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Abstract: Deciphering the fundamental triggers of thermal instability in ultra-high
nickel cathodes is vital for advancing safe, high-energy-density lithium-ion batteries.
In this work, we present a reaction device that enables operando synchrotron XRD,
XAFS, and online mass spectrometry (OMS) measurements simultaneously,
individually, or in paired combinations under identical heating and gas conditions.
Using delithiated NCM96 as a model cathode, the complementary measurements
correlate structural degradation, transition-metal redox evolution, and gas release
during thermal decomposition, providing comprehensive insights into the thermal
instability of high-nickel cathodes. Our findings reveal that thermal failure is a
synergistic process initiated by electronic instability and the onset of lattice oxygen
loss at approximately 175 °C. Operando XRD identifies a distinct H3-to-H2 structural
relaxation and subsequent amorphization, while XAFS captures rapid Ni reduction
and local coordination expansion between 185-330 °C. These electronic and local
fluctuations drive the bulk phase transition from layered to spinel, which is tightly
coupled with a dominant oxygen evolution event (Or; comprising 74.9% of total O,
release) and a vigorous exothermic response at ~210 °C. This study provides a refined
mechanistic view of thermal instability of ultra-high Ni cathodes, offering a blueprint
for the design of thermally safe high-nickel cathodes.

Keywords: operando XRD; online mass spectroscopy; thermal runaway; cathode
materials; Ni-Co-Mn layered oxide

1. Introduction

Lithium-ion batteries (LIBs) have become the fundamental technology supporting the growth of electric
vehicles (EVs) and large-scale energy storage systems [1]. As energy and power densities continue to improve,
the thermal safety of batteries under complex conditions (e.g., overcharging, mechanical abuse, internal short
circuits, and high temperatures) has become a critical issue [2—5]. Recent thermal runaway incidents in energy
storage plants and EV batteries highlight that battery safety is now an engineering challenge affecting the stability
of energy systems, thus becoming a bottleneck for the high-quality development of the new energy industry [6].
In practical applications, the pursuit of higher specific energy, faster charging capability, and wider operating
windows has continuously narrowed the safety margin of LIBs [7,8]. Under these increasingly demanding
conditions, local heat accumulation and parasitic reactions can be intensified, making it more difficult to suppress
the initiation and propagation of thermal runaway [9]. Therefore, understanding the origin and evolution of thermal
instability is essential for the safe deployment of next-generation LIB technologies.
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Thermal runaway in LIBs is generally regarded as a self-amplifying process involving three stages: initial
trigger (SEI decomposition at the anode), accelerated propagation (separator failure and internal short circuit), and
final uncontrolled failure (cathode decomposition and intense heat release) [10-13]. Among these processes, the
thermal decomposition of cathode materials under highly delithiated and elevated-temperature conditions is widely
recognized as a critical step, because it is closely associated with intense heat generation and oxygen release [14].
This issue is particularly severe in high-nickel layered oxide cathodes, such as LiNixCoyMn;—-yO> (x > 0.6, high-
nickel NCM), which offer high capacity and low cost but suffer from deteriorated thermal stability at deep
delithiation states. Previous studies have shown that charged high-nickel NCM can undergo layered structure
degradation and subsequent transformation into spinel- and rock-salt-like phases, accompanied by oxygen release
and transition-metal reduction [15—17]. More importantly, these processes are strongly coupled with changes in
the local coordination environment and lattice stability. Once the cathode reaches a highly delithiated state, the
weakened TM—O framework, enhanced cation migration tendency, and increased lattice oxygen activity can
collectively facilitate structural collapse and oxygen evolution [18,19]. Therefore, cathode decomposition is not
simply a consequence of thermal runaway, but a central process governing its escalation.

