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Investigating the evolving microstructure of lithium metal electrodes 
in 3D using X-ray Computed Tomography 
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S. A. Hall, b D. J. L. Brett, a P. D. Leec and P. R. Shearing*a 

The growth of electrodeposited lithium microstructures on metallic lithium electrodes has 

prevented their use in rechargeable lithium batteries due to early performance degradation and 

safety implications. Understanding the evolution of lithium microstructures during battery 

operation is crucial for the development of an effective and safe rechargeable lithium-metal 

battery. This study employs both synchrotron and laboratory X-ray computed tomography to 

investigate the morphological evolution of the surface of metallic lithium electrodes during a single 

cell discharge and over numerous cycles, respectively. The formation of surface pits and the growth 

of mossy lithium deposits through the separator layer are characterised in three-dimensions. This 

has provided insight into the microstructural evolution of lithium--metal electrodes during 

rechargeable battery operation, and further understanding of the importance of separator 

architecture in mitigating lithium dendrite growth. 

 

Introduction 

Compared to graphite-based negative electrodes currently 

used in commercial rechargeable lithium (Li) batteries, 

metallic lithium offers several advantages: Li has an extremely 

high specific capacity of 3800 mAhg-1 which is ten-fold higher 

than that of lithiated graphite (372 mAhg-1), and it also has the 

lowest negative electrochemical potential (-3.04 V vs. the 

standard hydrogen electrode 1). However, Li metal suffers 

severe safety and efficiency challenges that have prevented 

its use as a negative electrode in commercial rechargeable Li 

batteries. Many of these challenges are associated with 

morphological changes that occur on the lithium metal 

surface upon repeated charge-discharge cycling in non-

aqueous electrolyte, which lead to the growth of dendritic 

and/or mossy deposits across the electrode surface that can 

result in battery short circuits 2–4, which are potential fire 

hazards. Various strategies, such as the use of solid polymer 

electrolytes, separators and ceramic coatings 5–8, liquid 

electrolyte additives 9,10 and Li metal surface passivation 11 

have been developed to mitigate dendrite growth and moss 

formation. However, these approaches are currently not 

completely fail-safe; a detailed understanding of how these 

microstructures form and the conditions under which they 

can occur in a working battery cell is imperative for developing 

a definite solution to the problem of dendritic growth.  

     

A range of diagnostic tools have been used by researchers to 

study the formation of dendritic/mossy microstructures in 

lithium batteries. Optical and electron microscopy have been 

used for two-dimensional (2D) characterization of 

electrodeposited Li microstructures and lithium metal surface 

morphology changes 12–16, providing a wealth of qualitative 

information on their inherently three-dimensional (3D) 

structure. However, most of these studies were performed ex-

situ, thus requiring cell disassembly and removal of the lithium 

microstructures from their as grown environment. NMR and 

MRI investigations are non-invasive and have been 

successfully carried out in-situ to capture the formation of 

dendritic and electrodeposited lithium structures 2,3; however 

the resolution of MRI is limited, typically 100 µm 17, and the 

presence of metals can introduce imaging artefacts 18. There 

have also been reported attempts to theoretically model 

different electrodeposited Li growth with regards to their 

morphologies and feature size distributions 19–22.  

      

     

X-ray computed tomography (CT) enables non-invasive 

acquisition of high spatial resolution 3D images of materials 

in-situ; however, applying tomographic imaging to Li can be 
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rather challenging due to its low attenuation coefficient which 

limits X-ray absorption contrast. Recently, X-ray CT has been 

used to visualize metallic Li microstructures. Harry et al. 4 first 

used synchrotron-based X-ray CT to image metallic Li 

microstructures in Li-polymer cells, demonstrating the role of 

subsurface dendritic structures within a Li metal electrode in 

the failure of lithium batteries. With bespoke Li/Li 

symmetrical cells, Eastwood et al. 23 used synchrotron X-ray 

phase contrast imaging to characterise different forms of Li 

microstructures. In this previous study, Eastwood et al. were 

able to distinguish between mossy metallic Li microstructures 

from high surface area lithium salt deposits by their 

contrasting X-ray attenuation. However,  X-ray CT can be 

extended, using both synchrotron and lab-based X-ray 

sources, to explore temporal evolution of material 

microstructures within batteries during operation or failure 24–

27, thus giving rise to the notion of “4-dimensional” 

tomography (i.e. 3D plus time) and even enabling quantitative 

information on 3D microstructural dynamics to be extracted. 

