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ABSTRACT: The irreversible release of the lattice oxygen in layered cathodes is one of the 

major degradation mechanisms of lithium ion batteries, which accounts for a number of battery 

failures including the voltage/capacity fade, loss of cation ions and detachment of the primary 

particles, etc. Oxygen release is generally attributed to the stepwise thermodynamic controlled 

phase transitions from the layered to spinel and rock salt phases. Here, we report a strong kinetic 

effect from the mobility of cation ions, whose migration barrier can be significantly modulated 

by the phase epitaxy at the degrading interface. It ends up with a clear oxygen release 

heterogeneity and completely different reaction pathways between the thin and thick areas, as 

well as the interparticle valence boundaries, both of which widely exist in the mainstream 

cathode design with the secondary agglomerates. This work unveils the origin of the 

heterogenous oxygen release in the layered cathodes. It also sheds light on the rational design of 

cathode materials with enhanced oxygen stability by suppressing the cation migration.   
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Rechargeable lithium ion batteries (LIBs) are dominating today’s portable electronic 

devices. They keep attracting great research interest in the continuous improvement of their 

specific energy, cycling stability and operation safety for high-energy-density applications like 

electric vehicles.[1–4] Cathode materials are the major limiting factor for improving energy 

density, in which the lithium transition metal oxide (LTMO) cathodes are the most promising 

candidates but only slightly more than half of the theoretical capacities is achieved.[5–10] On the 

other hand, the oxygen release issue of LTMO is responsible for a lot of failures including 

voltage/capacity fading,[11,12] loss of cation ions,[13] intergranular cracking and detachment of 

primary particles.[12,14–20] Improving energy density makes the oxygen release issue more 

critical as thermal runaway can be triggered through the reaction of released oxygen with the 

flammable electrolyte.[21] The oxygen release is generally understood by the thermodynamic 

driven phase transitions that lower the cation valence, leaving under-coordinated oxygen that 

eventually results in the formation of O2 molecules. However, the fundamental mechanism is still 

far from clear, since the oxygen release can happen far below the phase transition threshold. 

Here, we use LiCoO2 (LCO) to demonstrate the oxygen release mechanism as LCO is the 

protype structure for the LTMO cathodes. LCO is still the mainstream commercial cathode for its 

high energy density, excellent cyclability, and rate performance.[22,23] Various studies have 

been conducted on the oxygen release mechanisms of layered cathodes. Wu et al. compared 

different types of layered cathodes and reported the rapid growth of rock salt shells as the general 

oxygen release pathway of overcharged cathodes.[24] Hwang et al. found the thermally induced 
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decomposition of Ni rich layered cathodes at temperatures below 100 ℃ with surface pores and 

strong particle-to-particle variation.[25] They also investigated the effect of different ratios of 

transition metals on the oxygen release issues.[26] Karki et al. found the strong environment 

effect on the oxygen release susceptibility,[27] which is further applied by Sharifi-Asl et al. who 

used atomically thin layer of reduced graphene oxide to trap the released lattice oxygen that 

significantly enhanced the thermal stability.[21] Xu et al. and Gu et al. reported the detailed 

mechanisms of transition metal ions migration leading to phase transitions and oxygen release at 

the surface of layered cathodes.[28,29] Recent studies of the oxygen release mechanism of LCO 

by Sharifi-Asl et al. and Sun et al. showed a strong facet anisotropy, vacancy dependence and 

surface effect.[13,30] Oxygen release was also found to be responsible for intergranular 

cracking.[14,31] The surface effect was also widely reported in stability studies of various 

LTMOs, in which the capacity/voltage fading, structure degradation, phase evolution and 

capacity loss are always severe at the edge.[24,28,30,32–36] This raises a major question as what 

drives the phase transitions and why the dynamics is always faster at the edge. On the other 

hand, the early stage of the phase transition involves the migration of Co, which is kinetically 

trapped due to the strong octahedral preference of CoO6.[37] The dynamic migration barrier of 

Co ions plays a critical role to initiate the early phase transition that is beyond the control of the 

thermodynamic driving forces. As such, the global equilibrium phase diagram no longer works 

while the local mobility of Co migration will trigger a consecutive phase evolution with strong 

local heterogeneity. Understanding the thermal instability mechanism and the local heterogeneity 

remains a challenge and is of great significance. 

