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A B S T R A C T

Thermal runaway (TR) is one of the most critical safety concerns in lithium-ion batteries (LIBs), particularly 
under abusive thermal conditions. Among early-stage TR indicators, H₂ evolution has emerged as a chemically 
specific and temporally leading signal. Compared with conventional monitoring approaches relying primarily on 
temperature or pressure signals, hydrogen evolution provides a chemically specific indicator of early degradation 
processes preceding TR. However, quantitative frameworks linking H₂ generation with TR onset under realistic 
heating conditions remain limited. Herein, a Pd-decorated SnO2 nanorod sensor capable of real-time H₂ detection 
at ppm levels is used to examine the TR behavior of a model LIB at heating rates of 5, 7, 10, and 15 ◦C/min. H₂ 
evolution is shown to start at ~100 ◦C, i.e., well before TR initiation (>180 ◦C), and a practical onset criterion 
(~10 ppm) enables early warnings preceding TR by 5–24 min (ΔtTR), depending on the heating rate. To 
quantitatively characterize the warning behavior beyond onset timing, key indicators including tH2 (first H2 
detection time), ΔtTR, [H2]peak (peak concentration), and the peak of d[H2]/dt are analyzed. Notably, [H2]peak 
and d[H2]/dt exhibit heating-rate-dependent nonlinear changes under accelerated heating, consistent with a 
reduced mitigation window. In situ mass spectrometric analysis confirms the presence of H2 in the evolved gases, 
supporting its role as a reliable TR precursor. Beyond simple gas detection, we further introduce a two-stage, 
time-resolved warning framework in which early-stage indicators (H2 onset and cell surface temperature) are 
combined with imminent pre-TR indicators characterized by a rapid rise and peak in d[H2]/dt, enabling 
discrimination between off-gassing and critical transition regimes preceding thermal runaway.

1. Introduction

Lithium-ion batteries (LIBs) are at the core of today's electrification 
landscape, finding applications ranging from mobile devices and electric 
vehicles to grid-scale energy storage systems [1–5]. The high energy 
density, long cycle life, and minimal self-discharge of LIBs make them 
the preferred choice in numerous industries [6,7]. However, LIBs pose 
the risk of thermal runaway (TR), an uncontrollable exothermic reaction 
that can cause rapid heating, gas release, and ultimately fire or 

explosion. The recent high-profile incidents involving electric-vehicle 
fires and energy storage system explosions indicate that ensuring LIB 
safety is no longer optional but essential for its widespread deployment 
in the energy market [8–10].

Given the importance of early TR detection for preventing cata
strophic failure, several corresponding approaches have been proposed, 
primarily relying on temperature, pressure, and electrochemical (e.g., 
EIS) diagnostics [11–13]. Each of the examined approaches has shown 
potential, but none has achieved the sensitivity, specificity, and response 
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time required for reliable real-world deployment. Temperature sensors, 
although widely used, often do not exhibit timely responses because of 
thermal delays between the cell core and surface [14–16]. Pressure 
sensors, while useful for capturing internal gas buildup, cannot 
discriminate between gas types or identify the reaction stage [17,18]. 
Electrochemical impedance spectroscopy can detect chemical changes 
but requires cells to be idle and produces difficult-to-interpret signals 
[19–21]. Thus, all of these three techniques are limited in their ability to 
accurately predict the onset of TR in real time.

Alternatively, gas (especially H2) sensing is a promising early-TR- 
detection techniques, as H2 is one of the gases released earliest prior 
to TR and is often generated through solid–electrolyte interphase (SEI) 
breakdown, lithium dendrite–binder reactions, and early electrolyte 
decomposition. Owing to its high diffusion rate, low ignition threshold 
(~4 vol%), and distinct chemical signature, H2 is easily detected and 
ideally suited for the early-stage monitoring of battery instability 
[22–26].

Recent advances in sensing have enabled the development of plat
forms capable of detecting H2 as one of the earliest indicators of battery 
degradation during the onset of TR [25,27–29]. These platforms include 
metal-oxide semiconductor sensors relying on surface reaction–induced 
conductivity changes [30], optical sensors exploiting light–gas in
teractions [31], and field-effect transistor (FET)–based architectures 
designed for low-concentration detection [32,33]. Despite featuring 
different operating principles, these platforms share a common goal, 
namely rapid, selective, and reliable H2 detection in complex battery 
environments. However, the practical deployment of H2 sensing for 
early TR detection remains limited for the following reasons. 

