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S1 Experimental Section
S1.1 Testing battery assembly
Cathode Fabrication: Cathode slurries were prepared using commercial LCO active materials, Super P carbon, and PVDF binder (8:1:1 mass ratio). Dry components were dispersed in NMP solvent via mechanical mixing, coated onto aluminum foil using doctor-blading, vacuum-dried for 12 h. The active material loading was controlled at 3 mg cm-2, and the dried electrodes were punched into 10 mm diameter disks.
Cell Configurations:
· Coin cells: 2032-type cells with LCO cathodes and LATP (LLZO/LLTO) pellets assembled in Ar-filled glovebox (H2O < 0.1 ppm, O2 < 0.1 ppm), 10 wt% commercial electrolyte (DoDoChem, LB-726) was added to wet the cathode interface. 
· Symmetric cells: CR2032 with Li | OCE | Li configuration using 10 mm Li foils. To improve interfacial contact, 5 L of 1 M LiPF6 in DMC:EC (1:1 vol%) with 5% FEC was used to wet the interface.
· Blocking cells: Au | OCE | Au with 500 nm sputtered gold electrodes.
· Soft-pouch cells: Cells (nominal 0.5 Ah capacity) were assembled by stacking two cathodes (LCO, areal loading: 38 mg cm-2) and three anodes (20  thick lithium foil) within aluminum-laminated pouches. 5 wt% commercial electrolyte (DoDoChem, LB-726) was injected prior to sealing.
S1.2 Electrochemical testing protocol
The ionic conductivity of different OCEs was measured using EIS in Au | OCE | Au blocking cells. The EIS measurement was performed with a PARSTAT electrochemical workstation over a frequency range of 0.1 Hz to 1 MHz and an alternating current (AC) amplitude of 10 mV.
The electronic conductivity (e) was determined using Au | OCE | Au blocking cells. The value was calculated using the following equation:
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[bookmark: _Hlk219797105]where Iss denotes the steady-state current, l represents the pellet thickness of the OCE, U indicates the applied voltage (150 mV), and S corresponds to the effective contact surface area.
The critical current density (CCD) was determined using an initial current density of 0.05 mA cm–2, incrementing by 0.05 mA cm–2 per step at room temperature. Each charge/discharge step lasted 30 minutes. Galvanostatic cycling (including cycle performance and rate capability testing) and the CCD measurements were performed on a LAND battery test system.
In situ galvanostatic current electrochemical impedance spectroscopy (GEIS) testing was performed on a PARSTAT electrochemical workstation by setting a loop program to perform impedance testing once every hour during a galvanostatic charge-discharge process at 0.1 C. The obtained impedance spectrum from the testing was then analyzed using EISART software (developed by Tsinghua University) for relaxation time distribution (DRT) fitting analysis [S1].
S1.3 Materials characterization
Microstructure and morphology of samples were characterized by using: Scanning electron microscopy (SEM, JEOL-7100F) and Transmission electron microscopy (TEM, Titan Themis G2 300). Tunneling atomic force microscopy (AFM, Bruker) for surface roughness and conductivity of OCEs. Crystal structure analysis was performed using X-ray diffraction (XRD, PANalytical) with  scanning ranges from 10° to 80°. Molecular structure information was confirmed by Raman spectroscopy (HORIBA LabRAM Odyssey). Mechanical properties tested by nanoindentation technology (Bruker Hysitron TI 980). Post-cycling near-surface Li+ distribution in OCEs was characterized by using time-of-flight secondary ion mass spectrometry (ToF-SIMS, IONTOF M6), with a sputter rate of 2.0 nm/s on SiO2. Lithium metal inside the OCEs was observed by Auger Electron Spectroscopy (AES, PHI 710). In situ differential electrochemical mass spectrometry (DEMS) was measured using a Hiden HPR-40 system with argon as the carrier gas. In situ optical microscopy was operated using an optical microscope (OM, Leica).