In this work, the thermally induced phase transition of LCO cathode crystals was directly 

observed by in-situ heating inside an aberration corrected scanning transmission electron 
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microscopy (STEM). A phase evolution mechanism involving the initial defect assisted Co 

migration, companied by a strong topotactic phase growth with intense competition between the 

layered and the spinel phases is revealed. This gives rise to different degradation pathways and 

onset temperatures between the thin edges and the thicker inner areas. Thermodynamics 

overrides the migration kinetics when the temperature reaches ~400 ℃. The Co ions get enough 

mobility with abrupt phase transitions, generating holes that completely changes the surface 

morphology. Interparticle variation is also studied, in which the oxygen diffusion driven by the 

concentration gradient plays a critical role at elevated temperatures. This reduces the migration 

barrier of Co by breaking the CoO6 octahedra framework, which causes an early phase 

degradation at much lower temperatures. 

  

RESULTS AND DISCUSSION 

 The morphology of the LCO cathode is shown by the scanning electron microscopy 

(SEM) top down image in Fig. 1a and the annular bright field (ABF) STEM cross section image 

in Fig. 1b. The LCO is densely packed with a grain size ranging from several hundred 

nanometers to ~3 μm. The general crystal structure is determined by X-ray diffraction in Fig. 1c, 

which matches well with the LiCoO2 pattern (JCPDS no. 016-0427) and shows a perfect -

NaFeO2 layered structure with R3̅m space group. The LCO sample is clearly textured, indicating 

a preferential growth along the [001] direction. It should be noted that, in order to increase the 

sample consistency among different characterizations, the diffraction was conducted using the 

same sample mounted on the in situ TEM chip based focused ion beam (FIB) stage. Due to the 

limited loading mass and orientations for LCO on the chip based stage, the diffraction peaks are 

not strong. The typical atomic structure can also be directly observed in the following high 
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resolution STEM images. The dense packing of LCO micrometer-sized crystals provides a 

higher volumetric and areal energy density and reduced electrode/electrolyte contact area, which 

has been widely used in electronic devices. The typical electrochemical performance is shown in 

Fig. 1d and the commercialized LiCoO2 delivers a very stable cycling performance with no 

capacity decay at 100 mA g-1. The charge and discharge curves in Fig. 1e overlap quite well with 

no obvious voltage decay. Surface STEM images and dQ/dV curves (Fig. S1 in supporting 

materials) also suggest no anion redox reaction in potential range of 3-4.2 V. 

 Fig. 2a shows a low magnification high angle annular dark field (HAADF) STEM image 

of a FIB mounted LCO cathode on a DENSsolution heating chip. The TEM sample targets LCO 

particles along the sharp edges, which gives rise to the [100] oriented columnar grains that 

allows a direct visualization of the individual Co and Li layers. Three areas are studied in detail, 

namely, the thin edge area (yellow ellipse), the thick center area (red circle), and the interparticle 

boundary (blue arrow), as highlighted in Fig. 2a. Both the edge and center area show the bulk 

structure of LCO at room temperature (Fig. 1S and Fig. 2c), while the neighboring grain below 

the blue arrow presents a clear particle-to-particle valence deviation and shows a lower valance 

state of Co. A detailed structure analysis of the STEM images and the electron energy loss 

spectroscopy (EELS) data will be presented in Fig. 6.   

 Fig. 2b are low magnification HAADF-STEM images that shows a general thermal 

behavior of the thick center area. No visible changes of the surface morphology can be found at 

temperatures below 200 ℃, while a clear particle nucleation appears from 200 to 400 ℃. Above 

400 ℃, a sharp morphology transition is observed with the fast formation of holes. Zone axis 

electron diffraction patterns (ZAP) as a function of temperature are provided in Fig. S2 in the 

supporting materials. With increasing temperatures, no significant difference of the ZAP can be 
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found for temperatures as high as 400 ℃, which generally matches with the previous 

reports.[26,30]  

 Fig. 2c shows the corresponding high magnification HAADF-STEM images. Each image 

is taken 30 min after reaching the set temperature. Room temperature (20 °C) LCO in Fig. 2c 

shows the typical layered R3̅m phase, in which the CoO6 and LiO6 octahedra layers are stacked 

alternatively. The HAADF signal is proportional to 𝑍𝑎 with 𝑎 ranging from 1.6 -1.9. The image 

is dominated by high-Z Co cation layers and the LiO6 layers are invisible. It is therefore 

interesting that additional contrast can be found at the position of the Li layers at temperatures as 

low as 150 ℃ (Fig. 2c), which reveals the cross-layer migration of the Co ions into the Li layers. 

