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Exploring the Potential of Spatially Resolved X-ray
Techniques in Advancing Energy Science

Microscopic study of solid—solid interfacial reactions in all-solid-state batteries achieved improved device performance.

ynchrotron-based techniques are revolutionizing

the field of energy materials. With their remarkable
analytical capabilities, these techniques are becoming
an essential part of the material development process.
Scientists are using synchrotron-based techniques
like X-ray powder diffraction, X-ray absorption
spectroscopy, and X-ray photoelectron spectroscopy
to analyze crystal and chemical structures for a better
understanding of materials. The high penetrating
power of X-rays has led to the development of unique
experimental platforms that allow researchers to
explore dynamic mechanisms in electrochemical
processes. These in situ synchrotron-based
experimental techniques have become well-known
among research teams. By modifying materials,
employing different synthesis techniques, and varying
the types of compound dopants, researchers can use
similar analytical approaches to achieve improved
device performance.

The techniques mentioned above are based on
understanding how the material behaves on a
wide-area average. Until recently, there has been no
suitable technique to clearly analyze electrochemical
processes at interfaces between different materials,

in the distribution of heterogeneous samples, in
hierarchical materials, or even within a single crystal
grain. However, thanks to the new generation of low-
divergence synchrotron light source, Taiwan Photon
Source (TPS), X-rays can now be focused down to
the scale of tens of nanometers. This breakthrough
development has opened new avenues for scientists to
explore.

In Fig. 1(a), the X-ray nanodiftraction beamline, TPS
21A, provides an 80 x 80 nm focused white/mono
X-ray source for experiments. This beamline uses

a 4-bounce channel-cut monochromator (4BCM)

and allows users to quickly switch between white

and monochromatic X-ray sources by keeping both
light paths overlapped at the same position. The
monochromatic X-ray energy range is from 5.5 to 28
keV. The experimental endstation operates in a high
vacuum system and a scanning electron microscope
is integrated for fast sample positioning and real-time
morphology analysis. The beamline is equipped with
various detectors and can perform nanoscale X-ray Laue
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Fig. 1: Concept of valence mapping through pre-edge shifting of the
Fe K-edge XAS results of one particle (a) in the LFP@OCV +
Super P (carbon) mixture across a to f, (b) in the LEFP@100%
SOC + Super P (carbon) mixture, (c) in the LFP@OCV + LPSC
mixture, and (d) in LFP@ 100% SOC + LPSC. [Reproduced

from Ref. 9]




diffraction to analyze the structure, stress, and defects of
microcrystalline samples. It also employs energy-dispersive
nanodiffraction (ED-XND) to study crystal orientation
distributions and variations in thin films, flakes, and
microstructures.! For spectroscopy, the endstation can
conduct nanoscale X-ray fluorescence (n-XRF) analysis to
understand the distribution of different elements in the
sample. Additionally, it can perform the measurements

of nanoscale X-ray absorption spectroscopy (n-XAS) for
different regions. For semiconductor samples, it can collect
nanoscale X-ray excited optical luminescence spectroscopic
(n-XEOL) signals. Moreover, this beamline includes a
dedicated in situ cell that is compatible with a standard-type
CR2032 coin battery. This cell facilitates in situ charge-
discharge experiments and allows for the adjustment of
sample temperatures between 140 and 800 K. With all these
advanced features, the TPS 21A is a powerful beamline

for researchers conducting cutting-edge materials science
studies.

As the world moves towards electric vehicles, Tesla, the
global leader in electric vehicles, relies on high-nickel
lithium-ion batteries to power its products. However,

the limitations of such batteries, which rely on liquid
electrolytes and polymer separators, pose a significant
challenge to wider adoption. All-solid-state batteries
(ASSB), which use solid electrolytes instead of liquid ones,
eliminate risks associated with leakage, contamination,
and separator damage that may lead to short circuits and
explosions. ASSBs have demonstrated superior safety,
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higher energy density, and a broader operating temperature
range, positioning them as a promising technology for

the future.*™* Specifically, sulfide-based solid electrolytes,
such as lithium argyrodite sulfide electrolytes (LisPS;Cl;
LPSC), have displayed impressive ionic conductivity.®
However, sulfide-based ASSBs face challenges, such as a
limited electrochemical window and significant interface
reactions between electrodes and solid electrolytes, which
can result in poor interfacial properties and performance
degradation.®®

