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Note S1. The negative to positive capacity ratios in ASLMB. 44 

Since graphite is the most used anode material in lithium ion batteries, the negative to positive 45 

capacity ratio is critical to determine the role of graphite as anode material or interlayer. In our 46 

work, the capacity ratio of the negative to positive electrodes was 2.26 based on the total theoretical 47 

capacity of graphite plus Li and 0.43 based solely on graphite to guarantee the graphite plays the 48 

role of interlayer.  49 

Note S2. Raman spectra revealing the composition of the Li-graphite layer 50 

The pristine graphite shows a sharp peak at 1580 cm-1 (G band) assigned to the in-plane C-C 51 

stretching and a weak peak at 1340 cm-1 (D band), indicating minor disorder.1 In Li-graphite, the 52 

G peak shifts to 1593 cm-1, and a broad feature near 1350 cm-1 appear. The blue shift of the G peak 53 

suggests the intercalation of Li into graphite forming GIC.2 In our work, we used the G peak and 54 

the broad feature evolution to track the Li behaviors of intercalation and plating at the interlayer. 55 

Note S3. Raman spectra of the SE 56 

The peaks at 427, 577, and 600 cm-1 are attributed to the PS4
3- unit in the SE, Li5.4PS4.4Cl1.6, which 57 

owns a typical argyrodite structure.  58 

Note S4. Operando Neutron imaging mechanism 59 

The neutron beam goes through the specially designed cell (Fig. S20), and the scintillators convert 60 

the neutrons into light signals. The detector then records the signal to construct the gray-scale 61 

radiography. Such neutron radiographs are collected continuously while a cell is running. The Li 62 

concentration evolution can be real-time observed by tracking the attenuation change. 63 

Note S5. Normalization of the raw neutron images 64 

The raw image experienced a normalization treatment to enhance the signal-to-noise ratio. The 65 

first step is to remove saturated pixels and backgrounds. Then every 30 continuous images are 66 
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combined to enhance the signals. Since the image is taken every 10 s, the time resolution of the 67 

image is 5 min after treatment. All these treatments are conducted with the Jupyter Imaging 68 

Notebook developed by ORNL (https://neutronimaging.ornl.gov/tutorials/imaging-notebooks/).  69 

Note S6. 2D Neutron radiography of the ASLMB before cycling 70 

Fig. 4a shows the neutron radiography image of the ASLMB before cycling. Based on the neutron 71 

attenuation differences, each layer can be clearly identified, including Li-metal anode, graphite 72 

layer, SE, and cathode from the top to bottom. Notably, metallic Li and Li-containing materials 73 

show darker colors owing to their high neutron attenuation coefficient. 74 

Note S7 Quantify the neutron transmission at different positions 75 

Theoretically, the total neutron transmission (T) was defined as the ratio of transmitted beam 76 

intensity (I) and incident beam intensity (I0), which is determined by the attenuation coefficient 77 

(µ) and sample thickness (x) as the following equation, 78 

𝑇 =
𝐼

𝐼0
= 𝑒−µ𝑥 79 

The neutron transmission, IN(i, j), can be normalized in the range from 0 to 1 through  80 

𝐼𝑁(𝑖, 𝑗) =
𝐼(𝑖, 𝑗) − 𝐷𝐹(𝑖, 𝑗)

𝑂𝐵(𝑖, 𝑗) − 𝐷𝐹(𝑖, 𝑗)
 81 

where I(i, j), OB (i, j), and DF (i, j) represent the raw neutron intensity, open beam intensity, and 82 

dark field intensity, respectively. 83 

Note S8 Normalization of the neutron transmission to the initial state 84 

The 2D neutron radiography reveals the sum of neutron transmission information in one view. 85 

Therefore, the evolution of the Li is imperceptible due to the low contrast. However, we can 86 

normalize the neutron transmission (Trt) at the battery charging time (t) to the initial transmission 87 