Despite various proposed mitigation strategies, including material doping, coating, and advanced thermal
management, fully preventing accidents remains difficult due to a lack of clear understanding of the intrinsic
reaction pathways and their dynamic coupling mechanisms [20-22]. To achieve inherent battery safety, it is vital
to systematically uncover the correlations between structural evolution, electronic state changes, and oxygen
release behaviors during thermal decomposition. Considerable efforts have been devoted to this issue from
different experimental perspectives. Synchrotron-based time-resolved X-ray diffraction (XRD) studies have
shown that charged high-Ni layered cathodes undergo progressive transformation of the layered framework into
spinel- and rock-salt-like phases upon heating [23,24]. Further structural investigations suggested that this process
may involve intermediate phases, such as the Ol phase or spinel-like domains, highlighting the structural
complexity of thermally induced phase transitions in high-Ni cathodes [25]. In parallel, X-ray absorption fine
structure spectroscopy (XAFS)-based studies have provided important insight into the local chemical-state
evolution during thermal decomposition. These studies revealed that transition-metal reduction, particularly Ni
reduction, occurs concurrently with structural degradation, indicating that electronic-state evolution is closely
coupled to lattice instability [26]. They further showed that changes in local coordination environment and bond
distances accompany the reduction process, demonstrating that short-range structural reorganization plays an
important role in the thermal response of highly delithiated cathodes [27]. Gas-analysis and calorimetric studies
have offered another important perspective. Using online mass spectrometry (OMS) or differential scanning
calorimetry (DSC), previous work has identified pronounced oxygen release and exothermic behavior during the
decomposition of charged high-Ni cathodes, and suggested that oxygen evolution is a key event governing the
escalation of thermal runaway [28]. Additional studies further indicated that oxygen release may proceed in
multiple stages and can be accompanied by the evolution of CO; and other gaseous species, implying that cathode
decomposition involves not only lattice oxygen instability but also secondary interfacial or surface-related
reactions [29-31].

However, most previous studies have focused on only one aspect of the decomposition process, such as long-
range phase transition, transition-metal valence evolution, or gas release behavior. As thermal runaway is
inherently a multiscale and multi-physics process, observations from a single technique are often insufficient to
capture the full sequence of coupled reactions. For example, diffraction methods can reveal phase transitions and
lattice collapse, but they are less sensitive to transient electronic-state evolution, XAFS can probe local
coordination and valence changes, but cannot directly quantify gas evolution; gas analysis can track oxygen
release, yet it does not directly identify the accompanying structural origin. Consequently, there remains a critical
gap in correlating structural transformation, local chemical-state evolution, and gaseous product generation within
the same thermal event.

To address these challenges, we developed an advanced operando synchrotron X-ray reaction apparatus for
monitoring electrode behavior during thermal runaway. The apparatus is compatible with high-temperature XRD,
XAFS, and OMS, enabling comprehensive characterization of structural, electronic, and gas-evolution processes
in both cathode and anode materials. To verify its feasibility, operando XRD, XAFS, and OMS measurements
were conducted separately on different XRD and XAFS beamlines using the same device under identical heating
program and gas environment, allowing direct correlation of the complementary results. An NCM layered oxide
with ultra-high Ni content (LiNig.96C00.02Mng 0202, Ni ~ 96%) was employed as the model cathode materials for
thermal instability study. Ultimately, this approach offers a powerful tool to decode the fundamental mechanisms
of cathode thermal decomposition and provides a scientific foundation for designing next-generation energy
storage materials with enhanced safety.
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2. Apparatus Design

As shown in Figure la, the custom-designed heating platform provides a consistent sample environment for
all measurements. With optimized beamline configuration and equipment integration, the three techniques could
ideally be performed simultaneously, enabling direct correlation of bulk phase transitions, local transition-metal
electronic and coordination changes, and gas-evolution behavior as a function of temperature. To achieve these
capabilities, the reaction cell was engineered to simultaneously satisfy several critical constraints, including
optimized X-ray penetration, precision high-temperature control, efficient atmosphere regulation, and modular
compatibility with various synchrotron beamlines. The internal architecture of the operando cell and its
measurement configuration are detailed in Figure 1b,c, respectively.

(1) Reaction chamber design. To withstand high-temperature heating conditions, the reaction chamber is
equipped with a small crucible made of Al,O; or other high-temperature-resistant materials. This crucible
features a 3 mm diameter hole at the bottom, enabling X-ray penetration for effective probing of the sample
during heating. The back scattering window of the reaction chamber is designed with a 5-10 cm opening,
allowing detection over a wider angular range for more precise measurements of X-ray diffraction or
scattering signals. This setup ensures optimal conditions for in situ analysis of the material’s behavior under
thermal treatment. The detailed structure of the reaction chamber, including the front cover, cell body, gas
inlet/outlet, heating module, temperature sensor, and water-cooling interfaces, is shown in Figure 1b.

