
In Situ Monitoring of Thermally Induced Effects in Nickel-Rich
Layered Oxide Cathode Materials at the Atomic Level
Anuj Pokle,* Shamail Ahmed, Simon Schweidler, Matteo Bianchini, Torsten Brezesinski, Andreas Beyer,
Jürgen Janek, and Kerstin Volz*

ABSTRACT: The thermal stability of cathode active materials (CAMs) is of major importance for the safety of lithium ion batteries
(LIBs). A thorough understanding of how commercially viable layered oxide CAMs behave at the atomic length scale upon heating
is indispensable for the further development of LIBs. Here, structural changes of Li(Ni0.85Co0.15Mn0.05)O2 (NCM851005) at
elevated temperatures are studied by in situ aberration corrected scanning transmission electron microscopy (AC STEM). Heating
NCM851005 inside the microscope under vacuum conditions enables us to observe phase transitions and other structural changes at
high spatial resolutions. This has been primarily possible by establishing low dose electron beam conditions in STEM. Specific focus
is put on the evolution of inherent nanopore defects found in the primary grains, which are believed to play an important role in LIB
degradation. The onset temperature of structural changes is found to be ∼175 °C, resulting in phase transformation from a layered
to a rock salt like structure, especially at the internal interfaces, and increasing intragrain inhomogeneity. The reducing environment
and heat application lead to the formation and subsequent densification of {003} and {014} type facets. In the light of these results,
postsynthesis electrode drying processes applied under reducing environment and heat, for example, in the preparation of solid state
batteries, should be re examined carefully.
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■ INTRODUCTION

The increasing demand for improved energy density, safety,
and longer cycle life is pushing the lithium ion battery (LIB)
technology.1,2 Layered lithium metal oxide cathode active
m a t e r i a l s ( C A M s ) , e s p e c i a l l y N i r i c h
Li1+x(Ni1−y−zCoyMnz)1−xO2 (NCM), are already commercially
available and applied in LIBs. Although increasing the Ni
content in a CAM boosts the overall specific capacity, it results
in structural instability, capacity fading, and safety issues due to
outgassing.3−11 However, the microscopic mechanisms of
electrochemical and thermal degradation in Ni rich NCM are
not fully understood yet. In addition, more research is required
on the effect of electrode preparation methods before the cell
assembly.12−15 The drying process of electrodes, especially in
the fabrication of solid state batteries (SSBs), is typically
undertaken in vacuum (∼100 Pa) and at high temperature
conditions.13,15,16 Because of the reducing environment and
heat application (≤300 °C), the Ni rich NCM CAM can

undergo structural changes even before electrochemical
cycling. Furthermore, the results also shed light on CAM
degradation above 300 °C that can occur in the case of a
thermal runaway.17,18 Consequently, understanding the mech
anism of degradation at high temperatures in real time (in situ)
might open up new ways to improve the material’s stability.
Other than temperature, the oxygen activity in the surrounding
gas environment is a thermodynamic variable that influences
degradation. We will, therefore, consider its effect in the
Results and Discussion section.
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Scanning transmission electron microscopy (STEM) is a
unique characterization tool that gives structural insights at
high spatial resolutions. The image contrast in the high angle
annular dark field (HAADF) regime is proportional to the
atomic number (∼Z1.7),19,20 which helps to provide elemental
information. For example, in the presence of a transition region
comprising a rock salt like structure, the lithium sites will start
to show intensity in the HAADF regime due to an increase in
average Z, resulting from transition metal migration to these
sites (after the phase transition). Likewise, thicker regions (of
the same average Z) scatter more electrons, thereby providing
information about changes in specimen thickness via the so
called mass thickness contrast. These contrast change
interpretations are crucial, specifically to track phase transitions
at atomic resolution and variations in mass thickness. A
substantial amount of research has been carried out on layered
CAMs [e.g., NCM, LiNi1−x−zCoxAlzO2 (NCA), or LiCoO2
(LCO)] to study phase transitions, crack formation, and
oxygen evolution during high temperature measurements. The
recent findings suggest the transformation of the layered
structure and formation of a rock salt like layer at the primary
grain boundaries, intragranular cracks, and additional pores
formation (due to O2 and CO2 release) at temperatures above
200 °C.3,4,8,21−27

