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A Clearer Look at Lithium-Ion
Traffic Jams in Batteries

A single-crystal battery electrode (left) was scanned for lithium content by an x-ray beam as the
system was charged and discharged. To avoid ambiguity in data interpretion, the freestanding
electrode was specially prepared to be crystallographically aligned with the direction of the beam.
The fabrication process (right) involved epitaxial growth of the thin-film electrode on a structurally
similar substrate (blue/gold layer). Subsequently, the intermediate (gold) layer was dissolved,
separating the single crystal from the substrate. (Credit: Minjung Kim/nanosphere.co.kr)

Life in the slow lane

The rapid charging of lithium-ion batteries
leads to significant performance
degradation over time. In electric vehicles,
this manifests as a shorter driving range
per charge. To mitigate this, slow charging
is often recommended, despite the fact
that rapid charging is essential for the
widespread adoption of environmentally
friendly electric vehicles.

A key factor influencing this performance
degradation is the uniformity of the lithium
flow into and out of battery electrodes
during charging and discharging.
Nonuniform insertion leads to localized
expansion of the lattice structure, causing
local strain and stress that exacerbates
degradation. A better understanding of
this unevenness will help scientists design
better batteries that last longer and
charge faster.

However, the spatial heterogeneity of
lithium insertion is challenging to study
because of the complexity of the materials
(layered oxides) and generally poorly
defined interfaces. In this study,
researchers developed a model system
that allowed them to decouple competing
effects and watch, in real-time, how and
where batteries charge at the nanoscale.

Channeling the lithium

Lithium insertion involves two distinct
processes: the surface charge-transfer
reaction and diffusion into the bulk. In
conventional samples, these processes are
convoluted, making it difficult to isolate
their contributions to overall insertion
heterogeneity. In this work, the
researchers developed a nanobattery
system that drastically reduces the bulk
diffusion effects.

Scientific
Achievement

By using the Advanced Light Source
(ALS) to directly visualize the
uneven insertion of lithium ions into
electrodes with well-defined crystal
orientations, researchers learned
why fast charging decreases battery
lifespan and performance.

Significance
and Impact

The work could provide insights
into better battery utilization
and help investigations of the
surface insertion reaction during
fast charging.

The Iayered oxide, LiNi1/3Mn1/3CO1/302
(NMC111), is acommon cathode material
that can host lithium ions in channels
between its layers, and the lithium
diffusion barrier between layers is
significantly higher than within a channel.
Capitalizing on this, the team epitaxially
fabricated a single-crystal NMC111 thin
film such that its lithium channels would be
oriented parallel to the x-ray probe. This
enabled the researchers to use scanning
transmission x-ray microscopy (STXM) to
measure lithium content and insertion rate
while minimizing the complicating factor of
bulk diffusion.

COSMIC operando
electrochemistry
At ALS Beamline 7.0.1.2 (COSMIC

Imaging), the researchers used operando
STXM to spatially resolve the lithium



insertion process at different charging
rates—the first operando electrochemistry
measurement to be published based on
COSMIC data. Notably, the beamline’s fast
scan speed makes it uniquely suited for
investigating heterogeneity under
fast-charging conditions (under 10 minutes).
The beamline’s high spatial resolution
enabled the acquisition of lithium
concentration at each pixel, allowing the
detection of even subtle state-of-charge
variations. This level of precision is
expected to prove valuable in future
studies of systems exhibiting even lower
degrees of heterogeneity.

The data unambiguously revealed that the
heterogeneous evolution of lithium
concentration is due to variations in
channel-by-channel insertion rates, and
that increasing the lithium-ion current
density (i.e., charging rate) exacerbated this
heterogeneity. In the future, COSMIC's
ptychography capabilities are expected to
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Left: Schematic of the cell used for operando
STXM. Right: Cross-sectional atomistic view of
lithium insertion from liquid electrolyte at various
reaction rates.
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(a) Operando STXM maps of state-of-charge (SoC) distribution during 1C and 6C charging (1C =
10% of capacity/hour; 6C = 60% of capacity/hour). (b) Corresponding deviation maps of SoC
(plotting the pixelwise deviation from the average SoC). At higher C-rates, the pixel-wise variance
of the SoC deviation also increased. The tendency toward greater SoC variance between domains
with increasing C-rate provides evidence that the uneven distribution of lithium can be attributed
to the uneven spatial distribution of interface kinetics.

offer the unique opportunity to observe
and investigate heterogeneity on the order
of 10 nm—a scale that was recently
demonstrated by this research team under
specific charge/discharge conditions but is
inaccessible to conventional STXM. In
general, the development of a

single-crystalline thin-film nanobattery
coupled with microscopy opens up the
possibility of new fundamental knowledge
that could potentially guide the design of
layered oxide cathode materials for
improved rate capability and cycle stability.
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