Recent studies have shown that transition metals in the
cathode can catalyze the decomposition of sulfide-based
electrolytes through chemical or electrochemical reactions.
Addressing these issues regarding interface reactions

is critical to overcome the developmental bottlenecks
associated with sulfide-based ASSBs. Bing Joe Hwang
(National Taiwan University of Science and Technology),
Ching-Yu Chiang (NSRRC), and their teams collaborated
to investigate the interactions at the interface between the
cathode material and the sulfide-based solid electrolyte. The
researchers used n-XRF and n-XAS mapping techniques
to visualize nanoscale interfacial reactions and the valence
state distribution of the LiFePO, (LFP) and LPSC interface
during different charging conditions, as shown in Fig. 1.
The pre-edge in the Fe K-edge X-ray absorption near

edge structure results was utilized to monitor valence

state changes in a single LFP grain. Figures 1(a) and

1(b) illustrate the Fe K-edge spectra from the boundary

to the center of the LFP grain in the open-circuit voltage
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Fig. 2: Valence mapping including different elements and conditions: (a) LFP@OCV + C, (b) LFP@100% SOC + C, (c) LFP@OCV + LPSC, and (d)

LEP@100% SOC + LPSC. [Reproduced from Ref. 9]
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(OCV) state (LFP@OCYV + C) and in the fully charged
state (LFP@100% SOC + C). The pre-edge at 7112.8 eV

in the OCV state indicates a Fe** state, while in the fully
charged state, it increases to 7114.7 eV, signifying a Fe**
valence state. These results for LFP are consistent with the
general understanding of Fe valence states in both pristine
and charged states. In contrast, Figs. 1(c) and 1(d) reveal
that, when LPSC is surrounded by LFP in the OCV state
(LFP@OCYV + LPSC), the pre-edges at the LFP/S interface
and center remain at 7112.8 eV, corresponding to Fe*".
Interestingly, in the fully charged state (LFP@100% SOC +
LPSC), the pre-edge at the interface with less contact with
LPSC remains at 7114.7 eV (Fe**), but at the interface with
LPSC, it reduces back to Fe**.

The iron valence state mapping in Fig. 2 was analyzed
from n-XAS mapping data. In Figs. 2(a) and 2(b), green,
red, and darker shades represent Fe?* and C in LFP@OCV
+ Cand LFP@100% SOC + C, showing no significant
differences in iron valence distribution between the two
states. In the mixture with LPSC, green and blue represent
Fe and S in LFP@OCYV + LPSC (Fig. 2(c)). White, red,
and blue represent Fe?*, Fe’*, and S in LFP@100% SOC +
LPSC (Fig. 2(d)). When fully charged LFP@100% SOC

is combined with LPSC, the valence states at the particle’s
center and edge differ significantly. An interface layer
between LFP and LPSC undergoes a significant reduction
from Fe** to Fe, indicating intense decomposition

and reduction reactions at the interface and potentially
compromising the LFP structure.

In conclusion, the combination of n-XRF spectra and
n-XAS mapping provides a comprehensive and in-depth
understanding of interface reactions at the electrode-
electrolyte interface. It is important to note that, despite LFP
being a highly stable cathode material in traditional liquid-
based lithium-ion batteries, severe interface reactions can
occur at the inter- and intra-granular levels. The application
of n-XRF and n-XAS, and even XND tools for decoupling

interface reactions at the nanoscale in cathodes/sulfides is a
groundbreaking approach that opens up a new avenue for
understanding interface phenomena in solid-state batteries.
(Reported by Ching-Yu Chiang)

This report features the work of Bing Joe Hwang and his
collaborators published in J. Phys. Chem. C 127, 14336
(2023).
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