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ABSTRACT 

Despite progress in solid-state battery engineering, our understanding of the chemo-mechanical 

phenomena that govern electrochemical behavior and stability at solid-solid interfaces remains 

limited compared to solid-liquid interfaces. Here, we use operando synchrotron X-ray computed 

microtomography to investigate the evolution of lithium/solid-state electrolyte interfaces during 

battery cycling, revealing how the complex interplay between void formation, interphase growth, 

and volumetric changes determines cell behavior. Void formation during lithium stripping is 

directly visualized in symmetric cells, and the loss of contact at the interface between lithium and 

the solid-state electrolyte (Li10SnP2S12) is found to be the primary cause of cell failure. Reductive 

interphase formation within the solid-state electrolyte is simultaneously observed, and image 

segmentation reveals that the interphase is redox-active upon charge. At the cell level, we postulate 

that global volume changes and loss of stack pressure occur due to partial molar volume 

mismatches at either electrode. These results provide new insight into how chemo-mechanical 

phenomena can impact cell performance, which is necessary to understand for the development of 

solid-state batteries. 
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Introduction 

Solid-state batteries (SSBs) have garnered interest due to their lack of hazardous liquid 

electrolytes, as well as the potential of solid-state electrolytes (SSEs) to suppress lithium filament 

growth and thereby enable lithium metal anodes1–4. Despite advances in the development of SSEs 

with improved ionic conductivity5–11, the understanding and control over solid electrode/SSE 

interfaces have emerged as major challenges in the development of SSBs2,3,12–14. In general, 

chemo-mechanical degradation is expected to be more severe in SSBs compared to conventional 

liquid-electrolyte-batteries because the SSE cannot reconfigure and flow like liquids2,12. 

Understanding chemo-mechanical phenomena, such as chemical transformations at interfaces, 

mechanical damage, and lithium filament growth, is therefore critical for engineering SSBs. 

Most SSEs are electrochemically unstable against lithium metal and decompose to form an 

interphase layer at the interface15–17, with the transport properties and structure of the interphase 

playing a crucial role in determining material evolution and degradation pathways18–24. 

Additionally, SSEs that form passivating interphases (such as Li7La3Zr2O12 and the Li2S-P2S5 

system) are often vulnerable to lithium metal penetration that results in short circuits25–28. This 

phenomenon limits these cells to a critical current density that is typically below 1 mA cm-2, 

insufficient for commercial batteries29. Furthermore, establishing and maintaining mechanical 

contact at Li/SSE interfaces during cycling is challenging. Morphological and volumetric changes 

of electrode materials and interphases can result in contact loss or other mechanical damage20,30–

33. Although engineering strategies have been implemented to improve interfacial contact34–37, 

electrochemical studies using three-electrode cells have shown that the operation of Li/SSE 

interfaces at high rates is fundamentally limited by the formation of voids during lithium 

stripping38–40. Void formation is detrimental to cell performance, as the reduced contact area 
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creates an effectively larger current density and hot spots that can drive lithium metal 

penetration38,39.  

While a variety of studies have provided evidence for these phenomena, there is a need for 

operando experiments to directly elucidate how solid-state interfaces evolve in real time, and how 

the interplay among various chemo-mechanical phenomena impacts electrochemical behavior. 

However, probing buried interfaces in SSBs is challenging, since it requires techniques that can 

penetrate deep within materials while providing local information about interfacial regions. X-ray 

tomography is an excellent characterization tool for studying such electrochemical systems, as it 

yields three-dimensional images of materials with spatial resolution down to the sub-micron 

scale41,42. X-ray tomography has recently been used in a variety of SSB studies31,33,38,43–49, 

revealing information about how cell performance is impacted by factors such as structure, 

porosity, and mechanical properties of materials. However, most X-ray tomography experiments 

investigating Li/SSE interfaces have been limited to ex situ studies or long scan times, making it 

difficult to resolve meaningful dynamics at these interfaces during electrochemical cycling.  

In this work, we used operando synchrotron X-ray computed microtomography to observe 

dynamic phenomena during operation of Li/Li10SnP2S12/Li symmetric cells at the relatively high 

nominal current densities of 1 mA cm-2 and 4 mA cm-2. Taking advantage of the high spatial 

resolution and fast scan times possible with the use of a monochromatic synchrotron beam, we 

were able to simultaneously resolve void formation and interphase evolution at the Li/L10SnP2S12 

interface during cycling. We found that interphase growth is severe due to the mixed-conducting 

properties of the decomposed phase, and that interphase formation is favored over plating lithium 

metal. Although this decomposition is irreversible, we observed that the interphase is redox active 

upon charge. Additionally, volumetric changes within the cell were found to be due to mismatches 
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in partial molar volume at each electrode, resulting in nonuniform strain states across the cell. 