(2) High-temperature heating and control. The heating unit is designed to ensure safe and stable operation during
extended high-temperature testing. Heating wires and temperature probes are incorporated around the
crucible to enable precise temperature ramping and real-time monitoring. A porous insulation layer further
enhances temperature stability and reduces heat loss. To ensure the chamber’s stability during experiments,
it is sealed with high-temperature-resistant, X-ray-transparent materials. The system is capable of controlling
a wide temperature range, enabling stable and uniform heating throughout the sample.

(3) Gas Environment and OMS Detection. To minimize dead volume and maximize detection efficiency by mass
spectroscopy, the internal volume of the chamber is minimized. The system is connected to an OMS for real-
time detection of trace gases, with an exhaust port for gas sampling. This compact design ensures quick
response times and improved time resolution during the experiment. The system can utilize various carrier
gases, such as Ar, O», or Ha, to create the desired atmosphere for operando testing. When argon is introduced,
it quickly displaces the air in the chamber, achieving an argon concentration of over 99.9% within 10 min,
providing a stable inert atmosphere for testing. The transient mass spectrometer used in the system tracks the
release of gases, such as O,, CO,, CHs4, C;Hs, and etc., allowing detailed tracking of gas evolution during
thermal cycling.

(4) High-precision multi-axis displacement stage. The entire apparatus is mounted on a high-precision, multi-
axis (xyz) displacement stage, which allows for precise alignment of the sample and rapid switching between
different beamline platforms. This functionality enhances the versatility of the apparatus, making it adaptable
to various synchrotron beamlines, enabling experiments at multiple beamlines without the need for extensive
reconfiguration. As shown in Figure 1c, the assembled operando cell is mounted in a geometry that facilitates
precise beam alignment and efficient collection of diffraction signals, which is essential for experiments
across different synchrotron beamlines.

(5) Water cooling system. To maintain the integrity of the device and protect its sensitive components, the
external metal chamber is equipped with a water-cooling system. This cooling system is controlled by a
circulating chiller unit, maintaining the temperature at around 15 °C, and preventing overheating of the
external structure, which contains electrical and gas lines. The water-cooling system effectively reduces
thermal stress, prolonging the lifespan of sealing components and other critical elements.

This reaction cell, capable of XRD, XAFS, and OMS, provides a powerful and comprehensive method for
studying the thermal behavior of high-nickel cathode materials.
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Figure 1. Schematic illustration of the multi-modal characterizations for investigating the thermal instability of
high Ni cathodes. (a) Conceptual diagram showing the integration of operando XRD, XAFS, and OMS to correlate
structural transitions and oxygen evolution during heating. (b) Exploded view of the operando reaction cell,
highlighting the heating module, temperature sensor, gas flow channels, chamber body, and water-cooling
components. (¢) Assembled view of the operando cell mounted for synchrotron measurements, showing the X-ray
beam path and diffraction signal collection geometry.

3. Results and Discussion
3.1. Materials Characterization

In this study, we used commercial NCM96 polycrystalline oxide as the model cathode material to
demonstrate the capabilities of the system. First, we evaluated the material’s structure and electrochemical
performance. The NCM96 electrodes were delithiated in Li-ion cells by charging to 4.3 V at 0.1 C. The electrodes
were then recovered in an Ar-filled glovebox, rinsed with anhydrous DMC, and vacuum-dried prior to thermal
measurements. The charge capacity exceeded 240 mAh g™!, corresponding to an estimated delithiation of ~87%.
As shown in Figure 2a, the XRD pattern is well-indexed to the layered a-NaFeO,-type structure with the R-3m
space group [32], confirming the formation of a well-crystallized layered phase. SEM images (Figures 2b and S1)
reveal that the particles exhibit a uniform single-crystal morphology with sizes in the range of 2-3 pm. As
presented in Figure 2c¢,d, the electrode demonstrated a high initial discharge capacity reaching 240 mAh ¢! and
stable cycling behavior over 30 cycles, retaining 88% of its capacity. Extended cycling further confirmed the
electrochemical stability of the material, with ~65% capacity retention after 100 cycles at 0.1 C (Figure S3).
Notably, the electrode exhibited high Coulombic efficiency throughout the cycling process. The corresponding
dQ/dV curves show typical redox peaks, reflecting the characteristic voltage evolution of Ni-rich layered oxides
and indicating the structural transitions occurring during Li* extraction and insertion.
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Figure 2. Structural and electrochemical characterization of the commercial NCM96 polycrystalline cathode material.
(a) XRD pattern of the pristine material. (b) SEM image of the pristine NCM96 particles. (¢) Initial charge—discharge
voltage profiles at 0.1 C. (d) Cycling performance and coulombic efficiency of the NCM96 electrode.