S1.4 DFT calculation
All computational work in this study was conducted employing the Vienna ab initio simulation package (VASP) within the density functional theory (DFT) framework [S2]. We utilized projector augmented wave (PAW) pseudopotentials combined with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) for exchange-correlation energy [S3]. To accurately account for long-range van der Waals (vdW) interactions, the empirical dispersion-corrected DFT-D3 method was implemented [S4]. The calculations employed a plane-wave energy cutoff of 500 eV and a self-consistent field (SCF) convergence threshold of 1 × 10-5 eV. Structural optimizations were performed using the conjugate gradient algorithm with atomic force convergence criteria set below 0.05 eV Å-1. Brillouin zone integrations used a Gamma-centered 1 × 1 × 1 k-point mesh. The convergence threshold for the iteration in the self-consistent field (SCF) was set as × 10-5 eV. Geometry optimization within the conjugate gradient method was performed with forces on each atom less than 0.05 eV Å-1. A 1 × 1 × 1 Gamma k-point mesh was used for the k-space integration. The heterojunction model built from crystalline LATP(113) and Li(110) comprised 67 Li atoms, 2 Al atoms, 10 Ti atoms, 18 P atoms and 73 O atoms. The Li(110) slab consisted of four layers while each layer contained 15 Li atoms. The heterojunction model constructed from amorphous LATP(113) and Li(110) retained the same atomic count while the crystalline LATP(113) was first rendered disordered using AIMD method and then interfaced with the Li(110) surface.
For self-consistent calculations, the cutoff energy matched that in structural optimization, and the k-point density was doubled in all three dimensions. The GGA+U method was employed with an effective  applied to Ti ions. The density of states (DOS), electrostatic potential distribution along the -axis, charge density difference, and radial distribution function (RDF) between Li atoms were extracted using vaspkit [S5]. Bader charge calculations [S6] used the same k-point density as structural optimization.
The amorphous LATP(113) surface was prepared using ab initio molecular dynamics (AIMD) simulations. First, AIMD was performed in the NVT ensemble with Nosé-Hoover thermostats at 2500 K [S7]. The trajectory spanned 5000 steps (), totaling 5 ps. The system was then quenched from 2500 K to 300 K over 1 ps () to obtain the amorphous structure.
Li+ diffusion properties in both samples were investigated using climbing-image nudged elastic band (CI-NEB) calculations [S8]. Parameters matched those in structural optimization.
S1.5 Numerical simulation method
[bookmark: _Hlk219899290]The numerical simulation was implemented using COMSOL Multiphysics®. The simulation utilized the following interfaces: 
· Level set multiphase flow interface
· Dilute species transport interface
· Electric field interface
The simulation model established a rectangular domain measuring 100 μm × 100 μm. This domain was partitioned into: 
· Crystal regions
· GB regions
with an average GB edge length of approximately 12 μm. The left boundary of the model was designated as the initial deposition boundary for dendrite formation.
Dendrite simulation
Specifically, similar to a simplified phase field method, the author simplifies the deposition and diffusion of dendrites along the GB direction into a two-phase flow problem, where a volume fraction of  indicates the presence of dendrites and a volume fraction  indicates their absence. Below are the theoretical equations used for the level set two-phase flow simulation:
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The key parameters in the level set method are defined as follows:
· : Level set function (dimensionless), where  defines the interface location.
	 :
	Lithium metal.

