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ABSTRACT: A barrier to the widespread adoption of electric vehicles is enabling fast charging lithium-ion 
batteries. At normal charging rates, lithium ions intercalate into the graphite electrode. At high charging rates, 
lithiation is inhomogeneous, and metallic lithium can plate on the graphite particles, reducing capacity and causing 
safety concerns. We have built a cell for conducting high-resolution in situ X-ray microtomography experiments to 
quantify three-dimensional lithiation inhomogeneity and lithium plating. Our studies reveal an unexpected 
correlation between these two phenomena. During fast charging, a layer of mossy lithium metal plates at the 
graphite electrode−separator interface. The transport bottlenecks resulting from this layer lead to underlithiated 
graphite particles well-removed from the separator, near the current collector. These underlithiated particles lie 
directly underneath the mossy lithium, suggesting that lithium plating inhibits further lithiation of the underlying 
electrode. 
KEYWORDS: lithium plating, fast charging, lithium-ion battery, heterogeneity, X-ray tomography, DVC 

Fast charging lithium-ion batteries would help enable the 
widespread adoption of electric vehicles.1 Thus, it is not 
surprising that numerous researchers are examining the 

effect of charging rate on both performance at the battery level 
and redox reaction kinetics at the molecular level.2−5 Under
normal charging conditions, lithium fills in between the carbon 
layers within the graphitic anode in a series of stages, ultimately 
resulting in the formation of LiC6 upon full lithiation. Under 
fast charging conditions, however, lithium plates on the 
graphite particles, causing a loss of capacity and introducing 
a significant safety hazard.6,7 In spite of considerable efforts, 
many questions concerning lithium plating and its effect on 
other parts of the electrode remain unresolved. 
Electrodes in lithium-ion batteries are complex three-

dimensional (3D) structures made up of redox-active particles 
surrounded by pores that are filled with a liquid electrolyte. 
Even under extremely slow charging conditions, the lithiation 
of graphite electrodes is not uniform.8 Lithium concentration 

gradients in both the liquid electrolyte and the solid-phase 
active materials occur, which lead to more rapid lithiation of 
graphite particles near the separator and low rates of lithiation 
near the current collector.9,10 The pathways that lithium ions 
must navigate as they reach deep into the electrode are 
tortuous. It is possible that pathways surrounding some of the 
particles are more tortuous than others. We thus expect 
inhomogeneous lithiation not only in the through-plane 
direction but even within a plane at a fixed distance, z, from 
the current collector. Minimizing inhomogeneous lithium 
intercalation is much more difficult at high charging 
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rates.11,12 In this paper, we study lithium plating in a rapidly 
charged graphite electrode. Lithium plating at one value of z of 
the cell can, in principle, affect lithium intercalation at other 
values of z. Our objective is to study this effect. 
While the interplay between lithium plating and lithium 

intercalation in a composite graphite electrode can be studied 
indirectly using charge/discharge characteristics or post 
mortem analysis,13,14 we focus on in situ characterization. A 
wide variety of in situ and operando techniques, including 
optical microscopy,15,16 nuclear magnetic resonance,17 electron 
paramagnetic resonance, 18 neutron and X-ray diffraction,10,19 

and measuring voltage relaxation20,21 have been used to detect 
lithium plating. However, all of these techniques are limited to 
one or two dimensions. For example, the distance between 
graphene layers increases during lithiation, and this can be 
followed in situ by X-ray diffraction (XRD). Since the crystal 
structures of metallic lithium and graphite (lithiated or 
unlithiated) are distinct, these processes can be followed 

either laterally or as a function of z in separate experiments. 
Since XRD requires the beam to pass through all material in its 
line of sight before reaching the detector, probing an electrode 
in the z direction necessarily averages information along the 
plane of sight (xy-plane). Similarly, probing an electrode at 
positions on the xy-plane averages information along the z 
direction. 
In this study, we track both lithium plating and lithium 

intercalation as a function of x, y, and z in a graphite electrode 
using in situ hard X-ray microtomography. Our approach is 
built on the work of Pietsch et al.22 and Finegan et al.,23 who 
used digital volume correlation (DVC) to analyze X-ray 
tomography data. X-ray microtomography is a noninvasive 
technique that can yield spatial information about materials in 
three dimensions,24−31 but image  noise and  the low  
attenuation coefficient of lithium and carbon have limited its 
application in studying lithium plating on graphite.32 We have 
addressed this limitation by building an in situ cell that 

