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ABSTRACT (149 words) 

Layered cathodes are essential for achieving a high energy density in rechargeable lithium-ion 

batteries, but they suffer from capacity fade due to local crystal phase transitions during 

charge–discharge cycles. Understanding these phase transitions is essential to minimizing their 

effects, but their nanometer size and sensitivity to experimental conditions make observation 

difficult. Here, we visualized nanometer-scale crystal phases within an epitaxial LiCoO2 
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cathode after 100 charge–discharge cycles by matching experimental and simulated cepstra 

derived from scanning nanobeam electron diffraction. While the LiCoO2 bulk remained a 

layered structure, spinel- and rock salt-type phases were observed within 3 nm of the cathode–

electrolyte interface. The developed method achieved a spatial resolution of 1.5 nm across a 

field of view of several hundred nanometers with minimal electron beam damage. The cepstral 

matching analysis offers valuable insights into the interfacial phase transitions and will aid in 

the design of high-performance lithium-ion batteries. 
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MAIN (3160 words excluding Figure captions) 

Rechargeable lithium-ion batteries (LIBs) are representative energy storage devices owing to 

their efficient energy utilization.1,2 Layered cathodes, comprising a stack of alternating (003) 

layers of lithium (Li) with a transition metal oxide, are one of the promising cathode materials 

to achieve high energy density LIBs.3 Lithium cobalt oxide (LiCoO2) is a typical layered 

cathode and has a theoretical capacity of 274 mAh g−1 at a charging voltage of ~4.8 V (vs. 

Li/Li+).4 However, LIBs that combine a LiCoO2 cathode with a liquid electrolyte are limited 

to a capacity of ~140 mAh g−1 to ensure a stable charge–discharge cycle.1,2,5,6 One reason for 

the limitation is that charging at voltages above 4.2 V triggers the crystal phase transitions into 

spinel-type6–13 and rock salt-type phases10–14 of the cathode after several charge–discharge 
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cycles. These phase transitions cause cobalt (Co) ions to migrate to the pristine Li layers, which 

results in poor Li-ion conductivity, and their irreversibility results in capacity fade. These 

interfacial phase transitions can propagate several nanometers into the cathode from the 

cathode–electrolyte interface, underscoring the need for nanoscale characterization to develop 

LIBs with higher energy density and longer cycle life. 

Meanwhile, conventional cathodes are often composites of particles that are several 

micrometers in size. However, the random crystal orientations of these particles make it 

difficult to understand such phase transitions. In addition, the lattice constant along the c-axis 

changes depending on the Li-ion concentration, which results in inhomogeneous changes in 

volume during charge–discharge cycles that can lead to cracks. This mechanical degradation 

further complicates the analysis of phenomena that take place at the cathode–electrolyte 

interface. In contrast, epitaxial cathodes offer controlled orientation through the substrate and 

consist of much smaller domains with only a few tens to hundreds of nanometers in size, which 

reduces the volumetric change during charge–discharge cycles and thus minimizes cracks. 

Therefore, the epitaxial cathode provides a simplified interface to understand the structural and 

compositional change caused by Li-ion intercalation/deintercalation during the cycle.12,13,15–20 

Ito et al.17 used grazing-incidence X-ray diffraction to investigate structural changes near the 

cathode–electrolyte interface. Zhou et al.18 used neutron reflectometry to investigate the 

composition profile along the depth direction near the interface at the nanometer scale, while 

multiple studies used electron energy-loss spectroscopy (EELS) of scanning transmission 

electron microscopy (STEM).11,21,22 Although STEM EELS can be used to map Li distribution 
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at the tens of nanometers scale, the Li signal accounts for less than 1% of the incident electrons, 

so a large electron dose is required to achieve a satisfactory signal-to-noise ratio (SNR). Other 

groups have used STEM to obtain atomic-resolution images near the interface.13,23 STEM 

imaging has enabled the visualization of light elements such as Li by annular/optimized bright-

field imaging24,25 and ptychography,26,27 but its contrast is sensitive to the focus position, 

sample tilt, and sample thickness. Moreover, scanning with the electron beam induces spurious 

image distortions that limit the field of view to ~50 × 50 nm2.28 In addition, a scan step of ~30 

pm is necessary to obtain atomic-resolution STEM images, which increases electron dose.29 

Such large electron doses damage metal oxides because their poor electron conductivity causes 

local charge accumulation, which leads to bond breaking, Coulomb explosions, and heating. 