Recently, using synchrotron in-line phase contrast X-ray CT, 

Sun et al.28 non-destructively visualized the evolution of 

electrodeposited lithium, and observed separator cleavage 

caused by their growth. Here, we demonstrate the use of both 

synchrotron and laboratory-based X-ray micro-tomography to 

perform both in-situ and operando characterization and 

quantification of the morphological evolution that occurs at 

the surface of Li metal electrodes. 

Experimental 

Electrode preparation and cell assembly 

Using custom-built thin-walled X-ray transparent PFA 

Swagelok cells 27, half-cells were assembled in an argon-filled 

glove-box (O2 and moisture level maintained at < 0.5 ppm) 

using metallic lithium as positive electrode, graphite as 

negative electrode, a borosilicate glass microfiber separator 

(Whatmann GF/B grade, thickness 650 μm, GE, UK), and 1M 

LiPF6 in 3:7 vol/vol of ethylene carbonate (EC) : ethyl methyl 

carbonate (EMC) as electrolyte. Graphite electrodes were 

prepared as a slurry mixture containing graphite powder 

(TIMREX® SLP30, TIMCAL, Switzerland), carbon black (Super P, 

Sigma Aldrich, UK), and PVDF binder (Pi-KEM, UK) in the 

respective percentage weight ratios 87:3:10 in n-methyl-

pyrrolidone (Pi-KEM, UK). This slurry was coated onto 

stainless steel current collecting pins, and dried at 80 °C under 

vacuum for 24 h. The metallic lithium electrodes were cut out 

from a 200 µm thick lithium foil (Pi-KEM, UK) into 3.2 mm 

diameter discs. 

Operando synchrotron X-ray tomography 

The morphological changes at the surface of a Li metal 

electrode during the first discharge of an assembled 

graphite/Li half-cell were examined using operando X-ray CT. 

The synchrotron X-ray CT experiments were conducted at the 

Diamond-Manchester Imaging Branchline I13-2 of Diamond 

Light Source, UK. The experimental setup is shown in Figure 1. 

The mounted sample was electrically insulated from the 

sample stage to prevent interference. A partially-coherent, 

polychromatic ‘pink’ beam (5 to 35 keV) of parallel geometry 

was used with an undulator gap of 5 mm. The pink beam was 

chosen as it can provide higher signal-to-noise images with 

shorter exposure times, high temporal resolution and 

improved spatial resolution (due to decreased blurring), 

relative to a monochromatized beam. Compared to a 

monochromatic beam, the photon flux of the pink beam is 

about 50 – 100 times higher 29.  

The beam was reflected from the Pt stripe of a grazing-

incidence focusing mirror and filtered with 950 µm pyrolytic 

graphite, 2 mm aluminium and 20 µm nickel. For each 

tomogram of the examined half-cell sample, 4000 projection 

images of exposure time 160 ms each were acquired at 

equally-spaced angles over 180° of continuous rotation (along 

the sample’s long axis) by a pco.edge 5.5 (PCO AG, Germany) 

detector. The detector was coupled to a 500 μm CdWO4 

scintillator and visual light optics, providing 8x total 

magnification, a field of view of 2.1 × 1.8 mm (2560 × 2160 

pixels) and an effective pixel size of 0.81 μm. A propagation 

distance of approximately 25 mm was used to provide 

minimal inline phase contrast. Prior to reconstruction via 

filtered back projection with DAWN 1.7 30, projection images 

were flat and dark corrected, and ring artefact suppression 

was performed 31. 

