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1. Experimental methods 

Fabrication of the solid-state Li-ion battery. Commercially available LTO particles 
with an average particle size (D50) of approximately 4 μm (Toshima Co., Ltd.), LPS 
particles with a D50 of approximately 1 μm (PO0119, MSE Supplies LLC), and In-Li 
foil with a thickness of 150 µm were used as the working electrode, solid electrolyte, 
and counter electrode, respectively. The ionic conductivity of LPS was approximately 
1.0 × 10−3 S/cm at room temperature. The thickness of the solid electrolyte layer was 
approximately 400 µm. The cell was pressed at 300 MPa and 120 °C in an argon-filled 
glove box with a dew point below −70 °C. 

Electrochemical analyses. The charge and discharge measurements shown in Fig. 1c 
were conducted in a transmission electron microscope at a constant current of 300 nA, 
followed by constant voltages of 0.4 and 1.6 V vs. In-Li using a potentio/galvanostat 
(SP-200, BioLogic Science Instruments). The charge and discharge measurements were 
terminated when the currents decreased to approximately 10 nA. The EIS spectra shown 
in Fig. 1d were also obtained in a transmission electron microscope, covering a 
frequency range from 3 MHz to 100 mHz. The chronoamperograms illustrated in Fig. 
1e were obtained at 1.6 and 0.4 V vs. In-Li, and the currents were recorded at intervals 
of 0.05 s. The battery sample was heated using a ceramic heater built into the TEM 
holder (Mel-build Co.). The temperature was measured using a thermocouple and 
maintained at a constant temperature through feedback control. After the thermocouple 
temperature stabilized, the EIS measurements were repeated. Once the semicircular arcs 
in the high-frequency region, representing the resistance of LPS, became constant, 
chronoamperometry and operando STEM-EELS measurements were conducted. The 
temperature was controlled with a precision of ± 0.005 °C. 

Sample preparation for STEM-EELS. The battery cell was placed on a vacuum-
transfer FIB holder inside the glove box and then transferred to a FIB system (FB-2100, 
Hitachi High-Tech. Corp.) without exposure to air. The LTO side of the battery was 
thinned using the FIB accelerated at 40 kV, resulting in a region with a thickness of 
100–200 nm. 

STEM-EELS. A 300-kV transmission electron microscope (JEM-ARM300F2 GRAND 
ARM2, JEOL Ltd.) equipped with an EEL spectrometer (Gatan imaging filter 
Continuum-K3, Gatan Inc.) was used for operando STEM-EELS observations. The 
accelerating voltage was 300 kV, and the electron probe current was 71–529 pA. 
Operando STEM-EELS data were acquired using the in-situ spectral imaging (SI) mode 
of GMS 3.60 in Digital Micrograph (Gatan Inc.), enabling sequential STEM-EELS 
measurements without dead time between the STEM-EELS SIs. Detailed information 
on the design of the vacuum-transfer TEM holder with biasing electrodes is available in 
literature.1 
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2. Electron diffraction 
Figure S1 illustrates the Li distribution and electron diffraction obtained at the area 
marked by the black circle shown in (a). The selected area includes both the Li4Ti5O12 
and the Li7Ti5O12 phases. However, no noticeable splitting of the diffraction spots was 
observed, confirming that it is challenging to differentiate the two phases by electron 
diffraction. Therefore, the STEM-EELS data (visualizing changes in the Li distribution) 
proves essential for capturing and analyzing the phase boundary movement. 
 

 

Fig. S1. Electron diffraction analysis. (a) Li distribution. (b) Electron diffraction pattern 
taken along the [110] zone-axis at the interface between Li4Ti5O12 and Li7Ti5O12. The 
selected area for electron diffraction is marked by the circle in (a). Reproduced from 
Ref. 2 with permission from the Royal Society of Chemistry. 
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3. Core-loss EELS analysis of the Ti-L and O-K edges 
Figure S2a–f illustrates the changes in distribution for ADF-STEM intensity, Li, Ti in 
Li7Ti5O12 (Ti3+ & Ti4+), Ti in Li4Ti5O12 (Ti4+), O in Li7Ti5O12, and O in Li4Ti5O12, 
respectively. Figure S2g–i illustrates the Li-K, Ti-L, and O-K spectra in Li4Ti5O12 and 
Li7Ti5O12, respectively. These data confirmed that in the Li-poor regions, the Ti-L edge 
was indicative of Ti4+, whereas in the Li-rich regions, the Ti-L edge exhibited partially 
reduced features consistent with a mixture of Ti3+ and Ti4+. These observations were in 
line with the expected phase changes between Li4Ti5O12 and Li7Ti5O12. The O-K edge, 
while having a lower signal-to-noise ratio and showing smaller spectral differences, also 
exhibited consistent changes that support the phase boundary movement inferred from 
both the Li-K edge and Ti-L edge analyses. The Ti-L and O-K spectra from the two 
phases closely match those reported in literature.3,4 
 

