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Abstract: We survey several neutron imaging and diffraction methods for non-destructive testing
and evaluation of intact, commercial lithium-ion batteries. Specifically, far-field interferometry was
explored as an option to probe a wide range of autocorrelation lengths within the batteries via
neutron imaging. The dark-field interferometry images change remarkably from fresh to worn
batteries, and from charged to discharged batteries. When attempting to search for visual evidence
of battery degradation, neutron Talbot-Lau grating interferometry exposed battery layering and
particle scattering through dark-field imaging. Bragg edge imaging also reveals battery wear and
state of charge. Neutron diffraction observed chemical changes between fresh and worn, charged and
discharged batteries. However, the utility of these methods, for commercial batteries, is dependent
upon battery size and shape, with 19 to 43 mAh prismatic batteries proving most convenient for these
experimental methods. This study reports some of the first spatially resolved, small angle scattering
(dark-field) images showing battery degradation.

Keywords: lithium-polymer batteries; neutron imaging; far-field interferometry; Talbot-Lau
interferometry; neutron diffraction

1. Introduction

Understanding commercial lithium battery functionality and performance is key
towards advancing energy storage options for the future. When observing small (nanome-
ter to micrometer sized) particles, determining the role of lithium in a battery’s cell can
lead to optimized battery construction. Challenges of battery manufacturing and char-
acterization include short-circuiting from lithium dendrites, crack formation, particle
fracture, and a loss of contact from volume expansion during lithium intercalation/de-
intercalation [1-3]. While many X-ray diffraction, bulk neutron diffraction, and nuclear
magnetic resonance (NMR) studies have provided many valuable insights [4], there is still
need for additional methods that can provide insight into in-situ, cell-level degradation
of a commercial battery. Recent work has explored this need by describing the challenges
and benefits of many neutron and X-ray techniques for the use of battery characteriza-
tion [5]. In order to non-destructively observe battery degradation, there is a pressing need
for exploration of new non-destructive testing (NDT) techniques geared towards battery
characterization and visualization.

In search of these NDT methods, recent publications have provided valuable insight
into the offerings of both X-ray and neutron techniques [5,6]. Specifically, neutron diffrac-
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tion has proven valuable and often used [7,8]. Liang et al. performed neutron powder
diffraction experiments on single layer, prismatic, cylindrical, and confined batteries high-
lighting neutron diffraction for phase and crystal structure evolution [9]. Other in-situ and
in-operando neutron diffraction experiments of non-commercial batteries show formation
of several intermediate components during the charging and discharging processes [10-17].
Bobrikov et al. used time-of-flight neutron diffraction to study a commercial 18,650-type
battery with nominal capacity of 3100 mAh over 0.10 nm to 0.35 nm d-spacing, probing an
extremely wide and useful diffraction range [18]. Other battery diffraction experiments
observed a substitution of Mn for Mg in LiMgSiOy cathode components and spatial obser-
vation of Fe/NaCl and cylindrical Li-ion 18,650 cells [19-21]. While neutron diffraction
is a useful tool for battery characterization, it is not usually performed to reveal spatial
information of where battery failure can occur. Line profiles across a large, 15 Ah, battery
were performed by Cai et al. revealing inhomogenous degradation near the battery edges.

Bragg edge imaging is another method to visualize and characterize the crystallo-
graphic changes within a battery [22-24]. Using a monochromator, a series of images are
collected at differing wavelengths (either X-rays or neutrons) to observe phase changes in
the material. If there is a phase change, the transmission signal increases greatly once a
crystallographic plane is no longer probed. This is based upon Bragg’s law, A = 2d},;;sin6,
where neutrons with DeBroglie wavelength, A, are scattered coherently at angles of 26
(where 6 is the Bragg angle) relative to the incident neutron direction from lattice planes at
certain plane spacings, dj;;. In the case of neutron Bragg edge imaging of lithium batteries,
transmission images and spectra showed the appearance and disappearance of peaks as a
battery is converted from discharged to fully charged [22].

