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SUMMARY

Advanced battery characterization using neutron and X-ray-based im-
aging modalities is crucial to reveal fundamental degradation modes
of lithium-ion batteries (LIBs). Taking advantage of the sensitivity of
neutrons to some low-Z (Li) and X-rays to high-Z materials (Cu), here
we demonstrate the viability of simultaneous neutron- and X-ray-
based tomography (NeXT) as a non-destructive imaging platform for
ex situ 3D visualization of graphite electrode degradation following
extreme fast charging (XFC). In addition, we underscore the benefits
of the simultaneous nature of NeXT by combining the neutron and
X-ray data from the same sample location for material identification
and segmentation of one pristine and two XFC-cycled graphite elec-
trodes (9C charge for 450 cycles).Our ex situ results andmethodology
development pave the way for the design of NeXT-friendly LIB geom-
etries that will allow operando and/or in situ three-dimensional (3D)
visualization of electrode degradation during XFC.
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INTRODUCTION

Advanced battery characterization using imaging diagnostic tools1–6 with high

spatial and/or temporal resolution is central to unravel fundamental insights about

degradation mechanisms in lithium-ion batteries (LIBs). As these degradation

processes span multi-length scales and multi-timescales, a combination of multiple

imaging modalities is often required.7,8 For example, although X-ray micro-

computed tomography (mCT) is sensitive to Cu, it offers poor absorption contrast

for low-Z elements such as Li and C at high X-ray energies that are needed to pene-

trate the full LIB cells. On the other hand, neutron mCT provides high sensitivity for

detecting some low-Z battery materials including Li.9

Recently, neutron imaging has been used in conjunction with X-ray mCT to combine

the advantages of both methods in correlative imaging (CI).10–12 Because neutrons

are sensitive to Li and H, and X-rays are sensitive to higher-Z Cu and Al current col-

lectors, the combination of these two techniques enables improved understanding

of the electrochemical process associated with battery degradation. Although CI is

very useful, recent studies have demonstrated that collecting neutron and X-ray mCT

simultaneously from the same sample location enables identification and subse-

quent segmentation of more components over individual segmentations of neutron

and X-ray images in CI.13,14
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Figure 1. Sample preparation of XFC-cycled graphite electrode #1 (9C, 450 cycles) for NeXT imaging

(A) Optical image of the graphite electrode containing Li deposits.24 A �1 mm wide graphite strip was cut around the cyan dotted rectangle.

(B) The strip was sealed inside a 1.5 mm diameter glass capillary, which was supported by a polyimide tube outside the imaging area for NeXT.

(C) Schematic illustration of NeXT setup located at the BT-2 imaging beamline at the National Institute of Standards and Technology Center for Neutron

Research.25

(A) was adapted with permission from Paul et al.24 Copyright 2021 American Chemical Society.
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In this work, we first demonstrate the value of simultaneous neutron- and X-ray-based

tomography (NeXT) as a non-destructive imaging modality for ex situ three-dimen-

sional (3D) visualization of degradation on graphite electrodes cycled under extreme

fast charging (XFC) (Figure 1). Second, we establish the benefits of the simultaneous

nature of NeXT for battery characterization by combining the neutron and X-ray mCT

data from the same battery location in 2D bivariate histogram phase segmentation.

Specifically, we show characterization of one pristine and two XFC-cycled graphite

electrode strips (9C charging for 450 cycles). We discuss the database-derived neutron

and X-ray linear attenuation coefficients that serve as the basis of materials identifica-

tion in the 2D segmentations. Our ex situ analysis motivates the design of NeXT-

friendly LIB geometries for in situ and/or operando visualization of electrode

degradation at the separator-electrolyte-electrode interface during XFC. For in situ

NeXT-friendly cell design, particular attention needs to be paid to the casingmaterials,

metal shims, and pistons from both neutron15–18 and X-ray imaging19–23 perspectives.