(Tr0) through a division treatment to get the transmission change ratio (Trt/Tr0). Then the Trt/Tr0 88 
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can be used to evaluate the Li evolution. The enhanced neutron transmission (Trt/Tr0>1) shows a 89 

bright spot on the image representing the reduction of Li; the reduced transmission (Trt/Tr0<1) 90 

exhibits a dark spot meaning enriched Li; the stable transmission (Trt/Tr0=1) is depicted as gray 91 

color suggesting no Li change. This treatment is conducted with the Jupyter Imaging Notebook 92 

developed by ORNL. 93 

Note S9. Second operando neutron imaging test 94 

To validate that our original observation was not an anomalous result, an additional operando 95 

neutron imaging experiment was conducted. As shown in Fig. S14, this cell completed a full 96 

charge-discharge cycle without failure. The cell exhibited high initial resistance (Figs. S14a,b), 97 

reaching the cut-off voltage around 4.5 hours at a C/20 rate. To ensure sufficient Li migration, the 98 

charge protocol was modified from constant current to constant voltage charging up to 20 hours 99 

(Fig. S14c). This yielded a total charge capacity of 76 mAh g=1 (1.2 mAh cm-2 of Li). The cell 100 

was then discharged at C/20 to 2.8 V and constant voltage at 2.8 V to total 20 hours, delivering 55 101 

mAh g-1 (0.87 mAh cm-2 of Li). 102 

The cross-sectional Li concentration profile was obtained from the neutron transmission (Fig. 103 

S14d) and used to identify the interfaces between components (Fig. S14e). Voltage-time curves 104 

over the full cycle are shown in Fig. S14f. The Li distribution evolution indicates a stepped 105 

deposition process on charge, with Li first accumulating at the Li-Gr|SE interface and in the Li-Gr 106 

interlayer (Fig. S14g). On discharge, stripping occurred primarily from the interface region and 107 

Li-Gr. This additional result is consistent with our previous operando data, providing further 108 

evidence that Li preferentially deposits atop rather than below the graphite interlayer. The 109 

reproducibility supports our conclusions. 110 
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Note S10. Operando Raman spectroscopy 111 

A key challenge in operando Raman spectroscopy is the air sensitivity of the ASLMB. It typically 112 

requires a quartz window to seal the cell, which reduces the Raman intensities. Thus we designed 113 

an in-situ Raman cell (Fig. 1c) and operated the test inside an Argon-filled glovebox3 (Fig. S22). 114 

The inert atmosphere allows the ASLMB to be measured without a sealing setup. There is a 115 

window on the cell side that can be removed after cell assembly (Fig. S23) to make sure a high 116 

pressure stacking in cell assembly and a total exposure of the cross-section surface to the laser 117 

during the test. An outside framework enables controllable pressure on the cell during the test, to 118 

guarantee the operando test is at the right electrochemical reaction states. Also, the square-type 119 

cell obtains a flat surface avoiding the noise caused by sample flatness, which will affect both the 120 

electrochemical reaction and optical light focus. A line scan along the cross section can well detect 121 

the evolution of Li-graphite at different positions. 122 

Note S11. X-ray computed tomography (XCT) analysis 123 

The ASLMB for the XCT test was assembled in a homemade cell (Fig. S18) which was used for 124 

the electrochemical test first and then directly applied in XCT measurement without sample 125 

distracting process. Fig. S18a schematically illustrates the cell configuration and the XCT test 126 

process. Cathode, SE, graphite, and Li metal are layer-by-layer stacked together in the cell, and 127 

two stainless steel rods work as the current collector. The X-ray beams transmit through the sample 128 

and are converted into optical signals which are then collected for grayscale radiograph 129 

construction. The sample stepwise rotates and several Slices can be obtained. Then the 3D 130 

structure of the sample can be reconstructed.  After 1.1 hours of plating at the rate of C/20, the cell 131 

shows a typical soft short circuit and maintains until 20 hours (Fig. S18b). After reconstruction, 132 

we can obtain the 3D structure of the ASLMB after the short circuit.  133 
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The laminated structure of the ASLMB is well revealed in the reconstructed structure, as shown 134 

in Fig. S18c. The grayscale contrast is caused by the density difference. As a result, the cathode 135 

active material owns the most X-ray absorption, showing the highest brightness, In comparison, 136 

sulfide SE shows lower brightness, while Li metal, as well as the voids, behaves as the deepest 137 

darkness. Five representative slices are extracted to show the details inside the SE. 138 

Figures S18d and e display Slices 1 and 2 in the cross-section of the ASLMB, respectively. We 139 

can see the densely packed cathode, SE, and Li metal. There are some tiny black spots inside the 140 

SE that can be assigned to the voids formed in the cold pressing process. More significantly, there 141 

are filaments with dark color grown from the anode towards the cathode. Figures S18f-h show 142 