Despite the substantial phase transformations and volume changes at the interfaces, our analysis 

and modeling showed that cell failure was ultimately driven by void formation and interfacial 

contact loss. These results improve our understanding of chemo-mechanics in the context of void 

formation, interphase growth, and volumetric changes at solid-state interfaces, which are processes 

that must be controlled for the development of SSBs. 

 

Operando X-Ray Tomography Experiments 

The SSE studied in this work was the sulfide Li10SnP2S12 (LSPS).  The crystal structure of 

pristine LSPS was verified using X-ray diffraction (Fig. S1)50. The conductivity of the as-received 

LSPS was measured to be 2.1 mS cm-1 at 20 °C (Fig. S2), which is high enough to cycle at current 

densities comparable to the targeted level for commercial cells29. However, the Li/LSPS interface 

is unstable and will decompose through (electro)chemical reactions52,53. Since the interphase 

formed between lithium and LSPS has mixed-conducting properties, this reaction is not self-

passivating during cycling and decomposition occurs readily17. Although these interfacial 

reactions are undesirable, the properties of LSPS provide a route to understanding the complex 

coupled dynamics that occur at Li/SSE interfaces when cycled at realistic current densities, 

including the impact of interphase formation on cell capacity, stability, and redox processes.  

Operando X-ray computed microtomography experiments were conducted at beamline 2-

BM at the Advanced Photon Source. A custom solid-state cell was designed to apply a stack 

pressure to a 2 mm-diameter solid-state cell while maintaining an airtight seal, as shown in Fig. 

1a. Scaling the internal cell diameter down to 2 mm (compared to ~10 mm for conventional 

research-grade SSB cells48,51) was critical to achieve sufficient X-ray transmission through LSPS. 

Monochromatic X-rays with an energy of 28 keV were used, as this energy provided greater 
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transmission than higher-energy X-rays because of an absorption edge of LSPS at 29.2 keV (Fig. 

S3). We were able to position the entire sample within the field of view to obtain a voxel size of 

1.7 μm while using a rotational tomographic scan time of approximately 7 min. Full details are 

presented in the Methods section. 

 

Figure 1. Operando X-ray imaging of cells at two current densities. (a) Schematic of the custom 

X-ray tomography cell used to cycle Li/LSPS/Li cells during operando experiments. (b-c) 

Galvanostatic voltage curves measured during operando experiments at 4 mA cm-2 and 1 mA cm-

2, respectively. (d-e) Reconstructed cross-sectional images before cycling at 4 mA cm-2 and 1 mA 

cm-2. The regions with dark contrast are the lithium electrodes, while the grey phase is the LSPS 

electrolyte. (f) Magnified cross-section of the Li/LSPS interface before cycling at 1 mA cm-2, taken 

from the blue-boxed region in (e). Voids in the left half of the image are overlaid with red for 

easier visualization, and the red dashed line on the left side demarcates the interphase boundary. 

The right half of the image is unmarked. (g-h) The same cross-sectional images as those shown in 

(d-e) after the electrochemical cycling procedure shown in (b-c). The formation of a darker grey 
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interphase can be seen at the interfaces, along with morphological changes in the lithium 

electrodes. (i) Magnified cross-section of the same interface as shown in (f) after one full cycle at 

1 mA cm-2. The volume of voids at the interface has increased significantly (overlaid with red on 

the left half of the image), along with growth of the interphase (demarcated by the red dashed line 

in the left half of the image).  

 

Operando electrochemical cycling of symmetric Li/LSPS/Li cells was carried out with 

tomography scans interspersed at 15 min time intervals during the application of current. 

Galvanostatic voltage curves of two different cells cycled at 4 mA cm-2 and 1 mA cm-2 are shown 

in Fig. 1b, c. The shapes of these voltage curves are comparable to those measured under similar 

electrochemical conditions in a larger ex situ SSB cell (Fig. S4b, c). During these two experiments, 

our aim was to pass relatively large amounts of charge in each direction to understand how this 

affects stability. In the first half cycle of both experiments, over 4 mAh cm-2 of charge was 

transferred, corresponding to a theoretical lithium thickness of ~20 m. Under these conditions, 

the cells experienced a rapid increase in voltage towards the end of each half cycle (except for the 

first-half cycle of the cell in Fig. 1c). Small shifts of ~10 mV were observed in the voltage curve 

during exposure to the X-ray beam, which we attribute to X-ray interactions with the sample 

generating photoelectrons that could contribute to the measured voltage.  

