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Thermally Driven Mesoscale Chemomechanical Interplay in 
Li0.5Ni0.6Mn0.2Co0.2O2 Cathode Materials 

Chenxi Wei, ‡ac Yan Zhang, ‡bc Sang-Jun Lee, ‡c Linqin Mu,d Jin Liu,e Chenxu Wang,e Yang Yang,f Marca 
Doeff,g Piero Pianetta,c Dennis Nordlund,c Xi-Wen Du,b Yangchao Tian,*a Kejie Zhao,h Jun-Sik Lee,c 
Feng Lin,*d  Yijin Liu, *c 

While the Li ion batteries are intended to be operated within a mild temperature window, their structural and chemical 

complexity could lead to unanticipated local electrochemical events that could cause extreme temperature spikes, which, 

in turn, could trigger more undesired and sophisticated reactions in the system. Visualizing and understanding the response 

of battery electrode materials to the thermal abuse conditions could potentially offer a knowledge basis for prevention and 

mitigation of the safety hazards. Here we show a comprehensive investigation of the thermally driven chemomechanical 

interplay in a Li0.5Ni0.6Mn0.2Co0.2O2 (charged NMC622) cathode material. We report that, at the early stage of the thermal 

abuse, the oxygen release and internal Li migration occur concurrently, and are accompanied by the mechanical 

disintegration at the mesoscale. At the later stage, Li protrusions are observed on the secondary particle surface due to the 

limited lithium solubility in non-layered lattices. The extraction of both oxygen and lithium from the host material under 

elevated temperature could influence the chemistry and safety at the cell level via rearrangement of the electron and ion 

diffusion pathways, reduction of the Coulombic efficiency, and/or internal short circuit that could provoke a thermal 

runaway.

1. Introduction 
Understanding the chemomechanical properties of battery 
electrodes can inform the design of battery materials and 
chemistry.1,2 In particular, revealing the pathways of 
chemomechanical events in battery particles can provide 
mesoscopic insights into tailoring the local chemical 
inhomogeneity for enhancing battery stability. In battery 
materials, chemical heterogeneities can result from the 
purposely engineered compositional inhomogeneity3,4 and/or 
different local lattice-structural ordering.5 The heterogeneities 
are commonly amplified by prolonged electrochemical 
cycling,4,6–8 which can cause multiscale buildup of mechanical 
strain,9 morphological defects,10 and mechanical 
degradation.11,12 The development of mechanical strain and 

morphological defects affects the diffusion kinetics of the 
charge carriers (namely, Li ion and electron), leading to the state 
of charge (SOC) heterogeneity.13 Such interdependent 
chemomechanical interplay collectively governs the structural 
and chemical evolution of the hierarchically architected battery 
electrodes and affects the cell-level performance. 
    The real-world battery operating conditions could introduce 
complex local chemical events that are undesired for sustaining 
battery cycle and safety. Commonly observed local chemical 
events include but are not limited to local 
overcharge/overdischarge,14,15 oxygen release,16 local 
structural transformation,8,17 domain deactivation,18 transition 
metal dissolution/precipitation,6,8,19,20 and 
dendrite/whisker/protrusion growth.21,22 The local regions that 
undergo these undesired chemical reactions may not account 
for much of the total mass or volume of the battery materials, 
but they can significantly impact the deliverable energy through 
impedance growth as well as undermine the safety 
characteristics of the battery cells through thermal 
runaway.23,24  

Oxygen release from charged nickel-rich LiNi1-x-yMnxCoyO2 
(NMC) layered oxides, either through gas evolution or 
participating in electrolyte oxidation, has been reported under 
thermal abuse conditions25,26 and aggressively charging to high 
voltages.27 It is scientifically interesting and technologically 
relevant to investigate the thermally driven evolution of 
charged NMC cathode because the NMC material is generally 
less stable at the charged state. The oxygen loss is often 
accompanied by the lattice structural transformation from the 
layered structure to the rocksalt and/or spinel structures.17,28 
Such a structural transformation can lead to surface 
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reconstruction at the primary particle level as well as the 
intergranular and intragranular cracks.26,29 While the primary 
particle is the fundamental structural units of the active 
material, the secondary particle is regarded as important 

architectural building blocks for the battery electrode. 
Compared to the single-crystal primary particles, the secondary 
particles are populated with grain boundaries and 
morphological defects, e.g. cracks and voids. Therefore, the 
structural and chemical complexity is further amplified at the 
mesoscale,30 namely at the sub-secondary particle level. The 
knowledge of the mesoscale chemomechanical interplay is of 
fundamental and practical importance but is not yet well-
established. Recently, we studied the thermally driven phase 
transformation in charged LiNi0.4Mn0.4Co0.2O2 (NMC442) 
secondary particle, which revealed that the propagation of the 
transformation front was governed by the local curvature of the 
valence isosurface.25 This study provides the chemical basis for 
understanding the thermally driven mesoscale heterogeneous 
transformation in battery secondary particles. However, the 
mechanical aspect and, more importantly, the 

chemomechanical coupling at the mesoscale are still not well 
understood. 