Slices 3, 4, and 5 from the top view. There are also a few dark filaments observed.  143 

These filaments explain the failure of the ASLMBs. According to the highest X-ray attenuation, 144 

these filaments can be attributed to Li metal within cracks. During plating, the Li metal deposits 145 

onto the Li-graphite and has direct contact with the SE. 4, 5. The Li metal within the cracks 146 

propagates and finally penetrates the SE resulting in the short circuit. This is one of the most 147 

reported failure mechanisms of the ASLMB. Nevertheless, the origin of this phenomenon is the Li 148 

metal deposits above the Li-graphite interlayer. The battery performance and the Li behaviors will 149 

be different if the Li metal deposits beneath the Li-graphite. 150 

Note S12. Modelling methodologies 151 

1) Modeling of Li extrusion inside the Li-graphite layer 152 

The extrusion of Li within the pores of the Li-Gr layer has been reported in many other work6-8. At such 153 

high pressure (𝑃0 = 300𝑀𝑃𝑎), Li metal is under severe plasticity and can be simulated effectively using 154 

computational fluid dynamics, where the material is considered as a fluid with a very high viscosity that 155 

depends on velocity and temperature.  156 
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The key parameter pseudo-viscosity 𝜂 is obtained following the Perzyna formulation of strain rate for 157 

associated flow9, using Von-Mises type flow. The pseudo-viscosity can be expressed in terms of the yield 158 

stress 𝜎𝑌 of the deforming metal, a plasticity relaxation rate γ, and the effective plastic strain rate 𝜖̅̇, which 159 

is compactly expressed using the inner product, 𝜖̅̇ = √2𝜖�̇�: 𝜖�̇�, 160 

𝜂 =

 𝜎𝑌

√3
+ (

 𝜖̅̇
𝛾

)
𝑛

𝜖̅̇
 161 

The hardening exponent n quantifies the degree of work-hardening during deformation. All the involved 162 

parameters of Li metal can be found in earlier work10. 163 

2) Mixed ionic-electronic conduction of the Li-graphite layer 164 

If the graphite layer is treated as a MIEC, the transport of Li+ and electrons inside it can be 165 

described by the ohmic relations: 166 

𝒊𝐿𝑖+ =  −
𝜎

𝐿𝑖+

𝐹
∇𝜇𝐿𝑖+ ,          𝒊𝑒− =  

𝜎𝑒−

𝐹
∇�̃�𝑒−  .   (1) 167 

The ionic and electronic current density in the SE (𝒊𝐿𝑖+, 𝒊𝑒−), the electrochemical potential of 168 

𝐿𝑖+ in the Li-graphite (𝜇𝐿𝑖+), and the electrochemical potential of 𝑒− in the Li-graphite (𝜇𝑒−). The 169 

electrochemical potentials defined here are the Gibbs energies (in energy per mole of 𝐿𝑖+ cations) 170 

for a monovalent reaction (𝐿𝑖+ + 𝑒− ↔ 𝐿𝑖 ), including the effects on electric potentials. 𝜇𝐿𝑖+  is 171 

related to the electrochemical potential of electrons in electrodes (𝜇𝑒−) and the chemical potential 172 

of 𝐿𝑖 in the Li-graphite layer (𝜇𝐿𝑖) through the relation 𝜇𝐿𝑖+ + 𝜇𝑒− = 𝜇𝐿𝑖. 173 

It is assumed here that the partial current densities of cations (𝒊𝐿𝑖+) and electrons (𝒊𝑒−) are only 174 

dependent on their respective gradients in electrochemical potentials, 𝜇𝐿𝑖+  and 𝜇𝑒−, respectively. 175 

The cross-effect of one electrochemical potential on the other’s partial current has been omitted in 176 

this study because of their second-order contributions. The partial conductivities 𝜎𝐿𝑖+  and 𝜎𝑒− are 177 

defined under Ohmic current flow and are assumed to be constants in this study. 178 
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Both the electrochemical potential of 𝐿𝑖+  (𝜇𝐿𝑖+  ) and electrons (𝜇𝑒− ) should follo  purely 179 