Galvanostatic discharge of the half-cell from open circuit 

voltage (OCV) to 0.005 V was performed using a potentiostat 

(Ivium Compactstat, Ivium Technologies) at a rate of 20 mAg-

1, which is estimated to be a C/20 C-rate based on graphite 

material mass. Tomograms of a central region within the half-

cell were successively acquired every 15 min during discharge, 

including a rest period of 120 s between each successive 

tomogram acquisition. 



 
  

 

 

 

Figure 1. (a) Optical image of the in-situ cell mounted for synchrotron 

X-ray CT. (b) Schematic representation of the experimental beamline 

setup for operando synchrotron X-ray CT. 

Time-lapse laboratory X-ray tomography  

To observe the effect of repeated charge-discharge cycling on 

the surface morphology of Li metal in-situ, X-ray CT was 

performed on another assembled graphite/Li half-cell using a 

microfocus tube ‘laboratory source’ X-ray microscopy system 

equipped with a tungsten anode target (ZEISS Xradia Versa 

520, Carl Zeiss X-ray Microscopy Inc., USA). X-ray CT scans 

were performed on the half-cell in its original state, 

immediately after assembly, and after 10, 70 and 135 charge-

discharge cycles. The half-cell was galvanostatically cycled at 

a C/5 C-rate between 0.005 V and 1.0 V using a battery cycler 

(Maccor 4300 series, USA).  

For each tomographic image acquisition, the half-cell was 

mounted firmly onto a sample holder and placed on the 

rotating sample stage between the X-ray source and a 2k × 2k 

detector, as shown in Figure 2. Tomography datasets were 

collected at 20× magnification in absorption-contrast mode. 

The projection image datasets were reconstructed using a 

commercial image reconstruction software package (ZEISS 

XMReconstructor, Carl Zeiss X-ray Microscopy Inc., 

Pleasanton, USA) which employs a filtered back-projection 

algorithm. Details of the experimental parameters for each 

tomographic scan are presented in Table 1.  The tomograms 

were 3D median filtered using Avizo software (v9.1, FEI VSG, 

France) to reduce random image noise. 

Table 1. Scan parameters for laboratory X-ray tomographic 
experiments. 

 0 

cycles 

10 

cycles 

70 

cycles 

135 

cycles 

Source voltage (kV) 50 35 50 50 

Radiograph exposure 

time (s) 
75 66 66 66 

Number of projections 1601 3201 2151 2201 

Source-detector 

distance (mm) 
29.4 29.5 29.3 29.6 

Effective voxel size 

(µm) 
0.75 0.75 0.75 0.75 

 

Figure 2. (a) Optical image of in-situ cell sample mounted for 

laboratory X-ray CT. (b) Schematic representation of experimental 

setup for laboratory X-ray CT. 

Results and discussion 



 
  

 

 

Operando X-ray CT synchrotron study during single discharge  

To track the 3D morphological evolution that occurs at the 

surface of Li metal electrodes in a rechargeable Li battery 

during the early stage of cell cycling, operando synchrotron X-

ray CT was performed during the gradual discharge of 

graphite/Li half-cell assembled with a borosilicate glass-fibre 

separator. A total of 44 successive X-ray tomograms were 

acquired in the course of the half-cell discharge.  

Figure 3(a) shows a vertical cross section through the 

tomogram of a half-cell sample before operation, and Figure 

3(b) shows a selected sequence of time-resolved tomogram 

sections of a magnified region of interest that captures 

gradual pit formation along the Li metal electrode surface as 

a result of electrochemical discharge. Volume renderings of 

this magnified region [presented in Figure 4 and Figure 5(a)] 

provide qualitative insight into the 3D morphological 

structure and evolution of these pits. The pits appear roughly 

hemispherical in shape and are seen to gradually increase in 

both diameter and depth as the half-cell discharge progresses. 