In comparison to diffraction and Bragg edge imaging, X-ray and neutron imaging have
gained recent traction despite the challenges of in-situ imaging an intact, commercially-
produced Li-ion battery. The main challenges of X-ray imaging batteries include the
extraction of relevant information from large datasets and designing cells to fit in X-ray
system setups, however X-ray systems tend to have higher resolution than neutron imaging
setups [5]. On the other hand, neutrons are less intrusive than X-rays and have isotopes,
which can be quite important for differentiating between Li6 and Li7 [5]. Previous in
operando neutron attenuation imaging of a lithium pouch cell showed the possibility of
time-resolved tomography as a battery undergoes charging/discharging [25]. Campillo-
Robles et al. provided the first neutron radiography images of lead-acid batteries sharing
the challenges behind observing changes in eletrolytic concentrations due to a lack of
sufficient contrast [26]. Several significant works have used neutron imaging to observe
lithium concentrations and mobilities [27,28], lithium hydride and hydrolysis products [29],
and lithium transport in battery fuel cells with sintered electrodes [30]. In the case of
X-ray imaging, porosity within cylindrical cells has been observed and characterized using
imaging and scanning electron microscopy (SEM) [31]. The combination of X-ray and
neutron tomography during the discharge of two similar batteries enabled study of lithium
diffusion as well as high resolution assessment of mechanical degradation [32].

Despite the success of traditional X-ray and neutron imaging, there is a need for newer,
alternative battery imaging methods. Grating-based interferometry imaging provides a new
alternative imaging method with the production of three datasets: absorption/attenuation,
differential phase contrast, and dark-field [33]. At periodic distances downstream from the
gratings, moiré fringes are generated from single-shot interferometry or stepping of the
gratings [34]. When a sample is inserted into the beam path, alterations to the neutron or
X-ray wavefront can reveal information regarding composition, phase, and size. In the
case of lithium-ion battery imaging, the combination of neutron grating-based interferom-
etry with new optical techniques can show the benefits of neutrons for different battery
components. Herein, we discuss our experiences with traditional neutron battery imag-
ing, speculate upon the future of grating-based interferometry imaging, and explore the
combination of unique NDT techniques like neutron diffraction with Bragg edge imaging.
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In this study, we show some of the first spatially resolved scattering (dark-field) images
of batteries.

2. Materials and Methods

The following sections describes Li-ion and Li-po battery characteristics, experimental
setups, and results obtained from a series of diffraction and imaging experiments. After de-
scribing the commercial Li-po batteries, a series of neutron diffraction, neutron Talbot-Lau
interferometry, neutron Bragg edge imaging, and neutron far-field interferometer imaging
experiments are presented.

2.1. Batteries

One Li-ion (360 mAh) and four sets of Li-po batteries of varying capacity and thickness
were commercially purchased (https:/ /www.powerstream.com/thin-lithium-ion.htm, ac-
cessed on 5 December 2021) for use in the following experiments: PGEB 0054018 (15 mAh,
0.5 mm x 40 mm x 18 mm), GMB 201030 (43 mAh, 2 mm x 10 mm x 30 mm), PGEB
0054338 (50 mAh, 0.5 mm x 43 mm x 38 mm), and GMB 161652 (90 mAh, 1.6 mm x 16 mm
x 52 mm). Li-po batteries were specifically purchased due to a polymer electrolyte rather
than a liquid electrolyte. Certain trade names and company products are mentioned in the
text or identified in an illustration in order to adequately specify the experimental procedure
and equipment used. In no case does such identification imply recommendation or en-
dorsement by the National Institute of Standards and Technology, nor does it imply that the
products are necessarily the best available for the purpose. Limited information is available
for the chemical composition or material properties of the commercial batteries purchased
for this study. For the nominal 43 mAh batteries, one fresh (1 charge/discharge cycle), one
slightly worn (125 cycles), and one worn (1790 cycles) battery were afixed to a sample stage
and connected in situ to an 8 channel battery analyzer ranging in current from (6-3000 mA)
and charged to 4.2 V. (http:/ /www.mtixtl.com/8ChannelsBatteryAnalyzer-BST8-3.aspx,
accessed on 5 December 2021). After 20 min of rest, imaging was performed for the charged
batteries. Upon completion of charged imaging, the batteries were then discharged to 2.7 V
at a rate of 0.93 C (40 mA /h for a 43 mAh battery) and allowed to rest for 20 min. After the
first discharged imaging was performed, a second set of discharged images was obtained
two hours later to observe any differences in battery quality. A similar charge/discharge
cycling was used for the 300 mAh battery used for the neutron diffraction study.