Fig. 2e shows the intensity line profile along the red and green arrows indicated in the 150 ℃ 

STEM image in Fig. 2c. The decreasing Co layer intensity is correlated with the increasing Li 

layer intensity. A slight intensity shift along the channel layer is also observed (black arrow in 

Fig. 2e), which indicates a Co diffusion within the Li layers after the initial cross-layer 

migration. This agrees with previous results that show a highly reduced migration barrier of the 

transition metal ions in the Li layers.[38,39] The cross-layer migration is widely observed in 

various lithium transition metal oxides, which is generally recognized as the onset of the spinel 

phase transition.[28,30,34,36,40,41] We will denote the structure with Co cross-layer migration 

as “intermediate spinel (IS)”, since it has not yet developed into a complete spinel structure. A 

more complete spinel phase can be observed and will be discussed later in the edge and boundary 

area. When the temperature reaches 200 ℃, a particle like surface nucleation starts to show up. 

Because of the smooth pristine surface created by FIB fine polishing, the surface nucleation 

increases the local thickness; this is directly observed as a brighter contrast in the HAADF-

STEM images. It is not surprising that the surface nucleation initiates on top of the IS phase, 



7 

 

which is believed to be defect assisted. This can be directly observed from Fig. 2c at 250 ℃ as 

the local IS phase becomes brighter due to the increasing thickness affected by surface 

nucleation and growth. Most of the surface nucleation particles showing up at 250 ℃ (Fig. 2b) 

contain clear Co migration to the Li layer (more images can be found in Fig. S3). The 

corresponding intensity line profile is shown in Fig. 2f, in which the Co intensity clearly 

increases compared with the Co intensity in Fig. 2e. 

   Interestingly, at temperatures below 400 ℃, phase degradation does not follow a linear 

pathway with increasing surface nucleation and temperature, i.e., the IS phase does not develop 

into the complete Co3O4-type spinel phase with increasing temperatures below 400 ℃. In fact, 

some of the Co can even migrate back to the Co layer to retain the bulk-like LCO structure, as 

shown by the 350 ℃ HAADF-STEM image in Fig. 2c. The surface nucleation shows a mixture 

of IS and bulk-like phases at a temperature of 350 ℃. This indicates a layered-IS phase 

competition that is beyond the general thermodynamic driving force. Detailed Competition 

observed at a lower magnification, as well as within a single surface particle can be found in Fig. 

S4. Above 400 ℃, the IS phase starts to dominate, as shown in the 400 ℃ image in Fig. 2c and 

the corresponding intensity line profile in Fig. 2g. When the temperature reaches 450 - 500 ℃, a 

dramatic phase transition happens with the abrupt surface growth at the expense of neighboring 

LCO, resulting in the formation of holes. The 500 ℃-2 in Fig. 2c is taken after staying an 

additional 30 min at 500 ℃, which shows a more complete phase transition to the widely 

reported rock salt (RS) phase.[26,27,30,32,36,37] The corresponding intensity line profile is 

given in Fig. 2h. 

 EELS was performed to understand the temperature-dependent electronic structure of the 

LCO cathode. Area averaged O-K edges at 20 ℃, 200 ℃, 350 ℃, 400 ℃ and 450 ℃ and the 
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local O-K edges on the surface nucleation (particle P1 at 200 ℃ and P2 at 350 ℃) are shown in 

Fig. 2d. All the spectra are background subtracted using a power law method and the plural 

scattering is removed by Fourier-ratio deconvolution. The O-K edge is the excitation from 

oxygen 1s to 2p orbitals above the Fermi level. The resulting spectrum can be interpreted in a 

first-order approximation as the unoccupied oxygen p projected density of states in the presence 

of a core hole. Although oxygen 2p orbitals are fully occupied in a complete ionic model, the 

hybridization between oxygen 2p and Co 3d and 4sp states reduces the number of filled O 2p 

states. Charge transfer occurs between the unfilled Co orbitals and oxygen 2p states, which 

creates O 2p holes. This makes the O-K edge sensitive to the filling of Co 3d orbitals, which has 

been widely used as the indication of valence states,[27] oxygen vacancies[42] and even spin 

states[40]. The O-K edge can thus be divided into two regions. The first region directly at the 

threshold is the oxygen 2p weight in the states of Co 3d character, which is often referred as the 

prepeak in transition metal oxides. In Fig. 2d, the oxygen prepeak is at about 532 eV. The second 

region, ~11 eV above the threshold, is attributed to oxygen 2p states hybridized with Co 4s and 

4p states. The O2pCo4sp peaks in Fig. 2d are aligned and normalized. The lower intensity of the 

prepeak is related to an increasing Co 3d occupancy (reduction of Co ions).  

