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Mapping Structure Evolution During Lithiation of 2D Materials
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Abstract:

To study promising materials for lithium-ion batteries,
it is essential to track complete phase evolutions
throughout lithiation. Lithium intercalation, the process
by which lithium ions are reversibly inserted into a host
material, typically induces structural and electronic
phase transitions in electrode materials [1], directly
influencing battery capacity and cycling stability.
Techniques such as in situ Raman spectroscopy,
electrical transport, and x-ray diffraction provide
valuable insights into structural transformations but lack
the spatial resolution to visualize these changes at the
nanoscale in real space. Among available experimental
methods, scanning transmission electron microscopy
(STEM) uniquely offers simultaneous imaging,
diffraction, and spectroscopy at atomic- scale resolution.
Here, we employ multimodal in situ 4D STEM, along
with in situ Raman spectroscopy and electrochemical
data using coin-type cells, to map nanoscale phase
evolutions during lithium intercalation in the layered
material LaTes.

Summary of Research:

Figure la illustrates the structure of LaTes, and
Figure 1b depicts the geometry of our electrochemical
cell, which varies slightly based on experimental
requirements. In situ Raman spectroscopy identifies
four distinct lithiation phases in LaTe3 (Figure 2b). The
initial phase corresponds to the pristine state of LaTes at
open-circuit voltage (OCV). At the first phase transition,
phonon modes associated with the charge density wave
(CDW) of LaTe3 disappear and are replaced by new
modes that evolve continuously throughout lithiation.
Optical imaging reveals dark lines forming on the flakes
during lithiation, which are wrinkles caused by strain
relaxation from structure transformations (Figure 2a).
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Figure 1: (a) Crystal structure of LaTe3. Li ions are intercalated
electrochemically between the Te sheets. (b) Schematic of an
electrochemical cell on a S/TEM e-chip for multimodal in situ
STEM experiments.

A galvanostatic discharge curve from a LaTe3 coin-cell
similarly portrays four distinct lithiation phases (Figure
2b).

To gain deeper insight into the lithiated phases, we
performed an in situ lithiation experiment to acquire
complementary datasets using STEM, including atomic-
resolution and low-magnification STEM imaging,
electron energy loss spectroscopy (EELS), and spatially
resolved four-dimensional diffraction (4D STEM) using
an Electron Microscopy Pixel Array Detector (EMPAD)
[2]. Figure 3a shows electron diffraction acquired during

in situ 4D STEM lithiation of LaTe3. The original
CDW is suppressed, as indicated by the disappearance
of superlattice peaks at q = 2/7c* at the first phase
transition, corroborating Raman results. A new lithium-
induced superlattice emerges at q = 1/3¢*, accompanied
by changes in LaTe3 layer stacking, seen in the
varying intensities of lithium ordering peaks. We also
observe initial in-plane lattice expansion followed by
relaxation, along with evolving lithium occupancy in
the host lattice. Ultimately, as lithium becomes fully
incorporated, all ordering peaks vanish. Concurrent in

Cornell NanoScale Facility



— 7h 40 min
— 7h 32 min

— 7h 20 min
— 7h 15 min
h 50 m

2474

ocv 1 hour

3 hours — 4 hr 30 min
— 3 hr 52 mins
— 4 hr

— 4 hr 20 min
— 4 hr 10 min
— 3 hr40 min

—2hr
4 CDW modes — OocVv

T 1 1 L] T 1 T T T
60 70 80 90 100110120 130140 150
Raman Shift (cm™)

Intensity (a.u.)

L

7 hours

c Capacity (mAh/g)
0 20 40 60 80 100 120 140 160 180
T T

24 |

22F

20F E

Potential vs. Li*/Li (V)

1 i 1 1 1 L L L
00 04 08 12 186 20 24 28 32

xin LiLaTe,

Figure 2: (a) Optical images and (b) in situ Raman spectra during
lithiation of LaTe3. (c) Galvanostatic discharge curve of LaTe3
coin cell, suggesting three distinct lithated phases.
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Figure 3: (a) Diffraction patterns of the four main structures
acquired during in situ STEM of lithium intercalation into LaTe3.
(b) Low loss EEL spectra from 2 points in the experiment, depicting
the emerging Lithium K-edge edge in the host lattice.

2024-2025 Research Accomplishments

situ EELS confirms the emergence and gradual increase
of lithium content during intercalation (Figure 3b).

Conclusions and Future Steps:

We have successfully mapped structural, chemical,
and electronic transitions in LaTe3 induced by
lithium intercalation through combined in situ Raman
spectroscopy, electrochemical data of coin-cells, and
multimodal in situ STEM techniques (imaging, EELS,
and 4D STEM). The observed lithiated phases of LaTe3
are new and have not been observed previously. Our
methodology provides a robust framework applicable to
future investigations of phase transformations in other
intercalation materials.
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