Figure 1d-i show cross-sectional images of Li/LSPS/Li symmetric cells before and after 

plating and stripping at 4 mA cm-2 (Fig. 1d, g) and 1 mA cm-2 (Fig. 1e, h). The contrast in the 

images is generated based on differences in the X-ray attenuation coefficients of the materials41. 

In each image, contrast between the LSPS with higher average Z (brighter regions in the image) 

and the lower-Z lithium metal electrodes (darker regions in the image) is clearly seen. The steel 

current collectors are also visible with white contrast at the top and bottom of the images in Fig. 

1d, g. For both experiments, the images after cycling (Fig. 1g, h) reveal changes in the morphology 

of the lithium electrodes as a consequence of plating and stripping, as well as the formation of an 
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interphase visible as the intermediate-contrast regions during plating. This change in contrast 

associated with interphase formation is due to the reaction of LSPS with lithium33, resulting in 

incorporation of additional Li and lowering of the average atomic number. 

Magnified views of the same portion of the Li/LSPS interface before and after one full 

cycle at 1 mA cm-2 are shown in Fig. 1f and 1i. Before cycling (Fig. 1f), the lithium and LSPS are 

in physical contact at most regions of the interface, despite the roughness and asperities present. 

After electrochemical cycling, there are distinct regions with darker contrast than lithium metal 

visible at the Li/SSE interface (Fig. 1i). The right half of Fig. 1i is an unmodified image, while the 

left half features these darker-contrast regions segmented for visual clarity. The dark regions are 

found at the interface and not in the bulk region of lithium, suggesting that they represent a loss of 

lithium metal at the interface due to void formation. Line scans of the image intensity at a different 

interface before and after stripping lithium demonstrate that the darker-contrast regions are formed 

during stripping and exhibit lower intensity than lithium metal (Fig. S5a, b). The measured 

intensity of these regions is similar to pores within the bulk of the LSPS pellet (Fig. S5c), which 

further indicates that they are voids. The formation of voids at the interface is consistent with 

electrochemical experiments that have investigated lithium plating and stripping at high current 

densities38–40. Our observations here indicate that we were able to successfully resolve voids using 

operando X-ray tomography. We partially attribute this result to the use of a monochromatic 

source, which improves the sensitivity to X-ray absorption variations in the sample. 
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Interphase Formation at the Li/LSPS Interface 

Reconstructed images reveal that a large amount of interphase is formed at the cathodic 

interface (Fig. 2a). To determine the relative fractions of current contributing to interphase growth 

vs. plating, we quantified the volumes of the interphase and the lithium electrodes by segmenting 

these regions in a subvolume (see Methods). Figure 2b shows the change in these volumes relative 

to their initial value. As expected, the lithium volume at the anodic interface decreases as lithium 

is removed and transported to the cathodic interface. However, the lithium volume at the cathodic 

interface (shown in Fig. 2a) does not increase with time, which should occur if lithium metal is 

being deposited. Simultaneously, the interphase volume at this interface increases substantially 

(Fig. 2b). Together, these observations show that the current at the cathodic interface results in the 

electrochemical growth of the interphase rather than the deposition of lithium, and that the lithium 

metal electrode at this interface is actually consumed (albeit to a lesser extent than the other lithium 

electrode being stripped) due to the continuous chemical reaction that also contributes to interphase 

formation. Figure S6 shows results for the experiment at 4 mA cm-2, indicating that cycling at a 

higher current density results in similar interphase growth and electrochemical processes. 

These findings demonstrate that the vast majority of applied current is used to 

electrochemically form the interphase. Reduction at the Li/LSPS interface does not actually 

involve measurable lithium deposition, and lithium loss due to interphase formation is inevitable. 

This observation is important because although interphase formation is well documented16,19,20,52, 

the extent to which this process affects the electrochemistry in various materials is not well 

understood. Because no metal deposition is occurring, we use the terminology “reduction” instead 

of “plating” to describe this cathodic process throughout the remainder of this paper.  
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Figure 2. Analysis of interphase growth and electrochemical behavior. (a) Time lapse of an 

Li/LSPS interface during reduction at 1 mA cm-2. The red dashed lines indicate the boundary of 

the interphase and pristine LSPS phase. (b) Plot showing the change in volume of the interphase 

at this interface, as well as both lithium electrodes, during the first half cycle at 1 mA cm-2. 340 

µm by 340 µm by 340 µm subvolumes were used for this analysis. (c) Fraction of total current due 

to oxidation of lithium metal, plotted as a function of the interphase thickness. This data were taken 

from an operando experiment with 30 minute cycles at a current density of 4 mA cm-2
 (Fig. S7).  