 The O-K edge of the pristine LCO shows a strong prepeak. With increasing temperature, 

the prepeak shows no clear drop for temperatures up to 350 ℃. A clear prepeak drop starts 

around 400 ℃, which reveals the significant amount of oxygen vacancies in the layered 

structure. The inset in Fig. 2d is the EEL spectrum guide image and mapping of the oxygen area 

density, which shows a clear oxygen poor feature of the well-developed surface nucleation. The 

local O-K edges on the surface nucleation (P1) present a clear prepeak drop at a temperature as 

low as 200 ℃, which is a strong evidence of early Co migration assisted by oxygen vacancies. It 
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is notable that oxygen vacancies still exist after the Co migration back to its original transition 

metal layers at 350 ℃ (P2), which indicates the irreversible process of the oxygen release. The 

layered R3̅m phase can sustain with a significant amount of oxygen vacancies, but it is difficult 

for an oxygen vacancy to re-trap molecular O2 from the back migration of the Co ions. Further 

temperature increase to 400 ℃ will accumulate enough oxygen vacancies and trigger a dramatic 

phase transition from the IS phase to the RS phase. A clear phase boundary of the layered 

structure and the RS structure can be seen from Fig. 2c at 450 ℃. The intensity of the O-K 

prepeak in EELS also decreases dramatically with a significant oxygen release.  

 The thermal degradation of LCO can be understood as an oxygen vacancy assisted Co 

migration followed by a topotactic phase transition (epitaxial growth of degrading phases 

directly on top of the Co migration region). Sharifi-Asl and co-authors have reported the pioneer 

work on the oxygen release heterogeneity in LCO which reveals a strong dependence on the 

facet orientation.[30] In order to consider the structure orientation, the same in situ heating 

experiment is also performed on LCO with a different orientation (Fig. S4), where the topotactic 

transition with a strong phase epitaxy can also be observed with a weak orientation dependence. 

This reveals that the epitaxial phase degradation is more likely to originate from the metal 

oxygen octahedra framework shared among the initial phase transitions. Facet anisotropy is less 

significant in flat surfaces. The epitaxial order exists for temperatures up to 450 ℃ (Fig. S2). The 

diffraction spots of the degrading phases have a strong epitaxial relation with the ones of the 

initial phase until the dramatic thermodynamic driven phase degradation takes place. 

 The phase transition is completely different at the edge. As shown in Fig. 3a-b, a 

dendritic phase propagation is observed at the edge which is in sharp contrast with the particle-

like surface nucleation at the center area. The dendritic phase appears at a temperature lower than 
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the onset temperature of the surface nucleation (Fig. S6). The growth pathway is also 

significantly different. The phase evolution in the center area can be viewed as a spontaneous 

particle nucleation that slightly increases its size with increasing temperature, while a spreading 

growth mode of the dendrite with a clear reaction front dominates at the edge. Fig. 3d shows the 

reaction front of the dendrite phase, in which the layered, spinel and RS phase can be 

simultaneously viewed.[34,36] Fig. 3e-g are the corresponding magnified images with the 

structure model superimposed. Since the layered to spinel and further to the RS phase transition 

is associated with the decreasing lattice oxygen content, the growth of the dendrite phase is also 

an oxygen release pathway, accompanied with an increasing ratio of Co on the dendrite phase, as 

evidenced by the energy dispersive X-ray spectroscopy (EDS) quantification mapping (Fig. 3c 

inset). It is worth noting that the valence of Co decreases with the reducing lattice oxygen, which 

can be deduced from the EELS data in Fig. S7.   