Figure 1. Schematics of (a) polyether ether ketone (PEEK) cell holder, (b) encased cell, and (c) experimental beamline setup of in situ X-ray 
microtomography. (d) Volume rendering of a portion of a pristine lithium-graphite cell. 

Figure 2. Cross-sectional slice in the xz-plane of the graphite composite electrode in an X-ray tomogram of a cell (a) before and (b) after C/ 
10 lithiation to 100% state-of-charge (SOC). The graphite particles are bright gray and the darker gray space in between is filled with 
electrolyte and the inactive components of the composite electrode. Volumetric strain, ΔV/V, contour map result from digital volume 
correlation (DVC) between the volume sets before and after C/10 lithiation to 100% SOC taken from the (c) y 200 μm cross-sectional 
slice in the xz-plane and (d) z = 55  μm top view slice in the xy-plane. (e) Lithiation profile of a lithium-graphite cell during in situ X-ray 
tomography. Dashed lines indicate when lithiation was paused for tomogram acquisition. (f) Average volumetric expansion of the graphite, 
(ΔVgr/Vgr)avg, as a function of SOC. Open triangles give the expansion based on X-ray diffraction results by Dahn.36,37 Blue squares show the 
expansion calculated from the DVC strain map. The blue lines through the DVC data give the calibration for converting from strain to SOC. 
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facilitates retrieval of sharp images with good contrast between 
phases, yielding high-resolution tomograms where graphite, 
pore, and lithium metal phases can be distinguished. We 
demonstrate that inhomogeneous lithium plating near the 
separator influences the uneven lithium intercalation in 
graphite particles well-removed from the location of plated 
lithium. 

RESULTS AND DISCUSSION 

The X-ray microtomography setup and cell configuration used 
in this study are described in detail in the Experimental Section 
and are shown in Figure 1. An airtight in situ cell holder 
compatible with X-rays (Figure 1a) housed a lithium−metal− 
graphite cell (Figure 1b). The experimental setup for X-ray 
tomography is shown in Figure 1c, and the tomography data 
are used to reconstruct the 3D morphology of the cell. A 
volume rendering of this cell with the two electrodes and the 
separator thus obtained is shown in Figure 1d. While our setup 
enables imaging of both electrodes as a function of state-of-
charge (SOC), we focus on changes in the graphite electrode. 
Parts a and b of Figure 2 show 2D images of a graphite 

electrode in a cell taken from the same cross-sectional slice 
through the tomogram before lithiation and after lithiation at a 
slow rate of C/10. The graphite particles appear gray, while the 
electrolyte-filled pores appear dark gray in the images. To a 
good approximation, the same particles can be seen in 
approximately the same locations in the two figures. The 
lithiation was stopped when the number of coulombs passed 

measured by the potentiostat matched the capacity of the 
graphite electrode. The nominal state-of-charge of this 
electrode is thus 100%. Relative to the unlithiated state, 
graphite particles expand in the positive z direction (toward 
the separator) as well as in both the positive x and y directions. 
Tomograms were analyzed using digital volume correlation 

(DVC).33,34 The resulting 3D displacement fields were used to 
calculate 3D volumetric strain fields using eqs 1 and 2 
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where εij is the strain tensor for small deformations, ∂uj/∂xi is 
the displacement gradient of the uj component of the 
displacement field in the xi direction, and ΔV/V is the 
volumetric strain, which is composed of the normal strains (i 
x, y, or  z). The displacements in eq 1 are calculated from a 
tomogram of a lithiated electrode with respect to a tomogram 
of the same unlithiated electrode. 
Figure 2c shows the volumetric strain field calculated from 