 

A consequence of the substantial interphase growth is that failure in Li/LSPS/Li cells does 

not occur due to lithium filament-induced short circuiting. No lithium filaments were observed to 

form in LSPS during our experiments, whereas X-ray imaging has previously shown the presence 

of lithium filaments in argyrodite SSEs after cycling48. Short circuiting was also never observed 
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in our additional ex situ electrochemical measurements, similar to previous results with other SSEs 

that form a mixed-conducting interphase20,33,53. It is likely that all SSEs that form mixed-

conducting interphases will not experience substantial Li filament growth, with the caveat that 

there could be material-dependent balances between the rates of lithium deposition and interphase 

formation which may be altered at very high current densities.  

Using the measured reduction in the volume of a lithium metal electrode during oxidation, 

we analyzed the fraction of the total applied current arising from lithium metal stripping. For the 

first and second half cycles of the experiment run at 1 mA cm-2 (Fig. 1c), these current fractions 

are 0.72 and 0.51, respectively. Thus, a large portion of the current is being produced by interphase 

oxidation instead of lithium metal stripping. Reversible interphase redox activity has been shown 

in many SSEs24,52,54,55, and it can contribute a large amount of capacity during cycling. The 

decrease in this value in the second half-cycle indicates that stripping from a previously reduced 

interface alters the balance of electrochemical processes.  

We further investigated this behavior using an operando experiment with a higher nominal 

current density (4 mA cm-2) and shorter cycle times to more steadily increase the total interphase 

thickness (Fig. S7). Figure 2c shows the fraction of current produced by stripping lithium metal at 

the top interface versus the thickness of the interphase at this interface when stripping begins. This 

plot demonstrates that less current arises directly from lithium stripping as the interphase thickness 

increases, suggesting that an increasing fraction of current comes from oxidation of lithium species 

in the interphase. We attribute this behavior to the increased total interphase volume present and 

the intimate contact at the interphase/LSPS interface. Finally, a greater fraction of current comes 

from oxidation of the interphase at higher currents, indicating that rate plays an important role as 

well. 
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Void Formation and Contact Loss at the Li/LSPS Interface 

Three different types of interfacial void evolution behavior were observed during cycling 

(Fig. 3). Each subfigure in Fig. 3 shows the exact same location at the lithium/SSE interface before 

and after an electrochemical process, with the voids at the interface automatically segmented (see 

Methods) and overlaid in red. Figure S8 contains the images without red overlays. The most 

common process is the formation of voids during stripping at an interface (Fig. 3a). The creation 

of void volume during stripping is due to the removal of Li+ ions faster than the lithium metal can 

be replenished either through self-diffusion or mechanical deformation. Our observation of void 

formation at the anodic interface is consistent with recent studies that have demonstrated 

polarization at the stripping electrode38–40. Because the Li/LSPS interfaces in our study exhibited 

local nonuniformity, we also analyzed the possible influence of interface morphology on void 

formation (Fig. S9). Notably, our analysis shows that the tendency to form voids during stripping 

is independent of the local roughness of the interface. The second phenomenon we observed is the 

closing of voids during reduction (Fig. 3b). Despite there being no measurable lithium metal 

deposition that would fill voids, we suspect that local compression due to volume expansion and 

growth of the interphase can close some voids. However, this process was not observed in every 

experiment, suggesting that interphase formation is generally not effective at closing voids. The 

third phenomenon observed is the formation of voids at the cathodic interface (Fig. 3c). This 

behavior is counterintuitive, as mass is being transported to and added at this interface. However, 

the lithium electrode is being consumed due to a chemical side reaction (previously shown in Fig. 

2b), which likely results in the void formation seen in Fig. 3c.  
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Figure 3. Evolution of voids at the Li/LSPS interface. (a) Cross-sectional images of the Li/LSPS 

interface before (top) and after (bottom) stripping at 1 mA cm-2. The red overlays in these images 

represent the pixels identified as voids during the segmentation process, which shows that void 

growth occurs during stripping. (b) Cross-sectional images of the Li/LSPS interface before and 

after reduction at 4 mA cm-2 show that voids can be closed during reduction. (c) Cross-sectional 

images before and after reduction at 1 mA cm-2 show that voids can also be formed during 

reduction.  