 It is widely reported that the thermal degradation of LCO involves a series of phase 

transitions from the layered R3̅m phase to the spinel Fd3̅m phase and further to the RS Fm3̅m 

phase with increasing temperature.[26,30,32,37] While the global phase evolution in Fig. 2 

generally follows this transition pathway, our results indicate a strong local heterogeneity that is 

much more complicated than the simple thermodynamic phase picture. The layered to spinel 

transition starts with the Co migration to the Li layer. This is kinetically controlled due to the 

strong CoO6 octahedra preference, which means that Co can be trapped at the octahedra center 

even though the thermodynamic driving force for phase transition exists.[37] As shown in Fig. 2c 

and Fig. 2d, although oxygen loss can start very early at local areas that induces the onset of the 

spinel transition, a more significant and continuous oxygen loss is initiated with the sustained 

and irreversible cross layer migration of Co ions. This is due to the transition metal-oxygen 
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octahedra trapping, in which more significant phase transition requires the breaking of the 

octahedra framework. In this way, the cation and oxygen tend to reinforce each other to alleviate 

any possible degradation that could compromise the octahedra integrity. Creating Li vacancies 

will lower the energy barrier for the migration of Co. This is generally observed as the charged 

LCO undergoes the spinel transition at much lower temperatures.[26,27,30,32] The formation of 

oxygen vacancies, as shown in Fig. 2d on the local surface nucleation particles also reduces the 

migration barrier since it directly alters the CoO6 ligand field,[38,39] which distorts the Co off 

the CoO6 center and reduces its migration barrier to the adjacent Li layer. Our recent report 

quantitatively correlated the number of Co oxygen vacancy neighbors with the reducing 

migration barrier, which shows that oxygen vacancies significantly facilitate the phase 

degradation.[13] With the formation of the IS phase assisted by oxygen vacancies, surface 

nucleation keeps growing, preferably on top of the IS phase (Fig. 2c and Fig. S3). However, a 

further temperature rise to below 400 ℃ does not dramatically enrich the ratio of the spinel 

phase. In fact, for the center region, as shown in Fig 2, the IS phase is trapped and unable to 

develop into the complete spinel observed in Fig. 3d and Fig. 3f at the edge region. On the other 

hand, it is interesting that the IS phase competes with the layered phase, indicating a strong 

structure order imposed by the pristine LCO lattice. The IS phase trapping and the competition 

with the pristine layered phase ceases at temperatures above 400 ℃. The thermodynamic driving 

force overrides the kinetic force (trapping) plus the structure order imposed by the host LCO. 

With increasing Co mobility gained from the thermal energy, a dramatic phase transition happens 

that directly drives the IS phase into the RS phase, without developing into a complete spinel 

since the spinel phase is thermodynamically unstable at temperatures above 400 ℃.[43] The 
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surface morphology is also significantly altered, creating holes that are widely observed in 

previous reports.[27,30,32] 

 In the edge area, the epitaxial phase evolution ends up with a different picture. As the 

LCO is much thinner at the edge (the thickness of the edge is about 30 nm while the center 

region is around 100 nm, as determined from the low-loss EELS), the weight of the IS phase can 

quickly dominate at elevated temperatures. Our previous report also showed that the fast Co 

surface migration will facilitate the phase degradation,[13] which can be responsible for the low 

degradation onset temperature due to the short ion migration length in the thin edge area. On the 

other hand, the epitaxy is known as a mutual interaction between the host and growth 

materials,[44] which means that the epitaxially degraded phase will also impose a structure order 

to the host LCO. In this case, it can be understood as an additional coulomb repulsive force to Co 

ions at the bulk/IS degrading interface. The migration of Co ions at the bulk/IS interface is 

calculated by density functional theory (DFT) using the climbing image nudged elastic band (CI-

NEB) method. The diffusion barrier of the interface Co to a Li vacancy is calculated as a 

function of the number of migrated Co in the adjacent IS phase, as shown in Fig. 4. A linear 

decreasing of the migration barrier can be observed with increasing number of the Co migration 

in the IS phase. It should be noted that Li could also stay at the neighboring tetrahedral site, 

forming an intermediate Li dumbbell instead of creating a Li vacancy with the migration of Co 

ions to occupy the Li site.[3] The same CI-NEB calculation is performed to consider the 

potential Li dumbbell configuration, which is shown in Fig. S8. Interestingly, the diffusion 

barrier of Co in the adjacent layered phase is negative with the Li dumbbell configuration. 

