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We investigate the impact of X-ray-induced damage on the evolu-
tion of battery cathodes using synchrotron transmission X-ray
microscopy. In an operando coin cell, exposure to the X-ray beam
can induce bubble formation, potentially rendering cathode parti-
cles electrochemically inactive and displacing particles from their
initial position. However, utilizing external pressure on a pouch cell
can mitigate bubble formation and its associated effects.

Probing beams such as electrons, neutrons, and X-rays, have
revolutionized materials characterization, providing unprece-
dented insights into material properties and guiding the design
and synthesis of improved functional materials.'™ Battery
materials are a notable example, benefiting significantly from
advanced characterization techniques that have contributed to
the development of safer, higher-energy-density batteries.>”
Technological advancements, such as those enabled by syn-
chrotron radiation facilities, have made it possible to study
battery materials during operation, revealing their chemical,
structural, and morphological evolution in real-time.* > How-
ever, a key challenge in characterizing battery materials, parti-
cularly using operando techniques, is the potential for
radiation-induced damage to battery components.’*™*® For
instance, electrons in transmission electron microscopy have
been reported to induce lattice structure changes in battery
cathodes.'” Similar radiation-induced lattice changes have also
been observed in synchrotron studies."®

As the probing area in battery characterization is typically
small, damage to particles within that area may not noticeably
affect overall electrochemical performance. Consequently,
while electrochemical data might appear consistent, the corres-
ponding characterization results may fail to accurately
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represent the actual reaction mechanisms. Drawing conclu-
sions based on damaged battery components can lead to
significant errors and biased interpretations."®

This issue is particularly critical in synchrotron X-ray studies
due to their high flux and intensity. To address beam-induced
damage, careful consideration should be given to the exposure and
flux of the probing beam as well as the operando cell setup in
accordance with this study. Optimizing these parameters can
mitigate damage and enable more representative and accurate
characterization of battery components under investigation.
While, X-ray energy is another key parameter, it is fixed by the
element under investigation, allowing little room for modification.

Transmission X-ray microscopy (TXM) is a powerful techni-
que for characterizing battery materials, providing high spatial
resolution to analyze morphology and chemical distribution.
When combined with operando setups, TXM has gained
increasing popularity as an effective diagnostic tool to study
various battery phenomena, including thermal runaway, fast
charging, and lithium dendrite formation, among others.*>°7
In this work, we examine the impact of beam-induced damage
during operando TXM characterization of battery materials and
explore potential strategies to mitigate this effect.

We performed imaging at a specific energy of 8.4 keV to
investigate bubble formation in the absence of battery cycling
(Fig. 1b) and conducted 2D X-ray absorption near edge struc-
ture (XANES) imaging to study the impact of bubble formation
on the chemical evolution of nickel in the LiNiy, ¢Mn, ,C0, 50,
(NMC622) cathode material during battery cycling (Fig. 2).>*™>’
These experiments were carried out at the full field X-ray
imaging (FXI) beamline of NSLS-II.

The schematic of the imaging setup for operando battery
studies at the FXI beamline is shown in Fig. 1a. The X-ray beam
is focused onto a region of interest within the battery using a
capillary condenser through a Kapton window. The transmitted
X-ray beam forms a magnified image at the detector position
through a zone plate lens. The detector consists of a Csl
scintillator, a 10x Nikon optical objective lens, and an Andor
Neo 5.5 sCMOS camera.
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Fig. 1 Evidence of X-ray induced damage in battery materials. (a) Sche-
matic illustration of the working mechanism of transmission X-ray imaging
of operando battery setup. (b) Beam damage as evidenced by the bubble
formation (red arrow) upon exposure of the X-ray transparent field of view
of the operando coin cell to X-ray. X-ray energy was 8.4 keV and the flux
was reduced to 7.8 x 10° photons per um? s~* by using attenuators, which
is only 1% of the total available flux.
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Fig. 2 Effect of beam damage on chemical evolution of battery cathode
particles. In situ Ni 2D XANES map of NMC622 cathode particles (top row)
and the corresponding histogram of energy distribution (bottom row). The
images are collected during the first half of charging (a). Similar 2D XANES
map and histogram for later half of charging is shown in (b). Cycling was
performed at C/10 rate. Every map is taken 1 hour apart.

Fig. 1b displays raw 2D images of NMC622 particles within
the field of view (FOV) without further processing. All images in
Fig. 1b were acquired at 8.4 keV in a coin cell with a Kapton
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tape-covered hole to allow X-ray transmission. The battery
remained at rest during image acquisition to isolate the effects
of X-ray-induced damage from those of cycling. To minimize
beam damage, the illumination beam flux was reduced to 7.8 x
10° photons per pm > s~' using attenuators, corresponding to
approximately 1% of the available flux. Despite the reduced
dose, evidence of beam damage was observed, as bubbles
appeared within the FOV shortly after the beam was turned
on. With prolonged exposure, bubbles propagated further
(marked by the red arrow in Fig. 1b).

We hypothesize that this bubble formation results from
electrolyte decomposition induced by the probing X-ray
beam."® The bubble formation phenomenon was consistently
observed across multiple FOVs, as shown in Fig. S1 and S2
(ESIt), highlighting its recurring nature.