	 :
	Electrolyte.


· : Interface velocity (m s-1), derived from electrochemical reaction kinetics.
· : Reinitialization parameter (stabilizes  as a signed distance function) 
· : Interface thickness control parameter (m)
where lithium deposition velocity (Interface Motion) is defined as:
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· : Surface energy mobility (dimensionless parameter controlling interface evolution)
· : Exchange current density (A m-2), quantifying electrochemical reaction rate
· : Interface curvature ().
Electric field equation
The conservation equation of charge can be expressed as:
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· : Current density (A m-2)
· : Current source term (A m-3)
And the associated the constitutive relation (Ohm’s Law) can be written as:
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· : Electronic conductivity (S m-1)
· : Electric field (V m-1)
· : External current density (A m-2)
· : Electric potential (V)
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By solving the above system of equations, the electric field equation can be satisfied. 
S2 Supplementary Text
S2.1 Supplementary Note S1
Based on the classical theory of laser-material interaction and our previous work [S9,S10], the transient rising temperature  can be theoretically calculated by the following Equation about the radial distance from the center of laser beam (r), the irradiated depth on LATP pellet (z), and processing time (t):
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The temperature profile at the irradiation center (r = 0) can be approximated using a simplified form of Equation S9, where  (W m-2) represents the peak laser intensity,  denotes the material’s optical absorption coefficient, K (m2 s-1) indicates thermal diffusivity,  (W K-1 m-1) stands for thermal conductivity,  corresponds to pulse duration, and W (m) characterizes the beam’s mode field diameter. In this formulation, the temporal dependence of pulse intensity  is assumed to remain constant during analysis. This approach enables temperature estimation across varying absorption depths within the material under pulsed laser irradiation. As illustrated in Figure S1 the absorbance of LATP pellets under a UV laser at 355 nm was measured at 0.105. The relevant physical parameters of LATP are summarized in Table S4. Based on the Gaussian distribution of laser energy, the laser beam spacing of 5  was set to process the surfaces of the LATP pellets to obtain the optimal uniform energy distribution. The surface of LATP pellets were processed by progressively increasing the laser power through adjusting the laser frequency to 50, 40, and 30 kHz, the corresponding parameters about theoretically calculated instantaneous temperature is shown in Table S5.
S2.2 Supplementary Note S2
The pulse energy fluence () and the light intensity () can be calculated using Equations S9 and S10, respectively:
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where  denotes the actual laser power incident on the substrate surface, as measured by a laser power meter;  corresponds to the laser pulse frequency;  represents the radius of the laser spot, maintained constant at 20; and  refers to the pulse duration, which is also held constant at 1.
As delineated in Table S4, for a fixed set power and pulse width, the measured output power (), along with the corresponding calculated values for pulse energy density () and light intensity (), exhibits a clear dependence on the pulse frequency ().  
S3 Supplementary Figures
[image: ]
Fig. S1 Absorbance spectrum of LATP pellets. Calculated temperature versus depth of near surface samples of LATP pellets. (the details of calculation see Supplementary Note S1).
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Fig. S2 Calculated temperature versus depth profile for LATP pellets. The absorbance of the LATP pellets was measured to be 0.105 using a 355 nm UV laser.
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Fig. S3 Quantitative porosity analysis on surface SEM images. Statistical bar chart showing surface porosity values derived from ImageJ analysis.
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Fig. S4 Ionic conductivity analysis. EIS of pristine LATP pellet and LATP pellets treated with different laser parameters.
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Fig. S5 Raman measurement. Raman spectra of LATP and LATP@al.
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Fig. S6 AFM measurement. 3D AFM image (2  ) of top surface of (A) LATP and (B) LATP@al.
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Fig. S7 Rate performance. Rate performances at current densities from 0.1 to 1.9 mA cm-2.
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Fig. S8 Construction of the DFT structural model. The structure of (A) LATP | Li and (B) LATP@al | Li.
[image: ]
Fig. S9 The DOS of the corresponding interfaces. Magnified view of the density of states for the (A) LATP | Li and (B) LATP@al | Li interfaces.
[image: ]
Fig. S10 In situ optical monitoring for Li | LATP | Li. Operando optical observations for Li | LATP | Li interface during continuous Li deposition at a current density of 6 mA cm-2. Scale bar = 100 μm.
[image: ]
Fig. S11 In situ optical monitoring for Li | LATP@al | Li. Operando optical observations for Li | LATP@al | Li interface during continuous Li deposition at a current density of 6 mA cm-2. Scale bar = 100 μm.
[image: ]
Fig. S12 SEM images. SEM images for (A) LATP and (B) LATP@al surface after 200 h cycled in Li symmetric cell. Scale bar = 10 μm.
[image: ]
[bookmark: _Hlk220011537]Fig. S13 Cross-sectional microstructural and elemental analysis of cycled LATP. Cross-sectional SEM image and corresponding AES maps of O, P, Ti, Li, Al for LATP.
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Fig. S14 Cross-sectional microstructural and elemental analysis of cycled LATP@al. Cross-sectional SEM image and corresponding AES maps of O, P, Ti, Li, Al for LATP@al.
[bookmark: _Hlk219967988][image: ]
Fig. S15 EELS analysis. The line scan regions of the EELS spectrum were marked on (A) LATP-based LCO and (B) LATP@al-based LCO, respectively.
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Fig. S16 The charge and discharge profiles. The voltage profiles during the first two charge and discharge cycles of Li | LATP | LCO, with interruptions for impedance spectroscopy measurements.
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Fig. S17 The charge and discharge profiles. The voltage profiles during the first two charge and discharge cycles of Li | LATP@al | LCO, with interruptions for impedance spectroscopy measurements.
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Fig. S18 Interpretation of DRT analysis for Li | Ses | LCO EIS spectra. (A) Representative EIS spectrum and fitting results for the Li | LATP@al | LCO cell. (B) Equivalent circuit model for the Li | SEs | LCO cell.
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Fig. S19 Representative examples of DRT deconvolution results.
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Fig. S20 In situ DRT results. In situ DRT results for Li | LATP | LCO during the initial two galvanostatic cycles.
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Fig. S21 In situ DRT results. In situ DRT results for Li | LATP@al | LCO during the initial two galvanostatic cycles.
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Fig. S22 DRT evolution contrast. Representative profiles at equidistant intervals during the initial two cycles for (A) LATP@al vs. (B) LATP.
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Fig. S23 Full-cell performance. The rate performance of Li | LATP | LCO and Li | LATP@al | LCO cells at 0.1, 0.2, 0.5, 1 and 2 C, respectively.