2.2. Imaging Background

Traditional X-ray and neutron imaging produce absorption/attenuation images. The
addition of grating-based interferometry to an imaging setup produces three image sets:
absorption/attenuation, differential phase contrast (DPC), and dark-field (synonymous
with small-angle scattering).

The intensity of the camera recorded fringe pattern, I, can be fitted with a cosine
function [35] or its linear expansion [36]:

2
I(xy) = A+ Bcos (ng + q>> @™
8
. (271X 27xg )
I(xg) = A+ |sin| ——= ) |Bescos¢+ |cos | —= | |Bsiysing 2)
Psg Pg
withB = /B, + B2 3)

where ¢ is the phase of the beam, x, is the stepping motion of the grating, and py is the
period of the phase grating. The offset, A, and amplitude, B, of Equation (1) are used to
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define the fringe visibility as visibility = B/ A. The image modality called dark-field (DF) is
the ratio of fringe visibility with the sample in the beam versus out of the beam:

visibility e Bsample/ Asample

dark-field = ——— =
VISIbllltyre ference B, ference/ Areference

(4)

In the dilute, non-interacting sphere model, the autocorrelation length, ¢, can be
thought of as the diameter of the particle size causing scattering in the DF images. In the
case of the Helmholtz-Zentrum Berlin (HZB) Talbot-Lau interferometer, the autocorrelation
length is set at a fixed autocorrelation length whereas the far-field interferometer is able
to probe a wide range of autocorrelation lengths. The autocorrelation length for the HZB
Talbot-Lau interferometer was 1.97 um for the sample upstream of the G1 grating and is
computed by:

Az
= —_— 5
&(z) b (5)
7 = (L1+L2—z)% (6)

where the source to G1 distance, L; = 4.5 m, the G2 to detector distance, L, = 22.7 mm,
the period of the phase grating, p, = 4.0 um, the wavelength, A = 0.35 nm, and the sample
to detector distance, z = 66 mm.

The autocorrelation length for the NIST far-field interferometer ranged from 0.60 pm
to 1.99 um and is computed by:

AzD
L1+ D+ Lz)pg

¢(z) = ( @)
where the distances are defined in Figure 1 and have values of L; =23 m, L, =23 m,
D =26 mm, pg1 = pg2 = pg = 2.4 um, A = 0.54 nm, and z ranged from 0.477 m to 1.537 m.

2.3. Neutron Far-Field Interferometry Imaging at NIST

In the first application of neutron far-field interferometry to batteries, neutron grating-
based interferometry imaging was done at the NG6 cold neutron imaging beamline using
the same set of Li-po batteries (NCNR NIST, Gaithersburg) [35]. Batteries were charged,
imaged, discharged, and imaged as described in Section 2.1.

The phase gratings, G1 and G2, were fabricated at the NIST Center for Nanoscale
Science and Technology on 0.5 mm thick, 10 cm diameter Si wafers. The linear features
of the phase gratings (a rectangular cross-section with a duty cycle 50%) were fabricated
with a period of 2.4 pm, corresponding to a neutron phase shift of 77/2 at a wavelength
of 0.54 nm. The intergrating distance, (D), between the G2 and G1 gratings was varied
between 7 mm and 35 mm with a linear translation stage. The G2-to-detector distance (L;)
was 4.355 m as was the sum of the slit-to-G1 distance (L;) and intergrating distance (D),
hence the interferometer was in a symmetric geometry (Figure 1). The interferometer was
operated in D-scan mode, where a fixed sample position was used and the G1-G2 distance
was varied in 1 mm increments. The autocorrelation lengths, &, probed for this neutron
experiment were 788 nm to 3.94 pm based on (A = 0.54 nm), D ranging from 7 mm to 35 mm,
and z/(L; + D + L) = 1/2. The beam defining slits were set to approximately 0.5 mm
horizontal and 50 mm vertical which resulted in the images being blurred primarily along
the vertical direction. To reduce sharp vertical guide features, a pellet of silicon powder,
6 mm thick, was placed directly downstream of the aperture. The interferometry image
sharpness, as defined by the geometric L/ D ratio, is excellent along the horizontal direction
with (L1 + D + L) /(slit horizontal) ~ 17,000 while only 170 along the vertical direction.
Recently, deep learning methods have been evaluated to improve image resolution [37].
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Figure 1. Experimental setup for the neutron far-field interferometer at NIST. The neutron single
source slit is pictured on the left, the battery in the middle, and the detector on the right. The total
distance L was 8.71 m, the distance from the source to the first phase grating L; and the second phase
grating to the detector L, were 4.36 m, an inter-grating distance D ranged from 7 mm to 35 mm,
corresponding to ¢ values of 788 nm to 3.94 um.

