angle of a the pCu and b the bCu with deionized water
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Fig. S10 Schematic illustration of additional hydrogen bonding between hydroxyl group on the pCu and the PAA binder
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Fig. S11 a Confocal microscopy image of the surface of the pCuE. b Surface profile of the corresponding pCuE surface
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[bookmark: _Hlk203233423]Fig. S12 a Detailed geometry of the pCu. Schematic illustration of the calculation procedure for b the electrode thickness reduction in the non-perforated region (NPR) and c the local N/P ratio in the NPR and perforated region (PR) of the pCuE. d Comparison of mass loading and the corresponding electrode density in the NPR and PR
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Fig. S13 Nyquist plot of electrochemical impedance spectra measured from 10% to 100% SoC in 10% increments after pre-cycling of a the pCuE half-cell and b the bCuE half-cell. c Equivalent circuit model for characterizing charge transfer resistance from EIS spectra. d Corresponding charge transfer resistance (Rct) as a function of SoC
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[bookmark: _Hlk203233768]Fig. S14 a Voltage profile of the pCuE and b voltage profile of the bCuE during precycling in the half-cell configuration
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Fig. S15 Direct current internal resistance (DCIR) measured from 10% to 100% SoC in 10% increments after pre-cycling using hybrid pulse power characterization (HPPC) protocol
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[bookmark: _Hlk203235229]Fig. S16 a Voltage profile of the NCM622 half-cell during precycling. b Discharge capacities and c corresponding voltage profiles of NCM622 half-cells under various discharge rates (0.1C, 0.2C, 0.5C, 1C, and 2C).
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Fig. S17 Nyquist plot of electrochemical impedance spectra measured at 50% SoC after pre-cycling of the pCuE and the bCuE full cells
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Fig. S18 Segmentation results for each electrode component (AG, SiOx, and Cu current collector) of a the pCuE and b the bCuE for electrochemical modeling and simulation
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Fig. S19 a Pseudo-four-dimensional (P4D) electrochemical modeling and simulation domain and geometry of b the virtual pCuE and c bCuE full cells
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[bookmark: _Hlk203235827]Fig. S20 Discharge voltage profile obtained from experiment and simulation
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Fig. S21 a Lithium-ion concentration curve in the electrode domain as a function of discharge capacity. b Schematic illustration of lithium-ion transport characteristics in the bCuE and the pCuE
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Fig. S22 Voltage profiles of the a pCuE and b bCuE full cells during 0.5C cycling
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Fig. S23 a Charge transfer resistance and b SEI resistance estimated form the electrochemical impedance spectra measured before cycling, after 100 cycles, and after 300 cycles of the pCuE and the bCuE full cells at the discharge state using equivalent circuit model
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Fig. S24 Optical image of a the dilatometry measurement setup and b the three-electrode pouch cell. c Schematic illustration of the dilatometry measurement
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Fig. S25 a Digital camera image of a the single-sided pCuE and b the double-sided pCuE (pCuE-DS). c, d Cross-sectional SEM images of the pCuE-DS
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Fig. S26 a Digital camera image of the XCT measurement setup. b Cross-sectional SEM image of the double-sided pCu electrode (pCuE-DS). c XCT tomographic images of the pCuE-DS at different electrode depths (top, middle, and bottom layers)
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Fig. S27 Voltage profile of a the pCuE-DS pouch-type full cell and b the bCuE-DS pouch-type full cell
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Fig. S28 Cross-sectional SEM images of SiOx electrodes composed of 100 wt% SiOx as the active material with a pCu (pCuE-100) and b bCu (bCuE-100). SiOx/AG electrodes with 30 wt% SiOx as the active material with c pCu (pCuE) and d bCu (bCuE). SiOx/AG electrodes with 20 wt% SiOx as the active material with g pCu (pCuE-20) and h bCu (bCuE-20). SiOx/AG electrodes with 10 wt% SiOx as the active material with j pCu (pCuE-10) and k bCu (bCuE-10)
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Fig. S29 Symmetric cell EIS spectra of a pCuE-100 and bCuE-100, b pCuE and bCuE, c pCuE-20 and bCuE-20, and d pCuE-10 and bCuE-10. e Ionic resistance and f ionic tortuosity values calculated from the symmetric cell EIS spectra. g Equivalent circuit model and h transmission line model (TLM) used for estimating Rion. i Equation used to calculate ionic tortuosity based on Rᵢₒₙ [S1, S2]
[image: ]
Fig. S30 Rate performance of full cells with varying SiOx content. a–c pCuE-100 and bCuE-100: discharge capacity (a) and voltage profiles (b, c). d–f pCuE and bCuE: discharge capacity (d) and voltage profiles (e, f). g–i pCuE-20 and bCuE-20: discharge capacity (g) and voltage profiles (h, i). j–l pCuE-10 and bCuE-10: discharge capacity (j) and voltage profiles (k, l)
[bookmark: _Hlk203233893]Supplementray Note S1
we quantitatively estimated the gravimetric and volumetric energy densities of full cells assembled with pCuE and bCuE, as shown in Figs. 6f and 6g. The calculations were based on a single-side coated pouch-type cell configuration, assuming the following conditions:
-	10 µm-thick Cu current collector (pCu or bCu),
-	15 µm-thick Al current collector (Sam-A, Republic of Korea),
-	20 µm-thick separator (F20BHE, Tonen, Japan),
-	cathode areal capacity: 3.3 mAh cm-2,
-	N/P ratio: 1.1,
-	initial Coulombic efficiency: 75%,
-	nominal cell voltage: 3.75 V.
The compositions and densities of the cathode and anode were taken directly from those used in this study. The pouch and lead tabs were excluded from the energy density calculations to focus purely on internal components.
[image: ]
Fig. S31 a Digital photograph of the experimental setup used for the tensile test of pCu. b Stress–strain curves of pCu, bCu, aluminum foil, and separator obtained from tensile test
Table S1 Electrode design parameters for SiOx/AG anodes
	Material
	SiOx
	AG
	PAA
	CMC
	Super P

