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The electrode of Li-ion batteries is required to be chemically and mechanically

Keywords: radiation damage; Li ion battery; stable in the electrolyte environment for in sifu monitoring by transmission

in situ; carbon—binder matrix; intermittent dose. X-ray microscopy (TXM). Evidence has shown that continuous irradiation has

an impact on the microstructure and the electrochemical performance of the
Supporting information: this article has electrode. To identify the root cause of the radiation damage, a wire-shaped
supporting information at journals.iucr.org/s electrode is soaked in an electrolyte in a quartz capillary and monitored using

TXM under hard X-ray illumination. The results show that expansion of the
carbon-binder matrix by the accumulated X-ray dose is the key factor of
radiation damage. For in situ TXM tomography, intermittent X-ray exposure
during image capturing can be used to avoid the morphology change caused by
radiation damage on the carbon-binder matrix.

1. Introduction

Transmission X-ray microscopy (TXM) is an image acquisition
technique that captures transmitted monochromatic X-rays
through a sample. Recently, the microstructure of porous
electrodes of Li-ion batteries (LIBs) has been reconstructed
using TXM tomography by collecting a series of TXM images
during a 180° rotation of the electrode (Lim et al., 2016). The
non-destructive advantage of TXM is that it allows the study
of the in situ morphology change of high-capacity LIB anode
materials, such as Ge (Weker et al., 2014) and Sn (Wang et al.,
2014). During in situ TXM tomography, the electrode is
exposed under a high radiation dose which can cause radiation
damage on the electrode. Thus, it is necessary to investigate
the radiation-induced damage for in situ TXM tomography.
Previous studies have shown radiation damage on the LIB
electrode (Weker et al., 2014) during in situ TXM. However,
the root cause of radiation damage is still elusive because all
the components of a working LIB cell could be impacted by
X-rays and any damage on any component could affect the
performance of the cell significantly. Nelson ez al. (2013) have
shown that irradiated sulfur particles were dissolved in elec-
trolyte after 20 s of 6 keV X-ray exposure. Irradiation of an
electrode could also affect the carbon-binder matrix because
polymers are sensitive to X-ray irradiation (Coffey et al., 2002;
Vaselabadi et al., 2016). The objectives of this paper are to
investigate the hard X-ray induced damage on the carbon-
binder matrix in in situ LIB cells and to find ways to avoid the
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2. Experimental

A wire-shaped electrode was sealed in a 500 pm quartz
capillary tube (Hampton Research, Aliso Viejo, CA, USA)
which was filled with 1 M LiPFs in EC/DEC electrolyte (1:1
volume-ratio mixture of ethylene carbonate and dimethyl
carbonate, BASF, USA). The wire-shaped electrode was
fabricated by coating electrode slurry on a 30 um-diameter
carbon wire (WPI, Sarasota, FL, USA). The slurry was
composed of 50 wt% active material (GegoSeq ), 30 wt%
conductive carbon (C65, TIMCAL) and 20 wt% carboxy-
methyl cellulose binder (Sigma-Aldrich, pre-dissolved in
deionized water). The micrometer-sized GegoSe(; particles
were provided by C. B. Mullins’s group (Klavetter et al., 2015).
The quartz capillary housing and carbon-wire current
collector were selected because of their low X-ray attenuation.
TXM tomography was implemented under an X-ray energy of
11.2 keV at the beamline 32-ID-C of the Advanced Photon
Source (APS). The photon rate in a field of view of around
74.6 pm is approximately 1.17 x 10" photons s™' at 11.2 keV
at this beamline. The illumination at the edges of the field is
weaker, which results in lower radiation dose at the edges of
the field of view. The wire electrode is located at the center of
the field view and is about 39.1 pm x 60.1 pm in the projection
image. The photon rate in this area is approximately 7.12 x
10" photons s~ ', which is calculated from the intensity profile
of a flat-view image. It should be noted that the radiation
intensity is reduced by approximately 2.8% and 11.7% before
reaching the wire electrode by the 10 um-thick wall of quartz
capillary and the 200 pm-thick electrolyte in the capillary,
respectively. By comparing the intensity profiles of a flat-view
image and an electrode image, the electrode absorbs
approximately 1.2% of the photon intensity illuminated on it.