Although the direct visualization of Li dynamics is difficult, both Li configurations indicate that 

the development of the epitaxial IS phase will facilitate the phase degradation of the adjacent 
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layered phase. With the robust development of the IS phase to a threshold, the top IS phase will 

convert the thin LCO host into the IS phase, instead of the long-term competition. At last, the 

oxygen vacancy concentration also plays a critical role. The concentration gradient induced 

oxygen vacancy diffusion will become significant at elevated temperatures, which is important in 

the catalytic activity, oxygen ion conductivity and electrochemical properties.[45] The diffusion 

of oxygen vacancies could alleviate the local accumulation of vacancies on the surface 

nucleation, which mitigates the local phase degradation in the thicker center region. However, 

the thinner edge has limited oxygen diffusion pathways, as well as insufficient bulk support to 

accept oxygen vacancies. As a result, the ion migration triggers the consecutive phase transitions 

to spinel and RS phase at a much lower temperature. The short surface ion migration length also 

ends up with faster transition dynamics. The degrading phase quickly develops its own edges and 

grows by attracting material from the surface migration. It results in a more significant surface 

effect with an additional growth direction by surface spreading, which can be observed in Fig. 3. 

In fact, the observation of a reduced decomposition onset temperature with higher amount of 

mass loss was reported by using nano-sized LCO which has a higher edge exposing.[46] 

However, this is the first time that the complete atomic origin is unveiled. The Co local 

migration, surface nucleation, epitaxial growth and phase competition is schematically presented 

in Fig. 5. 

 In addition to the edge, a unique thermal behavior can also be observed at the 

interparticle boundary with different valence states. Fig. 6a is a low angle annular dark field 

(LAADF) STEM image at 350 ℃ of a grain boundary between the center area and a neighboring 

grain. The LAADF signal is sensitive to the strain field, which clearly emphasizes the significant 

phase transition at the boundary. The bottom grain has a lower oxidation state, as can be 
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demonstrated by O-K edge EELS, while the upper grain is the pristine LCO that is stable at 

400 ℃ as shown in Fig. 2. Such a particle to particle variation of lithium transition metal oxides 

is widely reported due to the stress anisotropy in the sintered polycrystalline aggregate and 

differential expansion within a single particle.[25,47] 

A clear phase variation in the vicinity of the boundary is evident in Fig. 6d. The layered 

phase is still present away from the boundary, but it gradually turns into the spinel and finally the 

RS phase with decreasing distance to the boundary. The corresponding EELS signals are plotted 

in Fig. 6e, which shows an increasing oxygen release and reduction of Co close to the boundary. 

The HAADF-STEM of area 1 and 2 do not present a clear difference while their O-K prepeak 

shows a clear drop in area 2. It reveals an accumulation of oxygen vacancies prior to the spinel 

phase transition. The oxygen release is driven by the concentration gradient between LCO 

crystals with different valence states. Oxygen vacancies diffuse across the boundary, and the Co 

ions get a higher mobility and will jump out of the CoO6 trap more easily with increasing oxygen 

vacancies (inset in Fig 6e.).[13] The phase degradation apparently takes place as a function of 

distance from the boundary, with the growth of the RS phase at the expense of spinel and the 

layered phases. The boundary spinel phase completely transforms to RS at a much lower 

temperature of 350 ℃, as shown in Fig. 6b-d.  

 

CONCLUSIONS 

 In situ STEM analysis has demonstrated the atomic origin of the heterogenous thermal 

degradation pathways of the LCO cathode, which is due to a complicated interplay of the cross-

layer migration barrier of Co ions, the shared metal-oxygen framework among the early phase 

degradation and the edge space confinement effect. The limited mobility of Co in the CoO6 
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framework plays a critical role in the low temperature thermal behavior, which introduces a 

kinetic stability that slows down the early phase degradation. The kinetic control can be 

compromised by introducing oxygen vacancies. The edge, with limited space to mitigate the 

vacancy accumulation, has a lower degradation onset temperature. The shared oxygen-metal 

framework results in a topotactic phase transition that imposes an epitaxial structure order at the 

degrading interfaces, which also contributes to the different thermal properties between the thin 

and thick areas. Our results provide an atomic insight into the heterogeneous degradation 

pathways, which also indicate the potential structure instability when preparing nanostructured 

LCO cathodes. Valence homogeneity is also critical as the particle to particle valence variation 

will introduce an additional boundary degradation pathway. 