3.2. Operando XRD Measurements

Operando high-temperature XRD was employed to characterize the phase transitions of delithiated NCM96
during thermal decomposition. The experimental configuration, supported by a synchrotron-based 2D detector, is
shown in Figure 3a. This setup enabled high-temporal-resolution data acquisition, capturing the continuous
structural evolution throughout the heating process. Representative 2D diffraction patterns (Figure 3b) illustrate
the progressive phase transformations from the layered (L) phase to spinel (S) and eventually rock-salt (RS) phases.
Notably, the characteristic (003) reflection of the layered structure weakens and shifts at 250 °C, signaling the
formation of spinel phase. By 550 °C, this peak disappears entirely, indicating a complete transition to the rock-
salt phase.

The thermal evolution of key diffraction peaks and the full-range XRD patterns (10-90°) are presented in
Figures 3c and S4, respectively. The plots reveal more detailed information of structural reconstruction during
heating at 5 °C min"!. Below 185 °C, the material primarily retains its layered structure with minimal changes in
peak position or intensity. Within the 185-220 °C range, the (003) peak exhibits a pronounced shift and rapid
intensity decay, marking an acceleration in structural degradation. Above 225 °C, the emergence of spinel-related
reflections indicates a critical phase-transition stage. Subsequent heating leads to the attenuation of spinel peaks
after 330 °C, culminating in a disordered rock-salt phase at higher temperatures.

To better understand the triggers of irreversible thermal runaway, we focused on the early-stage structural
response during heating by performing a detailed analysis of the (003) diffraction peak evolution. As shown in
Figure 3f, the (003) reflection of NCM96 charged to 4.3V splits into two peaks at 26 ~ 18.5° and 19.5°,
corresponding to the H2 and H3 hexagonal phases, respectively. High-nickel cathodes typically undergo a
sequence of phase transitions across H1 (initial hexagonal), M (monoclinic), H2, and H3 phases [33]. In this
context, the H2 phase represents moderately delithiated regions with relatively larger interplanar d spacing,
whereas the H3 phase denotes highly delithiated domains characterized by significant lattice contraction [34]. This
peak splitting confirms a pronounced structural heterogeneity within the highly delithiated NCM96 cathode.

The evolution of intensity and position for these split (003) peaks is quantified in Figure 3d,e. Between 25 °C
and 180 °C, thermal expansion induces a slight shift of both peaks toward lower angles (A26 = 0.05-0.1°).
However, the H2 and H3 components exhibit divergent thermal responses thereafter. The (003)y; intensity shows
a transient increase before shifting toward higher angles above 180 °C and rapidly decaying beyond 200 °C. In
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contrast, the (003)n3; intensity decreases monotonically from the start of heating, while its position remains
relatively stable until 220 °C. Both components eventually merge into a single spinel reflection at 26 = 18.7°.
The transient enhancement of the H2 peak suggests a structural relaxation mechanism involving the migration
of Ni?* ions from the Li layer back to the transition metal (TM) layer. Simultaneously, the attenuation of the H3
peak indicates that portions of the H3 phase may revert toward an H2-like state, driven by lithium-ion diffusion
from Li-rich domains into the more compressed, Li-poor H3 regions. This thermally induced cation migration
significantly impacts the lattice stability, resulting in a drastic decrease in H3 peak intensity and pronounced peak
broadening. These features also suggest an amorphization process within the framework, characterized by the
formation of nanosized domains prior to the onset of the comprehensive transition to the spinel phase. Accordingly,
the H3 region, defined by severe lithium depletion upon charging, is inherently more susceptible to the loss of
long-range periodicity and localized structural instability. This vulnerability leads to the immediate intensity decay
observed at the onset of heating, marking the H3 domains as the primary sites for early-stage structural degradation.
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Figure 3. Operando synchrotron XRD analysis of delithiated NCM96 during thermal decomposition. (a)
Photograph of the operando high-temperature XRD setup. (b) Representative 2D diffraction patterns at selected
temperatures. (¢) Temperature-dependent evolution of characteristic diffraction peaks during heating from 25 to
550 °C at 5 °C min!. (d) Evolution of the intensities of the split (003)m2, (003)u3, and (104) reflections. (e)
Evolution of the 26 positions of the split (003)H2 and (003)H3 reflections. (f) Schematic illustration of the split
(003) peak and the H2- and H3-related domains in delithiated NCM96.