3. Results and discussion

To specify radiation damage under an in situ environment, the
GegoSeq; electrode was exposed to X-rays with a photon
energy of 11.2keV during ~12 min of TXM tomography
measurement. Seven hundred and twenty-one TXM images
were captured for 1s of X-ray exposure at 0.25° rotation
increments over 180°. Fig. 1 shows TXM images at various
rotation angles. The TXM images depict the Ge¢Se, | particle
cluster of the electrode in bright color with a pixel size of
37.7 nm (imaging resolution). Reconstruction of raw tomo-
graphy data requires retaining the structure of the sample
during 180° rotation. Thus, the initial (0°) and final (180°)
TXM images should be symmetric to reconstruct the electrode
microstructure. However, the final TXM image shows large
changes of GegoSeq; particle cluster after ~12 min of X-ray
exposure. Video S1 (see supporting information) clearly shows
the following morphology changes of the electrode: (1)
growing distances between particles, and (2) sudden particle
dislocations (e.g. Ax and Ay in Fig. 1). The morphology
changes are considered to be as a result of the radiation
damage on the carbon-binder matrix of the irradiated elec-
trode.

Figure 1

TXM images of a Geg ¢Sey ; electrode in in situ experimental environment
at different angles during tomography under 11.2 keV photon energy.
The blue dashed lines at 0° and 180° show particle cluster changes after
12 min of irradiation. The 180° image was horizontally flipped to directly
compare with the 0° image. Ax and Ay show sudden particle dislocation
due to the change of the carbon-binder matrix.

To investigate the effect of radiation dose on the carbon—
binder matrix, a GegoSeq; electrode in electrolyte environ-
ment was exposed to 11.2 keV X-rays and monitored by
continuously capturing TXM images with 1s exposure for
30 min without sample rotation. Fig. 2(a) shows 1 s and 30 min
irradiated Geg¢Sey ; clusters and Video S2 shows the dynamic
change. The TXM images clearly show the change of particle
clusters during 30 min of irradiation. To quantify the radiation
damage, two of the particle distances [marked as L, and L, in
Fig. 2(a)] were tracked by the irradiation time. In Fig. 2(b), the
onset of distance increment (AL;) appeared at 6 min and AL,
reached 5.4% of the initial distance after 30 min of irradiation.
The distance increment (A L,) shows a similar pattern to AL,
but its onset appeared at 4 min and is 9.4% of the initial
distance after 30 min of irradiation. The faster and larger
change of L, is due to the higher X-ray dose in the middle of
the illumination field. To test whether the damage on the
carbon-binder matrix is primarily from free radicals released
from the absorption of photons by Ge, the same experiment
was conducted at 11.2 keV (after Ge K-edge) and 11 keV
(before Ge K-edge). As the GegoSeq; particle size is about
2 pum, the X-ray absorption of GejoSeq; particles at 11.2 keV
is about six times the absorption at 11 keV. In order to only
compare the impact of the energy level, two regions on one
wire GegoSep; electrode with similar dimensions were
selected. Fig. S1 and Videos S3 and S4 show that the expansion
of the GegoSeq; electrode at two energy levels is similar,
which demonstrates that the damage is primarily from the
absorption of photons by the carbon-binder matrix.