 
Fig. S2. Change in the Li distribution and electronic state of Ti and O during Li 
extraction. (a)–(f) Change in the (a) ADF-STEM image, (b) Li distribution, (c) Ti in 
Li7Ti5O12 (Ti3+ & Ti4+), (d) Ti in Li4Ti5O12 (Ti4+), (e) O in Li7Ti5O12, and (f) O in 
Li4Ti5O12, respectively. (g) Raw Li-K spectra in Li4Ti5O12 and Li7Ti5O12. (h) Ti-L2,3 
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spectra in Li4Ti5O12 (Ti4+) and Li7Ti5O12 (Ti3+ & Ti4+). (i) O-K spectra in Li4Ti5O12 and 
Li7Ti5O12. 
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4. Reproducibility and representativeness for Li extraction 
For Li extraction, we analyzed several different particles and obtained multiple separate 
profiles. Figures S3 and S4 present the results of different particles observed under the 
same conditions as those in Fig. 2. We calculated the parabolic rate constant of the 
phase boundary movement from these datasets and used them to estimate the variation 
of the rate constant, which is shown as error bars in Fig. 4. 
 

 

Fig. S3. Change in the Li distribution in LTO during Li extraction as visualized by 
operando STEM-EELS. (a) ADF-STEM image. (b) Change in the Li distribution during 
chronoamperometry of 1.6 V at 105, 90, 75, 60, 45, and 30 °C. 
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Fig. S4. Change in the Li distribution in LTO during Li extraction as visualized by 
operando STEM-EELS. (a) ADF-STEM image. (b) Change in the Li distribution during 
chronoamperometry of 1.6 V at 90, 75, 60, 45, and 30 °C. 
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5. Comparison between diffusion-limited and reaction-limited 
conditions 

To analyze the changes in the ionic diffusion behavior under diffusion-limited and 
reaction-limited conditions, we compared two scenarios: a constant voltage (CV) of 
1.6 V and a constant current (CC) of 2 µA, as illustrated in Fig. S5. Under the CV 
condition (Figures S5b–c, diffusion-limited case), the reaction proceeded from two 
interfaces within the field of view, whereas under the CC condition (Figures S5d–e, 
reaction-limited case), the reaction proceeded from only one interface. The difference in 
reaction distribution reflects a change in the rate-limiting step, paralleling the distinction 
between "shrinking core" and "intercalation wave" processes commonly reported in 
liquid-based Li-ion batteries.5 
 

 

Fig. S5. Comparison of Li distribution changes between diffusion-limited and reaction-
limited conditions. (a) ADF-STEM image. (b) Change in the Li distribution during a 
constant voltage of 1.6 V (diffusion-limited condition). (c) Schematic of the phase 
boundary movement (red lines). Cyan and yellow lines show the interfaces between 
LTO and LPS within the field of view. The phase boundary movement proceeded from 
both interfaces. (d) Change in the Li distribution during a constant current (CC) of 2 µA 
(reaction-limited condition). (e) Schematic of the phase boundary movement (red lines). 
The phase boundary movement proceeded from interface 1 (cyan line) alone. 
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6. Formation mechanism of the core-shell structure during Li 
insertion 