Thus, an alternative visualization technique is needed that combines three key capabilities: (i) 

spatial resolution approaching 1 nm, (ii) a field of view spanning several hundred nanometers 

to enable direct comparison between interfacial and bulk regions, and (iii) low electron dose 

conditions to minimize sample damage. 

Scanning nanobeam electron diffraction (SNED) records diffraction patterns at each probe 

position using a pixelated detector capable of a sub-millisecond frame rate, generating a four-

dimensional (4D) dataset containing real- and reciprocal-space-resolved information.30,31 The 

electron dose and scan step can be flexibly adjusted for the structural analysis of beam-sensitive 

materials.32–36 SNED utilizes an aperture to narrow the beam diameter to ~1 nm, but this results 

in a diffraction pattern of disk-like diffraction spots on the back focal plane. Each diffraction 

disk exhibits a distinctive pattern that is sensitive to the sample thickness and tilt from the 

incident beam due to multiple scattering of electrons. Reducing the dose to avoid damaging the 



5 

sample degrades the SNR of the diffraction patterns, which makes it difficult to analyze the 

crystal structure.37 To address these issues, Padgett et al. introduced cepstral analysis,38 which 

was originally invented for audio signal processing.39 Similar to the Patterson map, the 

cepstrum (more precisely, the amplitude cepstrum) exhibits spots corresponding to the 

periodicity of atomic correlations in the projected plane. Although multiple scattering exists, 

the diffraction pattern is approximately determined by the convolution of the structural factor, 

which is obtained from the crystal structure, and the observation function, which is related to 

experimental conditions such as the sample thickness, tilt, and bend. Therefore, the cepstrum, 

obtained as the amplitude of the Fourier transform of the logarithm of the diffraction pattern, 

additively separates the crystal structure information from the experimental conditions. 

Structural information can be observed more clearly in the cepstrum than in the Patterson map, 

which enables high-precision strain mapping38 and structural similarity mapping within the 

experimental dataset.40 

In this study, we applied cepstral matching analysis to SNED data to visualize nanoscale phase 

transitions at the cathode–electrolyte interface of an epitaxial LiCoO2 cathode. Each 

experimental cepstrum was matched to cepstra simulated for the expected structural models. 

The epitaxial LiCoO2 cathode was analyzed after 100 charge–discharge cycles up to 4.5 V. 

While the bulk part remained predominantly in the layered phase, spinel- and rock salt-type 

phases were visualized within a few nanometers of the cathode–electrolyte interface. The 

analysis enabled us to map the crystal phase at a spatial resolution of 1.5 nm, over a field of 

view several hundred nanometers across, while minimizing the influence of experimental 

conditions, including beam-induced damage, sample thickness, tilt, and bending. 
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Epitaxial LiCoO2 cathodes were grown on a strontium ruthenium oxide (SrRuO3) current 

collector that in turn was on a strontium titanium oxide (SrTiO3)(111) substrate. This substrate 

provides only two in-plane variants, such that LiCoO2[100] or LiCoO2[1ത00] is parallel to 

SrTiO3[ 1ത 10], thereby simplifying the subsequent analysis. The as-grown LiCoO2 film 

exhibited the two in-plane variants, top (003) facet parallel to the SrTiO3(111), side facets of 

{104}, and a layered structure (Figures S1 and S2). These structural characteristics are 

consistent with the previous reports.19,20 Each cathode was assembled into a coin cell with an 

organic liquid electrolyte, a separator, and a Li metal anode. The cell showed typical charge–

discharge curves and high cycling stability (Figure S3) within a cutoff voltage window of 3.5–

4.2 V, in agreement with earlier studies.4,5,41 For the subsequent observations, another coin cell 

was cycled 100 times in the cutoff voltage window of 3.5–4.5 V at 1C. Continuous cycling 

resulted in decreases in both discharge capacity and average discharge voltage (Figure S4), a 

typical phenomenon for LiCoO2 cathodes operated with a liquid electrolyte.5 

After the 100th discharge, the LiCoO2 cathode was carefully removed from the cell and washed. 