We believe that synchrotron X-ray radiation can have two
effects on the polymer binder: scission and crosslinking
(Coftey et al., 2002). Scission of a long-chain polymer gener-
ates short-chain polymers, which could be dissolved by the
electrolyte. Therefore, some GejoSey; particles could be
suddenly dislocated from the particle cluster. Crosslinking of
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Figure 2
A series of TXM images with 1s exposure are captured to monitor
radiation damage on a GejoSeq; electrode in electrolyte environment
under 11.2 keV photon energy. The TXM images show (a) 1 s (left) and
30 min (right) irradiated GegoSe(; particle cluster with 37.7 nm pixel
resolution. (b) The increment of particle distances is tracked by the
accumulated X-ray dose.

the polymer could cause swelling of the polymer in electrolyte,
which is the reason for the expansion of the carbon-binder
matrix. The distance tracking results indicate that the carbon—
binder matrix maintains the GegoSeq; particle cluster under
the 11.2 keV X-rays for 4 min. Thus, the irradiation dose can
be reduced to sustain the structure during TXM tomography.
However, reducing the total dose means decreasing the
number of images or the exposure time. Both will reduce the
quality of tomography. Typically, tomography collects a series
of TXM images under continuous X-ray exposure. For
instance, the GegoSey; electrode has about 6 min of total
X-ray exposure if 361 images with 1s exposure and 180°
rotation are used. The 6 min of continuous X-ray illumination
can cause a change to the structure of the electrode by the
damaged carbon-binder matrix. Vaselabadi et al. (2016)
showed that radiation damage on polymers is likely to have an
onset dose. If intermittent exposure was implemented with
each exposure dose smaller than the onset dose and a long
enough interval time between exposures, it is hypothesized
that the radiation damage can be significantly reduced or
avoided.

To test this hypothesis, X-rays were exposed for 1s to
capture an image and blocked by a shutter for 3-8 s before
capturing the next image during in situ TXM tomography.

®)

Figure 3

In situ TXM tomography of a GeoSe(; electrode under intermittent
11.2 keV photon energy. TXM images show the Ge,¢Se, ; particle cluster
with a 37.7 nm-pixel resolution at the initial position (0°, top) and the
horizontally flipped image at the last position (180°, bottom). The series
of TXM images with 1 s exposure are obtained with (a) 3 s, (b) 5s and
(c) 8 s blocking time. The red marks indicate particle distance increments
(a) 5.3% and (b) 2.6% after the TXM tomography.

Fig. 3 shows the initial and horizontally flipped last images of
the TXM tomography with three different X-ray blocking
times (3, 5 and 8 s). The dashed lines were drawn based on the
initial TXM images to show the particle cluster changes after
the tomography. The biggest increment of particle distance is
around 5.3% with the 3 s blocking time shown in Fig. 3(a) and
it is around 2.6% with the 5 s blocking time shown in Fig. 3(b).
As shown in Fig. 3(c), the 8 s blocking time allows the particle
cluster to be maintained during the in situ TXM tomography.
The series of TXM images demonstrate the stable electrode
structure during the tomography with 8s blocking time in
Video S5. The result suggests that radiation-induced
morphology changes in in situ TXM tomography could be
avoided by minimizing the accumulated X-ray dose and
choosing intermittent X-ray exposure. It should be noted that
radiation damage on the carbon-binder matrix could already
start before the morphology change is detected at 4 min of
continuous exposure. The undetected changes can de-activate
some GegoSeq; particles by breaking electronic connection.
Radiation damage on the carbon-binder matrix depends on
many factors, such as polymer materials, electrolyte, photon
energy, photon rate, efc. The dose plan should be set based on
the in situ experimental conditions. Another option to avoid
the impact of radiation damage on the carbon-binder matrix is
to use other binding techniques instead of a polymer binder.
For instance, Wang et al. (2014) directly deposited Sn particles
on a carbon substrate and conducted in situ TXM tomography
successfully.

4. Conclusions

Radiation-induced damage of LIB electrodes was investigated
in electrolyte environment for in situ TXM tomography.
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Particle cluster changes of the irradiated electrode revealed
radiation damage on the carbon-binder matrix. Irradiation of
the carbon-binder matrix induces scission and crosslinking of
the polymer, which causes the dislocation of active material
particles and an expansion of the carbon-binder matrix. The
radiation damage on the carbon-binder matrix during TXM
tomography can be avoided by minimizing the total irradia-
tion dose and choosing intermittent X-ray exposure.
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