RESULTS

NeXT imaging of pristine and XFC-cycled graphite electrodes

In this section, we analyze the 2D grayscale neutron and X-ray images of the pristine

and XFC-cycled graphite electrodes. Using the total neutron linear attenuation co-

efficients, mn tot, at a 0.18 nm neutron wavelength and total X-ray linear attenuation

coefficients, mX tot, at 26.9 keV X-ray energy, from the standard neutron and X-ray

material databases,9,26,27 we explain our findings (Tables S1 and S2). Detailed calcu-

lations are given in Data S1. Together, our results highlight the advantage of

combining neutron and X-ray data to bring out the strength of each method.

Figure 2 shows the reconstructed and registered 2D neutron and X-ray images of the

pristine and XFC-cycled graphite electrodes. Our neutron imaging data show that

graphite is indistinguishable from the Cu current collector (CC) in the pristine elec-

trode (Figure 2A, cyan ellipse), whereas the corresponding X-ray images noticeably

show Cu (Figure 2A, yellow ellipse). For the cycled electrodes, graphite is clearly

visible in the neutron images (Figure 2B, cyan ellipses) and distinguishable from

the CC only because they are physically separated from each other. However, the

graphite is not clearly visible across all X-ray slices shown, although it can be seen

very faintly in the X-ray slices when it is physically separated from Cu (Figure 2B, or-

ange ellipse). Here, slice denotes the 2D projections of the 3D volume obtained
2 Cell Reports Physical Science 3, 101145, November 16, 2022



Figure 2. 2D grayscale neutron and X-ray slices of 3D volume taken along the length of the

electrode strip (z direction) from top to bottom

(A) Pristine and (B) XFC-cycled graphite electrode (9C for 450 cycles). The decreasing diameter and

thickness of the outer glass capillary in the images from left to right in (A) is due to its funnel-like

geometry. The grayscale bar on the right has arbitrary units (a.u.) and was created using 32 bit

images in ImageJ.
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along the length of the cut electrode strip. All the neutron and X-ray images reveal

the outer glass capillary (silica) that housed the electrode strips in Figure 2. Addition-

ally, our X-ray imaging data show beam-hardening artifacts due to the strongly

attenuating Cu, which appear as dark streaks around the edges of Cu in both pristine

and cycled electrodes (Note S1; Figures S1A1 and S1B1, red circles). To reduce

these artifacts, we used an iterative physics-based beam-hardening correction in

the LTT software for metal artifact reduction (MAR).28 Although the MAR-corrected

data reduced artifacts, some dark streaks persisted due to missing projections in

mCT data when Cu was parallel to the X-ray beam, as can be seen in Figures 2

(pink circles) and S1A2 and S1B2 (red circles).

We note that the XFC-cycled electrode delaminated from the Cu CC, which was

likely exacerbated during sample preparation as seen in Figure 2B. We believe

that the varying electrode morphology is a result of the formation of the plated Li

from extended XFC cycling at 9 C-rate for 450 cycles, which we have previously

confirmed with X-ray diffraction (XRD).29–31 In the present study, the plated Li was

exposed to moisture during the pouch disassembly and/or subsequent sample
Cell Reports Physical Science 3, 101145, November 16, 2022 3
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handling and converted into lithium hydroxide (LiOH) as per Equation 1 and

confirmed by our XRD measurement (Note S2; Figure S2).

2LiðsÞ + 2H2O /2LiOHðsÞ +H2ðgÞ (Equation 1)

We explain these imaging results using mn tot and mX tot. In accordance with our imag-

ing results, Cu with a mX tot of �133 cm�1, which is >200 times than both graphite and

LiOH, should be clearly visiblewithX-rays in contrast to graphite and LiOH,whichwill be

difficult to distinguish.Moreover, due to the sensitivity of neutrons to LiOH (mn tot LiOH =

5.82 cm�1), regions of the XFC-cycled electrode that contain LiOH are clearly visible in

neutron images. In addition, since mn tot LiOH is�5 times greater than mn tot Cu, neutron

mCT holds promise for imaging plated Li species. However, the low relative neutron

contrast between Cu and graphite (mn tot Cu : mn tot graphite � 2) made it impossible

for us to distinguish them from each other in the neutron images.