DVC displacement fields using eqs 1 and 2 for the slices shown 
in Figures 2a,b. Differences in volumetric strains are seen at 
various locations across this slice. In the interior of the 
electrode, most of the voxels exhibit volumetric strains 
between 5 and 10%. A few voxels exhibit strains as high as 

Figure 3. (a) Lithiation profiles of the lithium−graphite cell at a C/10 lithiation rate during formation (blue dotted line), and a 1C lithiation 
rate during in situ X-ray tomography (solid black line). Cross-sectional slice in the xz-plane of a graphite electrode in an X-ray tomogram of a 
cell (b) before and (c) after 1C lithiation to 100% state-of-charge (SOC). Mossy lithium forms on the graphite surface at the electrode-
separator interface and appears black-gray in (c). (d) Top view of a portion of the mossy lithium in the xy-plane. The mossy lithium consists 
of interconnected pebbles with electrolyte in the gaps and pores. (e) Volume rendering of the segmented graphite electrode after 1C 
intercalation to 100% SOC. The graphite is shown in gray, and the mossy lithium is shown in turquoise. The added orange lines divide the 
electrode into quadrants designated as NW, NE, SW, and SE. For ease of computation, this study focuses on the NW region. 
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12%; note the darkest red voxels in Figure 2c. A recent study 
suggested that bulk graphite expands by 13% upon lithiation.35 

Figure 2d shows an orthogonal slice in the xy plane at z = 55  
μm. The range of volumetric strains seen in this slice is similar 
to that of Figure 2c. We see generally homogeneous expansion 
across the graphite electrode. Of course, expansion is not 
perfectly homogeneous, as evidenced by the presence of 
different values of ΔV/V at different locations of the cell 
(Figure 2c,d). The length scale of the regions of high (red) and 
low (blue) strain are similar to the length scale of the particles; 
compare Figures 2b,c. 
The composite graphite electrode contains particles that 

expand upon lithiation and other components, namely the 
binder, conductive additive, and electrolyte, that do not change 
in volume. Our DVC results reflect the average strain of the 
composite electrode, which we write as 

ε ε ε ϕ ϕ + gr 
(gr) 

inactive 
(inactive) 

(3) 

where ϕgr and ε(gr) are the volume fraction and local strain of 
the active graphite phase and ϕinactive and ε(inactive) are the 
volume fraction and local strain of inactive phases (conductive 
additive, binder, electrolyte). Assuming the inactive phases 
contribute negligible strain, eqs 2 and 3 can be combined to 
give the volumetric strain of the graphite phase, ΔVgr/Vgr: 

ϕ ϕ 
ε ε ε 

Δ Δ + + 
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gr 

gr gr gr (4) 

The parameters in eqs 3 and 4 reflect averages over each voxel. 
Figure 2e shows the dependence of the cell potential on 

SOC during the lithiation process discussed in Figure 2a−d. 
The dotted lines show intermediate SOCs where lithiation was 
paused to take a tomogram. The local volumetric strains (ΔV/ 
V) at all SOCs were derived by correlating the tomogram 
obtained at the SOC of interest to that at 0% SOC. This 
enables calculation of the local volumetric strain in the graphite 
phase (ΔVgr/Vgr). At each SOC, we averaged ΔVgr/Vgr over all 
of the voxels from z 0 to 80 μm to obtain (ΔVgr/Vgr)avg; we  
ignore voxels between z 80 and 100 μm, as they are in close 