The majority of the in situ (heating) S/TEM work is either
performed on powder samples or CAMs cycled to high
voltages (4.8 V charge cutoff vs Li+/Li).23,28 In the present
study, we concentrate on inherent defects in commercially
relevant Ni rich NCM, namely, nanopores. Nanopores are
already present after synthesis and have recently been shown to
undergo complex structural development upon cycling.29 We
suggest that nanopores and grain boundaries play an important
role in CAM degradation, in addition to the well documented
role of the surface. One important aspect is to observe their
thermal stability at high spatial resolution, which has yet not
been reported. Additionally, structural degradation of CAM
upon heating is more severe after the material underwent
electrochemical cycling. In this report, we use NCM851005
(85% Ni) CAM recovered after 100 cycles (with a practical
cutoff voltage of 4.2 V in a full cell with a graphite anode) to
capture the effects of thermal treatment in the electrochemi
cally cycled material.30,31

We investigate structural and compositional changes around
nanopores in primary grains at high resolution (HR) by
aberration corrected STEM (AC STEM). The sample is
studied in situ under low dose imaging conditions employing
a heating micro electromechanical system (MEMS) chip [also
refer to Figure S1 in the Supporting Information (SI)] from
room temperature (RT) to ∼500 °C at regular temperature
intervals. To ensure that the results represent a true picture of
the structural development of primary grains upon heating,
NCM851005 secondary particles (composed of densely
packed primary grains) are used.

■ RESULTS AND DISCUSSION
Development of Internal Defects and Facet For-

mation. Figure 1 shows the step by step nanopore evolution
at different temperatures. The nanopore is found within a
primary grain in a cycled secondary particle, as shown in Figure
S2 in the SI. Compared to the pore boundary at RT in Figure
1a, 1b shows a subtle change (at ∼175 °C), as the contrast
increases at the nanopore boundary, followed by a lower
intensity at the nanopore center (also refer to Figure S3.1a,b in

the SI). This is likely due to oxygen release, which typically
results in the phase transition to a rock salt like structure on
the surface of Ni rich NCM CAMs.21 The appearance of
intensity peaks at the Li sites, marked by the black arrows in
Figure 1b, further supports the presence of the transition
region. As evident from Figure 1c,d, the peak intensity
increases with increasing temperature, indicating an increasing
amount of the transformed phase. At ∼200 °C, the growth of
other nanopores is also seen (also refer to Figure S3.1c,d in the
SI). Sharp facets can be observed at ∼225 °C, as shown in
Figure 1c (also refer to Figure S3.2 in the SI). This suggests a
correlation of the facets emerging with the occurrence of
structural reconstruction layers. Transition metal (TM)
migration into the interslab layer, thereby replacing Li, is
observed (marked by the blue arrows in Figure 1c,d), due to
the high atomic column contrast (also refer to Figure 3,
marked by blue arrows). The peak intensities are displayed as
insets for better tracking of phase transformation, as the TM
migration is hard to visualize considering the low beam dose
(refer to Video A1 for better visualization).
At elevated temperatures, we detect the onset of

densification and roughness in the layered [003] direction
(marked by the top dotted line in Figure 1c), followed by the
appearance of sharp (1 1 4) and (1 1 8) plane facets (also
refer to Figure S3.2 in the SI). This shows that the formation
of the reconstruction layer is not uniform and highly
dependent on the crystalline facets. A similar observation
was made on LiNi0.80Co0.15Al0.05O2 primary nanoparticles by