Ohmic conduction, as described by the Nernst-Planck equation: 180 

𝜕𝐶
𝐿𝑖+

𝜕𝑡
= −𝐷𝐿𝑖+𝛻2𝐶𝐿𝑖+ − 𝜎𝐿𝑖+𝛻2𝜇𝐿𝑖+ .     181 

3) Simulations and material properties 182 

Multiple physics are involved and coupled from the mechano-chemical to the electro-chemical 183 

process, which are described by highly nonlinear partial differential equations (PDEs). A self-184 

developed code based on the finite element method and the MOOSE framework11 was 185 

implemented to solve all PDEs numerically. 186 

The default values of the parameters used in this work from reported experimental 187 

measurements in reference papers are listed in the last column in Table S2. 188 

 189 

190 
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Note S13: Experimental methods  191 

Preparation of materials 192 

The sulfide solid electrolyte, Li5.4PS4.6Cl1.4, was synthesized through a conventional ball milling 193 

and annealing process. Lithium sulfide (Li2S, 99.98%, Sigma-Aldrich), phosphorus pentasulfide 194 

(P2S5, 99%, Sigma-Aldrich), and lithium chloride (LiCl, >99.98%, Sigma-Aldrich) were 195 

stoichiometrically mixed in a stainless steel jar under vacuum for 10 h at 500 rpm. ZrO2 balls were 196 

added in a weight ratio of 50:1. The mixture was then sealed in a glass tube and heat treated at 510 197 

°C for 2 h. 198 

The cathode active material used in this work was a single crystal LiNi0.8Mn0.1Co0.1O2 (NMC, 199 

Nanoramic Inc., USA). To avoid an interface reaction with the sulfide solid electrolyte, the NMC 200 

particle was coated with a layer of amorphous Li2SiOx using a reported wet-chemical method. 201 

Then, the cathode was prepared by mixing the Li2SiOx-coated NMC, Li5.6PS4.6Cl1.4, and VGCF in 202 

a ratio of 80:20:2 in a ball-milling jar under vacuum for 30 min at 150 rpm.  203 

The graphite (Gr, 99% purity, Alfa Aesar) was dried overnight at 100°C under vacuum prior to 204 

use. To prepare the graphite interlayer film, 98 mg of the dried graphite powder was mixed with 2 205 

mg of freeze-dried polytetrafluoroethylene (PTFE, 60 wt% in H2O, Sigma-Aldrich) binder. The 206 

mixing was performed at 200°C to disperse the PTFE throughout the graphite. This composite 207 

mixture was pressed into flakes and then rolled into a thin, free-standing film with a thickness of 208 

14-30 μm. The Li metal (99.9%, Sigma-Aldrich) was first scratched with a blade to remove the 209 

surface oxidation layer and then pressed into a thin film with a thickness of 100 µm.  210 

Symmetric cell fabrication 211 

The symmetric cell was fabricated in a conventional pressure cell. 150 mg SE was densified inside 212 

a polyether ether ketone (PEEK)-made cell with two stainless-steel rods of a diameter of 12.7 mm. 213 

On each side, one piece of graphite layers (~4 mg, 12.6 mm in diameter, 25 μm) and one piece of 214 
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Li layer (~2 mg, 10 mm in diameter) are pressed onto the SE pellet in sequence. High pressure of 215 

300 MPa was applied to the cell for 3 min by a hydraulic press. Then the pressure was released 216 

and an initial pressure of 100 MPa was applied to the cell during the cell operation by a stainless 217 

steel framework. The cell was measured at varied current densities of 0.25, 1, 2, 4, and 10 mA cm-
218 

2 at a fixed charge of 0.25 mAh cm-2. 219 

Full cell fabrication 220 

The full cells were assembled in a standardized pressure cell setup allowing direct comparison 221 

between different graphite interlayer thicknesses. First, 150mg of solid electrolyte (SE) powder 222 

was densified at 300 MPa for 3min. Then a graphite interlayer of varying thickness was placed on 223 

the SE pellet followed by a 10mm diameter Li foil (~2mg). This Li-graphite stack was pressed 224 

onto one side of the SE pellet at 300 MPa. On the other side, 25mg of cathode powder was cast 225 

directly onto the SE pellet surface. The cell was sealed and an equilibrium pressure of 10 MPa was 226 

maintained by the rigid framework. This process kept all variables constant besides the thickness 227 

of the graphite interlayer film. 228 

The preparation of LiC6 through the electrochemical method 229 

The LiC6 was prepared electrochemically in a CR2032 coin cell with a liquid electrolyte. A 10 230 