proximity to the separator, and this induces artifacts in the 
DVC calculations. In Figure 2f, we plot (ΔVgr/Vgr)avg as a 
function of SOC. Also shown in Figure 2f is the volumetric 
expansion of graphite unit cells upon lithiation based on X-ray 
diffraction (XRD) measurements of the average spacing of 
carbon layers by Dahn et al.36,37 At SOC values greater than 
50%, we observe quantitative agreement between the 
tomography-derived volumetric expansion of a composite 
electrode and XRD. The expansion of graphite upon lithiation 
is complex, especially at SOC < 50%. One expects different 
graphite particles to be at different states of charge in a 
composite electrode. The deviation between the XRD and 
tomography-derived strains at 28% SOC is not entirely 
surprising. At SOC values of 84 and 100%, we find quantitative 
agreement between the average expansion determined by DVC 
and expansion measured by XRD; note the overlapping 
triangles and squares. In order to convert the measured local 
volumetric strain (ΔVgr/Vgr) to SOC, we use the blue lines 
through our data as the calibration. When this calibration is 
used, the few voxels with expansion above 10% give SOC 
values greater than 100%. We certainly do not expect SOC 
values to exceed 100%. Given that some studies suggest that 
bulk graphite expands by 13% upon lithiation, we could 
construct a calibration curve that is slightly different from the 
one we proposed. None of the conclusions presented in this 
paper would be affected by choice of calibration. 
Figure 3a shows the 1C lithiation profile (black solid line) of 

a second cell during in situ X-ray microtomography. The 
applied overpotential goes well below the Li/Li+ potential to 
values as low as −0.3 V, and we thus expect Li+ to plate on the 
graphite particles. The formation cycle at C/10 just prior to 
running the tomography experiment at 1C is also shown in 
Figure 3a. Figure 3b shows a tomographic slice of the 
unlithiated electrode, while Figure 3c shows the same slice of 
the lithiated electrode after a 1C charge to 100% SOC; i.e., the 
charge supplied to the graphite electrode was identical to that 
supplied during the C/10 formation cycle. The black-gray 
voxels seen on the right side of the electrode near the 
electrode-separator interface represent plated lithium; the 

Figure 4. Volume rendering of the NW portion of the segmented graphite electrode in the (a) xy-plane and (b) xz-plane after 1C 
intercalation to 100% state-of-charge (SOC). The graphite is shown in gray, and the mossy lithium is shown in turquoise. SOC contour map 
of the same portion of the graphite electrode from the slice (c) y 250 μm in the xz-plane, (d) z = 70  μm in the xy-plane, and (e) z = 20  μm 
in the xy-plane. Digital volume correlation was used to generate volumetric strain maps, which were converted to SOC using the calibration 
curve in Figure 2f. We observe a lithium shadow effect , where poor lithiation occurs at the back of the graphite in the region underneath 
the region of lithium plating. 
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attenuation coefficient of lithium is lower than that of graphite 
and thus voxels containing lithium appear darker. Note that 
such features were not seen upon lithiating at C/10 (see Figure 
2). Figure 3d shows a slice in the xy-plane that contains plated 
lithium. The mossy nature of the plated lithium is evident in 
this image. The black-gray pebbles represent lithium, while the 
brighter interspersed regions represent the electrolyte. The 
continuous bright phase near the top left corner represents the 
separator. It is evident that the plated lithium grows into the 
separator. Figure 3e shows  a volume rendering  of  the  
segmented graphite particles (gray) and mossy lithium 
(turquoise) in a 1.1 mm × 1.1 mm area of the electrode. 
Due to computational constraints, the DVC analysis was 
conducted on the northwest (NW) quadrant of this electrode, 
and the top and side views of this quadrant are presented in 
parts a and b, respectively, of Figure 4. 
Parts c−e of  Figure 4 show the SOC maps of the lithiation 

within the portion of the graphite electrode presented in 
Figure 4a,b, where volumetric strain is converted to SOC using 
the calibration in Figure 2f. The SOC in the xz-plane of a slice 
through the middle of the electrode (y 250 μm) is shown in 
Figure 4c. The current collector is located at z = 0  μm and the 
separator is located at z 100 μm. We again ignore voxels 