The sample was mounted on a rotation stage and positioned 5 cm downstream of G2.
This position yields an optical magnification ~ 2. A 150 um thick °LiF/ZnS scintillator
was imaged with an Andor NEO sCMOS detector optically coupled with Nikkor 50 mm
lens (F-stop set to 1.2). The detector was 2560 pixels x 2160 pixels and each pixel was
6.5 pm X 6.5 pm; the lens had a reproduction ratio approximately 7.9 giving effective
51.4 pm pixels. A geometric magnification of 2 gives an effective pixel size of 25.7 pm
pixels. Median (radius of 2 pixels) and mean (radius of 3 pixels) filtering were used to
remove gamma streaks from the images.

The interferometer was operated in stepped-grating mode, typically with 9 or 12 step
positions evenly spaced over 3 um. Two software packages were used for reduction of
the interferograms to attenuation, differential phase contrast, and dark-field projections.
The NIH software was used for initial processing at the beamline [38]. The LSU software
was used for production work off-line [36,39]. The small angle scattering signal was
extracted from the dark-field images as a function of the D-scans and analyzed for the
autocorrelation lengths, ¢.

2.4. Neutron Talbot-Lau Grating Interferometry at HZB

Talbot-Lau neutron interferometry experiments were performed at the HZB-CONRAD?2
beamline using polychromatic beam at an interferometry design wavelength of
0.35 nm [40,41]. The L; distance was 4.78 m and the intergrating distance (D) was 2.27 cm.
The G2-detector (Lp) was 4 mm. The source grating, GO, had a period of 790 um with
20 pm Gd thickness, the phase grating, G1, a period, (pg1), of 7.96 um with 38 pum thick Si
for a t-phase shift at 0.35 nm, and the analyzer grating, G2, a period of 4 um with 10 um
thick Gd. The instrument operated in the first order Talbot distance with a pg1 =7.97 pm,
z=5.0cm, and D = 2.27 cm, yielding ¢ = 1.97 pm.

Batteries were charged, imaged, discharged, and imaged as described in Section 2.1.
Li-po batteries of differing capacities (15 mAh, 43 mAh, 50 mAh, and 90 mAh) were
attached to an aluminum plate. Batteries were first imaged at their initial resting voltage
(around 3.7 V) with 20 s exposures at three different angles (0°, 10°, and 20°) with 14 steps
over 1.2 mm, slightly above the 0.8 mm period of the grating. The 15 mAh batteries were
charged up to 4.2 V at 15 mA and left to rest for 20 min, following by “charged” imaging.
After imaging, the batteries were discharged at 15 mA to 2.7 V and left to rest for 20 min.
At this point, “discharged” imaging took place.

2.5. Neutron Bragg Edge Imaging at HZB

Neutron Bragg edge imaging was performed at the HZB CONRAD2 beamline on
a fresh and worn 43 mAh Li-po battery. The beamline was equipped with a double
crystal graphite monochromator downstream of a liquid hydrogen moderator with peak
neutron flux at a wavelength of 0.25 nm. Imaging was performed at exposure times of
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120 s for neutron wavelengths ranging from 0.30 nm to 0.42 nm in steps of 0.002 nm.
The beam was defined by a circular aperture of 3 cm providing a neutron fluence rate of
24 x 107 cm~2 s~ ! at the detector (5 m, a geometric blurring L/ D value of 167). A 100 um
thick ®LiF/ZnS scintillator was used to convert neutron fluence into visible light. An Andor
Ikon L-936 camera (2048 pixels x 2048 pixels) was used for imaging. The monochromator
bandpass was AE/E ~ 3%.