In Figure 5(b), a gradual increase in the volume fraction of pits 

within the analysed sample volume is clearly observed as a 

result of the cell discharge.  

The occurrence of similar pit-like holes on the surface of 

cycled lithium electrodes has previously been identified using 

electron microscopy 13,32–34. It was found that pit morphology 

and growth rate along the metallic Li electrode surfaces can 

be a function of electrolyte composition and applied current 

density. In addition, such electrochemically–induced pitting 

has been previously observed to be associated with the 

breakdown of the passive layer on the metal surface, which 

could be as a result of the penetration of PF6
- anions from the 

electrolyte through the passive layer, causing localized 

variations in interfacial energy and thus resulting in the local 

dissolution of the lithium metal surface 35. Moreover, previous 

investigations also show that such lithium dissolution could 

take place preferentially along surface defects such as those 

induced during manufacturing or prior handling of the Li metal 

electrode 13,36. 

Although the primary investigation here was to visualize and 

track morphological changes occurring at the surface of the 

lithium metal electrode during the course of a single 

 

Figure 3. (a) X-ray tomogram cross-section through the half-cell assembly. (b) Magnified region of tomogram section showing 

gradual pit formation on the Li metal surface during cell discharge at a constant rate of 20 mAg-1. Scale bars represent 200 µm. 

 



 
  

 

 

discharge, some other interesting observations were made. 

During exposure of the operating half-cell to the intense 

synchrotron radiation, a loss in cell performance as well as a 

deviation from the normal half-cell electrochemical behaviour 

was observed. Figure 6 shows the resulting electrochemical 

discharge profile of the graphite/Li half-cell during operando 

synchrotron X-ray CT. Sequential fluctuations or ‘upward 

humps’ in the voltage profile of the graphite/Li half-cell were 

seen, with their occurrence corresponding with tomogram 

acquisition periods when the sample was exposed to the pink 

beam. A typical graphite/Li half-cell discharge is normally 

associated with a decline in the cell voltage as shown by the 

red-dotted voltage profile in Figure 6. However, with the half-

cells used in the X-ray experiments, increases in the half-cell 

voltage occurred each time the X-ray shutter was open, such 

as during each tomogram acquisition and flat-image 

acquisition where the half-cell sample was exposed to the 

high flux X-rays. Between each successive tomogram 

acquisition was a 120 s rest period during which the X-ray 

shutter was closed: during this period, the half-cell voltage 

reverts to the expected decreasing profile. These fluctuating 

trends in electrochemical behaviour are found to be similar to 

that previously observed during intermittent X-ray irradiation 

of TiO2 film electrodes, where exposure to synchrotron X-rays 

promoted photoelectrochemical reactions 37, and also during 

exposure of low temperature fuel cells to high intensity 

synchrotron radiation 38–40.  

Significant degradation in half-cell discharge performance 

during exposure to the high intensity X-ray beam was also 

observed – the discharge of the irradiated half-cell was 

completed in ca. 10 hours rather than an expected 20 hours 

based on the estimated C/20 current rate. Moreover, a lower 

specific discharge capacity of 159 mAhg-1 was obtained with 

the irradiated cell while a discharge capacity of 370 mAhg-1 

achieved with no X-ray exposure.  

 

Figure 4. (a) 3D renderings of the lithium metal surface within the magnified region in Figure 3b at different stages during the 

half-cell discharge at a constant rate of 20 mAg-1. The discharge voltage profile of the cell is plotted in (b) and relates the 3D 

renderings to time. 

