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ABSTRACT: Understanding the intrinsic thermal instability of Ni-rich cathodes is critical
for elucidating the thermal runaway mechanisms in lithium-ion batteries. Here, we
investigate the thermally induced decomposition of Ni-rich cathodes under electrolyte-free
conditions using time-resolved operando approaches, including X-ray diffraction (XRD),
X-ray absorption spectroscopy (XAS), and online mass spectrometry (OMS). The results
reveal a coupled evolution of oxygen release, Ni redox, and structural transformations
during heating. Oxygen release is initiated prior to detectable bulk phase transition and
correlates with early structural disorder, as tracked by the evolution of the (003)L and
(104)L reflections. Deep delithiation at 4.8 V (∼95% SOC) accelerates Ni reduction and
amplifies structural instability, leading to approximately 3-fold higher early stage oxygen
release compared with the 4.3 V (∼85% SOC) condition. These findings establish a
coupling-based framework for understanding cathode-driven thermal instability and provide guidance for improving battery safety.

With the rapid development of electric vehicles and energy
storage devices, higher demands are placed on the energy

density, power density, safety performance, and cycle life of
lithium-ion batteries (LIBs).1 Among these, thermal stability
remains a major bottleneck in the development of high-energy-
density batteries. Under extreme conditions such as over-
charging,2,3 external short circuits,4,5 high temperatures,6,7 or
mechanical damage,8,9 thermal runaway (TR) may be triggered,
leading to combustion or even explosions, thereby posing
serious safety risks to the battery system. Nevertheless, the
intrinsic thermal instability of cathode materials plays a critical
role, as its decomposition provides both oxygen release and heat
generation that drive and sustain the TR process.
High-nickel layered oxides (LiNixCoyMn1−x−yO2, x ≥ 0.8,

denoted as NCM) have been widely adopted in high-energy-
density lithium-ion batteries because of their high specific
capacity and relatively low cost.10−12 However, their intrinsically
poor thermal stability remains a critical challenge.13−15

Extensive studies have shown that Ni-rich NCM cathodes
undergo pronounced structural degradation accompanied by
oxygen release at elevated temperatures, a process typically
initiating at ∼180 °C and termed the critical T1 stage.

16−18

Recent computational and experimental investigations indicate
that this oxygen release is driven by lattice oxygen oxidation
coupled with Ni migration to Li sites, which induces severe
cation disorder and ultimately leads to structural collapse.19,20

Notably, these structural and thermal instabilities are highly
sensitive to both the Ni content and the degree of
delithiation.21−23 Moreover, the onset temperatures and kinetic
characteristics of these transformations vary substantially with
Ni concentration, particle morphology, and surface chemistry,

underscoring the complex interplay between composition,
structure, and thermal behavior in Ni-rich NCM cathodes.24−26

Therefore, a comprehensive understanding of their structural
evolution and oxygen-release mechanisms under thermal stress
is essential for the rational design of thermally robust high-Ni
cathode materials.
Although a variety of characterization techniques�including

differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), operando X-ray diffraction (XRD), and gas
chromatography−mass spectrometry (GC−MS)�have been
employed to investigate the thermal runaway (TR) behavior of
cathode materials;27−31 these methods are typically applied
independently. Consequently, correlating structural evolution,
electronic-state changes, and gas release in a unified and time-
resolved manner remains a significant challenge. Establishing
these precise correlations, which requires the simultaneous
acquisition and integration of multiple data streams, is essential
for constructing a comprehensive and mechanistic under-
standing of the TR process.
To address this limitation, this study proposes an integrated