2.6. Neutron Diffraction at SNS VULCAN

To understand the chemical changes in a battery, neutron diffraction experiments were
performed at the Oak Ridge National Laboratory (ORNL) VULCAN beamline. In previous
studies by Cai et al., diffraction peaks from a fresh and worn large Li-ion cell (15,000 mAh,
200 mm x 120 mm X 5 mm) showed inhomogeneous cell degradation at the edge of
the batteries [14]. However, problems with this diffraction experiment included limited d-
spacings of 0.16 nm to 0.20 nm and 0.21 nm to 0.24 nm. Spatially resolved neutron diffraction
of Fe/NaCl by Hofmann et al. and cylindrical Li-ion 18,650 cells by Senyshyn et al.
have shown promise in the search for non-destructive testing of complex batteries [20,21].
The previous experiments were volume averaged measurements rather than imaging
experiments. In the experiments performed here, it was anticipated that probing with
wavelengths from 0.2 nm to 0.5 nm with imaging would reveal more cathode/anode
diffraction peaks from within the batteries.

Neutron time-of-flight (TOF) diffraction experiments were performed on 300 mAh
Li-ion batteries at the SNS Engineering Materials Diffractometer (Oak Ridge National Lab-
oratory, VULCAN). The VULCAN instrument was set up with a 5 mm x 10 mm x 5 mm
sample volume, a peak neutron flux at 0.2 nm, and 30 Hz pulse repetition rate. The beam-
line length is 43.8 m and the two-theta angle is 47.7°. Once a TOF spectrum is obtained for
the sample, peaks are removed by using a sample TOF vanadium spectrum.

The points are fitted to a normalized cubic spline interpolation and compared to a CeO,
diffraction plot from VULCAN based on the Inorganic Crystal Structure Database (ICSD
165720). The diffraction plot, with CeO; used as a wavelength standard, is generated with
the raw counts versus flight time data using the beamline length and effective two-theta.

3. Results and Discussion

The discussion below explains how a new interferometry setup called far-field inter-
ferometry was initiated with fresh and worn Li-po batteries to determine the size of the
scattering features in the neutron dark-field images. Neutron Talbot-Lau interferometry and
Bragg edge imaging were then explored to visually observe battery degradation. Finally,
neutron diffraction of a fresh and worn battery led to an understanding of the changes
occurring on a chemical sense within the battery. Table 1 summarizes the experiments,
facilities, battery capacities, and key results.

Table 1. Overview of Neutron Imaging and Diffraction Experiments.

Expt. Facility = Capacity/mAh Summary of Results

Far-Field NIST 43,90 wear: 43 mAh may be
optimum size for battery capacity and
imaging

Talbot-Lau HZB 15 wear: 15 mAh is too small

Bragg-Edge HZB 15 wear: 15 mAh is too small

Diffraction SNS 300 chemistry: 300 mAh may be

optimum size
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3.1. Far-Field Neutron Imaging at NIST

This section and the following section describe neutron grating interferometry ex-
periments. Since neutron imaging is more sensitive than X-rays to lighter atomic ele-
ments like Li, neutron interferometry was anticipated to reveal unique battery component
degradation for a lithium-based battery. For the neutron experiments, the Talbot-Lau
interferometer gives good spatial resolution, but at a fixed interferometer autocorrelation
length. The far-field interferometer has poor spatial resolution, but scans a wide range of
autocorrelation lengths.

Thicker batteries (larger than 1 mm) resulted in high amounts of scattering with the
far-field neutron interferometer. The 43 mAh and 90 mAh batteries exhibited the largest
changes between charged and discharged, fresh and worn samples. The highest capacity
batteries of 90 mAh are shown first. While these batteries are not the thickest of the group
of four battery sets (1.6 mm), it was anticipated that the multiple electrode layers would
provide a strong scattering signal. The worn battery had 1780 charge/discharge cycles
while the fresh battery had one previous cycle to build up the solid electrolyte interface.
In Figure 2 we observe a large difference in the scattering signal between a fresh and worn
battery at various autocorrelation lengths.

Charged : Discharged
€= 2.250 yM j €= 2.250 pf

Charged Discharged
&= 2.813 ym £= 2:813 um

90mAh Fresh Battery Scattering 90mAh Worn Battery Scattering

07 06 Worn Left Discharged
Tos T ]
= 205 1 L amm\Worn Left Charged
@05 ammFresh Discharged @
3 204
] 3 0
204 &

£ ammFresh Charged %os e==Worn Right Discharged

02 | 02 emWorn Right Charged

[ 1 15 2 25 3 05 1 15 2 25 3
Autocorrelation Length (microns) Autocorrelation Length (microns)

Figure 2. Neutron scattering images of charged and discharged, fresh and worn 90 mAh batteries.
In the top row images, ¢ = 2.25 um. In the middle row images, ¢ = 2.81 pm. At the bottom, plots
show scattering values across the batteries. The color bar represents the dark-field signal acquired
through each battery. The reported uncertainty is the one-sigma root mean square uncertainty of the
nonlinear least squares fit.