 

 



 
  

 

 

To ensure that the observed performance degradation 

phenomenon was not caused from interference to the cell’s 

electrical connections from sequential sample rotation / 

tomography acquisition, the beamline was set to radiography 

mode (i.e. no sample rotation) and the open circuit voltages 

of more identical graphite/Li half-cell samples were 

repeatedly measured during discharge with and without X-ray 

irradiation (i.e. when the X-ray shutter was in open or closed 

state). It was observed that even in radiography mode, 

oscillations in cell voltage similar to those observed in Figure 

6 occurred in each of the irradiated cell samples whenever the 

X-ray shutter was opened or closed, in addition to shorter 

discharge times and lower discharge capacities. From these 

observations, it could be said that the exposure of the sample 

to the intense X-ray beam induced performance degradation 

in the half-cell. 

 

Figure 5. (a) Volume rendering of the pits formed along the lithium 

metal surface within the magnified region in Figure 4 at different 

stages of the half-cell discharge. (b) Variation of pit volume fraction 

with discharge time within the analysed sample region. 

 



 
  

 

 

 

Figure 6. Discharge profile of the graphite/Li half-cell during 

operando CT (blue line) and without any exposure to the pink beam 

(red dotted line). Both half-cell discharges were performed at a C/20 

current rate. Each tomogram acquisition period (ttomo) corresponded 

with the period of abnormal discharge voltage behaviour. 

It is suspected that the observed performance degradation 

behaviour is the result of sample interaction with the ionising 

beam, causing increased internal resistances within the half-

cell and thus a loss in performance. Similar degradation 

phenomena in electrochemical behaviour have been detected 

in lithium-ion full cells and half-cells containing LiPF6-based 

electrolytes that were exposed to ionising radiation: Ding et 

al. observed substantial deterioration in cell performance 

after gamma radiation exposure 41–43 and attributed the 

decline in performance to the production of carboxyl groups 

in the electrolyte which react with active lithium metal, 

causing an increase in cell impedance and a decrease in charge 

and discharge capacity. Gamma radiation – induced capacity 

degradation has also been observed in lithium polymer cells 
44, with increased radiation dose in cells leading to shorter 

discharge time and lower specific capacity. Such 

electrochemical behaviour was not observed during operando 

X-ray CT experiments previously reported 27,45 which 

employed a lower intensity monochromatic X-ray beam. 

Moreover, these findings highlight the need for careful 

consideration of radiation dose that would prevent 

performance losses in functional materials when using 

ionising beams such as X-rays are used as a diagnostic tool.  

Time-lapse laboratory X-ray CT study during repeated cycling 

To extend this investigation over longer battery operating 

times, the morphological transitions at the surface of a lithium 

metal electrode due to repeated charge-discharge cycling was 

examined over extended time periods in-situ using laboratory 

X-ray CT. Figure 7(a) shows tomogram cross-sections through 

a graphite/Li half-cell at different stages in its cycle life. As 

seen in Figure 7(a), the half-cell components were distinctly 

resolved: the dark-grey topmost layer is the low-attenuating 

Li metal electrode; the middle layer is the glass-fibre separator 

with relatively highly attenuating microfibers and the porous 

graphite electrode at the bottom. Also captured in the 

tomogram is a clear outline of the Li metal surface in contact 

with the glass-fibre separator. The Li metal surface is originally 

smooth and almost featureless prior to cell assembly; 

however, pressure applied to the cell during assembly causes 

the separator microfibers to leave imprints upon contact with 

the soft Li metal surface, as seen in the volume renderings of 

the Li surface in Figure 4(a).  



 
  

 

 

After 10 cycles, the presence of a low attenuation, 

morphologically distinct layer is observed on the Li metal 

surface. The corresponding 3D rendering in Figure 7(b) shows 

this layer to be a moss-like deposit, which appears to 

penetrate the surface of the fibrous separator. Such moss-like 

deposits, as well as dendrite formation, are known to occur as 

a result of non-uniform lithium electro-deposition during 

repeated charge and discharge cycles. Previous investigations 

using electron microscopy (e.g. 12,13,36,46) have shown that 

lithium moss and dendrite nucleation and growth upon 

subsequent Li deposition during charge cycling takes place 

preferentially along dissolution pits such as those identified in 

the operando CT study. This has been attributed to locally 

enhanced current densities at such regions on the electrode 

surface. As the cell cycling progresses, the lithium moss is seen 

to gradually increase in thickness and penetrate through the 

fibrous separator [Figure 7(b)]. These deposits can continually 

grow through the separator to create contact between both 

electrodes and initiate internal short-circuits, which could 

lead to hazardous battery failure via short circuiting. Dendritic 

growth within lithium batteries continues to present 

significant safety risks; as such, there are currently research 

efforts into their early detection within the batteries before 

short circuiting occurs 47. Furthermore, these imaging results 

 