Bubble formation induced by beam damage can signifi-
cantly influence the chemical evolution of transition metal
elements in cathode particles. For instance, bubbles can dis-
rupt the electrochemical connections between particles and the
electrolyte, hindering the ion transport. This isolation may
render some particles within the field of view (FOV) electro-
chemically inactive. However, since the FOV is relatively small
(50 pm x 40 pm) compared to the entire electrode size
(~12 mm), damage to selected particles under investigation
may have minimal impact on the overall cycling performance.

To investigate the effects of beam damage, we acquired 2D-
XANES images of nickel (Ni) to monitor its redox evolution in
NMC622 during coin cell battery cycling. The images were fitted
around the white-line energy of the Ni K-edge to estimate the
redox evolution of Ni in NMC622. Image fitting was performed
using the TXM-Sandbox software package.”®*° Evidence of
beam damage was apparent even at the start of cycling, as
bubbles formed and propagated within the FOV during image
collection (Fig. S3, ESIT).

Fitted 2D-XANES images reveal that during the initial hours
of charging, no significant change in the Ni oxidation state is
observed (Fig. 2a). The overall histogram of energy distribution
shows no shift in the maximum, which correlates directly to
the Ni oxidation state, indicating that Ni’s oxidation state
remains essentially unchanged. This conclusion holds even
when analyzing smaller areas within individual cathode parti-
cles (Fig. S4, ESIt).

As charging progresses, beam damage accumulates, and
bubble formation intensifies, potentially displacing particles
from their initial positions (Fig. S5, ESIT). This particle move-
ment can significantly impact image analysis. Accurate 2D-
XANES fitting requires strict image reconstruction, which
becomes challenging if particles move within the FOV, compli-
cating reliable image alignment. Such displacement may intro-
duce artifacts, such as the higher white-line energy observed at
the edge of the particle marked by a red arrow in Fig. 2b.

Interestingly, the white-line energy of the particle marked by
the blue arrow in Fig. 2b gradually increases during charging,
while other particles show no significant changes. This sug-
gests that bubble formation does not affect all particles uni-
formly. The particle marked by the red arrow in Fig. 2b appears
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to remain electrochemically connected to the electrolyte and
current collector, allowing redox reactions to continue in this
specific particle. Radiation-induced artifacts like these can
skew conclusions drawn from image analysis. Therefore, care-
ful consideration must be given to analyzing particles subjected
to beam damage to ensure reliable results.

We hypothesize that bubble formation and beam damage
effects can be mitigated, to some extent, by applying external
pressure to the cell. External pressure may suppress bubble
formation and help maintain the electrochemical activity of the
particles. A pouch cell configuration is particularly suitable for
applying such pressure. To test this hypothesis, we assembled
pouch cells with a Li; ,Nig15C00,Mng 550, cathode®?? and a
lithium metal anode for operando transmission X-ray micro-
scopy imaging (Fig. 3a).

The pouch cell was sandwiched between two steel plates to
apply external pressure (Fig. 3b). These plates feature narrow
open slots in the center to allow X-ray transmission.** Pouch
cells are better suited for applying external pressure than rigid
coin cells. Additionally, the design of the operando coin cell-
featuring holes covered with Kapton tape may result in inho-
mogeneous pressure distribution across the cell during cell
assembly, with reduced pressure in the X-ray transparent
regions. In the pouch cell, the X-ray beam penetrates through
the polymer housing, lithium metal anode, separator, and
cathode. Using beam energy near the transition metal K-edge,
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Fig. 3 Alleviation of beam damage through employing pouch cell setup
for operando analysis. (a) and (b) Pouch cell setup for operando battery
cycling for transmission X-ray microscopy imaging. (c) Ni 2D-XANES
collected from the cycling of the pouch cell. The boxed region shows
the area where the histogram analysis was performed.
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such as the Ni K-edge, we could visualize cathode particles
without interference from other battery components. The cell
was charged at a C/2 rate, and images were collected every 30
minutes.

Histogram analysis of the white-line energy distribution in
the Ni 2D-XANES maps demonstrates that the redox reaction of
Ni can be effectively captured in this setup (Fig. 3c). A blue shift
in the Ni white-line energy was observed upon charging, con-
firming the ability to track the oxidation state of Ni under these
conditions. These results suggest that applying pressure can
help reduce beam damage effects.

However, the observed shift in the Ni K-edge white-line
energy was smaller than expected, indicating that the mitiga-
tion of beam damage was not fully achieved.® This suggests that
more precise control and tuning of the applied pressure may be
necessary to further minimize beam damage and its associated
effects efficiently. Previous studies have indicated that the
extent of the applied pressure may influence the electrochemi-
cal performance in Li-ion cells and Li metal deposition mor-
phology in Li metal cells.*** Varying the pressure may have
similar effect on mitigating the bubble formation. Further
studies may involve including pressure control device in the
operando cell setup and varying the extent of the pressure to
create a correlation between pressure and bubble formation.
However, as a proof concept, this study showcases the benefits
of applying external pressure to mitigating bubble formation
and beam damage effects.

In summary, we demonstrate the impact of X-ray-induced
damage on operando analysis of battery cathodes using trans-
mission X-ray microscopy. Beam damage can result in bubble
formation within the exposed field of view (FOV), leading to
particle deactivation and displacement. This effect can be
mitigated by applying external pressure to the cell, with pouch
cells being particularly well-suited for this purpose. Conducting
operando experiments on pouch cells reduces beam damage,
allowing for the observation of regular chemical changes in
cathode particles during battery cycling.
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