The dark-field signal in the worn battery averages around 0.40 while the fresh battery
is homogeneous around 0.80 when ¢ = 1.12 pum. With air having a value of 0.0 and a highly
scattering material having a value of 1.0, this indicates a higher amount of scattering in
the fresh battery versus the worn battery. Of interest in the worn battery is the left edge,
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which has a high scattering signal of 0.75. With this region not in the folds of the battery
(located at the top and bottom of each battery), it is important to observe that the scattering
signal is high on just one side of the battery. When ¢ is increased from 1.12 um to 1.69 um,
the scattering signal increases for both batteries. Upon increasing the autocorrelation length
to 2.25 pm, the worn battery appears to gain uniformity across the right side of the sample
while the fresh battery remains homogeneous (Figure 2 top). When the autocorrelation
length is increased to 2.81 um, the highly intense scattering centers in the worn battery
diminish (Figure 2 middle row).

The fresh battery also has a small reduction in signal, however it is not as noticeable as
in the worn battery. One possible explanation for this decrease in signal is that 2.81 pm sized
particles are more prevalent in the fresh battery than the worn battery. While this could be
related to battery degradation within the cell of smaller components, it is challenging to
specify which component would cause this phenomenon without known particle size or
porosity information in these commercially available batteries.

The dark-field signal is shown in Figure 2 as a function of {. When focused on the worn
battery, a major difference can be observed in the dark-field signal between the left and
right regions (Figure 2 bottom right). The left region behaves as if there are many particles
up to 2.5 um in size while the right region appears to have a more even distribution of
particles yielding scattering for autocorrelation lengths in the range from 788 nm to 3.0 pm.
This could be indicative of the right half of the battery becoming less involved in the worn
battery chemistry where lithium is less able to intercalate in graphite, thus leaving only the
left side of the battery active.

In the 43 mAh batteries, large differences in the mean scattering values across the
batteries were observed. Figure 3 exhibits the drastic change in scattering as a function
of state of charge. Here, the fresh battery has undergone a single cycle to generate the
solid-electrolyte interface. The slightly worn battery still has the initial capacity. The worn
battery after 1790 cycles still has a capacity of 38.6 mAh, close to its advertised capacity of
43 mAh.

The first sign of deterioration in the discharged batteries is when ¢ = 2.59 um, where
the worn battery begins showing inhomogeneous scattering across the battery image.
The slightly worn battery shows small regions that change between the edges and center
while the fresh battery still exhibits a homogeneous scattering image.

Similar to the case of the 2 mm thick 90 mAh batteries, we observe a large difference in
the scattering between charged and discharged 43 mAh batteries at larger autocorrelation
lengths. In the charged batteries, the worn battery has low scattering values similar to air,
the slightly worn battery has higher signal along the edges, and the fresh battery is still
near homogeneous. The worn battery still possesses scattering along the edge, however the
middle area of the battery now has scattering values similar to air. In comparing the mean
scattering values for charged and discharged cycles, we observe the lower plots in Figure 3.

Of interest in the scattering images is how the dark-field signal increases up to
¢ = 2.36 um for the fresh battery, ¢ = 1.80 um for the slightly worn battery, and
¢ = 1.69 um for the worn battery before decreasing. This could indicate that the fresh
battery has particles of larger size in comparison to the worn battery. As a battery un-
dergoes degradation from its original capacity, larger particles within the battery are
breaking down into smaller particles. The difficult challenge is determining whether the
degradation is occurring on the solid electrolyte interface or the lithium cobalt oxide or
graphite electrodes.