operando approach that combines operando XRD and/or X-ray
absorption spectroscopy (XAS) with online mass spectrometry
(OMS). As illustrated in Scheme 1, this configuration enables
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real-time, synchronized monitoring of structural and gas-
evolution processes under identical conditions, allowing direct
correlation between phase transitions, transition-metal redox,
and oxygen release. In this study, we focus on the intrinsic
thermal decomposition behavior of the cathode under electro-
lyte-free conditions, aiming to isolate the cathode-driven
contributions to thermal runaway. To demonstrate this
experimental protocol, the evolution of transition-metal valence
states is primarily derived from Ni K-edge XANES measure-
ments.
LiNi0.8Co0.1Mn0.1O2 (NCM811) exhibits diffraction patterns

characteristic of the α-NaFeO2-type layered structure with an R-
3m space group (Figure 1).32 Scanning electron microscopy
(SEM) reveals polycrystalline secondary particles with granular
morphologies and an average particle size of ∼10 μm (Figure
S2).33 Electrochemical evaluation shows that, at a current
density of 0.33 C, the NCM811 electrode delivers a first-
discharge capacity of ∼200 mAh g−1. The differential capacity
(dQ/dV) profiles (Figure S3) display typical H1−M−H2
transitions below 4.2 V and an H2−H3 transition above 4.3 V,
consistent with previous reports.34,35 These results confirm that
the material exhibits representative electrochemical behavior.
In this study, we focus on the intrinsic thermal decomposition

behavior of the cathode under electrolyte-free conditions,
aiming to isolate the cathode-driven contributions to thermal
runaway. For thermal analysis, the cathode was charged to 4.3 V

to reach delithiated state (denoted as d-NCM811, ∼85%
delithiation). To isolate intrinsic cathode-driven processes,
operando XRD-OMS and XAFS experiments were conducted
under electrolyte-free conditions. A sharp (003)L diffraction
peak appears at ∼18.7° upon charging to 4.3 V. During
subsequent thermal annealing, this peak remains stable up to
∼190 °C, above which it gradually weakens and shifts slightly
(Figure 1c). Simultaneously, the emergence of the (111)S peak
indicates the formation of a spinel phase.36 OMS reveals a two-
stage O2 evolution with peak temperatures at ∼205 and ∼300
°C. These two events, denoted as T1 and T2, correlate well with
the layeredH3→ spinel and spinel→ rock-salt phase transitions
observed via operando XRD.37 The ratio of O2 released during
the T1 and T2 stages (OT1/ OT2) is ∼1:1 (Figure S7).
To further quantify the structural evolution, the temperature-

dependent intensities of the (003)L (Figure 1d) and (104)L
(Figure 1e) diffractions were extracted from the full operando
XRD patterns. These two characteristic peaks provide a sensitive
probe of layered structure integrity and cation distribution.
Here, we focus on the T1 event, as it governs the early stage
thermal instability. As shown in Figure 1f, both peak intensities
decrease sharply near ∼190 °C, coinciding with the onset of
oxygen release, indicating a strong correlation between
structural degradation and oxygen evolution.
The I(003)/I(104) intensity ratio is used here as a qualitative

indicator of Li/Ni cation mixing within the temperature range

Scheme 1. (a) Schematic Illustration of the Thermal Decomposition Process of High-Ni NCMCathodeMaterials; (b) Scheme of
the operando XRD/XAS-OMS Test Protocol
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where the layered framework is largely preserved. The evolution
of this ratio can be divided into three regimes: (i) a slight
increase at low temperature (∼100−185 °C), suggesting partial
relaxation of cation disorder, possibly associated with thermally
activated redistribution of Ni2+ ions and a slight improvement in
layered ordering; (ii) a maximum followed by a decrease upon
the onset of O2 release (190−210 °C) indicating increasing
cation disorder during the initial O2 evolution; and (iii) a sharp
drop at higher temperatures (210−250 °C), where phase
transformation dominates and intense O2 evolution occurs. At
this stage, the physical meaning of the ratio becomes limited.
Overall, tracking the evolution of the (003)L and (104)L
reflections reveals a transition from an ordered layered structure
to a disordered and transformed state, highlighting the coupled
evolution of cation distribution, structural integrity, and oxygen
release during thermal decomposition of d-NCM811.