Herein, we study the mechanical and chemical responses of 
charged Li0.5Ni0.6Mn0.2Co0.2O2 (NMC622) cathode material 

under thermal abuse conditions. We combined nanoscale 
transmission x-ray microscopy (TXM), soft and hard x-ray 
absorption spectroscopy (XAS), scanning electron microscopy 
(SEM) and energy dispersive x-ray spectroscopy (EDS) to 
elucidate the thermally driven mesoscale chemomechanical 
coupling. We visualized and quantified the overall reduction of 
Ni as well as the internal Li redistribution at the early stage of 
the thermal abuse. The mechanical and morphological 
degradation upon heating is also observed in the nano-
resolution x-ray tomographic (nano-tomography) data. At the 
later stage, on the particle surface we observe the growth of 
protrusions in forms of Li2O, Li2CO3 or LiOH, the morphology and 
growing speed of which are influenced by the composition of 
the charged material. The thermally driven extraction of Li from 
the NMC cathode particle can distort and reconstruct the crystal 
structure of the host material. Depending on the composition 
and the properties (e.g. electronic and ionic conductivities) of 

Fig. 1 Chemical evolution of a Li0.5Ni0.6Mn0.2Co0.2O2 secondary particle recorded using full-field X ray spectro-microscopy under the thermal 
abuse condition (380 C). Panels a-d show the evolution in the 2D distribution of Ni valence state (color coded to the corresponding color 
map with red and blue indicating more oxidized and more reduced domains, respectively) as the particle is exposed to high temperature 
for different amount of time. Panels e-g show the differential valence maps between a and b, b and c, c and d, respectively. Panel h shows 
that the probability distribution of the Ni’s local valance state shifts toward lower energy upon heating. Panel i shows the probability 
distribution of the differential edge energy in panels e-g. The particle’s diameter is about 8 microns.
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the protrusion compound, this effect could reduce the 
Coulombic efficiency, shorten the battery life, and/or cause the 
capacity fade. Our work reveals the sophisticated thermally-
driven chemomechanical coupling effect within NMC secondary 
particles and highlights the importance of mitigating the local 
mechanical strain and chemical decomposition under thermal 
abuse conditions. 

 

2. Results and discussion 

Being exposed to thermal abuse conditions, the Li0.5Ni1-x-

yMnxCoyO2 cathode material undergoes phase transformation 
from the R-3m layered structure to a mixed spinel/rocksalt 
structure.25,26,31 Such a phase transformation is accompanied by 
the reduction of Ni cation and the release of lattice oxygen to 
oxidize the electrolyte solvent or release molecular oxygen.16,27 
In our earlier work, we investigated the local Ni valence states, 
which, to some extent, can serve as an indicator for quantifying 
the degree of oxygen release that occurs at the corresponding 
locations. We constructed 2D chemical isocontour and 3D 
chemical isosurface for more detailed investigation of the 
thermally driven dynamic evolution of the chemically 
delithiated LiNi0.4Mn0.4Co0.2O2 (NMC442).25 In the present work, 
we turn to study electrochemically charged 
Li0.5Ni0.6Mn0.2Co0.2O2 (NMC622) particle under elevated 

temperature up to 380C for three reasons. First of all, the NMC 
compounds with higher Ni content is the trend of current 
research because the increment in Ni percentage improves the 
specific capacity.32 Second, comparing to the samples prepared 
via chemical delithiation method,28 the NMC particles that are 
cycled in real batteries can better reflect the active material’s 
response to real-world battery electrochemistry because the 
electrolyte and the “inactive” components (carbon and binder) 
play an important role in affecting the local chemistry.33 Third, 

although the chosen temperature at 380 C seems to be higher 
than what one would expect under normal battery operating 
conditions, we point out here that a large variation of local 
current density could induce severe self-heating effect locally,34 
justifying our investigation at high temperature. 
    We carried out in operando 2D XANES mapping (Fig. S3) over 
the Ni K edge for a set of charged Li0.5Ni0.6Mn0.2Co0.2O2 particles 