Figure 1. HAADF micrographs of the nanopore (also refer to Figure
S2 in the SI) at different temperatures in the [210] zone axis with a
color overlay. (a) Room temperature (RT), also showing an antiphase
boundary (white line). (b) Formation of higher and lower contrast
regions (red and yellow marked areas, respectively) at ∼175 °C. The
lower contrast region advances further in (c, d). (c) At ∼225 °C,
sharp boundaries and facets are formed, as denoted by the black
dotted lines (also refer to Figure S3.1,3.2 in the SI). The white arrows
indicate an increase in mass thickness contrast [also in (d)], and the
blue arrows indicate a phase transition region, which then advances to
the central region in (d) at ∼250 °C. The insets show intensity
profiles from the areas marked by the green dotted line in each image.
The intensity peaks in (a) reflect the transition metal column
intensity. The black arrows indicate the gradual appearance of
intensity at the Li sites in (b−d). Also refer to Video A1 in the SI for
better visualization.
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Zhang et al., where a rough reconstruction morphology
appears at the (003) surfaces compared to the non (003)
type facets.32 Interestingly, it was predicted that the growth of
relatively sharp non (003) type facets becomes favorable in a
reducing environment (due to the high vacuum condition in
S/TEM) and during heating.33 To the best of our knowledge,
this theoretical prediction has never been proven experimen
tally before. As the temperature is increased further to ∼250
°C, the nanopore boundary gets diffuse, displaying high mass
thickness contrast (white arrows) along with phase transition
regions (blue arrows in Figure 1d). Nonetheless, similar to
electrochemical cycling, sharp boundary and facet formation
(from ∼175 to ∼225 °C, Figure 1b,c), followed by diffuse
boundaries (at ∼250 °C, Figure 1d), are observed.29

One can clearly observe the layered to rock salt like
transition because of TM migration at the nanopore boundary
area as the dominant process, which can be seen in more detail
in Figure 2. Here, a comparison of a nanopore boundary at RT

and after heating to ∼250 °C is shown. The HR STEM
micrograph was obtained from the region illustrated in Figure
S4 in the SI. The comparison of Figure 2a,b clearly shows that
the nanopore boundary encounters a phase transition from a
layered to the rock salt like structure. It is important to note
that the image in Figure 2b was obtained by focussing the
STEM probe on the boundary area, as compared to Figure 1d.
The focus plane from the nanopore central region to the
boundary area significantly changes (also refer to Figure S4b in
the SI). This is not the case for the RT image in Figure S4a in
the SI, thus highlighting the fact that the rock salt like
reconstructed phase grows epitaxially on the layered phase.
These observations are similar to previous results from ex

situ experiments on electrochemically cycled NCM851005
(driven by oxygen release and surface reconstruction).29 This
suggests that prolonged electrochemical cycling and applica
tion of heat may have a similar effect on nanopore evolution.
Oxygen release is inevitably linked with structural rearrange
ment, which has been shown to occur during the initial
electrochemical cycles, depending on the charge cutoff
potential (or state of charge).34−36 We will discuss the
apparently similar effect of electrochemical cycling and
application of heat in some more detail in the final section.
Thermal Stability of the Antiphase Boundary (APB).

Defects, including APBs, are believed to cause hindrance to
lithium pathways within otherwise homogeneous materials,
and their effects on the performance of CAMs are much under
debate.37,38 In the case of oxide CAMs, to the best of our

knowledge, APBs have only been observed in epitaxially grown
LCO thin films and electrochemically cycled spinel
LiNi0.5Mn1.5O4 (LNMO).39−42 It should be noted that we
refer to APBs for simplicity here, but what is found in ionic
crystals would be more appropriately described as cationic
APBs, i.e., the antiphase defect affects the cationic sublattice
while leaving the oxygen one unaffected.43 At the nanopore
edge within a primary grain, we found an APB, which is
denoted as a white line in Figure 1a. Because we are using a
sample that has been electrochemically cycled, we suggest the
APB may have formed as a consequence of inhomogeneous Li
ion transport, especially during the delithiation process.41,44

Nevertheless, the APB formation may as well have been a
result of the material’s synthesis process.45 Because the role of
nanopores in the formation of APBs in Ni rich NCM has not
been clarified yet, it clearly needs further study.
Figure 3 shows an in depth analysis of the stability of such

APB at elevated temperatures. Even though the nanopore
underwent phase transformation on its surface with new facet
formation (also refer to Figure S3.2 in the SI), the APB region
is found to be stable up to ∼275 °C, after which imaging is not

Figure 2. HAADF micrograph in the [210] zone axis of the same
nanopore boundary region (also refer to Figure S4 in the SI) showing
(a) layered structure at room temperature (RT) and (b) transition
into a rock salt like structure at ∼250 °C.