 

The image contrast between voids and lithium enables real-time determination of how the 

contact area between lithium and LSPS changes at both interfaces and how it influences 

electrochemistry. Figure 4a shows the Li/LSPS contact areas at both the top and bottom interfaces 

for the cell cycled at 1 mA cm-2. Stripping occurs at the top interface for the first ~5 h, after which 

the current is reversed and stripping begins at the bottom interface. The electrochemical signature 

in the first half-cycle (i.e., during stripping at the top interface) only shows a minor increase in 

overpotential. The low overpotential is reflected in the contact areas at both interfaces, which do 

not change significantly in the first half cycle. After reversing the current, the cell voltage begins 

to increase in magnitude at a slow rate. However, after cycling for ~9 hours the cell rapidly 

polarizes to -4 V. During this time, the interfacial contact area at the bottom interface decreases by 

52%, mirroring the increasing overpotential. We note that in this two-electrode experiment, the 

measured voltage includes contributions from impedance at both interfaces. 
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The spatiotemporal evolution of contact at each interface is visualized in Fig. 4b, c. These 

images show the projected contact area at different times during cycling. At time = 0 h, there are 

already numerous regions without interfacial contact that are likely a result of insufficient stack 

pressure48, as well as the non-planar interfaces created in this study. This is an important result, as 

it means the effective current density when cycling begins is actually 4-5 times higher than the 

nominal value. The projections for the top interface (Fig. 4b) show that there is only minor contact 

loss throughout the entire experiment, and contact actually increases slightly during stripping. 

Figure S10 shows that the physical locations at which contact is present at the top interface also 

shift during this half cycle, despite the small changes in total contact area. This result further 

emphasizes the dynamic nature of these interfaces. The contact projections of the bottom interface 

(Fig. 4c) show a more substantial change in contact area. A contact loss of -8.9% can be seen over 

the first 4 h (between projections (i) and (ii)), despite no stripping at the bottom interface occurring. 

This evolution can be attributed to the formation of voids during reduction (Fig. 3c). However, 

these changes are not large enough to significantly polarize the cell until ~9 hours of cycling. A 

dramatic contact loss of -47.1% at the bottom interface occurs between projections (iii) and (iv) 

during stripping of this interface, which corresponds to the period of rapid cell polarization. The 

contact loss at the bottom interface is greater in the final hour of cycling than the first 9.25 hours.  
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Figure 4. Relating interfacial contact area to cell electrochemistry. (a) Plot of the voltage curve 

measured during cycling at 1 mA cm-2 (blue line) and the corresponding lithium contact area of 

the top (green) and bottom (yellow) Li/LSPS interfaces in this cell. (b) Projections of the Li/LSPS 

contact area at the top interface. The percent change in contact area and lithium capacity removed 

between projections are indicated. (c) Projections of the bottom interfacial contact area. (d) 

Comparison between the experimental voltage curve (blue) and theoretical voltage curves using 

100% of the experimental contact area in the second half cycle (red), 25% (green), 1% (yellow), 

and dynamically varied contact area (purple). 

 

The correlation between interfacial contact and the increase in cell voltage suggests that 

the loss of contact at the anodic interface drives failure, despite the continuous growth of interphase 

during the experiments. Further analysis shows that in the regions of relatively low voltage (< ~0.8 

V), the cell voltage is linearly related to the effective current density at the anodic interface (Fig. 
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S11). At higher voltages, this dependence diverges from linearity, which indicates that factors such 

as differing redox processes or transport limitations in the interphase likely contribute at high 

overpotentials. To further investigate the effect of contact loss on cell failure, we implemented an 

electrochemical model with our cell geometry that incorporates Butler-Volmer kinetics at the 

Li/SSE interface, as well as transport in the SSE and the growing interphase (see Methods). Figure 

4d shows the results for the situation in which the voltage of the first half cycle was matched to 

the experiment through choice of interphase conductivity. These conditions were then used to 

predict the voltage of the second half cycle based on the experimentally-measured contact area 

variation of the bottom interface (red curve). While there is an increase in overpotential as contact 

area decreases, the predicted cell voltage under these conditions is much lower than that which is 

measured. Reducing the contact area by fixed amounts in simulations of the second half cycle 

(green and yellow curves) increases the overpotential, but the slope of the curve still differs from 

experiment. Dynamically reducing the contact area during the second half cycle provides a 

qualitatively similar curve (purple curve), but matching to the experiment requires imposition of 

extremely low contact area (Fig. S12).  