between z 80 and 100 μm, as they are in close proximity to 
the separator and the region of plated lithium. Since these 
factors induce artifacts in the DVC calculations, we only show 
the SOC between z 0 and 80 μm. Charging at 1C clearly 
leads to inhomogeneous SOC, as evidenced by the blue patch 
near the current collector from x 250 to 500 μm. Note the 
absence of such a patch in Figure 2c, where the graphite 
electrode was charged much more slowly at C/10. Returning 
to Figure 4, the graphite near the separator (z = 70  μm, Figure 
4d) lithiates normally and reaches a high SOC. However, a 
slice of the graphite near the current collector (z = 20  μm, 
Figure 4e) reveals a high SOC region on the left and a low 
SOC region on the right. The region of poor lithiation lies 
underneath the region of mossy lithium (Figure 4a), but 50 μm 
below the separator that is coated with lithium metal. It is clear 
that the position of the mossy lithium at z 100 μm impedes 
the transport of lithium ions into graphite particles directly 
below it near the current collector. 
It appears as though lithium plating casts a shadow on the 

graphite electrode, and we refer to this phenomenon as the 
“shadow effect”. The complex correlations between lithium 
plating and graphite lithiation are depicted in Figure 5, where 
we show voxels corresponding to plated lithium and voxels 

Figure 5. Shadow effect in NW portion of graphite electrode after 1C intercalation to 100% state-of-charge (SOC) (rotated 180 deg 
relative to image in Figure 3e). Volume renderings of segmented lithium plating (turquoise) on graphite where SOC is less than 30% 
(black). The mossy lithium plating at the top of the electrode impedes lithiation at the back of the electrode, underneath the plating. 

Figure 6. (a) (ΔVgr/Vgr)xy,avg strain profiles averaged over the xy plane as a function of z for strain maps of graphite at SOCs of 28 (yellow 
squares), 56 (green circles), 84 (blue diamonds), and 100% (black triangles) for the cell in Figure 2. The dotted line gives the average strain 
across the whole volume for each SOC. The current collector is located at z = 0  μm, and the separator is located at z 100 μm. (b) (Left) 
The SOC in a high lithiation region (0 ≤ x ≤ 200 μm, 300 ≤ y ≤ 500 μm) and low lithiation region (300 ≤ x ≤ 500 μm, 0 ≤ y ≤ 200 μm) are 
sampled for the cell in Figure 4e. (Right) SOCxy,avg profiles averaged over the whole xy plane in the NW quadrant (black triangles), the high 
lithiation region (orange squares), and the low lithiation region (blue circles). The strain profile in the low lithiation region shows a large 
lithiation gradient. 
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corresponding to graphite particles with lithiation less than 
30%. To a good approximation, the underlithiated graphite 
particles lie right below the plated lithium. It is likely that the 
plated lithium partially blocks the pores that are avenues for 
transport of lithium to the graphite particles. This blockage 
reduces the lithium concentration in the electrolytic relative to 
unblocked portions of the electrode at the same value of z. We  
posit that the shadow effect occurs because this reduction is so 
severe that the salt concentration toward the bottom of the 
electrode beneath the plated lithium is very small. 
In Figure 6a we plot the ΔVgr/Vgr strain profiles averaged 