Figure 3. HAADF micrographs showing the antiphase boundary
(marked by the white line) at different temperatures. (a) At room
temperature (RT), (b) ∼175 °C, (c) ∼200 °C, (d) ∼225 °C, (e)
∼250 °C, and (f) ∼275 °C. The red arrows in (b) denote the brighter
rim formation, whereas the blue arrows in (d−f) indicate the phase
transition region within the nanopore area. The insets are intensity
profiles from the area denoted by the green dotted lines. The four
peaks in (a−c) reflect the transition metal column intensity. (d−f)
Gradual appearance of intensity at the Li sites is indicated by black
arrows.
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possible due to rapid structural disorder and specimen drift.
The inhomogeneity in TM distribution at high temperatures
can be seen when comparing the boundaries of the nanopore
defect area. The intensity at the Li sites, which provides clear
evidence of TM migration, previously emerged at ∼175 °C
(Figure 1b). Interestingly, this is observed near the APB only
at ∼225 °C (Figure 3d), suggesting that the phase transition
close to the APB occurs at higher temperatures. In addition, no
evidence of new facet formation is found in the APB area, as
compared to the rest of the nanopore boundary region. The
observations of a higher onset temperature for decomposition
and absence of new facets indicate better stability of nanopore
regions in the presence of APBs, which may then be exploited
as a useful tool in tailoring the structural integrity and therefore
the electrochemical properties of CAMs.39,46,47

Nanoparticle-like Growth in the TM-Enriched Re-
gions. The thermal stability of the CAM plays a crucial role in
triggering thermal runaway situations, where temperatures well
above 250 °C can be reached (more details in the final
section).18 Hence, here, we study the NCM evolution and, in
particular, the nanopore regions at these elevated temperatures.
At temperatures > 250 °C, the stage drift is significant and
collecting data at high spatial resolutions is challenging. The
bending of the silicon carbide/nitride membrane (MEMS
chip) at elevated temperatures adds to the challenge.
Acceleration in structural modulations across the primary
grains at high temperatures is also seen. An increase in mass
thickness contrast is noticeable at ∼275 °C in Figure 4a (also

refer to Videos A1 and A2 in the SI). Figure 4b,c shows the
transition of the nanopore edges into a nanoparticle like phase
from ∼275 to ∼325 °C, as denoted by orange arrows in Figure
4c. The appearance of TM depleted regions (denoted by black
arrows in Figure 4b), followed by TM enriched regions
(denoted by orange arrows in Figure 4c), indicates the
formation of a TM rich nanoparticle like microstructure of
amorphous nature. Nanoparticle like growth was found to be
dynamic and unstable. Furthermore, a rapid change in mass
thickness contrast, particularly in the layered direction, is
observed at ∼400 °C (Figure 5). Investigating the primary
grains at HR revealed a polycrystalline rock salt type phase
(also refer to Figure S5 in the SI). The polycrystalline nature of
the primary grain makes orientation in a specific zone axis
challenging.
To further drive the transformation process, the temperature

was increased to ∼500 °C, placing the NCM in an even more
reducing environment. At this temperature, separation into two
phases were observed. A nanoparticle phase is confirmed,
which was e beam robust, next to extremely e beam sensitive

degraded regions (also refer to Figure S6 in the SI).
Interestingly, Hwang et al. reported the formation of pure Ni
nanoparticles on the surface of the cathode at elevated
temperatures of ∼400 °C.3 However, the sample was prepared
by sonicating powdered material to ensure proper dispersion of
nanoparticles. Because the CAM under investigation here is in
the form of a secondary particle, the grain boundary potential
may play a role in the degradation process.48 As can be seen in
Figure S7a in the SI, the HR micrograph of Ni nanoparticles
has a face centered cubic [110] structural appearance. Even
though the Ni nanoparticles were e beam robust, HR imaging
is not trivial. Structural modulation is induced while scanning,
as Ni exhibits ferromagnetic behavior,49 and the presence of
the objective lens magnetic field inside the S/TEM column is
also problematic (∼2−3 T).50