The mismatch between the predicted and experimental voltage curves suggests that the 

contact loss and associated increase in local current density likely drive other factors that cause the 

rapid overpotential increase which are not captured in this relatively simple model. For instance, 

the model assumes a continuous contact area, which is different than the distributed point contacts 

visible in Fig. 4c(iv). Point contacts can cause much higher local current densities (current 

constrictions) at the edges of the contacting regions56, which would exacerbate overpotential 

increases. Furthermore, our ability to quantify contact area is limited by the spatial resolution of 

these experiments, and some smaller voids that contribute are likely undetected. Lastly, redox of 



 17 

the interphase and mass transport limitations in this region would both be affected by increased 

local current density due to contact loss, but these are difficult to incorporate into this model due 

to experimental uncertainties. Thus, we conclude that the loss of contact at the stripping interface 

is the underlying phenomenon that sets into motion a variety of other possible contributing factors 

that cause cell failure in this system.  

 

Volumetric Changes and Partial Molar Volume Mismatch  

Our dataset also allows us to quantify the impact of volume changes at the electrodes and 

interphases on displacements at distant locations during cycling. Figure 5a shows a portion of a 

lithium electrode that undergoes stripping at 1 mA cm-2 during the first half cycle; this electrode 

decreases in volume during stripping, as detailed in Fig. 2. The Li/SSE interface moves upward 

~17 μm, as indicated by the red lines in Fig. 5a, due to the lithium electrode receding during 

stripping and the simultaneous expansion of the interphase at the opposite interface (not shown). 

Through this process, however, the current collector at this interface moves downward by ~20 μm 

(blue shaded lines in Fig. 5a). The magnitude of these shifts (on the order of tens of micrometers) 

is significant because voids have an average thickness of ~5 μm.  

The LSPS pellet also undergoes nonuniform physical displacements during cycling. The 

vector field map in Fig. 5b shows the displacement of different positions within the SSE over the 

second half cycle, during which reduction (i.e., interphase growth) is happening at the top 

interface. Each vector in Fig. 5b is scaled by five times the observed displacement of the point at 

the base of the vector. The maximum displacement measured in the SSE is ~20 μm, which is 

consistent with the upward movement of the Li/LSPS interface in the previous half-cycle (Fig. 5a). 

These displacements show that the LSPS material moves nonuniformly towards the anodic 

interface, with greater displacements near the center of the pellet compared to the edges of the 
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pellet. The different displacements at the center and the edges of the pellet will result in shear 

strain and nonuniform stresses, which could accelerate mechanical damage.  

 

Figure 5. Displacements and volume changes within a cell. (a) The position of the Li/LSPS 

interface and the current collector tracked during stripping of the lithium. The arrows indicate the 

direction of motion of each interface; darker lines represent positions at earlier times during 

stripping, with the transition to lighter lines as stripping proceeds. (b) Vector map showing 

physical displacements of the point at the base of each vector as lithium is stripped from the bottom 

interface at a current density of 1 mA cm-2. The magnitude of each vector is scaled by a factor of 

five for visual clarity. (c) Change in the thickness of the Li/LSPS/Li stack subvolume (visualized 

in the inset) during cycling at 1 mA cm-2.  

 

The displacement of the LSPS pellet, coupled with the observation of current collector 

displacement, indicates a decrease in overall volume of the Li/LSPS/Li stack during cycling. 

Volume changes of the stack were analyzed in greater detail by tracking a 680 μm by 680 μm by 

1360 μm subvolume that encompasses the entire thickness of the stack between the current 

collectors. A segmented 3D visualization of this subvolume is shown in Fig. 5c, along with a plot 

of the change in thickness over time. The total thickness, and therefore volume, of the symmetric 

cell stack (i.e., all materials between the current collectors) decreases during cycling. Since the 

overall electrochemical process involves stripping lithium at one interface to form interphase at 

the other, this net volume loss can be explained if the partial molar volume of Li in the interphase 

is less than the partial molar volume of Li in lithium metal. Indeed, the partial molar volume of Li 

in most battery cathode and lithium binary compounds is less than that in lithium metal, and the 

compounds that form during interphase formation are expected to be similar32,57. As a result of this 
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partial molar volume mismatch, the LSPS pellet and current collectors are displaced during cycling 

under stack pressure and there is a net decrease in cell volume due to continuous interphase 

formation. The different magnitudes of the displacements at different positions within the LSPS 

occur because the lithium electrodes at the edges of the cell are thinner, resulting in less interphase 

growth and volume change at these locations. Electrochemical cycling of an ex situ Li/LSPS/Li 

cell outfitted with a force sensor (Fig. S13) shows that the stack pressure decreases during cycling, 

which we suspect is due to the volume loss within the cell. Stack pressure plays a critical role in 

maintaining interfacial contact, and increasing the stack pressure of the operando tomography cell 

was found to increase the contact area while simultaneously decreasing cell voltage (Fig. S14). 