over the xy-plane, (ΔVgr/Vgr)xy,avg, as a function of depth, z, at  
SOCs of 28, 56, 84, and 100% for the C/10 lithiated cell in 
Figure 2. The dashed lines in the figure represent the global 
strain average, (ΔVgr/Vgr)avg, reported in Figure 2f. While the 
local strains tend to be higher near the separator, strain is a 
relatively weak function of z. Figure 6b shows the results of xy
averaging as a function of z for the 1C lithiated cell. The values 
of (ΔVgr/Vgr)xy,avg obtained from the DVC analysis were 
converted to SOCxy,avg using the calibration curve in Figure 2f. 
We present averages over two squares, one located in the high 
lithiation region (0 ≤ x ≤ 200 μm, 300 ≤ y ≤ 500 μm) and 
one located in the low lithiation region (300 ≤ x ≤ 500 μm, 0 
≤ y ≤ 200 μm). In the high lithiation region of the 1C cell, the 
z-dependence of SOCxy,avg determined by our analysis is similar 
to that obtained at C/10. The calculated SOC values near the 
electrode-separator interface are likely to be affected by the 
presence of other phases: the separator and/or plated lithium. 
Similar effects are expected near the electrode-current collector 
interface. We therefore focus on the region between z 20 and 
80 μm in  Figure 6. There is, however, a clear difference seen in 
the z-dependence of SOCxy,avg in the low lithiation region; 
SOCxy,avg of the graphite particles near the separator is nearly 
an order of magnitude greater than the SOCxy,avg of the 
graphite particles near the current collector. The dependence 
of SOCxy,avg over the entire electrode area is also shown in 
Figure 6b. The SOC in the region between z 20 and 50 μm 
is less than 70%. The average SOC at the end of the 1C charge 
is 76%. On the basis of our C/10 measurements, the capacity 
of the graphite electrode examined by DVC (Figure 4) is  12  
μAh. This implies that the missing capacity at 1C charge is 2.9 
μAh (24% of 12 μAh). If we compute the total volume of 
voxels corresponding to plated lithium and convert this volume 
to capacity based on the known density of metallic lithium 
(0.534 g/cm3), we obtain 6.2 μAh. If we force agreement 
between the missing capacity in graphite and the capacity of 
plated lithium, we would conclude that the plated lithium 
phase is mossy with a lithium volume fraction of 47%. 
Characterizing the nanostructure of the mossy lithium is 
beyond the resolution of our system. Despite this limitation, it 
is clear that our segmentation and DVC analysis of the in situ 
X-ray tomography results provide a coherent picture of the 
effect of lithium plating on graphite intercalation. 

CONCLUSIONS 
In situ X-ray microtomography was performed on graphite 
electrodes to study the effect of lithium plating on lithium 
intercalation. The microtomography experiments were used to 
determine the location of plated lithium by segmentation and 
the local strain within the graphite electrode by DVC. A strain 
versus SOC calibration was developed by analyzing tomograms 
obtained under very slow charging conditions (C/10). 
Experiments conducted at 1C showed the presence of plated 

lithium at the electrode-separator interface. One might expect 
such deposits to introduce transport bottlenecks in composite 
electrodes. Our surprising finding was that the consequence of 
these bottlenecks was manifested in underlithiated graphite 
well-removed from the separator. It appears that plated lithium 
casts a shadow on the electrode. Our hypothesis is that the 
transport bottleneck due to plating results in steeper salt 
concentration gradients within the electrode and that the 
bottom half of the graphite electrode may be starved of lithium 
as a consequence. We hope that our study will motivate 
detailed simulations that probe the effect of lithium plating on 
the performance of graphite electrodes. 

EXPERIMENTAL SECTION 
In Situ Cell Design and Materials. To study lithium plating on 

graphite, cells with lithium metal and graphite electrodes were 
assembled. The custom cell holder, machined from polyether ether 
ketone (PEEK), was adapted from Finegan et al.38 and is shown in 
Figure 1a. The cell holder was connected to two Swagelok unions 
with nuts and ferrules on stainless steel current collecting pins to keep 
the sample airtight. Figure 1b shows a schematic of the encased cell, 
consisting of a punched 4 mm diameter graphite electrode, 5 mm 
diameter separator, and 4 mm diameter lithium foil electrode, placed 
between a glassy carbon rod and a spring-backed stainless steel rod. 
The graphite electrode consisted of 91.83 wt % Superior Graphite 
SLC1520P with 2 wt % Timcal C45, 6 wt % Kureha 9300 PVDF 
Binder, and 0.17 wt % oxalic acid. In its dry state, the coating 
thickness was 101 on 15 μm copper foil. The coating loading was 
13.97 mg cm−2 with a density of 1.38 g cm−3 , a porosity of 36.2%, and 
a capacity of approximately 4.8 mAh cm−2 based on C/10 formation 
cycling. C/10 and 1C charging correspond to current densities of 0.48 
mA cm−2 and 4.8 mA cm−2 . The diameters for particle size 
distribution were D10 11 μm, D50 17 μm, and D90 27 μm. 
The graphite electrode was soaked in ultrapure water (18.2 MΩ) and 
a razorblade was used to remove the copper foil backing, followed by 
drying under active vacuum at 90 C for at least 48 h. Lithium foil was 
purchased from Honjo Metals, with a foil thickness of 50 μm. Three 
layers of lithium metal foil were stacked on top of a piece of nickel foil 
and then pressed until flat and shiny inside pouch material with a 
pneumatic press (130 MPa). Cells contained one Celgard 2500 
separator and 5 μL 1.2 M lithium hexafluorophosphate (LiPF6) in a 
3:7 wt:wt mixture of ethylene carbonate (EC) and ethyl methyl 
carbonate (EMC). 