	Composition / wt%
	31
	62
	3
	0.5
	3

	Loading level / mg cm-2
	4.95

	Thickness / µm
	33/30*

	Density / g cm-3
	1.5

	Areal capacity / mAh cm-2
	3.6

	* pCuE, thickness above the current collector surface


Table S2 Electrode design parameters for NCM622 cathode
	Material
	NCM622
	PVDF
	Super P

	Composition / wt%
	96
	2
	2

	Loading level / mg cm-2
	19.8

	Thickness / µm
	69

	Density / g cm-3
	3.5

	Areal capacity / mAh cm-2
	3.3*

	* N/P ratio: ~1.1



Table S3 Governing equations of pseudo-four-dimensional electrochemical model
	Electrochemical reaction
	Governing equation
	Domain

	Diffusion and migration

	
	Electrolyte

	Charge conservation
and electroneutrality
	

	Electrolyte

	Diffusion
	
	Active material

	Ohm’s law
	
	

	Butler-Volmer
equation
	


	Electrode/
Electrolyte
interface


Table S4 Initial and boundary condition of pseudo-four-dimensional electrochemical model
	Initial and boundary condition

	Electrolyte mass transport
	





	Solid mass transport
	



	Electrolyte electric filed
	






	Solid electric field
	







Table S5 Model parameters
	Symbol
	Value
	Unit

	
	1.15
	M (mol L−1)

	
	NCM622
	24,290[a]
	mol m−3

	
	SiOx/AG
	57,490 [a]
	

	
	NCM622
	[3]	V

	
	SiOx/AG
	[4]	

	
	9.3275[5]
	mS cm−1

	
	Cathode
	0.017[b]
	S cm−1

	
	Anode
	18.87[b]
	

	
	3.8346×10−10[5]
	m2 s−1

	
	NCM622
	2×10−13[3]
	m2 s−1

	
	SiOx/AG
	2.619×10−14[6]
	

	
	0.250[7]
	-

	
	NCM622
	0.35[c]
	mA cm−2

	
	SiOx/AG
	0.48[c]
	