To further elucidate the role of delithiation, NCM811
electrodes were charged to 4.8 V, corresponding to a ∼95%
delithiation (Figure S4). Operando XRD-OMS measurements
were conducted under isothermal conditions at 170 °C to probe
the relationship between delithiation degree, phase transition
kinetics, and oxygen evolution (Figure 2).
A pronounced difference in structural evolution is observed

between the two states. The 4.8 V sample exhibited faster phase
transformation from the layered to spinel phase, accompanied
by enhanced oxygen release. Notably, the spinel (111)s
reflection at ∼18.5°appears after ∼45 min for the 4.8 V sample,
whereas a similar transformation occurs only after ∼120 min in
the 4.3 V sample (Figure 2d,e). These results indicate that deep
delithiation accelerates the kinetic pathway of structural
transformation and enhances oxygen release. Deconvolution
of the (003)L reflection further reveals the coexistence of layered

Figure 1. Structural characteristics, electrochemical performance, andoperando XRD-OMS analysis of NCM811. (a) XRD patterns of as-synthesized
NCM811. Inserts show the SEM image. (b) Galvanostatic charge−discharge curves. (c) Operando XRD-OMS measurements. (d, e) Enlarged XRD
patterns in the ranges of 17−22° and 41−47°, highlighting the evolution of the (003)L and (104)L, respectively. (f) Temperature-dependent variation
of the (003)L and (104)L peak intensities below 225 °C, along with the evolution of their intensity ratio I(003)/I(104). The early stage TR process was
divided into three distinct phases.
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and spinel features during the early stage, highlighting the
development of nanoscale structural heterogeneity.
We further examined how delithiation states influence the

onset and severity of thermal instability. As shown in Figure 3a,b,
charging to 4.8 V results in deeper Li extraction, shifting the
(003)L reflection to higher 2θ and compressing the interlayer
spacing to 4.56 Å, compared with 4.67 Å for the 4.3 V sample.
During the initial heating stage (100−170 °C), both samples
exhibit comparable c-axis expansion due to thermal activation,
converging to a similar interlayer spacing of ∼4.75 Å.
The evolution of the (003)L peak full width at half-maximum

(fwhm) provides insight into local structural heterogeneity.
During isothermal treatment at 170 °C, the 4.3 V sample
exhibits a gradual increase in fwhm prior to the onset of O2

release. In contrast, the 4.8 V sample shows a more rapid and
pronounced broadening that occurs concurrently with oxygen
release. Here, the fwhm is interpreted qualitatively as an
indicator of nanoscale structural fragmentation and reduced
coherent domain size within the layered framework.38 However,
its quantitative interpretation is limited due to peak overlap with
the emerging (111)S reflection during phase transformation.
This interpretation is supported by high-resolution TEM
observations (Figure 3c,d), which reveal the formation of
nanosized spinel-like domains embedded within the layered
structure in both samples, confirming the development of local
structural heterogeneity.
The evolution of the I(003)/I(104) ratio further correlates

with oxygen-release behavior. Both samples exhibit an initial

Figure 2. Structural evolution of d-NCM811 under isothermal conditions. (a) Operando XRD-OMS patterns of d-NCM811 samples charged to 4.3
and 4.8 V during heating and subsequent isothermal treatment at 170 °C. (b, c) Evolution of the (003)L diffraction peak for the 4.3 V (b) and 4.8 V (c)
samples. (d, e) Time-resolved XRD patterns of the (003)L peak at selected time intervals during isothermal holding at 170 °C for 4.3 V (d) and 4.8 V
(e), highlighting peak shifts and development of structural heterogeneity.
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slow increase during heating, consistent with partial cation
reordering. Upon the onset of oxygen release, the ratio reaches a
maximum and subsequently decreases. Notably, the kinetics
differ markedly between the two states: the 4.8 V sample shows a
rapid rise followed by a sharp drop in the ratio, synchronous with

an intense oxygen-release event, whereas the 4.3 V sample

evolves more gradually. Correspondingly, the total O2 release

from the 4.8 V sample is approximately three times higher than

that of the 4.3 V counterpart (Figure S8).