To gain further chemical information, energy dispersive X
ray (EDX) spectroscopy and electron energy loss spectroscopy
(EELS) were performed. Figure 6a shows the EDX map of Ni
obtained from the region marked in Figure S6 in the SI.
Because the EDX spectra in the degraded region were not
conclusive due to damage, EELS data of the Li K edge, the O
K edge, and the Ni L edge were collected.51−53 Apart from the
presence of the Ni L edge (Figure 6b, red line), the absence of
the O K edge (Figure 6c, red line) confirms the presence of
reduced, likely Ni metal nanoparticles. On the contrary, the
degraded area showed the presence of oxygen (Figure 6c, blue
line) with a subtle Ni L edge signal (Figure 6b, blue line). The
absence of an O K pre edge (below 530 eV) in the degraded
regions further confirms complete transformation (decom
position) of the layered structure. Nonetheless, interpreting
EELS data taken from e beam sensitive regions is challenging.
The presence of Ni in the degraded region is also supported

by capturing the dynamics of the atomic clusters (also refer to
Video A3 in the SI). Additionally, the Ni M edge is present in
both phases, with a subtle Li K edge signal in the degraded
area, as shown in the inset of Figure S6 in the SI. This confirms
that the degraded area mostly contains lithia (Li2O),52

decorated by Ni atomic clusters in a rock salt like NiO
phase. To further confirm the proposed phases of Ni, NiO, and
Li2O, precession electron diffraction (PED) was performed on
the same nanoparticle region.54,55 Coupled with the ASTAR
tool, the scanned precession patterns showed the nanoparticle
to be composed of Ni metal surrounded by “NiO” and Li2O
phases (refer to Figure S7b,c in the SI). Hence, investigating
the CAM in situ at various steps from RT to ∼500 °C reveals a
complex deterioration mechanism

Figure 4. HAADF micrographs (a) at ∼275 °C showing an increase
in mass thickness contrast (white arrows), (b) at ∼300 °C showing
TM depleted regions (black arrows), and (c) at ∼325 °C showing
apparent nanoparticle like growth at the nanopore boundary and its
vicinity (orange arrows). Also, refer to Video A2 in the SI.

Figure 5. (a) HAADF micrographs of a primary grain at ∼400 °C.
(b) Zoomed in region marked in (a) showing rock salt like nature.
The inset in (b) is the respective rock salt model in the [211] zone
axis with oxygen atoms in red and transition metals in gray (also refer
to Figure S5 in the SI).
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where the stoichiometric coefficients are omitted.
The overall results suggest a structural transformation from a

layered to a rock salt like structure, accompanied by TM
reduction, which agrees well with the thermal decomposition
studies done using X ray diffraction (XRD). Even the
formation of a metallic phase (most probably Ni) has been
reported in some cases under rather reducing condi
tions.21,24,56 However, we note that the cause of this was
most likely due to the fact that the experiment was conducted
under an inert atmosphere (using He as a carrier gas for mass
spectrometry) rather than heating in air or oxygen. As STEM
enables us to gain structural and chemical information at high
spatial resolutions, we can conclude that the pore and grain
boundaries act as catalyzing sites for nanoparticle formation.
This suggests that along with the grain boundaries, the
nanopore boundaries also play a role in the thermal
degradation process.
Comparison of Structural Changes to Cycling and Its

Implications. Finally, we compare the structural changes
observed during the in situ heating experiment to those of long
term cycled NCM851005, investigated in our previous ex situ
study. There, a pristine sample was compared to samples that
were electrochemically cycled 200 and 500 times. The latter
ones revealed structural changes from the layered to the rock
salt like phase in and around the nanopores.29 The in situ
heating experiment shows a similar structural reconstruction
around the nanopore in real time and the densification of
facets. The facet appearance at ∼225 °C (Figure 1) is
comparable to that of the sample after 200 cycles (also refer to
Figure S8 in the SI). The ultrahigh vacuum in the S/TEM
column (p ≈ 1.2 × 10−5 Pa) changes the oxygen chemical
potential, which thermodynamically destabilizes the NCM
CAM and significantly facilitates the loss of oxygen. In a LIB,
some oxygen is instead lost at a high state of charge, resulting
in the analogous formation of a rock salt type surface. The
application of heat enhances the transformation into the rock
salt like phase at the nanopore boundaries, followed by Ni
nanoparticle formation.27 In case of the electrochemically
cycled samples, the structural degradation process takes much