[image: ]
Fig. S24 Nail penetration test. (A) Nail penetration thermal response: solid-state (LCO | LATP@al | Li) vs. liquid, (B) and corresponding images.
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Fig. S25 XRD patterns of LLZO and LLTO before and after laser treatment. (A) XRD patterns of LLZO and LLZO@al. (B) XRD patterns of LLTO and LLTO@al.
[image: ]
Fig. S26 SEM images of LLZO and LLTO before and after laser treatment. (A) SEM images of LLZO and LLZO@al. (B) SEM images of LLTO and LLTO@al.
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Fig. S27 Interface stability assessment in LLZO system. Durability comparison of LLZO and LLZO@al under Li symmetric cell configuration. 

[image: ]
Fig. S28 Interface stability assessment in LLTO system. Durability comparison of LLTO and LLTO@al under Li symmetric cell configuration. 
[image: ]
Fig. S29 Full-cell performance. The cycling performance of Li | LLZO | LCO and Li | LLZO@al | LCO cells at 0.2 C.
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Fig. S30 Full-cell performance. The cycling performance of Li | LLTO | LCO and Li | LLTO@al | LCO cells at 0.2 C.
S4 Supplementary Tables
Table S1 Dependence of UV laser output power on pulse repetition frequency
	Set value
	Measured value
	Calculated value

	Pulse repetition frequency 
(kHz)
	Q-pulse width
(μs)
	Laser speed
(mm s-1)
	Laser output power
(W)
	Peak laser intensity
(W m-2)

	50
	1
	300
	1.58
	1.00585924 × 1011

	40
	1
	300
	1.71
	1.36077476 × 1011

	30
	1
	300
	1.82
	1.93107998 × 1011



Table S2 Pulse energy density and light intensity under different laser operating conditions
	Set value
	Measured value
	Calculated value

	Laser frequency
(kHz)
	Output power
(W)
	Pulse energy density
(J cm-2)
	Light intensity
(W cm-2)

	50
	1.58
	10.06
	1.00

	40
	1.71
	13.61
	1.36

	30
	1.82
	19.31
	1.93



Table S3 Summary of the cycle stability and critical current density of Li symmetric cells reported in this work and representative literature, including the main test conditions
	System
	Current density
(mA cm-2)
	Areal capacity
(mAh cm-2)
	Stable cycling time 
(h)
	Critical current density
(mA cm-2)
	Ref.