Considering our NeXT analysis, we conclude that combining neutron and X-ray mCT

data is advantageous since it provides a significantly enhanced ability to differen-

tiate electrode components by making use of distinct attenuation coefficients in at

least one imaging modality for all battery materials. Imaging simultaneously is bene-

ficial because data are collected from the same sample location, making image

registration easier and enabling easier identification of material phases than is

possible in individual neutron and X-ray segmentations in CI.
2D grayscale to colorized segmented images of pristine and XFC-cycled

graphite electrodes

Herein, we present segmentation of the pristine and XFC-cycled graphite elec-

trodes’ reconstructed volumes. Details of the conversion of dual-tomography gray-

scale imaging data to colorized segmented images using the 2D bivariate histogram

phase segmentation32 are outlined in Note S3.

Figure 3 shows the segmentation of the pristine graphite electrode. For the 2D his-

togram, we only used the top 200 slices and masked out the glass capillary in the

physical space because the pristine electrode was very uniform. Since the 3D struc-

ture of the pristine electrode is not expected to change along the length of its strip,

the slices used for analysis are representative of the full 3D volume.

For phase segmentation, we assigned the negative gray-level values and those

around zero as the background (Figure 3C). The negative values in both the neutron

and X-ray histograms are not physical and are related to statistical noise and exper-

imental error in the reconstruction. We observe that the background peaks in the in-

dividual neutron and X-ray histograms are not symmetric. Although the background

peak in the neutron histogram is centered around zero (Figure 3A), the peak in the

corresponding X-ray histogram is centered roughly around 0.7 a.u. (Figure 3B).

This slight peak shift in the X-ray histogram is not unexpected and is likely due to

the X-ray beam-hardening artifacts around Cu and the background pixels that

were removed while cropping the slices in ImageJ.

From the remaining two peaks in the bivariate histogram (Figure 3C), the peak cor-

responding to the lower X-ray gray-level values (�2.5 a.u.) was assigned to graphite

since its database-derived linear X-ray attenuation coefficient is much smaller than

that of Cu (Table S1). Note that the drawn boxes in Figure 3C refer to the entire

area of the 2D peak that was assigned to the segmented material. Finally, we as-

signed the remaining peak in the bivariate histogram at the neutron gray-level value

of �0.6 a.u. and an X-ray gray-level value of �9 a.u. to the Cu CC.
4 Cell Reports Physical Science 3, 101145, November 16, 2022



Figure 3. 2D segmentation of the pristine graphite electrode

(A–C) Neutron (A), X-ray (B1 and B2), and 2D (C) bivariate histogram of the pristine electrode.

Arrows in (A) and (B) point toward peaks corresponding to different material phases. (B1) and (B2)

represent X-ray histograms across two different X-ray gray-level regions with different vertical axes

to clearly show background, pristine graphite, and Cu peaks.

(D) Colorized segmented image showing graphite and Cu CC located spatially next to each other

as expected.
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To assess the quality of our phase segmentation (Note S3; Figure S3), we examined

the 2D slice of the segmented volume of the pristine electrode (Figure 3D). The

segmented slice shows that both graphite and Cu CC are adjacent to each other

as expected. In addition, the width of the strip is �1.4 mm (nominal width

�1.5 mm as measured by rule prior to cutting). The mean experimental graphite

thickness is 69 G 9 mm (nominal thickness = 70 mm), and the mean experimental

Cu thickness is 35G 7 mm (nominal thickness = 10 mm). To calculate the experimental

thicknesses, we averaged 20–30 measured locations. Considering the resolution of

the NeXT setup (15–20 mm) and the strong X-ray attenuation of Cu, the overestima-

tion of the Cu CC thickness is not surprising.33,34

Figure 4 shows the segmentation of XFC-cycled graphite electrode #1.We have pro-

vided segmentation results of XFC-cycled electrode #2 in Note S4 and Figures S4–

S7 and detail only electrode #1 here because the two segmentations are consistent.

This consistency between different electrodes provides confidence in our conclu-

sions. For the 2D histogram, we masked out the glass capillary in the physical space.