The cross-section was then processed for SNED observation from the LiCoO2[100] or 

LiCoO2[1ത00] orientation.19 The convergence semiangle of the electron probe was set to ~2 

mrad, which resulted in a diffraction disk with a diameter of ~4 mrad. This was sufficient to 

resolve the diffraction disks of LiCoO2 with diffraction angles as small as ~5.4 mrad. The probe 

diameter was ~0.8 nm while the scan step was set to ~1.5 nm to achieve a high spatial resolution.  

A diffraction pattern was obtained at each probe position, and the intensity was integrated in 

the annular dark-field (ADF) detector area and then mapped, as shown in Figure 1a. Here, the 
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SrTiO3(111) substrate can be seen at the bottom while the SrRuO3 current collector is on top 

of it. The overlying LiCoO2 cathode had three domains (labeled as A, B, and C) within this 

field of view.  

Figure 1b shows the experimental diffraction pattern obtained in domain A. The disks on the 

left are brighter than those on the right because the LiCoO2[100] direction was slightly tilted 

relative to the incident beam. The diffraction pattern contains statistical noise and a diffuse 

background because of inelastically scattered electrons. Figure 1c presents a simulated 

diffraction pattern of the epitaxial LiCoO2 cathode when viewed from the [100] direction, while 

Figure 1d shows the structural model. The arrangement of the diffraction disks closely matches 

between the experimental and simulated patterns. However, the disk intensities differ between 

the experiment and simulation, attributable to differences in the sample thickness and tilt. 

Figures 1e and 1f show the cepstra obtained from the experimental and simulated diffraction 

patterns (Figures 1b and 1c), respectively (see Figures S5 and S6 for details).42 Because of 

differences in the sample conditions, the center spots differ. Each cepstrum also has sharp spots 

with a periodic spacing of ~0.2–0.5 nm. The positions of these spots can be expressed as a 

linear combination of integer multiples of the vectors 1/2[1ത2ത0] and 1/6[122], which indicates 

that the spots come from the atomic correlation. The arrangements of the lattice-derived spots 

in the experimental and simulated cepstra show good agreement, which demonstrates how 

cepstral matching analysis facilitates a direct comparison. 

The match between the experimental data and a given structural model was evaluated by 
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converting each cepstrum to polar coordinates around the center and excluding the center spot 

to consider the possibility of crystal rotation around the incident beam direction, as shown in 

Figures 1g and 1h.43 The cross-correlation function was used to evaluate the similarity between 

the experimental and simulated cepstra. As shown in Figure 1i, the value of the cross-

correlation coefficient depended on the rotation angle between the two cepstra. 

 
Figure 1. Visualization of the crystal phases in the epitaxial LiCoO2 cathode by cepstral matching 
analysis. (a) Virtual ADF image. (b) Experimental diffraction pattern from the LiCoO2 cathode (red 
cross in a) cropped for visible diffraction disks around the transmitted spot. (c) Diffraction pattern 
calculated from an atomic model of layered LiCoO2, where the electron beam direction corresponds 
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to [100]. (d) Atomic model of layered LiCoO2. The green, blue, and red spheres denote Li, Co, and 
O atoms, respectively. The black square outlines the crystallographic unit cell. Cepstra obtained 
from the (e) experimental and (f) simulated diffraction patterns. The blue parallelograms in d, e, 
and f correspond to a projected periodic pattern when viewed from the [100] direction. Polar-
coordinate transforms of the (g) experimental and (h) simulated cepstra. (i) Cross-correlation 
profile comparing g and h. The raw profile (blue markers) was evaluated at 1° increments. After 
periodic extension (gray markers), the cubic polynomial interpolation curve (green line) was 
evaluated to obtain the peak position (red cross) with an accuracy of 0.1°. Because of the twofold 
rotational symmetry of the cepstrum, θ was defined in the range 0° ≤ θ < 180°. 