Cell Operating Conditions. Before exposure to the beam, each 
cell underwent five formation cycles, where one formation cycle 
consisted of C/10 graphite intercalation to 0.01 V, 30 min rest, C/5 
deintercalation to 1.5 V, and 30 min rest. Formation cycles were 
performed with a Biologic VMP3 potentiostat, and the cells were 
placed in a Maccor Temperature Chamber at 25 C. This cell was 
used for in situ X-ray microtomography, and a portable SP300 
potentiostat was used to control the current through the cell in these 
experiments. Data obtained from the first charge after the formation 
cycles are discussed in the manuscript. 

In Situ X-ray Microtomography and Segmentation. Hard X-
ray microtomography was performed at Beamline 8.3.2 at the 
Advanced Light Source at Lawrence Berkeley National Laboratory. 
The experimental setup is shown in Figure 1c. Lithium−graphite cells 
were mounted, imaged, charged to the desired state-of-charge and 
allowed to rest for 15 min before the next scan. The lithium−graphite 
cells were imaged at various states-of-charge with a 22 keV 
monochromatic beam using a 10× lens, resulting in a tomogram 
with a voxel size of approximately (0.65 μm)3 and an approximate 
spatial resolution of 2.0 μm. Approximately 17% of the cell was 
imaged with this lens configuration. For each tomogram, 1313 images 
were taken over 180◦ of rotation with an exposure time of 150−250 
ms per image. The total scan time was approximately 10−15 min. The 
propagation-based phase contrast tomograms were reconstructed 
using TomoPy s implementation of the Paganin et al. phase retrieval 
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algorithm with regularization parameter α 0.005.39,40 Reconstructed 
three-dimensional (3D) images were analyzed using the commercially 
available Avizo software package. To determine the volume fraction of 
graphite, ϕgr, in an electrode  in  the delithiated  state,  Otsu  
thresholding was applied to binarize the graphite from the inactive 
phases, and ϕgr was determined to be 62.8%. In samples with mossy 
lithium, the tomographic data was trinarized to identify graphite, 
mossy lithium, and inactive phases. An anisotropic diffusion filter was 
applied (20 iterations with time step dt 20), followed by 
segmentation with Avizo s Magic Wand tool, which is a region 
growing algorithm that starts from a seed point and identifies all 
connected voxels. 
Digital Volume Correlation (DVC). Tomograms were cropped 

to 608 × 608 × 208 voxels and 848 × 848 × 208 voxels for the C/10 
and 1C cells, respectively, to isolate regions of interest for input into 
the DVC algorithm. Fast iterative digital volume correlation 
(FIDVC)41 was performed on these volumes. The grid spacing of 
nodes was 1 voxel and the volume of the correlation window was 323 

voxels (20.8 μm),3 which is similar to the D50 particle size of 17 μm. 
The displacement of each node was estimated by iteratively finding 
the incremental displacement that maximized the gray-level cross-
correlation between the volumes in the correlation window with an 
image deformation method. The DVC results were further cropped to 
remove artifacts at the edges of the field of view. The DVC algorithm 
is designed to calculate strains in bulk materials, not at interfaces. We 
thus exclude voxels near the current collector or near the separator 
from our analysis. 
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