Figure 7. (a) Vertical cross-sections through the tomogram of the half-cell at different cycle number. The orange rectangle in the panel at 0 

cycles indicates the sub-volume of interest extracted in each acquired tomogram for subsequent analysis. The white scale bars represents 

100 μm. (b) Corresponding 3D renderings of the sub-volume of interest highlighted at different cycle numbers, where the separator is shown 

as green, the mossy lithium phase is shown as pink, and the non-porous residual lithium layer is shown as yellow. 

 



 
  

 

 

highlight the influence of separator selection on the overall 

performance and safety of lithium batteries: highly tortuous, 

less porous separators are favourable in suppressing dendrite 

growth and contact between electrodes that can cause short 

circuits; however, such separator structure does not promote 

high rate capability and fast ion transport. 

 The cycling performance of the graphite-Li half-cell is 

presented in Figure 8(a). After 135 cycles, the graphite/Li half-

cell showed a 51 % drop in capacity. The apparent capacity 

fade seems typical of cells containing Li electrodes, as 

repeated cycling of Li electrodes leads to continuous SEI layer 

formation, causing significant Coulombic efficiency losses, 

lithium consumption, and increased cell impedance48. 

 The mossy lithium deposited on the metallic Li 

electrode surface forms a porous, micro-structured layer that 

gradually penetrates through the microfiber separator. As 

shown in Figure 8(b), the volume and thickness of the mossy 

Li layer increase as cell cycling progresses. The mean thickness 

of the mossy layer measured from the surface of the metallic 

Li electrode after 10 cycles was 35 µm. After 70 cycles, the 

mossy layer thickness increased to 130 µm (with 65 µm of the 

mossy layer penetrating the microfiber separator) and to 180 

µm (with 100 µm of the layer penetrating the microfiber 

separator) after 135 cycles. Moreover, the thickness and 

volume of the residual (unreacted) lithium electrode is seen 

to decrease as the cell cycling progresses. These observations 

are in good agreement with Lopez et al. 12 who, using scanning 

electron microscopy, identified the presence of a thin 

dendritic layer (a few micrometres thick) on top of a dense 

porous mossy layer (several tens of micrometres thick) 

growing above the residual Li metal, and observed that the 

 

Figure 8.  Cycle performance of the in situ graphite/Li half-cell. Red dashed lines mark each tomogram acquisition point, and volume 

renderings of the mossy lithium formed are shown at each marked cycle stage. (b) Variation in 3D moss volume fraction, average thickness 

and specific surface area of the entire porous mossy lithium layer with cycle number. (c) Slice-wise variation of Li moss volume fraction along 

the Z-axis direction (sample volume depth) at different cycle number. (d) Pore size distribution within the porous mossy lithium layer at 70 

and 135 cycles. Pore size distribution was calculated using the continuous pore size distribution method 49. 

 



 
  

 

 

thickness of the micro-structured layers increase significantly 

with repeated cycling. 