The correlation coefficient reached its maximum (Cmax) when the experimental cepstrum most 

closely matched the simulated cepstrum. We mapped Cmax across the field of view to visualize 

the LiCoO2 cathode, as shown in Figure 2a. The SrTiO3 region also exhibits a finite Cmax value, 

likely due to the matching of certain spots in the cepstrum (see also Figures S7 and S8). The 

LiCoO2 cathode region, which has a higher number of common spots between the experimental 

and simulated cepstra, is expected to exhibit a higher Cmax value. By setting the lower display 

limit as the 75th percentile of the Cmax values (Figure 2b), almost only the LiCoO2 region 

becomes visible (Figure 2c). Note that although LiCoO2[1ത 00] is also expected from the 

epitaxial relationship, such a domain was not observed in this field of view (Figures S8 and 

S9). 

Domain A exhibited a uniformly high Cmax value (Figure 2c). Low Cmax values were aligned 

along a line on the left side, which corresponded to a phase transition as described later. Domain 

B also showed high Cmax values but had two parallel lines with low Cmax values, which may 

correspond to shear strain (Figures S8 and S10). Domain C showed relatively low Cmax values 

due to a different phase, as described later. The field of view spanned ~330 nm horizontally, 

allowing the visualization of both the bulk and interface parts of each domain. 
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The in-plane rotation angle of the cepstrum at which Cmax occurred was denoted as θrot, and 

mapped in Figure 2d. θrot was uniform within domains A–C, which confirmed that each domain 

is a single crystal. Domains A and C had θrot ~ 0°, which indicates that their [001] axes lay 

normal to the SrTiO3(111) substrate. In contrast, domain B had θrot ~ 120°, which indicates that 

it was rotated counterclockwise around the incident beam axis and implies a nonepitaxial 

relation. Supporting discussions of the maps are provided in Supporting Information (see also 

Figures S8–S12).  

 
Figure 2. Maps obtained via cepstral matching analysis against simulated layered LiCoO2 patterns. 
(a) Map of the maximum correlation coefficient (Cmax). Higher values indicate greater similarity 
between the experimental and simulated cepstra. (b) Histogram of Cmax values. The vertical lines 
indicate the 75th and 99.9th percentiles, shown as black dashed and gray solid lines, respectively. 
(c) Cmax map with display range adjusted between the 75th and 99.9th percentiles. (d) Map of the 
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rotation angle (θrot) at which Cmax was achieved. Because of the twofold rotational symmetry of the 
cepstrum, θrot was defined in the range of 0° ≤ θrot < 180°.  

We applied cepstral matching analysis to visualize the locations of individual spinel- and rock 

salt-type phases. Candidate spinel-type phases (i.e., (Li, Co)3O4, LiCo2O4, and quasi-spinel 

LiCoO2) shared almost identical symmetry and lattice constants, which made them 

indistinguishable in the cepstral matching analysis (Figure S13). Therefore, they were treated 

as a single spinel-type phase. Figures 3a and 3b show the rock salt (CoO) and spinel (Co3O4) 

models, respectively. The models were oriented so that their CoO6 octahedra frameworks 

matched those of the layered LiCoO2. Figures 3c and 3d show the cepstra of these two models, 

respectively. Although both the rock salt- and spinel-type models belong to the cubic family, 

because their unit-cell sizes differed by a factor of ~2, the cepstra of these models reflected 

short- and long-distance atomic correlations, respectively. Compared with the cepstrum of the 

layered LiCoO2 (Figure 1f), the rock salt cepstrum showed the presence of additional spots, 

whereas the spinel cepstrum showed the absence of certain spots. Therefore, the three phases 