In addition, we first assigned all negative gray-level values and those around zero to

the background (Figure 4C). Next, we assigned the peak at the neutron gray-level

value of �2.2 a.u. and an X-ray gray-level value of �0.3 a.u. to the cycled graphite

since the database-derived linear X-ray attenuation coefficient of graphite is much

lower than that of Cu (Figure S8; Table S1). Because the cycled graphite delaminated

from the Cu CC, X-ray beam-hardening artifacts from Cu, and hence their effect on

the X-ray gray-level value of cycled graphite, wereminimized. The presence of highly
Cell Reports Physical Science 3, 101145, November 16, 2022 5



Figure 4. 2D segmentation of XFC-cycled graphite electrode #1 (containing LiOH)

(A) 2D bivariate histogram.

(B) Individual neutron.

(C1 and C2) X-ray histograms of cycled graphite electrode #1 at 9C, 450 cycles. (C1) and (C2) represent X-ray histograms across two different X-ray gray-

level regions with different vertical axes to clearly show background, cycled graphite, and Cu peaks.

(D) 2D colorized segmented image of the cycled electrode, showing LiOH-containing protrusion (white dotted circle).
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neutron-attenuating LiOH in the cycled electrode contributed to the higher neutron

gray-level value of cycled graphite. However, we could not segment LiOH from

the cycled graphite, which we believe is most likely due to the porosity in LiOH.

Since pores are below the NeXT spatial resolution limit of �15–20 mm and they

decrease the average density and neutron gray-level value of LiOH, the observed

relative neutron contrast between LiOH and cycled graphite was too small for

segmentation.

Next, we assigned the peak at the neutron gray-level value of �1.4 a.u. and an X-ray

gray-level value of �10 a.u. to the Cu CC. Lastly, any remaining few voxels between

the Cu and cycled graphite peaks were assigned as background because they

spatially belonged to the open space in the sample. Our measured thickness of

the segmented Cu (35G 4 mm) in cycled electrode #1matches well with the Cu thick-

ness in the pristine electrode (35 G 7 mm). Additionally, Tables S3 and S4 show con-

sistency of observed neutron and X-ray gray-level values and Cu thicknesses of the

pristine and two XFC-cycled graphite electrodes.

Figure S9 compares the 3D segmented volume of the pristine electrode (Figure S9A)

with that of the XFC-cycled electrode (Figure S9B). We observe growth of the
6 Cell Reports Physical Science 3, 101145, November 16, 2022
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LiOH-containing protrusion visible in the 3D-segmented volume of XFC-cycled elec-

trode #1, which can be correlated with the white Li deposits on the optical image of

the electrode (Figure S9, left). For example, the lines labeled c and d on the 3D visu-

alization and 2D segmented slices in Figure S9B (left) correspond to the thick yellow

lines labeled c and d on the optical image in Figure S9B (right). Our previous

studies8,29–31 on mm-scale spatial XRD maps of the cycled electrode show that the

white deposits in the optical image correspond to irreversibly plated Li containing

trapped lithiated graphite (LiC6 and LiC12) underneath (Note S5; Figure S10). Since

the total volume expansion of a fully lithiated LiC6 is approximately 13%35 and the

amount of lithiated graphite relative to irreversibly plated Li in the electrode’s dis-

charged state is small, we rely on the following assumptions to interpret our results:

(1) all the irreversibly plated Li converted into LiOH, and (2) LiOH is hygroscopic and

porous. With these assumptions, the plated Li will convert to LiOH and undergo sig-

nificant volume expansion, and the morphology of the cycled electrode will vary

along the strip length due to differing amounts of plated Li. In addition, the delam-

ination of the XFC-cycled graphite from the Cu CC visualized in Figures S9B and S7 is

likely due to the more fragile nature of the two cycled electrodes (compared with the

pristine), which was exacerbated during sample preparation.

Our imaging results reveal NeXT potential for ex situ 3D visualization of graphite

electrode degradation. Imaging graphite electrode degradation during operando

and/or in situ battery cycling can help reveal the onset and rate of progression of

electrode degradation in real time, hence advancing our mechanistic understanding

of LIB failure during XFC. However, to fully utilize the unique advantages of

combining neutron and X-ray mCT data, design of a NeXT-friendly LIB is needed.36
DISCUSSION

This work demonstrates the feasibility of NeXT as a non-destructive characterization

method for ex situ 3D visualization of graphite electrode degradation following XFC.