mm diameter freestanding graphite film served as the working electrode, while Li metal was used 231 

as the counter and reference electrode. 80 μL of 1.2 M LiPF6 in 3:7 weight ratio EC:EMC (Gen 2 232 

electrolyte) was added along with a Celgard 2325 separator. The cell was assembled entirely inside 233 

an Ar-filled glovebox. To lithiate the graphite, the cell was discharged at a C/50 rate from open 234 

circuit voltage down to 0.01 V. The resulting LiC6 electrode was then extracted from the cell and 235 

rinsed with dimethyl carbonate to remove residual electrolyte salt and solvent. After drying 236 
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overnight under vacuum in the glovebox to fully evaporate the solvent, the LiC6 electrode was 237 

analyzed by a Raman spectroscopy in the glovebox.                                    238 

Design of the cell for operando neutron imaging 239 

The design of the cell for operando neutron imaging, as illustrated in Fig. 1a in the main text, was 240 

based on the pressure cell used in most studies on sulfide-SE-based ASLMBs. Two stainless-steel 241 

rods with 6.35-mm diameter were used as the current collectors and pressing plugs. The ASLMB 242 

was directly fabricated in a PTFE tube with a 9.53-mm outside diameter and 6.35-mm inside 243 

diameter. In further detail, 60 mg of Li5.6PS4.6Cl1.4 was pressed into a pellet inside the PTFE tube 244 

under a pressure of 300 MPa by a hydraulic press. Then, 8 mg of the cathode powder was cast and 245 

pressed onto one side of the pellet at 100 MPa. After that, a piece of graphite layer (~1.5 mg, 5.56 246 

mm in diameter) and a piece of Li layer (~0.6 mg, 3.97 mm in diameter) were pressed onto the 247 

other side in sequence. The cell was then pressed at 300 MPa for 3 min. After releasing the 248 

pressure, the cell was fixed in a stainless steel framework by tighten the screw nuts with a 249 

calibrated torque, which applied an initial pressure of 10 MPa to the cell. 250 

Design of the cell for operando Raman  251 

The design of the operando Raman cell is illustrated in Fig. 1b in the main text. The ASLMB was 252 

assembled in a PEEK-made holder. Unlike the cylindrical morphology of the neutron imaging cell, 253 

the Raman cell was designed with a cubic morphology, providing a cross section with a flat 254 

surface. One side of the PEEK could be opened after the cell assembly to directly expose the 255 

samples to the laser. For the cell assembly, 60 mg of Li5.6PS4.6Cl1.4 was pressed into a 6×6 mm2 256 

pellet first in the PEEK holder at 300 MPa by a hydraulic press. Then, 8 mg of the cathode powder 257 

was cast and pressed onto one side of the pellet at 100 MPa by a hydraulic press. Next, a piece of 258 

graphite (~1.5 mg, 5×5 mm2) and a piece of Li (~0.6 mg, 3×4 mm2) were pressed onto the other 259 
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side. The total cell was pressed together at 300 MPa for 3 min. After releasing the pressure, the 260 

cell within the framework was applied an initial pressure of 10 MPa enabled by tightening screws 261 

with a torque wrench.  262 

Operando neutron imaging experiment 263 

The operando neutron imaging experiment was performed at the cold neutron imaging beamline, 264 

CG-1D, at the High Flux Isotope Reactor, Oak Ridge National Laboratory. The neutron beam is a 265 

polychromatic cold neutron beam with a wavelength range from 0.8 to 6 Å and a peak intensity of 266 

2.2×106 n cm−2 s−1 at 2.6 Å. The detector-to-pinhole distance, L, is 6.59 m, and the pinhole size, 267 

D, is 11 mm, resulting in a spatial resolution of ~25 µm. The neutron attenuation in the ASLMB 268 

was collected by a scientific complementary metal-oxide-semiconductor (sCMOS) camera system 269 

(Zyla5.5, Andor Technology plc. Belfast, UL) with a 20-µm-thick Gd2O2S:Tb scintillator screen. 270 

During the battery charging, the neutron radiographs were collected every 10 s to achieve the time-271 

stamped continuous transmission change. Before and after the battery test, the background 272 

radiographs, including the dark-field measurements with beam off and open beam measurements 273 

with a flat field, were collected for further image normalization.   274 

Operando Raman experiment 275 

The operando Raman experiment was performed at Boston College. In detail, the as-assembled 276 