  

METHODS 

The LiCoO2 sample. LTMOs usually consist of primary particles assembled into large 

secondary particles to increase the energy density and reduce the exposed surface.[14,48] 

Commercially available close packed LiCoO2 secondary particles were used.  

STEM characterization. The thermal behavior was investigated in real time using a Thermo 

Fisher Themis transmission electron microscope equipped with aberration correctors for the 

probe forming lens and the imaging lens, operated at 300 KV. The probe has a convergence semi 

angle of 17.8 mrad with beam current about ~30 pA. Under these conditions the estimated probe 

is less than 1 Å. Electron energy loss spectroscopy (EELS) was performed on a Gatan Quantum 

965 GIF system. Dual EELS data were obtained with a spectrometer dispersion chosen for 

simultaneous visualization of both zero-loss and core-loss (O K and Co L edges). The energy 

resolution determined by full-width at half-maximum of the zero-loss peak was ~1.2 eV. The 
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background was subtracted using the power law method, with plural scattering removed by 

Fourier-ratio deconvolution. Samples are only exposed to electron beam when taking images or 

spectra. Live observation was not performed in order to reduce the possible beam damage. The 

phase transition can be confirmed to be temperature driven, since extended electron beam 

exposing at room temperature does not introduce any phase degradation.  

STEM Sample preparation and in-situ heating. Samples for in situ heating were transferred 

by a standard focused ion beam (FIB) (Thermo Fisher Helios Nanolab G3) process[49] and 

mounted onto the DENSsolution heating chip. The final polishing voltage was reduced to 2 kV 

with a low tilt angle to reduce ion damage and increase the thickness difference between edge 

and central areas. 

Density functional theory (DFT) calculations. DFT calculations were performed using the 

VASP (Vienna Ab-initio Simulation Package), with Perdew-Burke-Ernzerhof (PBE) generalized 

gradient approximation (GGA) + U (3.91 eV) method to correct the electronic correlation among 

the Co 3d orbitals. The climbing image nudged elastic band (CI-NEB) method was carried out 

for the diffusion simulation of Co atom, following the sample procedure used in our previous 

publication.[13]  
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Fig. 1 Morphology and electrochemical performance of the LCO cathode. a, b, Top-down 

SEM and cross-section ABF-STEM images of the densely packed LCO crystals. c, XRD pattern 

of the LCO cathode, showing a perfect -NaFeO2 layered structure with R3̅m space group. d, 

Cycling performance of the LCO cathode. e, Charge and discharge curves of the LCO cathode. 
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Fig. 2 Thermal behavior of the center LCO area. a, Low magnification HAADF-STEM image 

of three target areas of the LCO cathode. The red circle indicates the center thick area while the 

yellow ellipse indicates the thin edge area. The blue arrow is the boundary with different valence 

states. b, c, Low magnification and atomic resolution HAADF-STEM images of the center area 

as a function of temperature. d, Comparison of the O K-edge EELS. e, Intensity line profile 

along the green and red arrows indicated in d. 
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Fig. 3 Thermal behavior of the edge LCO area. a, b, Low magnification HAADF-STEM 

images at room temperature and at 250 ℃. c, EDS mapping of the dendrite phase showing a Co 

enrichment as it propagates. d, Atomic resolution HAADF-STEM image at the propagating front 

of the dendrite phase. e-g, Magnified images of the corresponding areas marked in d, projected 

atomic models are superimposed. Since only Co is visible in a HAADF-STEM image, the atomic 

model only contains the Co ions for better visualization. 
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Fig. 4 Co diffusion barrier (purple arrow) in the layered phase as a function of the number of 

Co-Li exchange (yellow arrow) in the IS phase. Data obtained from DFT calculations.  

 

 

Fig. 5 Schematic illustration of the heterogenous thermal degradation of the center area (top) 

and the edge area (bottom) of the LCO cathode. 
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Fig. 6 Thermal behavior of the interparticle boundary with valence variation. a, LAADF-

STEM image showing a strong strain contrast at the boundary. b-d, Atomic resolution HAADF-

STEM image taken at different temperatures. e, Comparison of the O K-edge EELS at the 

locations marked 1 to 6 in d. The inset shows the formation of an oxygen vacancy and Co cross-

layer migration.  