Figure 3. (a, b) Structural evolution andO2 release behavior of samples charged to 4.3 and 4.8 V, respectively, during heating and isothermal holding at
170 °C. (c, d) High-resolution TEM images of the 4.3 V- and 4.8 V-delithiated samples with identical isothermal treatment (ramping from R.T. to 170
°C for 30 min, followed by 30 min holding at 170 °C). (e) Proposed mechanism of delithiated NCM oxide during thermal decomposition, involving
cation disordering, oxygen vacancy formation, O2 release and the layered-to-spinel phase transition.
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The schematic in Figure 3e illustrates a dynamically coupled
evolution of cation migration, structural heterogeneity, and
accelerated oxygen release. Increased cation disorder is observed
prior to rapid structural transformation and may be associated
with Ni2+ migration and oxygen vacancy formation in the
delithiated layered structure. However, rather than following a
strictly sequential pathway, these processes likely evolve
concurrently within a narrow thermal window, and their precise
temporal sequence cannot be unambiguously resolved. Deep
delithiation further amplifies this coupled behavior. Charging to
high voltages induces interlayer contraction and increased
structural heterogeneity, which are commonly associated with
enhanced structural susceptibility in Ni-rich cathodes, as
reported in previous studies.27,39 It should be noted that
operando XRD primarily probes bulk structural evolution. The
initial destabilization and oxygen release may originate from
surface or near-surface regions, preceding the detectable bulk
response.

Operando Ni K-edge XAS was performed on d-NCM811
charged to 4.3 and 4.8 V to elucidate the role of Ni redox during
thermal decomposition (Figure 4). In both cases, the
normalized XANES spectra (Figure 4a,d) exhibit a progressive
shift of the absorption edge toward lower energies upon heating,
indicating continuous reduction of Ni. The onset of average
valence evolution of Ni occurs at ∼185 °C for both samples.
Distinct differences are observed in the reduction kinetics. For

the 4.3 V sample, the Ni K-edge gradually shifts from∼ 8348 eV
to ∼ 8345 eV over a broad temperature window of 185−420 °C
(Figure 4c), reflecting a relatively slow and extended reduction
process. In contrast, the 4.8 V sample starts from a higher initial
edge position (∼8349 eV), consistent with a higher initial Ni
valence state, and undergoes a much more abrupt reduction
within a narrower temperature window of 185−325 °C (Figure
4f). The first-derivative XANES contour map further reveals an
intensified reduction event at ∼210 °C for the 4.8 V sample,
coinciding with the T1 oxygen-evolution peak. At the T1 stage,

Figure 4. Operando Ni K-edge XAS spectra of d-NCM811 during the TR process. (a, d) Normalized Ni K-edge XANES spectra at increasing
temperatures for 4.3 V (a) and 4.8 V (d) samples. (b, e) 1st derivative Ni K-edge XANES spectra. (c, f) Systematic comparison of Ni K-edge energy
shifts with O2/CO2 release and DSC heat-flow signals. The shaded regions labeled with I−IV denote the pre-O2 release stage, onset of O2 release, first
of O2 release peak, and second O2 release peak, respectively. (g, h) MCR-ALS analysis of the Ni K-edge XANES spectra during the heating process.
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the 4.8 V sample exhibits a rapid and pronounced Ni reduction
toward lower valence states, whereas the corresponding
evolution in the 4.3 V sample remains more gradual. This
behavior indicates a stronger kinetic coupling between Ni redox,
structural evolution, and oxygen release at higher delithiation,
leading to a more synchronized and abrupt transformation
process.
To further resolve the evolution of Ni valence states,