Our results highlight the primary advantage of NeXT for LIB research: combining the

strength of each imaging modality by overlapping neutron and X-ray data from the

same sample location for material identification. The segmented images of the XFC-

cycled graphite electrodes show a qualitative correlation between electrode degra-

dation and the presence of plated Li protrusions. Based on our XRD data, we explain

these protrusions by the formation of LiOH and/or possibly its hydrated porous crys-

tallites because of Li exposure to moisture during sample preparation. In the

absence of moisture and other sample preparation effects, the degradation effects

are expected to be Li deposits and possibly some delamination from the Cu

CC.24,29,37 Finally, our ex situ methodology development can be utilized to investi-

gate fundamental research questions by other battery chemistries38 such as (1) Li-O2

batteries that cycle via LiOH formation and decomposition;39 (2) Li-metal batteries

that plate and strip plated Li;40 (3) solid-state Li-S batteries;41 (4) Li-iodine cells;42

and (5) Li-Si cells.43 Future work involves designing a NeXT-friendly battery for

operando and/or in situ observation of electrode degradation at the separator-elec-

trolyte-electrode interface during XFC.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Johanna Nelson Weker (jlnelson@slac.

stanford.edu).
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Materials availability

This study did not generate new unique materials.

Data and code availability

The authors declare that the data supporting the findings of this study are available

within the article and the supplemental information. Any additional information

required to reanalyze the data reported in this paper is available from the lead con-

tact upon request.
Sample preparation

The single-layer graphite/NMC532 pouch cells were assembled in a dry room envi-

ronment at Argonne National Laboratory (ANL). Then, the pouch cells underwent

formation cycling and degassing to be shipped to Idaho National Laboratory for

XFC cycling at 9C charging and C/2 discharging for 450 cycles. Following XFC,

cells was discharged to 3.0 V at C/2 followed by a 2 h voltage hold at 3.0 V to

be shipped back to ANL for disassembly in a dry room. Then, the cycled graphite

electrodes were harvested and soaked in dimethylformamide for around 2 min to

wash away any residual electrolyte. The harvested electrodes were cut into rectan-

gular pieces (1–2 mm in width and �30 mm in length) using ceramic scissors to

allow full-field tomographic imaging. The pristine strip did not undergo any elec-

trochemical cycling. Next, the electrode strips were sealed using epoxy inside the

1.5 mm diameter glass capillary in an Ar-filled glovebox. Between the cell disas-

sembly and shipping for NeXT, Li was unintentionally exposed to moisture in the

air, possibly from a slightly incomplete seal or during handling in the dry room,

and transformed into LiOH, as confirmed by XRD using beamline 11-ID-B at the

Advanced Photon Source (Figure S2). The XRD measurements were performed

approximately 3 days after sample preparation and before shipping the samples

for imaging. Also, the strip geometry may not be optimal for tomography, and

hence other geometries (e.g., small disk shaped) should be considered. Further

details of the sample preparation are outlined in the supplemental experimental

procedures.
Simultaneous neutron and X-ray tomography

We performed NeXT at the BT-2 imaging beamline (Figure 1C) at the National Insti-

tute of Standards and Technology Center for Neutron Research.25 Taking the

neutron detector’s response into consideration, the thermal neutron spectrum is

centered around a wavelength of 0.18 nm with a Maxwellian distribution. The

X-ray spectrum is centered around an energy of 27 keV. The as-reconstructed

neutron and X-ray pixel sizes were �6.5 mm. The effective NeXT spatial resolution

was �15–20 mm for a field of view of �1.65 3 1.7 cm. Further experimental details

about NeXT are tabulated in Table S5. Notes S6 and S7 outline the NeXT image pro-

cessing steps, along with Figures S11–S13. Table S6 lists the symbols alongside their

definitions used in this manuscript.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.101145.
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