3.3. Operando XAFS Measurement

Figure 4 illustrates the principle of operando high-temperature XAFS spectroscopy and its application in
tracking the thermal decomposition of delithiated NCM96. The experiments were performed at the ODE beamline
(Synchrotron SOLEIL, Saint-Aubin, France) using the energy-dispersive XAFS (ED-XAFS) mode in transmission
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geometry. This configuration allows for high-temporal-resolution data acquisition, critical for capturing transient
intermediate states. As shown in Figure 4a, the sample was heated from room temperature to 550 °C at a ramp rate
of 5 °C min! under an anhydrous Ar atmosphere to isolate the intrinsic redox behavior from environmental oxygen
interference. Each spectrum was collected with an integration time of 600 ms and averaged over 200 scans to
ensure a high signal-to-noise ratio (Figure 4b). To assess whether this averaging procedure obscured rapid spectral
changes within the critical temperature range, the data collected between 175 and 250 °C were reprocessed using
a 40-scan averaging window, corresponding to a temporal resolution of ~24 s or a temperature resolution of ~2 °C
per spectrum (Figure S5). The normalized Ni K-edge XANES spectra (Figure 4c) reveal a continuous shift of the
absorption edge toward lower energy levels as temperature increases. This red-shift signifies the progressive
reduction of Ni*" and Ni** species. The first-derivative spectra (Figure 4d) and the difference XANES plots (Figure 4f)
highlight that the most significant electronic reconstruction occurs between 185 °C and 330 °C. As quantified in
Figure 4g, the Ni K-edge energy drops sharply from approximately 8351 eV to 8348 eV within the 175-330 °C
window. Literature suggests that this rapid reduction is intrinsically linked to the release of lattice oxygen—a process
driven by the instability of the Ni*~O% bond at high delithiation states—which provides the chemical potential for
transition metal reduction and subsequent oxygen evolution. Beyond 400 °C, the reduction rate plateaus, reaching a
final state of approximately 8347 eV, consistent with a rock-salt-like NiO coordination environment.
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Figure 4. Operando Ni K-edge XAFS measurements of delithiated NCM96 during thermal decomposition. (a)
Photograph of the operando high-temperature XAFS setup. (b) Temperature-dependent Ni K-edge XAFS spectra
collected during heating. (¢) Normalized XANES spectra and (d) corresponding first-derivative spectra. (e) Fourier-
transformed EXAFS spectra in R space. (f) Difference XANES contour map. (g) Evolution of the Ni K-edge
position and (h) Ni—O and Ni—M bonds as a function of temperature.

Beyond valence state changes, the local coordination environment undergoes profound restructuring. The
Fourier-transformed (FT) EXAFS spectra in R-space (Figure 4¢) exhibit a systematic evolution of the Ni—O (first
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shell) and Ni-M (second shell) scattering paths. Quantitative analysis of the bond lengths (Figure 4h) indicates
that both Ni—O and Ni—-M distances increase significantly above 200 °C. The increase in Ni-O and Ni-M distances
is consistent with the increased ionic radius associated with Ni reduction, following the trend of Ryjs+ < Ryjs+ <
Ry;z+. Furthermore, the reduction in peak intensity in R-space suggests a loss of local symmetry and an increase
in Debye-Waller factors, reflecting the transition from a highly ordered layered framework to a disordered spinel
or rock-salt structure [35].