at 380 C. The heating experiment was repeated in air and 
helium atmosphere, and similar phenomenon was observed. 
We investigate the cathode material from a coin cell that has 
gone through 6 electrochemical cycles (Fig. S1). The coin cell 
was then disassembled at the charged state (i.e., 4.5 V) in a 
glove box and the cathode was collected for further 
characterization. The charge distribution is heterogeneous in 
the pristine charged Li0.5Ni0.6Mn0.2Co0.2O2 particle, which is 
consistent with our previous study.33 Upon heating, the overall 
color of the maps changes from red (Fig. 1a) to orange (Fig. 1b-
c) then to yellow (Fig. 1d), suggesting the continuous overall 
reduction of Ni cations upon heating. Our visual assessment and 
interpretation about the first order changes in the 2D Ni XANES 
maps are further confirmed by the evolution of the probability 
distribution of the Ni edge energy (Fig. 1h). As the particle is 
heated, the peak in Fig. 1h shifts towards the lower energy, in 
good agreement with the phenomenon observed in similar 
systems.25   
    A closer look at the in operando XANES maps, however, could 
provide more detailed information about the thermally driven 
reaction mechanisms. We show in Fig. 1e-g the differential 

valence maps between Fig. 1’s panels: a and b, b and c, c and d, 
respectively. The local Ni oxidation process (as suggested by 
red-colored domains in Fig. 1e-g) takes place concurrently with 
the overall reduction of Ni. We show in Fig. 1i the probability 
distribution of the differential edge energy. The blue, red, and 
yellow curves in Fig. 1i are associated with Fig. 1e-g, 
respectively. While the peak positions are all at negative values, 
echoing the overall Ni reduction upon heating, positive 
components are clearly observed. The overall Ni reduction can 
be attributed to the well-known effect of oxygen release, 
however, to the best of our knowledge, the heating induced 
local Ni oxidation in this system has not been reported before. 
We attribute the local oxidation process to the thermally driven 
redistribution of Li ion in the host material. Additionally, in Fig. 
1i, the blue and red curves show good symmetric shape in 
comparison to the yellow one. The probability distribution of 
the differential edge energy with good symmetry (blue and red 
curves in Fig. 1i) suggests that, at the early stage of the thermal 
treatment, the Li migration happens within the particle. This is 
because the degrees of Li-migration-induced local Ni reduction 
and oxidation are equivalent. Significant asymmetry is observed 
in the yellow curve in Fig. 1i, suggesting a more complicated 
reaction mechanism that involves charge transfer between the 
particle and the external system at the later stage of the 
thermal treatment, which will be revealed later in this paper. 

 

Soft x-ray absorption spectroscopy was carried out to investigate 
the depth dependence of the thermally driven chemical evolution in 
this system. Fig. 2 shows the comparison of the O K-edge and Ni L3-
edge spectra before and after the heat treatment in both the FY 
mode (Fig. 2a and 2c) and TEY mode (Fig. 2b and 2d). The TEY signal 
(probing depth at ~5 nm) doesn’t seem to be much affected by the 
thermal treatment, possibly because of the fact that the 
electrochemical cycling has already induced lattice structural 
reconstruction on the particle surface from layered structure to 
spinel/rock salt structure.26,28,35–37 In contrast, the FY signal 
(probing depth at ~50-100 nm) shows that the material was 
significantly reduced by the thermal treatment, suggesting that 
it is a bulk effect. The observed depth dependence appears to 
be similar over the O K-edge and the Ni L3-edge, highlighting 
the interplay between the redox reactions of the cation and the 
anion through Ni3d-O2p orbital hybridization. 

Fig. 2 Soft x-ray absorption spectroscopy (soft XAS) over O K-
edge and Ni L-edge. Panels a and b are the soft XAS over the O K-
edge in fluorescence yield (FY) mode and total electron yield (TEY) 
mode, respectively. Panels c and d are the soft XAS over the Ni L-
edge in fluorescence yield (FY) mode and total electron yield (TEY) 
mode, respectively. The circles and the solid lines are from the 
Li0.5Ni0.6Mn0.2Co0.2O2 sample before and after the thermal abuse, 
respectively. 
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It has been reported that the thermally driven chemical and 
mechanical processes in the NMC material interplay at fine length 
scales. At the primary particle level, the heating induced formation 
of the intergranular and intragranular cracks has been reported in 
our earlier publication.2 Shortly after our work, similar phenomenon 
has been reported by other groups,29 in good agreement with our 
conclusions.  As a result, one could project the nanoscale observation 
to the mesoscale and could speculate that thermal abuse conditions 
might cause disintegration of the secondary particle.  However, it is 
more complicated at the mesoscale, because the electrochemical 
cycling of the battery could have already induced morphological 
defects and SOC heterogeneity within and between the 
particles.11,33,38,39  