Thus, we conclude that the partial molar volume mismatch and volume loss in our cells leads to 

decreased stack pressure, which could exacerbate overpotential increases and is generally 

detrimental for the stability of SSBs.  

Our observation of cell volume shrinkage is different than expected for Li/SSE/Li 

symmetric cells that undergo only lithium plating and stripping, as there would be no partial molar 

volume mismatch between the electrodes. Importantly, however, our results are relevant for 

designing full cells that contain a lithium metal anode and an intercalation or conversion cathode. 

As previously mentioned, Li has lower partial molar volume within most cathode materials than 

in lithium metal32, which is akin to the interphase found in our system. In both cases, then, the 

volume lost at the stripped lithium metal interface is greater than the volume gained when lithium 

is added to the cathode or interphase due to the lower partial molar volume of these phases, 

resulting in an overall reduction in cell volume. Our results highlight the challenges that partial 

molar volume mismatches present in creating full cells with controlled stack pressure throughout 

cycling31,32,58, and they also indicate that studying Li/SSE/Li symmetric cells in which lithium 
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metal deposition dominates may not be entirely representative of the chemo-mechanical conditions 

present in full cells.  

 

Conclusion 

The chemo-mechanical phenomena we have observed herein are expected to play 

important roles during operation of SSBs based on a wide variety of SSE chemistries beyond 

LSPS. Contact evolution and volumetric changes are inherent challenges in SSBs, and nearly all 

SSEs decompose to some extent to form an interphase. Our results, along with continued use of 

operando X-ray tomography and other such techniques, will help guide the development of SSBs 

with high energy density and long lifetime. In particular, the dynamics of lithium filament growth 

and the effects of incorporating different composite cathodes are key scientific aspects that require 

greater understanding to successfully integrate lithium metal within SSBs. We have shown that it 

is possible to conduct operando imaging of contact loss at Li/SSE interfaces, which could help 

elucidate how lithium filaments nucleate and grow during charge. It is also important to study how 

volume change mismatches between electrodes in full cell architectures can alter mechanical stress 

throughout the cell31,32. The displacement of components, localized stress variations, and loss of 

pressure caused by introducing a cathode could have an impact on contact at the Li/SSE interface, 

and thus the electrochemical performance of full SSBs.    
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Methods 

Cell Assembly 

Li10SnP2S12 (LSPS) was purchased from NEI Corporation. A custom X-ray tomography 

cell was built for the operando synchrotron X-ray tomography experiments. The cell body was 

constructed out of PEEK to minimize X-ray attenuation and prevent short circuiting between the 

electrodes. The inner diameter was designed to be 2 mm to minimize the sample size, ensuring 

sufficient transmission to image the cell. Symmetric Li/LSPS/Li cells were assembled inside of an 

Ar-filled glovebox. 7 mg of LSPS was loaded into the cell and pressed at a pressure of 225 MPa 

to form a pellet approximately 1 mm thick. Lithium metal foils were punched out and attached to 

steel rods, which were then inserted into each side of the cell. To establish the pressure necessary 

to cycle these cells at high current densities, screws were used to compress the rods against the 

faces of the pellet. O-rings attached to the screw heads were simultaneously compressed to form a 

seal when the screw was inserted. The torque applied to the screws was 0.25 N-m (estimated to be 

greater than 10 MPa) for each experiment unless otherwise specified. Graphite foils were placed 

between the steel rods and screws to prevent the rods from rotating and damaging the Li/SSE 

interface. All operando electrochemical measurements were performed using a Bio-Logic SP-150 

potentiostat. 

 

Synchrotron X-Ray Computed Microtomography Experiments 

Operando X-ray computed microtomography experiments were conducted at the 

Advanced Photon Source’s 2-BM beamline. Monochromatic X-rays with an energy of 28 keV 

were chosen to maximize transmission in our samples based on attenuation length calculations 

(Fig. S3). 1500 projections were taken with an exposure time of 210 ms while rotating the sample 

180°. An Oryx 5.0 MP Mono 10GigE detector and a 2x magnification lens were used for the optics 
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in this setup. The sample to detector distance for all experiments was 100 mm. We were able to 

achieve a voxel size of 1.7 μm while fitting the entire sample within the field of view of ~ 4.2 x 

1.4 mm2. The time required to complete a scan under these conditions was approximately 7 min. 