	Li | PVC:BN-LATP | Li
	0.2
	0.1
	800
	1.4
	[S11]

	Li | CuF2@LATP | Li
	0.2
	0.2
	2200
	1.7
	[S12]

	Li | SE@KANF-LATP | Li
	0.2
	0.2
	2000
	1.4
	[S13]

	Li | LATP-MoS2@SP | Li
	0.1
	\
	1200
	0.63
	[S14]

	Li | BN | LATP | BN | Li
	0.3
	\
	500
	\
	[S15]

	Li | GPE-PVDF@LATP | Li
	0.2
	0.2
	600
	\
	[S16]

	Li | MLATP_20% | Li
	0.2
	0.1
	1000
	0.76
	[S17]

	Li | LATMP-DLSE | Li
	0.1
	\
	700
	1.6
	[S18]

	Li | LATP-1.0 | Li
	0.5
	0.25
	380
	1.25
	[S19]

	Li | SF-B6-LATP-SF | Li
	0.05
	\
	2100
	2
	[S20]

	Li | LATP@al | Li
	0.2
	0.2
	2100
	2.4
	This work


Table S4 Comparison of electrochemical performance of reported optimization strategies for LATP-based electrolytes in SSLMBs paired with high-voltage cathodes
	Cathode/Anode
	Electrolyte
	Cathode loading
(mg cm-2)
	Voltage window
	Stability
	Ref.

	LCO/Li
	GCMP-LATP
	~2.5
	3.0-4.6 V
	50 cycles, 164.6 mAh g-1 capacity retention at 0.2 C (1 C=200 mAh g-1)
	[S21]

	LCO/Li
	1 wt% B2O3 in LATP
	~33
	3.0-4.4 V
	50 cycles, 66.74 mAh g-1 capacity retention at 0.05 C (1 C=140 mAh g-1)
	[S22]

	LCO/Li
	LATP infiltrated with PEO
	\
	3.0-4.2 V
	10 cycles, 105 mAh g-1 capacity retention at 0.05 C
	[S23]

	LCO/Li
	InCI3@LATP-F
	\
	2.7-4.2 V
	100 cycles, 126.4 mAh g-1 capacity retention at 0.5 C
	[S24]

	LCO/LiIn
	LATP (CoTiO3)
	\
	1.7-3.7 V
	160 cycles, 135.78 mAh g-1 capacity retention at 0.1 C
	[S25]

	NCM/Li
	LATP/BN
	~4
	2.5-4.25 V
	100 cycles, 132 mAh g-1 capacity retention at 0.5 C (1 C=150 mAh g-1)
	[S15]

	NCM811/Li
	SnCl4@LATP
	1.2-1.5
	2.8-4.3 V
	100 cycles, 131.94 mAh g-1 capacity retention at 0.5 C (1 C=180 mAh g-1)
	[S26]

	NCM/Li
	CuF2@LATP
	\
	2.8-4.3 V
	100 cycles, 98 mAh g-1 capacity retention at 0.5 C (1 C=180 mAh g-1)
	[S12]

	LCO/Li
	LATP@SPE-Al
	\
	3.0-4.2 V
	100 cycles, 120 mAh g-1 capacity retention at 0.5 C (1 C=170 mAh g-1)
	[S27]

	LCO/Li
	F-LATP-LE
	2.5-3
	3.0-4.5 V
	300 cycles, 130.97 mAh g-1 capacity retention at 0.5 C
	[S28]

	LCO/Li
	LATP@al
	~3.0
	3.0-4.5 V
	800 cycles, 101.9 mAh g-1 capacity retention at 0.2 C (1 C=178 mAh g-1)
	This work



Table S5 Relevant physical parameters of LATP materials
	Thermal diffusivity
K (m2 s-1)
	Thermal conductivity
 (W K-1 m-1)
	Light absorptivity
α (at 355 nm)

	8.33 × 10-7
	2
	0.105


S5 Captions for Videos 
Video S1 Video of the process for surface amorphous LATP formation. The process of laser ablation forming an amorphous layer on LATP surface.
Video S2 Video of the simulation process for the formation of amorphous LATP. Preparation process of simulated amorphous LATP(113) structure, including Isothermal NVT relaxation and annealing.
Video S3 Video of phase-field simulations for the growth behavior of lithium dendrites. Phase-field modeling of lithium dendrite spatiotemporal evolution and interfacial polarization during galvanostatic deposition in LATP and LATP@al.
Video S4 Video of time-of-flight secondary ion mass spectrometry (ToF-SIMS) analysis of lithium metal clusters. The variation in Li+ distribution at different depths within LATP and LATP@al.
Video S5 Video of nail penetration tests. Nail penetration tests for Li | LATP | LCO pouch cell and Li | LATP@al | LCO pouch cell.
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