Although the Ni reduction process can be tracked qualitatively through the continuous shift of the absorption
edge, quantitative determination of the evolving Ni valence states and identification of critical transition
temperatures remain challenging. To resolve the temperature-dependent evolution of the local Ni electronic
structure, the operando Ni K-edge XAFS dataset was analyzed using MCR-ALS (Figure S6). Three dominant
spectral components were identified, corresponding to the initial charged state, an intermediate thermally
transformed state, and a final reduced state. The contribution of the initial component continuously decreases with
temperature, whereas the intermediate and final components emerge and grow progressively. A pronounced
increase in the intermediate component occurs near 200-210 °C, closely matching the onset of the layered-to-
spinel transformation revealed by operando XRD. This concurrence indicates that transition-metal reduction and
structural reconstruction are strongly coupled processes and that substantial changes in the local Ni electronic
structure accompany the early stages of thermal decomposition.

3.4. Gas Evolution and Heat Generation

To further elucidate the correlation between gas evolution and the exothermic behavior of delithiated NCM96
during thermal decomposition, OMS and DSC were performed (Figure 5). The results reveal a clear staging of
thermal failure, where outgassing profiles are intrinsically linked to the material’s thermodynamic instability.
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Figure 5. Correlation between gas evolution and heat release during thermal decomposition of delithiated NCM96.
(a) Oz evolution profile highlighting two distinct outgassing stages (Ot1 and Or2): the inset provides a quantitative
comparison of their relative contributions to total oxygen release. (b) Temperature-resolved CO2 evolution profile.
(¢) DSC thermogram showing the multi-stage exothermic response.
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The O, evolution profile is primarily divided into two stages: an initial significant release beginning at ~175 °C,
reaching a dominant peak at 210 °C, followed by a secondary, lower-intensity peak at 320 °C. Quantitative analysis
reveals that the first stage (Or1) accounts for 74.9% (22.19 pL) of the total oxygen evolved, while the second stage
(Or2) contributes only 25.1% (7.14 pL). This indicates that early-stage lattice oxygen loss dominates the overall
gas evolution process. For comparison, the O evolution behavior of NCM811 at the same charged state (4.3 V),
taken from our previous work, shows a much less concentrated first-stage release, with Or; accounting for only
43.2% of the total O evolution, whereas the later-stage release (O12) becomes dominant (56.8%) (Figure S7) [36].
In contrast, the much larger Or; contribution in NCM96 suggests that ultra-high Ni cathodes undergo a more abrupt
early-stage oxygen-release process. In contrast, CO, release follows a more complex multi-peak pattern, with
signals at 130, 210, 350, and 410 °C. The broad peak at 130 °C is likely ascribed to the decomposition of surface
carbonate species and SEI components [37]. Meanwhile, the signals at 350 °C and 410 °C are attributed to the
thermal degradation of the PVDF binder [38].

The DSC thermogram corroborates these findings, identifying primary exothermic peaks at 215 °C and 360 °C,
with minor heat release events near 255 °C and 425 °C. The precise thermal alignment between the first O, release
peak (Or1) and the primary exothermic peak confirms that initial lattice oxygen evolution is the fundamental trigger
for the vigorous heat generation.

It is worth noting that the thermal measurements were performed on charged composite NCM96 electrodes
consisting of NCM96 active material, carbon black, and PVDF binder in a mass ratio of 8:1:1. Consequently, the
evolution of carbon-containing gases, particularly CO,, may partially originate from the thermal decomposition or
oxidation of conductive carbon and PVDF in addition to reactions involving the NCM oxide itself. While oxygen
release is substantially suppressed during the second decomposition stage, the continued evolution of CO,
accompanied by a secondary exothermic peak suggests that thermal reactions remain active at elevated temperatures.

3.5. Thermal Decomposition Mechanisms of Ultra-High Ni NCM Cathodes

The most catastrophic degradation occurs between 210 °C and 255 °C, where the operando XRD (layered-
to-spinel transition), XAFS (accelerated Ni reduction), OMS (rapid O, evolution), and DSC (primary exotherm)
profiles converge. This synchronized behavior suggests a “thermal snap” effect. Here, thermal snap refers to a
narrow temperature interval in which Ni reduction, lattice oxygen release, and long-range structural collapse occur
in a highly synchronized manner, marking the abrupt transition from gradual thermal degradation to rapid
framework failure.