The raw data was reconstructed with TomoPy using the Gridrec method59.  

 

Segmentation Analysis 

The reconstructed images were segmented using MATLAB to identify the lithium volume, 

interfacial contact area, and void volume. A dynamic cropping procedure was applied to select the 

appropriate regions of interest. To identify lithium metal, the cropped images were analyzed 

column by column from top to bottom. Differences in intensity between the steel rod and lithium 

electrode were used to define the upper boundary. The algorithm continued to recognize pixels as 

lithium as long as their intensity was below the specified threshold. The identification of lithium 

stopped when the average intensity of the next 3-5 pixels was above a value typical of the 

interphase.  

The same algorithm was used to segment the contact areas with one modification. After 

identifying lithium in every column, the contact algorithm evaluated the bottom 5 pixels in search 

for values below the void intensity threshold. If pixels with these intensities were found, then the 

entire column was deleted. The segmented slices were projected onto the z axis such that columns 

with lithium and no voids would count as a white pixel, columns without lithium would be a black 

pixel, and columns with lithium and voids at the bottom of the lithium would be a black pixel. This 

algorithm was used to produce the images in Fig 4.  

Void segmentation was done with an independent algorithm. In each column, the algorithm 

went from the bulk of the LSPS pellet identifying pixels with intensities below the void intensity 

threshold. Once such a pixel was found, it would continue identifying the pixels above it with 
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intensities below the void threshold. If the average intensity of the next 3-5 pixels was above the 

void threshold and below the lithium threshold, all of the identified pixels were segmented as an 

interfacial void. If the average intensity above the void was higher than the lithium threshold 

(indicating that this void was a pore in the bulk), it was discarded and the algorithm would continue 

to sweep the column upwards.  

The interphase volumes were segmented using the WEKA trainable segmentation package 

built into FIJI/ImageJ. This analysis was conducted using 340 µm by 340 µm by 340 µm 

subvolumes. Classifiers for different phases in the sample were created and then manually 

identified over many cross-sections. These inputs were then used to train a model that could 

identify the classified phases over the entire subvolume. The resulting RGB images were then 

binarized to isolate the interphase class and processed using MATLAB. 

Each segmented slice for lithium volume, void volume, interphase volume, and contact 

area was saved having the positively identified elements as white pixels and the negatives as black 

pixels. The volumes were calculated by adding up the number of white pixels through all the slices 

in a scan and using the voxel size (1.7 µm). Similarly, the contact area was calculated by adding 

the white pixels in the z-projections. 

 

Electrochemical Model 

To understand the mechanisms underlying the dynamic change in the cell voltage, an 

electrochemical model for a symmetric cell configuration was developed, which takes into account 

the contact areas at the top and bottom interfaces, growth of the interphase, and the electrolyte 

conductivity.  

The kinetic overpotential at the top and bottom interfaces were calculated using the Butler-

Volmer expression.  
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𝑖𝐵𝑉 =  𝑖0 (𝑒𝑥𝑝 (
𝛼𝑎𝐹

𝑅𝑇
𝜂) − 𝑒𝑥𝑝 (−

𝛼𝑐𝐹

𝑅𝑇
𝜂)) 

Here, 𝑖𝐵𝑉 refers to the reaction current density, which was evaluated with respect to the 

experimentally extracted contact areas (distinct for the top and bottom interfaces). 𝑖0, 𝛼𝑎, 𝛼𝑐, and 

𝜂 refer to the exchange current density, cathodic and anodic charge transfer coefficients, and 

kinetic overpotential, respectively.  

The potential drops across the electrolyte and interphase were calculated as follows:  

∆𝜙𝑗 =   
𝐼𝑎𝑝𝑝 𝑙𝑗

𝑘𝑗
  

𝐼𝑎𝑝𝑝, 𝑘𝑗, and 𝑙𝑗 correspond to the applied current density, ionic conductivity (electrolyte or 

interphase), and thickness (electrolyte or interphase), respectively. It is to be noted that the 

interphase thickness evolves over time and this input is derived from the experimental data. The 

cell voltage was computed by summing up contributions from the ohmic and kinetic potential 

drops, which have been described above. Owing to the high electronic conductivity of lithium 

metal, the ohmic drop across the metal electrode has been neglected in the above analysis. 
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