For a more systematic evaluation of the mechanical breakdown 
of NMC secondary particles at the mesoscale, we employed in situ 
nano-tomography to investigate a selected NMC particle before and 

after it is exposed to thermal abuse conditions at 380 C for ~ 4 hours. 
The virtual slices through the center of the particle in different 
orientations are shown in Fig. 3a (before thermal abuse) and b (after 
thermal abuse). The hole observed in the center of the particle exists 
in the pristine particles. Such as-made morphology has been seen in 
similar material systems.6 Some electrochemical cycling induced 
 cracks can be seen in Fig. 3a, in good agreement with our previous 
observations.11 Much more radial cracks are observed in the same 
particle after the thermal treatment, as highlighted by the 
segmentation of the cracks (Fig. 3c) based on an edge detection 
algorithm.40 We further quantified the porosity, the surface area, the 
total volume, the morphological complexity (see Fig. S2), and the 
averaged edge energy of this particle before and after the thermal 
abuse (see Fig. 3d). Both the porosity and crack surface area are 
increased dramatically by nearly a factor of 2, making the 
morphological complexity parameter (ε=V1/3/S1/2; the smaller ε, 
the higher degree of morphological complexity6) change from 0.2836 
to 0.1866. The change in ε confirms the significant development of 
the morphological defects and, thus, the morphological complexity 
upon heating. Our observations confirm that the mechanical and 
chemical characteristics of the NMC particle are highly correlated at 

Fig. 3 Mechanical breakdown of a charged NMC622 secondary 
particle under thermal abuse conditions. Panel a shows the 
virtual slices through the center of the particle in different 
orientations. Panel b shows the corresponding slices after the 
particle was exposed to thermal abuse condition at 380 C for 
~4 hours. Panel c shows the segmentation of the cracks within 
the particle before (top) and after (bottom) the thermal 
treatment. Panel d shows the quantification of the particle’s 
porosity, surface area, volume, morphological complexity (see 
Fig. S2) and averaged edge energy before and after the heating 
process. The scale bar in panel a is 5 microns. 

Fig. 4 Three-dimensional mapping of the transition metal elements within the thermally abused Li0.5Ni0.6Mn0.2Co0.2O2 particle. Panel a is the 
single energy (8349 eV) nano-tomographic data: the 3D rendering and three virtual slices through different depth of the particle in the xz 
plane. Panel b are the virtual slices through the center of the particle in xz plane. The left image in panel b is the single energy tomographic 
data while the other images in panel b are the corresponding elemental maps of Mn, Co, and Ni, respectively, over the same plane. The 
low contrast protrusions on the particle surface (black arrows) do not appear in the maps of the transition metals. The scale bar in column 
a is 2 microns. 
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the mesoscale. The battery electrode’s self-heating effect (in 
particular under fast charging conditions) could, therefore, lead to 
rearrangement of the mesoscale current distribution through 
mechanical disintegration of the secondary particles. The altered 
current density distribution could effectively redistribute the heat 
load, which, in turn, will trigger more complicated thermally driven 
reactions in the system.  

In addition to the mesoscale mechanical breakdown, shown in the 
nano-tomographic data, we also observe some nearly transparent 
features on the particle surface after the thermal treatment. As 
shown in the virtual slices through different depth on the particle 
(Fig. 4a), the protrusions (see black arrows in Fig. 4a) on the particle 
surface are of much smaller absorption coefficient at 8349 eV 
comparing to that of the particle. We further conducted the nano-
tomography at 6 different x-ray energies, above and below the 
absorption K-edges of Mn, Co, and Ni, respectively (Fig. S4). As shown 
in Fig. 4b, the protrusions on the particle surface are canceled out 
when calculating the differential nano-tomographic data above and 
below the absorption edges for the extraction of the maps specific to 
the corresponding transition metal elements. To further support this 
argument, scanning electron microscopy (SEM) and energy 
dispersive spectroscopy (EDS) are employed to reveal the 
composition of the observed protrusions (Fig. 5). The local EDS result 
(Fig. 5b) confirms that the protrusions over the particle surface is free 
of transition metals, in good agreement with the TXM data shown in 
Fig. 4. 

 
Similarly, the thermally induced Li compound protrusions are also 

observed in an in operando x-ray imaging experiment of hollow 

spherical LiNi0.4Mn0.4Co0.2O2 (NMC442) particles (Fig. 6) prepared by 
a spray pyrolysis method.3,41 In this case, the protrusions appear to 
be whiskers growing on the particle’s surface. A thin layer (~1 µm) of 
the whisker is already observed after the particle is heated for only 
1.5 hours. It continues to develop in a very inhomogeneous manner. 
It is interesting that the morphology of the Li compound protrusions 
is very different depending on the composition of the starting 
material. The Li compound protrusions with different morphology 
could have different impacts. The protrusion in the form of whiskers 
could potentially facilitate the direct interaction among different 
particles that are spatially separated by tens of microns, whereas the 
first direct impacts of the lump-shaped protrusions are more likely to 
be confined locally. 