Prior to this transition, operando XRD reveals a transient enhancement of the H2 phase accompanied by a
continuous intensity decay of the H3 phase at the early heating stage, indicating that local structural perturbations
and cation rearrangements occur before bulk phase transition. Interestingly, operando XANES also shows that Ni
reduction begins at ~175 °C, coinciding with the onset of O, evolution. The temporal separation between the
initiation of Ni reduction and the subsequent layered-to-spinel phase transition suggests the existence of an
intermediate stage characterized by local electronic and structural instability.

In highly delithiated ultra-high-Ni NCM cathodes, Ni*" exist in a metastable oxidation state that is particularly
sensitive to thermal perturbation. The initial reduction of Ni*" to Ni*/Ni*" may weaken the metal-oxygen
framework and promote oxygen-vacancy formation. The resulting Ni>* species are prone to migrate into Li layers
and induce local cation disorder without immediately triggering a detectable crystallographic phase transition.
These observations suggest that thermal decomposition is initiated by local electronic instability and oxygen-
sublattice destabilization, which subsequently evolve into extensive cation migration, oxygen release, and large-
scale structural reconstruction. Further DFT calculations and advanced spectroscopies are needed to elucidate the
formation mechanisms and local properties of oxygen vacancies and transient oxygen species during this critical
intermediate stage, and to determine their role in initiating thermal runaway.

4. Conclusions

In summary, we have systematically investigated the thermal decomposition mechanisms of delithiated
NCM96 using a suite of operando characterization techniques. The integration of long-range crystalline
information (XRD), local electronic and coordination environments (XAFS), and real-time outgassing behaviors
(OMS) allows for a multi-scale understanding of the failure pathway.

We demonstrate that thermal runaway is not a sequence of isolated events, but a tightly coupled “chemical-
mechanical-thermal” feedback loop. The H3 domains, characterized by severe lithium depletion, serve as the
“weak links” where amorphization and local instability first emerge, eventually nucleating the transition to the
spinel phase. The catastrophic failure at approximately 210 °C is a critical point where oxygen evolution, Ni
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reduction, and layered-to-spinel transitions occur in a self-accelerating, exothermic feedback loop. The fact that nearly
75% of oxygen release occurs in this narrow window underscores the violent nature of the initial structural collapse.
These insights emphasize that enhancing the thermal stability of high-nickel cathodes requires not only global
structural stabilization but also the mitigation of local electronic instability and the suppression of transition metal
migration. This work highlights the power of multimodal operando techniques in deconstructing complex battery
failure mechanisms, providing critical guidance for the engineering of safer high-capacity electrode materials.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/260609
1606486397/AC-26040184-SM-final.pdf. Figure S1. SEM images of pristine NCM96 powder: (a,b) images at
different magnifications. Figure S2. SEM images of delithiated NCM96 (charged to 4.3 V) at different temperatures:
(a) room temperature; (b) 175 °C; and (c¢) 220 °C. Figure S3. Long-term cycling performance of NCM96 measured
at 0.1 C between 2.8 and 4.3 V for 100 cycles. Figure S4. Full-pattern operando XRD evolution of delithiated NCM96
(CuKa equivalent, 10-90°) during heating from 25 to 550 °C at 5 °C min ', The dashed lines mark selected characteristic
temperatures during thermal decomposition. Figure S5. Reprocessed Ni K-edge evolution of delithiated NCM96
during heating. (a) Temperature-dependent Ni K-edge position extracted from the operando ED-XAFS spectra
processed using 200-frame averaging. The red box highlights the critical temperature region from 175 to 250 °C.
(b) Enlarged Ni K-edge position evolution in the 175-250 °C region reprocessed using 40-frame averaging. Figure
S6. Temperature-dependent evolution of Ni K-edge XAFS components in delithiated NCM96 resolved by MCR-
ALS: Component 1—initial charged state; Component 2—intermediate thermally evolved state; Component 3—
final high-temperature state. Figure S7. Comparison of O, evolution behavior between delithiated NCM96 and
NCMBS8I11 at 4.3 V. (a) OMS profile and quantitative contribution of the two oxygen-release stages for NCM96;
(b) Corresponding OMS result for NCMS811 at 4.3 V, adapted from our previous work.
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