Thin batteries (15 mAh and 50 mAh, 0.5 mm thick) had limited scattering value
differences between charged and discharged cycles in comparison to the 1.5 mm thick
batteries. There is limited difference in the scattering signal between the charged and
discharged states at ¢ of 1.12 pm. One explanation is that the 0.5 mm batteries did not have
as much electrolytic material at the 2 mm thick batteries to cause as much scattering of
the neutrons. Although the signal is not changing between charged and discharged states,
there is a large spatial difference in the dark-field signal when the autocorrelation length
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is changed. When ¢ = 1.35 pum, the fresh battery has a higher scattering signal on the left
side of the battery. However, when the autocorrelation length is increased up to 2.81 pum,
the higher scattering signal is located on the opposite, right side of the battery. This is
indicative of smaller sized features (up to 1.12 pm) on the left side of the battery compared
to larger sized features around 2.81 um on the right side.

One challenge with these experiments is that the battery imaging is face-on. This means
that both the cathode and anode material is included in the attenuation and dark-field
values. Ideally, the battery is separated into cathode and anode components for far-field
interferometry to understand which electrode the battery degradation is occurring. While
these experiments are able to spatially locate where particle sizes are changing within the Li-
po batteries, the chemical mechanisms causing these changes need further understanding.

Discharged
§=2,588 um

Charged - Discharged
§=2320 pm

§=2.925 um

ammmFresh Discharged
emFresh Charged

»slightly Worn Discharged
e Slightly Worn Charged

e \Worn Charged

Dark-field Signal

ammm\Worn Discharged

05 1 15 2 25 3
Autocorrelation Length (microns)

Figure 3. Neutron images of a worn, fresh, and slightly worn 43 mAh battery. The autocorrelation
length corresponds to ¢ = 2.59 um for the top images and ¢ = 2.92 pm for the middle images. On the
bottom is a plot of the mean scattering values across the charged and discharged batteries. The color
bar represents the dark-field signal acquired through each battery. The reported uncertainty is the
one-sigma root mean square uncertainty of the nonlinear least squares fit.

3.2. Neutron Talbot-Lau Interferometry at HZB

Neutron Talbot-Lau interferometry at HZB showed a slight difference in the dark-field
images (autocorrelation length ¢ near 1.97 um) between charged and discharged, 0.5 mm
thick 15 mAh Li-po batteries (Figure 4).
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Discharged-
§=197um

Figure 4. Dark-field images of charged (left) and discharged (right) 15 mAh Li-po batteries. In each
image, the battery on the left is the fresh battery and the battery on the right is the worn battery.
The autocorrelation length ¢ = 1.97 um and A = 0.35 nm. The color bar represents the dark-field signal
acquired through each battery.

When both the fresh and worn batteries are charged, there are only a few regions
where the scattering signal changes within the samples. The major difference occurs at the
top of the fresh battery, where the higher scattering values (around 0.65) are associated
with electrolytic material. Also of note are the vertical scattering features in both batter-
ies, specifically in the middle and edges of the sample. When the battery is discharged,
the scattering values increase to 0.29 for the fresh battery and 0.27 for the worn battery.

3.3. Neutron Bragg Edge Imaging at HZB

Neutron Bragg edge imaging of fresh and worn, charged and discharged batteries
revealed several interesting features. In comparison to the neutron diffraction results in
Section 3.4, this method combines imaging with spectral information. The spectral plots of
the macroscopic attenuation cross section, X, versus wavelength are generated from

,, open beam — closed beam

==l sample — closed beam

®)

but an additional correction was needed to account for a change in reactor power between
measurement of the open beam and the sample measurement. A reference area was chosen
in the images and a correction applied to the discharged data as

¥/ (discharged) = X(discharged) + [ (charged(reference)) — % (discharged(reference))] )

The attenuation signal through the batteries was always higher for the discharged
battery versus the charged battery except for the region near 0.34 nm. The strongest peak
around 0.32 nm is likely a result of LiyCoOy, where x =1 for a charged battery and x = 0.5
for a discharged battery [42]. If the lithium is becoming inactive in the chemical process,
this could explain the large difference between charged and discharged states. There are
two possible explanations as to why the signal is mostly higher in the fresh battery than the
worn battery. First, with inactive Li not getting involved in migration from one electrode
to another, this results in a larger difference between the charged and discharged states.
Second, a remaining graphite, LiCy, or LiCoO, Bragg peak above 0.42 nm is also possible
as the samples become opaque at very large wavelengths. The feature from 0.36-0.38 nm in
the worn battery was expected due to LiCy depletion as the battery is worn [25]. A strong
LiC4 peak from the 111 plane is located at 0.365 nm and in combination with peaks from
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large carbon compounds like Cg at 0.377 nm, there is overlap from several Bragg edges
(Figure 5).
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Figure 5. The top left image shows a diffraction plot of a worn and fresh battery at 0.318 nm.
The top right image shows the difference image of charged—discharge state a 0.318 to 0.324 nm.
Bottom images are Bragg edge plots from 0.30 nm to 0.44 nm of the worn (left) and fresh (right)
batteries. The (+) symbol represents when the battery is charged while the (—) symbol represents the
discharged battery.