ASLMB was sealed well in the glovebox (oxygen and water contents below 0.01 and 0.01 ppm, 277 

respectively) and then transferred into the glovebox (oxygen and water contents below 1 and 0.1 278 

ppm, respectively) where the Raman was installed. The Raman test was performed with WITec. 279 

The laser wavelength was 532 nm, and the laser power was 200 mW. The cell was horizontally 280 

installed in the Raman instrument, and the sample was directly exposed to the laser. The cables 281 

connected to both positive and negative electrodes of the cell were extended out of the glovebox 282 
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to connect with the electrochemical workstation (Biologic SP150). During the test, the cell 283 

automatically moved along the line across the anode interface. The Raman was taken every 5 µm 284 

and 6 points in total. The beam size was around 1 µm. The total time for the collection of one 285 

spectrum was 25 s. Therefore, the total time for one scan was 150 s. The spectra were collected 286 

every 10 min.  287 

Ex-situ XCT test 288 

The ASLMB used for XCT test was assembled in a home-made cell with a diameter of 2 mm inner 289 

diameter. 15 mg of SE was densified inside the tube first by two stainless steel rods under axial 290 

pressure. 1 mg of cathode powder was cast onto one side. A piece of graphite was pressed onto Li 291 

foil first and then punched into a 2 mm disc. The Li-graphite disc was attached to the other side. 292 

Two stainless steel rods were fixed onto the PEEK tube through a screw connection, which could 293 

apply external stacking pressure to the battery during the test. The battery was measured at C/20. 294 

After the battery test, the cell was directly used for the XCT test without other treatment. 295 

The XCT data collection was conducted using a Zeiss Xradia Versa 520 XCT unit, operated at 60 296 

kV and 83.6 µA. The XCT data were acquired from a sample rotation of 360° (vertical axis) with 297 

1601 projections at equal steps. A 1 × 1 binning on the detector side was used to maximize 298 

resolution. The voxel size was 1.62 µm with the 4x objective. For image processing and 299 

segmentation, the Fiji soft are v. 2.9.0 and ORS Dragonfly PRO v.3.5 soft are  ere used.”. 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 
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Supplemental figures (Fig. S1 to S23) 308 

 309 

 310 

Fig. S1. a. Cycling stability of Li-Gr stabilized Li metal anode in the Li0/Li0 symmetric cell. 311 

b-d Detailed profiles of the cell cycled at current densities of 0.25 b) , 1 c), 2 d), 4 e), 10 312 

f), and a second round of 0.25 g) mA cm-2. 313 

 314 

 315 



16 

 

 316 

Fig. S2. Galvanostatic charge profile of the full cell using graphite interlayer with 317 

thicknesses of 17 μm a) and 14 μm b). 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

Fig. S3. Photos of (a) the freestanding graphite layer and (b) Li-graphite on the top 326 

view. The black color evidence the Li-graphite was not fully intercalated. 327 

 328 
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 329 

Fig. S4. Morphology investigation. a, SEM images of the Gr powder b, SEM images 330 

of the Gr layer. c, SEM images of the Li-Gr. 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

Fig. S5. Photo of the Li-Gr after heating at 160 C. The gold color demonstrates the 340 

formation of LiC6. 341 

 342 
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 343 

Fig. S6 a. The lithiation of graphite in the cell using liquid electrolyte. b. The Raman 344 

spectrum of the LiCx prepared through lithiation in liquid electrolyte. The inset photo 345 

shows the fully lithiated graphite, which has a golden color. 346 

 347 

 348 

 349 

Fig. S7. a. Raman shifts of broad feature and G peak at different locations in Li-graphite. 350 

b. IB/IG ratio comparison among different locations. The pristine graphite was also list for 351 

reference. 352 

 353 
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 354 

Fig. S8. Morphology of the SE surface after cold pressing in magnification of (a) 1k x, (b) 355 

5k x (c) 20k x, and (d) 20k x. 356 

 357 

 358 

 359 

Fig. S9. Raw radiograph image of the cell before test. 360 

 361 
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 362 

 363 

Fig. S10. Neutron transmission and derivated transmission to determine the interfaces 364 

between adjacent layers. 365 

 366 

 367 

 368 

Fig. S11. Galvanostatic charge profile of the full cell in the operando neutron test. 369 