could be distinguished from the cepstrum at each probe position. 
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Figure 3. Atomic models, cepstra, and Cmax maps for the rock salt CoO and spinel Co3O4 phases. 
Atomic models of (a) rock salt CoO and (b) spinel Co3O4. The blue and red spheres denote Co and 
O atoms, respectively. The subscripts R and S accompanying the Miller indices indicate rock salt 
and spinel phases, respectively. Simulated cepstra of the (c) rock salt and (d) spinel models. Gray 
dotted round rectangles in (c) and gray dotted circles in (d) highlight spots whose arrangement 
differs from that of the layered cepstrum in Figure 1f. The green rhombuses in (a) and (c) 
correspond to a projected periodic pattern of the rock salt structure when viewed from the [1-10] 
direction. The red rhombuses in (b) and (d) correspond to a projected periodic pattern of the spinel 
structure when viewed from the [1-10] direction. Cmax maps for the simulated (e) rock salt and (f) 
spinel cepstra after 75th-percentile thresholding. 

Figures 3e and 3f show the Cmax maps of the rock salt- and spinel-types (see also Figure S14), 

respectively. The interfaces of Domains A and B exhibit a strong contrast, which will be 

discussed below. Within domains A and B, weak rock salt and spinel contrasts are observed, 

but the corresponding cepstra do not show clear spots (Figures S15 and S16). Domain C 

exhibits uniformly strong rock-salt contrast; however, as it differs from the other domains, a 

detailed discussion is beyond the scope of this work. Contrast is also seen in the protective 

layer, in overlap regions between domains, and in the current-collector region. Although these 

are not rock salt and/or spinel phases, they appear as areas with a high apparent Cmax, as detailed 

in the Supporting Information. As discussed below, the appropriate interpretation and 
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processing of such uncertain Cmax remain topics for future work. 

Figure 4 shows a Red-Green-Blue composite of the Cmax maps for the three phases. Hereafter, 

to identify the cathode interfaces that were in contact with the electrolyte during charge–

discharge cycling, we denote facets using the layered-structure Miller indices with a subscript 

L. In Domain A, the top ~2 nm at the (003)L facet transformed into the rock salt-type phase, 

whereas the bulk remained almost uniformly layered. Similarly, in Domain B, the top ~3 nm 

at the top (01ത4)L facet was a rock salt-type phase. The top of the (012)L facet also transformed 

into a rock salt-type phase with a thickness of ~1 nm. In Domain B, the rock salt-type phase 

was thicker for the (01ത4)L and (012)L facets than for (003)L. The (003)L facet is not a Li-ion 

intercalation/deintercalation facet, yet a weak rock salt contrast is still observed. Spinel-type 

contrast was observed at (012)L and part of (003)L in Domain A, and at (012)L in Domain B. 

These results are supported by single-point cepstra (Figures S17 and S18) and atomic-

resolution STEM observations (Figures S19 and S20). They demonstrate that our cepstral 

matching analysis enables qualitative mapping of the crystal phase of the cathode at the 

electrolyte interface. 

 

Figure 4. Red-Green-Blue composite map of Cmax for layered (blue), rock salt (green), and spinel 
(red) around Domains A and B in the cathode. Higher channel intensity indicates a larger Cmax 
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within the threshold range. The subscripts L accompanying the Miller indices indicate a layered 
structure. 

Prior studies using EELS and X-ray absorption spectroscopy have shown that LiCoO2 cathodes 

charged to ≥4.7 V result in the formation of Co3O4-type and CoO-type phases at the 

interface.11,44 Calorimetry and gas analyses also showed that the deintercalated Li0.5CoO2 

drives phase transitions involving oxygen release.9,10,45,46 Ceder and Van Der Ven conducted 

density functional theory calculations that indicated a thermodynamic preference for the spinel 

phase over the layered phase in Li0.5CoO2.47 Our results showed that the bulk part maintained 

the layered phase, whereas the cathode–electrolyte interface was transformed into rock salt- 

and spinel-type phases that impede Li-ion intercalation and deintercalation. Our results agree 

with previous studies on the phase transitions of LiCoO2 at the cathode–electrolyte interface. 