3.4. Neutron Diffraction Analysis

Neutron diffraction can reveal hkl planes within a polycrystalline material. In the case
of a Li-ion/Li-po battery, this becomes more complex due to the wide range of materials
used for anode, cathode, electrolytic, and separator material. Figure 6 shows the neutron
diffraction spectra of a charged and discharged, fresh and worn Li-ion battery taken from
0.05-0.25 nm at the VULCAN instrument (ORNL, SNS).

This neutron diffraction experiment was expected to show qualitatively how the
components within a Li-ion battery can change during the cycling process. In all spectra,
the largest peak at 0.181 nm corresponds to a Cu (002) peak that is not changing in the
battery, hence the high intensity for both the charged and discharged states. For the fresh
battery, the most observable peak differences can be observed at 0.157 nm, 0.168 nm,
0.176 nm, 0.185 nm, and 0.214 nm. At 0.157 nm, the Lip5C00O, (112) peak appears for
the charged state in both the fresh and the worn battery. The peaks at 0.185 nm and
0.214 nm are related to Lip75CoO; (015) and LiyCg (110), respectively. When the battery
is charged (blue spectrum), both peaks are prevalent and when the battery is discharged
(black spectrum), the peaks are no longer present, indicative of lithium de-intercalation.
The peaks at 0.168 nm and 0.176 nm represent graphite (004) and LiCy, (004), respectively.
At 0.176 nm, when the battery is charged, smaller lithium intercalated components such as
LiCyq; exist. When the battery is discharged, lithium de-intercalates within the graphite and
thus the peak at 0.168 nm appears.

In comparing the fresh battery to the worn battery spectra, several changes can be
observed. First, at 0.157 nm, the 112 peak for Lip5CoO; is present in both the charged
and discharged states. This implies that the lithium is still intercalated in the CoO; struc-
ture despite the battery being discharged. The Lijp75C0oO; 015 peak at 0.185 nm and the
Li Cg 110 peak at 0.215 nm are no longer present. Although the battery can still undergo
charging /discharging, this suggests that lithium is not moving within the battery as it once
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did. Lithium can be trapped in a non-electrochemically or non-crystalline active phase
within the battery such that lithium intercalation cannot be fully achieved as in the first
charge/discharge cycle. Also observable is the absence of the graphite 004 peak at 0.168 nm
and the increase in LiCj, 004 signal at 0.176 nm for the discharged battery.
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Figure 6. Time-of-flight neutron diffraction plots for fresh (left) and worn, 25% of original capacity
(right) 300 mAh Li-ion batteries where the blue trace (with vertical offset) indicates charged battery
and the black trace is for the discharged battery. A few diffraction peaks are tentatively assigned in

(C). The Cu (002) diffraction peak is cropped from figures (C,D).

4. Conclusions

The first spatially resolved scattering images for 19 mAh to 93 mAh Li-po batteries
are shown using neutron Talbot-Lau and far-field interferometry. This is one of the first
applications of neutron far-field interferometry to battery chemistry, and the first for a set of
commercial batteries. In the 43 mAh batteries, neutron attenuation and dark-field images
clearly show differences between charged and discharged states, and between fresh and
worn batteries. Moreover, wear induces inhomogeneities in the 2D images, obtained with
high resolution—25.7 pm effective pixel size—along one dimension.

Relative to Talbot-Lau, the far-field interferometry is able to scan a wide range of
autocorrelation lengths, which enables tuning the imaging experiment to features within
the battery most sensitive to state of charge and wear. When the same battery was imaged
at a charged and a discharged state, the dark-field image was found to evolve unevenly,

with significant differences at the edges of the batteries.
On the basis of the range of batteries sizes studied, from 19 mAh to 300 mAh, and the

various neutron imaging and diffraction experiments performed, we suggest the combina-
tion of far-field imaging and neutron diffraction as a productive path for the characterization

of small, commercial batteries.
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