The asymmetric Li distribution during Li insertion and extraction is attributed to 
differences in intrinsic Li-ion diffusivities among Li7Ti5O12 (slower), surface 
(intermediate), and Li4Ti5O12 (faster), as well as to the partial coverage of the LTO 
particle in the solid-state battery configuration. Figure S6 illustrates how these factors 
lead to distinct behaviors in the two processes. During Li extraction, Li ions diffuse 
outward from the phase boundary to the interface through the Li4Ti5O12 bulk (red), 
which allows for fast diffusion. Consequently, no surface "shell" is observed, and the 
phase boundary moves in a simpler, radial-like fashion. During Li insertion, Li ions 
must travel from the interface through the Li7Ti5O12 bulk (orange) to reach the moving 
phase boundary. Because Li7Ti5O12 exhibits extremely slow Li-ion diffusivity within 
the bulk compared to fast diffusion at the surface, Li-ion transport into the particle 
interior is delayed. This leads to the favored formation of Li7Ti5O12 at the surface, 
resulting in the formation of a core-shell structure. If the entire LTO particle were 
uniformly covered by the electrolyte, more symmetric Li-ion distributions would be 
anticipated during both the insertion and extraction. However, in the solid-state battery 
configuration, the active material is not fully enclosed by the solid electrolyte, and the 
Li-ion intercalate/de-intercalate pathways are therefore limited and spatially symmetric. 
This partial coverage promotes the observed asymmetry. 
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Fig. S6. Schematic illustration of Li distribution changes during Li extraction (left) and 
Li insertion (right) in a partially covered LTO particle.  
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7. Reproducibility and representativeness for Li insertion 
For Li insertion, we analyzed several different particles and obtained multiple separate 
profiles. Figures S7 and S8 present the results of different particles observed under the 
same conditions as those in Fig. 3. The core-shell structure was observed in all particles. 
Some grain boundaries or defects enhanced Li-ion diffusion. The details of the 
enhanced ionic diffusion at grain boundaries or defects can be found in literature.2 We 
calculated the parabolic rate constant of the phase boundary movement from single-
crystal regions that were unaffected by the grain boundaries or defects and used them to 
estimate the variation of the rate constant, which is illustrated as error bars in Fig. 4. 
 

 

Fig. S7. Change in the Li distribution in LTO during Li insertion as visualized by 
operando STEM-EELS. (a) ADF-STEM image. (b) Change in the Li distribution during 
chronoamperometry of 0.4 V at 105, 90, 75, 60, 45, and 30 °C. 
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Fig. S8. Change in the Li distribution in LTO during Li insertion as visualized by 
operando STEM-EELS. (a) ADF-STEM image. (b) Change in the Li distribution during 
chronoamperometry of 0.4 V at 105, 90, 75, 60, 45, and 30 °C. 
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8. Relationship between the time (t) and square of the distance 
from the LTO/LPS interface to the phase boundary (𝜉𝜉2) 

Figure S9 illustrates the relationship between the time (t) and square of the distance 
from the LTO/LPS interface to the phase boundary (𝜉𝜉2) along the white arrows shown 
in Fig. 2c and Fig. 3c. A linear relationship was observed at each temperature for both 
Li insertion and extraction, and each value k was calculated from the latter part of the 
plots. This is because of the possibility that, at the beginning of the measurement, the 
phase boundary movement may be limited by the interfacial electrochemical reaction 
occurring at the LTO/LPS interface. If the interfacial electrochemical reaction 
determines the overall rate, the position of the phase boundary (𝜉𝜉2) would increase 
linearly with the square of the time (t2) and not with t. 

 
Fig. S9. Relationship between the time (t) and square of the distance from the LTO/LPS 
interface to the phase boundary (𝜉𝜉2) along the white arrows shown in (a, b) Fig. 2c and 
(c, d) Fig. 3c. (a, c) Full time view. (b, d) Expanded view of the initial stage. 
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9. Reliability of operando STEM-EELS and effect of electron 
irradiation damage 

Figure S10 shows the Arrhenius plot for the particle illustrated in Fig. 2. The subscripts 
of each point in Fig. S10 show the order of the operando STEM-EELS measurements. 
Operando STEM-EELS experiments at 90 °C were conducted twice, once at the start 
and once at the end. The two values of k obtained at 90 °C were nearly identical (7.6 × 
10−10 and 7.8 × 10−10 cm2/s), demonstrating the high reliability of our measurements. 
This result also confirms that electron beam damage does not significantly affect the 
kinetics of the phase boundary movement. 
 

 
Fig. S10. Temperature dependence of the parabolic rate constant of the phase boundary 
movement (k). Subscripts of each point show the order of the operando STEM-EELS 
measurement. 
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