multivariate curve resolution−alternating least-squares (MCR-
ALS) analysis was applied to the temperature-dependent
XANES data set. This approach decomposes the spectra into a
set of underlying components and their relative contributions
without requiring predefined reference standards, enabling
identification of intermediate states during continuous redox
evolution.40 Three components were extracted, which can be
assigned to high-, intermediate-, and low-valence Ni-like species
based on their edge positions and spectral features (Figure 4g,h).
For the 4.3 V sample, the high-valence component gradually
decreases over a broad temperature range, while the
intermediate component increases and then slowly transforms
into the low-valence component, indicating a continuous and
stepwise reduction pathway. In contrast, the 4.8 V sample shows
a rapid decay of the high-valence component near ∼200−220
°C, followed by a sharp transition from intermediate to low-
valence species within a narrow temperature window. This
transition occurs nearly concurrently with the T1 oxygen-release
peak, indicating a highly synchronized redox process. These
results demonstrate that deep delithiation shifts the Ni redox
pathway from a gradual, stepwise evolution to a compressed and
accelerated transition, reflecting stronger kinetic coupling
among Ni reduction, structural disorder, and oxygen release.
This highlights that the hazard at high voltage is not merely due
to reduced thermodynamic stability, but also arises from
fundamentally altered reaction pathways and kinetics.
In addition, the evolution of CO2 is noted to closely correlate

with oxygen release and structural transformation. A distinct
CO2 evolution signal is observed for the 4.8 V sample at ∼325
°C, which is both more intense and occurs at a temperature ∼
100 °C lower than that of the 4.3 V sample. Under the
electrolyte-free conditions employed here, the detected CO2 is
more likely associated with the thermal decomposition or
oxidation of residual electrode components rather than
electrolyte reactions.41,42 Possible sources include the decom-
position of surface carbonate species (e.g., Li2CO3), oxidation of
conductive carbon, and degradation of the polymer binder (e.g.,
PVDF). It is possible that the formation of NiO-like rock-salt
phases formed at high temperature may further catalyze and
facilitate the reaction; however, the detailed mechanism remains
to be clarified.
In summary, this study elucidates the intrinsic thermal

decomposition behavior of Ni-rich NCM811 cathodes by
integrating operando XRD-OMS, XAS, and DSC measurements
under electrolyte-free conditions. The combined approach
enables direct correlation of structural evolution, Ni redox,
and gas release, providing a clear picture of cathode-driven
thermal instability. Future studies employing EXAFS will enable
quantitative analysis of Ni−O and Ni−TM coordination
evolution.
Importantly, deep delithiation significantly amplifies this

coupled behavior. Compared with moderate delithiation, the 4.8
V state exhibits stronger interlayer contraction, enhanced
structural heterogeneity, andmarkedly acceleratedNi reduction,
resulting in more abrupt oxygen release (∼3-fold higher) and

accelerated phase transformation. These findings suggest that
effective mitigation of thermal instability should focus on
regulating this coupled evolution. Strategies such as (i) bulk
doping to stabilize the layered framework and mitigate cation
disorder, (ii) surface coating with thermally stable materials to
suppress early stage oxygen release and surface reconstruction,
and (iii) controlling the upper cutoff voltage to avoid deep
delithiation are expected to reduce oxygen release and improve
safety.
In practical battery systems, thermal runaway is not solely

governed by cathode instability but arises from coupled
reactions involving both anode and electrolyte. At relatively
low temperatures, the onset of thermal failure is often initiated at
the anode−electrolyte interface, where the decomposition of the
solid electrolyte interphase (SEI) can release heat and gaseous
species (e.g., CO2 and hydrocarbons). As the temperature
increases further, electrolyte decomposition becomes dominant,
contributing significantly to gas generation and heat release.
Therefore, while the present study focuses on the intrinsic
thermal instability of the cathode, it should be recognized that,
in full-cell systems, anode-side reactions and electrolyte
decomposition can act as critical initiating and amplifying
factors in thermal runaway.
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