 370 
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 371 

 372 

 373 

Fig. S12. Time stamped neutron radiography images of the ASLMB during test. The 374 

transmission change is imperceptible. The inset schematic illustrates the architecture of 375 

the ASLMB. 376 

 377 

 378 

 379 

 380 

Fig. S13. Neutron radiography images normalized to the pristine state show the 381 

transmission change ratio (Trt/Tr0) as a function of charging time. The dark and bright 382 

regions in the figures depict the enriched Li and Li depletion, respectively. The red 383 

lightning symbol indicates a short circuit. 384 

  385 
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 386 
 387 

Fig. S14. Operando neutron imaging of the ASLMB. a, b. Nyquist plot a) and the zoom-388 

in plot b) of the ASLMB before the operando neutron imaging test. c. Voltage-capacity 389 

profiles of the ASLMB. d, e. Quantified neutron transmission b) and derivated 390 

transmission c) in the region along the cross section of the ASLMB. f. Voltage-time 391 

profiles of the ASLMB. g. Dynamic transmission evolution during charging and 392 

discharging processes. The green, warm, and cold colors represent no obvious changes, 393 

enriched Li, and Li depletion, respectively, compared with the pristine state in the charging 394 

process and with the fully charge state in the discharging process. 395 

 396 
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 398 

Figure S15. Raman spectra corresponding to the different state of charge. 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

Fig. S16. The intensity enhancements at Raman shifts of 1350 cm-1, 1590 cm-1, 900 cm-407 
1, and 2000 cm-1 in different locations. 408 

 409 

 410 
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 411 

Fig. S17. The intensity evolutions of Peaks at 1350 cm-1 and 1590 cm-1 were fitted by 412 

Lorentzian during test.  413 

 414 
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 415 

Fig. S18. Ex situ XCT investigation. a, Schematic of the XCT test process. b, 416 

Galvanostatic charge profile of the ASLMB in the XCT test. c, Reconstructed 3D structure 417 

of the ASLMB. The locations of five slices are labeled in the figure. d-h, Reconstructed 418 

3D images of Slice 1-5. The dash boxes in b) and c) highlight the vertically grown cracks. 419 

The dash arrows in d), e), and f) show the horizontal cracks. The scale bar is 100 μm. 420 

 421 

 422 
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 424 

Fig. S19. Li extrusion at different graphite microstructure. 425 

 426 

 427 

 428 

 429 

Fig. S20. Li content without stacking pressure. 430 
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 432 

Fig. S21. Photo of the cell for operando neutron imaging investigation. 433 

 434 
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 438 

 439 

Fig. S22. Photo of the Raman inside the glovebox.  440 

 441 
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 445 

Fig. S23. Photo of the cell for operando Raman investigation 446 
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Supplemental Tables 468 

Table S1. Broad feature and G peak information in Li-graphite and pristine graphite 469 

 G peak position 

(cm-1) 

G peak intensity 

(a.u.) 

Broad feature 

position 

(cm-1) 

Broad feature 

intensity (a.u.) 

IB/IG 

P1 1604.7 22.6 1337.5 72.2 3.42 

P2 1598.3 45.8 1332.4 89.9 1.96 

P3 1597.5 73.2 1329.9 132.1 1.81 

P4 1595.9 124.5 1331.3 239.2 1.92 

P5 1588.3 176.8 1352.0 331.6 1.88 

P6 1593.1 230.6 1355.5 275.1 1.19 

Pristine 

graphite 

1583.6 96.2 1336.3 13.5 0.14 

 470 

Table S2. Key parameters used in this computational modeling.  471 

Name Symbol Unit Value 

Anodic/cathodic transfer coefficients 𝛼𝑎 , 𝛼𝑐 1 0.5 

Exchange current density at Li-graphite 

and SE interface 
𝑖𝑒𝑥𝑐 𝑚𝐴/𝑐𝑚2 1.3 

Ionic conductivity in the Li-Gr 𝜎𝐿𝑖+ 𝑚𝑆/𝑐𝑚 [5~0.05] 

Electronic conductivity in the Li-Gr 𝜎𝑒− 𝑚𝑆/𝑐𝑚 104 

Bulk modulus of the Li metal 𝐾 𝐺𝑃𝑎 11 

Thickness of the Li-Gr 𝐿 𝜇𝑚 26 

 472 
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