Compared with other STEM techniques, SNED enables less sample damage because 

measurements can be made at extremely low electron doses. SNED requires a total electron 

dose of ~3.0 × 103 e− nm−2,48 which is much lower than the damage threshold of ~107 e− nm−2 

for layered cathodes.49 The LiCoO2 cathode near the cathode–electrolyte interface probably 

contained lattice strain that was attributed to the phase transitions, and the low electron dose 

avoided damaging the weak structure. The electron dose for atomic-resolution STEM is ≥2.6 

× 105 e− nm−2,25–27 and the electron dose for EELS is ≥5 × 105 e− nm−2.21 In contrast, the electron 

dose for SNED is lower by approximately two orders of magnitude. SNED also benefits from 

a large depth of focus (~1.3 µm), which exceeded the typical sample thickness by over an order 

of magnitude. The cepstral transformation mitigated artifacts caused by the sample thickness, 

tilt, and bend due to multiple scattering. These features make cepstral matching analysis 
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suitable for operando observations of epitaxial cathodes during charge–discharge cycles, which 

require time-series acquisition from the same sample region.21,22,50  

Cepstral matching analysis is particularly effective for epitaxial films. In polycrystalline 

cathodes, numerous projection orientations are randomly present. Accurate mapping requires 

many simulated cepstra and high-SNR experimental cepstra; however, the latter necessitates a 

higher electron dose.31 In electrochemical studies, LiCoO2{104}/SrTiO3(100) epitaxial films 

are frequently used because LiCoO2{104} interfaces, which serve as Li-ion 

intercalation/deintercalation facets, are relatively large.17,18,51 Our method remains applicable 

to such films (Figure S21), although the four in-plane variants complicate the analysis.19,20 

Even in epitaxial cathodes, the analysis cannot visualize domains whose orientations are not 

related by the in-plane rotations of the simulated cepstrum. This can be advantageous: 

excluding such minor domains yields interpretations consistent with the charge–discharge 

characteristics. More generally, most cathode materials are analyzable because degradation and 

changes in Li concentration drive symmetry-changing phase transitions,1,2,50,52 thereby 

producing the presence or absence of certain cepstral spots.38 In contrast, some phase 

transitions preserve the crystal symmetry while only changing the lattice constants;41 these are 

not currently analyzable by our method. Taken together, these indicate that the cepstral 

matching analysis is particularly effective for epitaxial cathodes with predictable phase 

transitions involving symmetry changes. 

Future challenges lie in improving the reliability and adaptability of the analysis. More 

advanced data processing will be needed to suppress uncertain contrast in Cmax maps. 
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Systematic experiments and/or calculations should quantify the dependence of Cmax on the 

phase overlap along the projection direction and evaluate how SNR, thickness, and tilt affect 

the accuracy. Furthermore, analyzing the cepstral spot positions yields the lattice spacings.38 

This enables mapping of symmetry-preserving transitions that change only lattice constants 

and of Li-ion concentration, since lattice spacings in most cathode materials vary with Li-ion 

concentration.4,41 The proposed method is an important first step toward reliable, broadly 

applicable crystal phase analysis. 

Recent research has indicated that the phase transitions of LiCoO2 cathodes are reduced by 

doping53 and protective coatings.5 In addition, Ito et al.17 reported that combining layered 

LiCoO2 cathodes with solid electrolytes does not result in interfacial phase transitions but 

instead bulk phase transitions into H1–3 (Li0.2CoO2) and O1 (CoO2) phases during 

deintercalation. Such insights emphasize the importance of visualizing phase transitions at both 

the interface and bulk of various cathode materials, including doped or coated LiCoO2, 

substituted Li(Co, Mn, Ni, Al)O2, and Li-excess layered metal oxides, at the nanoscale. Our 

cepstral matching analysis is a powerful tool for analyzing the crystal phase in such epitaxial 

cathodes at the nanoscale, which is valuable for improving the performance of rechargeable 

LIBs. 
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