longer due to slower kinetics at lower temperatures (it typically
occurs during the course of prolonged cycling).
One should note that our findings are also relevant to SSB

cell preparation, where common practice is to dry the electrode
in vacuum at elevated temperatures (up to ∼300 °C) for a
certain time (up to ∼12 h).15,57 In our in situ STEM
experiments, at such conditions, the primary grains undergo
major phase transitions already, prior to any electrochemical
characterization. This might also be the reason for the findings
of Pritzl et al.,13 where it is reported that the battery capacity is
substantially reduced when the drying temperature of
NCM851005 (after a washing process) is increased from 25
to 300 °C. Further work is required in the future to verify the
applicability of our findings to real battery working conditions.
Meanwhile, our work serves as an important note of caution
for experimentalists processing CAMs and using high temper
atures in doing so, both for liquid and solid state battery
applications.
Furthermore, our study on the heating of CAMs above 300

°C is relevant to unforeseen battery failure situations. If the
temperature in LIB exceeds a critical level, a chain reaction can
lead to thermal runaway. In this case, temperatures can
increase exponentially, reaching values even beyond 800
°C.17,18 Hence, the present study enables us to understand
the CAM degradation mechanism, even in critical failure
situations.

■ CONCLUSIONS

In this report, we carried out an in situ thermal investigation of
nanopore development in NCM851005 CAM using STEM.
We have observed that structural changes occur at ∼175 °C
and a further temperature increase results in the densification
of the nanopore boundaries, which form facets at ∼225 °C. At
higher temperatures, the newly formed sharp facets get diffuse,
showing a rock salt like phase. We found that the primary grain
response upon heating at moderate temperatures is similar to
what is observed regarding the phase change during prolonged
electrochemical cycling. At higher temperatures, Ni nano
particle formation is apparent, which is not the case in battery
cycling. Intriguingly, under heat application, the theoretical
prediction of the development of rough (003) and sharper
non (003) type facets was seen experimentally for the first

Figure 6. (a) EDX map of Ni at ∼500 °C. EEL spectra of (b) Ni L edge (∼852 eV) and (c) O K edge (∼530 eV). The spectra in blue were
collected from the degraded area, and those in red were collected from the nanoparticle. Also refer to Figures S6 and S7 in the SI for further EDX,
HR STEM, and PED analyses.
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time. The thermal stability of an APB region was proven at
high spatial resolution (up to ∼275 °C), which seems to
preserve the structural integrity around the nanopore.
Further heating of the primary grains reveals an elaborate

phase transition from the layered to the rock salt like structure,
followed by nanoparticle formation. The nanoparticle like
structure formation in TM rich regions unfolds the role of
nanopores in the degradation mechanism. In the final stage of
thermal decomposition at ∼500 °C, separation of NCM
primary grains into metal nanoparticles (Ni) and Li2O
decorated by Ni clusters occur. Importantly, the results in
the low to medium temperature range also suggest reconsider
ing cell preparation guidelines (i.e., the electrode/CAM drying
processes) for both LIBs and SSBs.

■ EXPERIMENTAL DETAILS
Synthesis of NCM851005, Cell Construction, and Electro-

chemical Characterization. The samples were prepared as
described in ref 29. Since the sample cycled to 200 cycles and
above showed severe local phase transformations like nanopore
boundary evolution (with facet formation) and formation of
polycrystallinity with oxygen channels within the primary grains,29 a
lower cycled (100 cycles) sample was chosen to observe the thermal
impact in an electrochemically cycled CAM. Only Figure S8 in the SI
is obtained from a sample cycled to 200 cycles to compare the
structure modulation with the sample under heat treatment.
Sample Preparation. SEM imaging and S/TEM sample