	
	298.15[b]
	K

	
	8.314
	J mol−1 K−1

	
	96485
	C mol−1


[a] Theoretically calculated
[b] Experimentally measured
[c] Fitting parameter


Table S6 Glossary of symbols
	Symbol
	Description
	Unit

	
	Lithium-ion concentration in electrolyte
	mol m-3

	
	Lithium-ion concentration in active material
	mol m-3

	
	Maximum lithium-ion concentration in active material
	mol m-3

	
	Current density in electrolyte
	A cm-2

	
	Current density in active material
	A cm-2

	
	Butler-Volmer interface current density
	A cm-2

	
	Electric potential of electrolyte
	V

	
	Electric potential of active material
	V

	
	Equilibrium potential of active material (vs Li/Li+)
	V

	
	Ionic conductivity of electrolyte
	S m-1

	
	Electronic conductivity of active material
	S m-1

	
	Lithium-ion diffusion coefficient of electrolyte
	m2 s-1

	
	Lithium-ion diffusion coefficient of active material
	m2 s-1

	
	Lithium-ion transference number of electrolyte
	-

	
	Exchange current density
	A cm-2

	
	Overpotential
	V

	
	Anode thickness
	µm

	
	Separator thickness
	µm

	
	Cathode thickness
	µm

	
	Temperature
	K

	
	Universal gas constant (8.3143)
	J mol-1 K-1

	
	Faraday constant (96,487)
	C mol-1

	
	Initial state
	-

	
	Effective parameter
	-


[bookmark: _Hlk203235880]Table S7. Electrode design parameters and cycling performance of SiOₓ-based composite anodes reported in previous literature.
	Cathode
	Anode
	
	
	
	

	Active
material
	Loading level
(mg cm-2)
	Active
material
	Capacity (mAh g-1)
	Loading level
(mg cm-2)
	Density
(g cm-3)
	NP ratio
	Cut-off voltage
	Capacity retention
	Refs.

	LiNi0.6Co0.2Mn0.2O2
	19.8
	SiOx/AG
	665
	4.95
	1.5
	1.1
	4.3
	80%@
160 cyc
	This work

	LiNi0.6Co0.2Mn0.2O2
	14.1
	SiOx/Gr/C
	653
	3.7
	1.4
	1.15
	4.3
	86%@
100 cyc
	[S8]
	LiNi0.3Co0.3Mn0.3O2
	N/A
	SiOx
	1252
	3.3
	1.0
	1.1
	4.3
	62%@
100 cyc
	 [S9]
	LiNi0.8Co0.15Al0.05O2
	27.8
	SiOx/C
	1000
	2.3
	1.0
	1.1
	4.2
	78%@
50 cyc
	[S10]
	LiNi0.6Co0.2Mn0.2O2
	20
	SiOx@graphene
/Gr
	680
	5.0
	1.5
	1.1
	4.3
	80%@
120 cyc
	[S11]
	LiNi0.8Co0.1Mn0.1O2
	18.5
	SiOx/C@Gr
	650
	7.0
	N/A
	1.1
	4.2
	93%@
100 cyc
	[S12]
	LiNi0.8Co0.15Al0.05O2
	14
	SiOx/C
	978
	2.2
	0.9
	1.1
	4.2
	61%@
100 cyc
	[S13]
	LiNi0.5Co0.2Al0.3O2
	11.5
	SiOx/PPy
	1280
	2.3
	N/A
	N/A
	4.3
	76%@
90 cyc
	[S14]
	LiNi0.6Co0.2Mn0.2O2
	7.2
	SiO/C
	1500
	0.9
	N/A
	1.2
	4.2
	49%@
40 cyc
	[S15]
	LiNi0.8Co0.1Mn0.1O2
	6.0
	Si@SiO2@C
	972
	1.0
	0.32
	1.2
	4.2
	61%@
100 cyc
	[S16]
	LiFePO4
	6.0
	SiO/C
	1500
	0.9
	N/A
	1.4
	4.2
	52%@
100 cyc
	[S15]
	LiCoO2
	5.5
	SiOx
	1145
	0.8
	N/A
	1.1
	4.3
	90%@
50 cyc
	[S17]
	LiCoO2
	4.0
	Si/SiO2
	873
	0.7
	N/A
	1.2
	4.0
	60%@
100 cyc
	[S18]
	LiFePO4
	N/A
	SiOx/C
	1568
	N/A
	N/A
	1.15
	3.8
	94%@
100 cyc
	[S19]
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