The thermally driven development of Li compound protrusions on 
charged NMC cathode particle surface is an unanticipated 
phenomenon. While the metallic Li dendrite growth is a known issue 
for battery operation, it often emanates out of the Li metal anode. 
High local current density induced self-heating effect has been 
reported to favor the suppression of Li dendrite growth in Li-sulfur 
batteries by facilitating extensive surface migration of Li metal.34 The 
protrusions observed in our experiment survives the temperature at 

up to 380 C, which is significantly higher than the melting point of Li 

metal at ~180 C. As a result, we rule out the metallic Li as a 
possibility and conjecture that the protrusions on the particle surface 
is likely in the form of Li2O, Li2CO3 or LiOH. The thermally driven 
development of the Li protrusions causes irreversible consumption 
of useful lithium in the battery. Depending on the composition and 
the properties (e.g. electronic and ionic conductivities) of the 
protrusion compound, this effect could affect the cathode-
electrolyte interphase and cause the rearrangement of the electron 
and ion diffusion pathways and, subsequently, reduce the Coulombic 
efficiency, shorten the battery life, and/or cause the capacity fade. 

 

3. Conclusions 

While lithium ion batteries are often designed to be operated within 
a mild temperature window, extreme temperature spikes could 
occur due to many reasons. In particular, at the nano to meso scales, 
the structural and chemical complexity could lead to very large local 
current, which could induce severe local self-heating effect.34 Under 
thermal abuse conditions, the charged battery electrode material 
undergoes sophisticated reactions that involve chemomechanical 
interplay at many different length scales. In this work, we 

Fig. 5 Scanning electron microscopy (panel a) and energy 
dispersive x-ray spectroscopy (panel b) of an NMC particle that 
has gone through the thermally abuse conditions (380 C for ~4 
hours). 

 

Fig. 6 Thermally driven Li compound protrusions growth on the 
surface of hollow spherical LiNi0.4Mn0.4Co0.2O2 particles, which 
are prepared by spray pyrolysis method. Panels a-f are in situ 
monitoring of the particle with interval of 1.5 hours. The scale 
bar in panel a is 5 microns. 

 

Fig. 7 Schematics of the thermally driven mesoscale 
chemomechanical interplay in charged NMC particles. While the 
electrochemical cycling induces the initial SOC heterogeneity and 
particle cracking, thermal abuse conditions cause redistribution 
of Li within the particle and lead to additional mechanical 
breakdown at mesoscale, which is accompanied by oxygen 
release. Further heating could lead to Li compound protrusions 
on the particle surface. 
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systematically investigate the response of the Li0.5Ni0.6Mn0.2Co0.2O2 

cathode particles to the elevated temperature up to 380 C. 
Synchrotron based characterization techniques42 including x-ray 
microscopy, hard and soft x-ray absorption spectroscopy are 
combined with SEM-EDX to elucidate the thermally driven reaction 
mechanism at the mesoscale, which is illustrated in Fig. 7. While the 
morphological defects and SOC heterogeneity were already induced 
by the electrochemical cycling prior to the thermal abuse, elevated 
environmental temperature causes oxygen release, which is 
associated with more crack formation at both the nanoscale and 
mesoscale. In the early stage of the heating process, we observed 
thermally driven redistribution of Li within the particle. Further 
thermal abuse will lead to extraction of Li from the host material, 
likely in the forms of Li2O, Li2CO3 or LiOH. The morphology and 
growing speed of the Li protrusions are heavily dependent on the 
composition of the host material. This phenomenon was observed in 
the heating experiments in the atmosphere of both helium and air. 
Our study suggests that the phase transformation under thermal 
abuse conditions is a collective process of losing lithium and oxygen 
from the lattice. Depending on the chemical and physical properties 
of the Li-based protrusions, this effect could influence the cell level 
chemistry via rearranging the electron and ion diffusion pathways 
and, subsequently, reduce the Coulombic efficiency, shorten the 
battery life, and/or cause the capacity fade. The irreversible 
consumption of the Li inventory in the cell will also negatively impact 
the overall functionality of the system. 
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In-operando observation of the thermally-driven evolution of charged NMC cathode offers 

valuable insights relevant to battery performance and safety. 
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