preparation were done using a JEOL JIB 4601F dual beam system
capable of operating at 1−30 kV for the electron and Ga ion beam,
respectively. The secondary particle of an NCM851005 electrode,
which was cycled for 100 times, was first coated using an e beam
assisted carbon and tungsten (C/W) deposition, followed by a Ga
ion assisted 2 μm thick C/W layer. The secondary particle was then
lifted using a micromanipulator and attached to a TEM omniprobe
Cu grid having a preprepared Si lamella, as shown in Figure S1b in the
SI. This was done to avoid W redeposition on the NCM lamella in the
second transfer step.
A cross sectional, electron transparent sample is achieved by

thinning using 30, 15, 10, and 5 kV, followed by a 3 kV ion beam. For
final polishing, a Fischione NanoMill 1040 is used to perform gentle
milling using an Ar ion beam. The lamella is then transferred to the
heating MEMS chip. Refer to Figure S1 in the SI for further
illustrations.
Material Characterization. A double Cs corrected JEOL JEM

2200 FS equipped with an in column omega filter was exploited for
STEM characterization. All images in this paper are high angle
annular dark field (HAADF) images taken by setting the inner and
outer angles of the annular dark field detector to 70 and 180 mrad,
respectively. The microscope was operated at 200 kV with a 15.07
mrad convergence angle. The beam current used was ∼6 pA. Image
analysis (including intensity profiles) was carried out using Gatan
Digital Micrograph and ImageJ software. The structure models in the
inset were obtained from VESTA software.58 The influence of the
beam damage was reduced by collecting several individual fast
acquisitions and aligning by the Smart Align script.59 During HR
STEM acquisition, the e beam dose was restricted to ∼5000 eÅ−2,
and for higher temperatures of ∼275 °C, the dose was further reduced
to ∼2500 eÅ−2. Here, it is important to note that the electron dose
used in previous studies while acquiring HR images was significantly
higher at ∼106 eÅ−2.23 High e beam dose will primarily result in e
beam induced changes, followed by damaging the structure if one
plans to collect sequential data at different temperatures at the same
region.51,60 The Ni, NiO, and Li2O phase maps were obtained with a
JEOL JEM 3010 300 kV LaB6 cathode filament equipped with an
ASTAR (NanoMEGAS) device. The PED patterns were obtained
with the lowest e beam dose possible using the smallest condenser
aperture at spot size 5. The crystallographic information framework
(CIF) files of Ni metal, NiO, and Li2O were received from the

Inorganic Crystal Structure Database (ICSD) to generate the
diffraction templates. The spatial resolution and phase identification
reliability are limited by the electron gun type, spherical aberration
(Cs), beam diameter (∼10 nm), and the precession angle (∼0.6°).

Although the electron dose was kept at a minimum, it is crucial to
verify the role of e beam induced effects. An overview image is shown
in Figure S9 in the SI taken before and after heating to ∼400 °C. The
nanoparticle like formation was seen throughout the primary grains,
especially at the grain boundaries (with bright rim like formations
marked with orange arrows). It is important to note that the regions
that did not see any e beam during heating also showed the
nanoparticle like phase appearance. This excludes a mere e beam
induced effect. However, one cannot completely ignore the influence
of the beam, as we did observe more nanoparticle like formation in
the investigated primary grain (black dotted rectangle in Figure S9 in
the SI). Nonetheless, the onset of nanoparticle like formations in the
TM enriched regions at the nanopore/grain boundaries was observed
throughout the secondary particle.

The in situ STEM heating experiment was performed on the
Protochip Fusion holder using a MEMS chip having SiN windows.
The sample was prepared by a focused ion beam (FIB) preparation
approach to mimic the real grain boundary conditions, unlike in the
case of standalone nanoparticles.3,4,8 The MEMS chip was used, as it
has precise heating control. Also, refer to Figure S1 in the SI. The
temperature was increased at a rate of 0.1 °C/s, and data were
collected after every 15 °C increase (holding for 5 min each before
collecting any data). By FIB, the center SiN window was removed
before placing the lamella. This ensured better spatial resolution with
a lower beam dose.
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