Phase volume fraction and pore size distribution information 

were also extracted from the mossy layer in the image 

reconstructions. Here, the moss volume fraction is taken as 

the fraction of the mossy lithium volume within the analysed 

sample volume, and pore size calculations were performed 

only on the porous mossy lithium layer using the continuous 

pore size distribution method 49. In Figure 8(b), the 3D moss 

volume fraction within the analysed sample volume increases 

from 0.026 after 10 cycles to 0.16 after 70 cycles and appears 

to remain fairly constant at 135 cycles. However, after a 2D 

slice-wise examination of the moss volume fraction using a 

stereological relationship 50, a decrease in slice-wise volume 

fraction of the Li moss is observed along the z-height (through-

plane direction) of the sample volume between 70 and 135 

cycles, as shown in Figure 8(c). This decrease can be attributed 

to the increase in porosity of the mossy layer with repeated 

cycling. In the tomogram taken after 70 cycles, the porous 

nature of the mossy layer was revealed with a measured 

porosity of 13.4 % which increased to 39 % after 135 cycles. 

Porosity information on the mossy layer was not extracted 

after 10 cycles, as the porous nature of the mossy 

microstructure could not be sufficiently resolved at the 

employed imaging length scale. Moreover, the pore size 

distribution information extracted from within the mossy 

layer, which is presented in Figure 8(d), shows that there is a 

clear increase in the pore size within the mossy lithium layer, 

with the average pore size increasing from 3.1 µm to 5.3 µm 

between 70 and 135 cycles. The observed increase in porosity 

and pore size could be attributed to occurrence of 

heterogeneous dissolution within the mossy microstructure 

during repeated charge cycling, which could also lead to the 

formation of electrically isolated Li 51. The pore sizes are in 

good agreement with previous research 12. Also, the specific 

surface area of the mossy lithium microstructure is seen to 

increase with cycling in Figure 8(b), which can be related to 

the increase in porosity and pore size within the mossy layer. 

 

 

Conclusions 

The morphological changes that occur at the surface of Li 

metal electrodes in rechargeable Li batteries have been 

characterised in-situ and operando with X-ray tomographic 

imaging using both synchrotron and laboratory based X-ray 

sources. Operando synchrotron X-ray CT enabled the real time 

3D visualization of pit formation at the Li metal surface due to 

Li dissolution. Time-lapse laboratory X-ray CT imaging was 

used to track the growth of moss-like lithium deposits at the 

Li electrode surface over longer periods of cycling. The 3D 

imaging data showed the appearance of pit-like holes on the 

Li metal surface as a result of Li dissolution during the first 

discharge, and the formation of a mossy, micro-structured 

lithium layer that increased in thickness with repeated cell 

cycling, penetrating the separator in the process. The results 

also highlight the importance of separator morphology in 

controlling or preventing dendrite growth in high tortuosity 

separators within commercial lithium batteries. 

Microstructural parameters such as phase volume fraction, 

pore size distribution, and specific surface area were used to 

quantitatively track the evolving microstructure of the metal 

electrode surface. The porosity and specific surface area of 

the mossy lithium layer formed upon repeated cycling are 

seen to increase with cycle number, most likely due lithium 

dissolution, and further dissolution could lead to the 

formation of electrically isolated lithium and thus reduced cell 

capacity.  Analysis of the mass balance of Li between the 

mossy micro-structured layer and the residual unreacted Li 

layer was not conducted here because the Li metal electrode 

used in this study (3.2 mm diameter) was larger than the X-ray 

field of view (ca. 1 mm wide). However, the aid of an electrode 

assembly design smaller than the employed X-ray field of 

view, future experiments will look at quantitatively tracking 

the amount of Li consumed during Li dissolution and the 

amount of mossy Li deposited via material balance 

calculations. It is also of interest to the authors to exploit even 

higher resolution X-ray microscopy to resolve both physically 

and chemically distinct nanoscale regions at the evolving 

surface of the bulk electrode, just as was previously applied to 

catalytic solids 52. 

Although the high flux of the synchrotron pink beam provided 

sufficient resolution and contrast that enabled identification 

and tracking of surface morphology changes within the low 

attenuating Li metal, beam exposure to the sample led to 

performance degradation. Based on the findings from the 

synchrotron CT experiments, the X-ray radiation dose to the 

cell samples must be carefully considered to prevent material 

degradation and cell performance losses.   
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