• Existing studies generally employ fixed heating rates, ignoring the 
impact of different TR induction conditions. Real-world scenarios 
include internal short-circuiting, mechanical abuse, and external 
heating and may result in broadly variable heating rates (5–15 ◦C/ 
min), which can dramatically affect the timing and extent of gas 
release. If this possibility is not accounted for, the practical pre
dictability of H2 detection remains uncertain.

• Previous studies focus on whether H2 is detected or not, with few 
considering how early it is detected or how the detection window 
narrows or widens under varying conditions. Parameters such as the 
time between the first H2 detection and TR (warning interval, ΔtTR), 
peak H2 concentration ([H2]peak), a rate of H2 concentration increase 
(d[H2]/dt), the first H2 detection time (tH2), time at thermal runaway 
(tTR) and cell temperature provide deeper insights into gas transport 
dynamics and safety margins but have not been systematically 
analyzed.

• H2 detection is often performed without cross-verification using 
species-resolved methods such as in situ mass spectrometry (MS), 
which makes one question whether the sensor signals truly correlate 
with specific decomposition reactions. This limits the mechanistic 
confidence needed for sensor integration into battery management 
systems (BMSs).

In parallel with external gas monitoring, several studies have 
explored internal or embedded sensing approaches for early fault 
detection in lithium-ion batteries, including internal temperature 
probes, strain sensors, pressure monitoring, and impedance-based di
agnostics [34]. While such approaches may enable earlier detection of 
internal degradation processes, their practical implementation often 
requires cell-level modification and presents challenges related to sensor 
integration, electrical isolation, and long-term reliability. In contrast, 
external gas sensing provides a non-invasive and system-compatible 
strategy for detecting chemically specific off-gas signatures associated 
with early-stage degradation and pre-thermal-runaway reactions.

This study overcomes these limitations, presenting a multidimen
sional early-TR-detection framework based on H2 sensing. This frame
work is tested at four controlled heating rates (5, 7, 10, 15 ◦C/min) using 

LiNi0.8Mn0.1Co0.1O2 (NCM811) cells. A highly selective fast-response 
Pd–SnO2 nanorod sensor is used to track H2 generation in real time, 
and in situ MS is used to simultaneously monitor H2, CH4, CO, and CO2, 
providing validation and mechanistic insights [35]. A quantitative cor
relation is established between heating rate and ΔtTR, revealing sensor 
lead time compression under accelerated-TR conditions. A transition to 
a gas accumulation regime, where transport limitations cause sharp 
increases in [H2] and decreases in ΔtTR, is identified at heating rates 
above 10 ◦C/min. In situ MS is used for the real-time verification of 
decomposition pathways, confirming that H2 is the earliest and most 
reliable TR indicator. The proposed two-stage diagnostic framework 
integrates time-resolved hydrogen indicators (tH2, [H2], and d[H2]/dt) 
with thermal context, while ΔtTR and [H₂]peak are used as post-analysis 
metrics to evaluate diagnostic robustness across different heating con
ditions (Fig. 1). By combining real-time sensing with mechanistic vali
dation, this study provides a theoretical understanding of and practical 
direction for the implementation of H2-based early-TR-warning systems 
in next-generation BMSs.

2. Experimental

2.1. H2 sensor fabrication

H2 sensor was fabricated by growing Pd-decorated SnO2 nanorod 
arrays on Si substrates. A 300 nm–thick insulating SiO2 layer was 
thermally grown on Si wafers, and interdigitated Cr/Pt electrodes (30 
nm/70 nm) were patterned via photolithography and direct-current 
magnetron sputtering. SnO2 nanorods were deposited using SnO2 
granules (99.99%, Kojundo Chemical) as the source via glancing angle 
deposition (GLAD) at an 80◦ tilt using an e-beam evaporator (KVE- 
E2000, Korea Vacuum Tech), with an evaporation rate of 1 Å/s. The as- 
deposited structures were subsequently crystallized through in-air 
annealing at 500 ◦C. A 5 nm–thick Pd (catalytic) layer was subse
quently sputtered onto the nanorods and annealed at 200 ◦C to induce 
crystallization and enhance dispersion (Fig. S1).

The fabricated sensors exhibited vertically aligned nanorod struc
tures with uniform Pd coverage, as confirmed by instrumental analyses 
(Fig. S2). Gas sensing performance was evaluated at 80 ◦C, which cor
responds to the optimal operating temperature reported for Pd- 
decorated SnO2 nanorod hydrogen sensors, where a favorable balance 
between sensing response and response/recovery kinetics is achieved 
[35]. This relatively low operating temperature is attributed to the 
catalytic dissociation of hydrogen on Pd and the subsequent spillover- 
assisted reaction on the SnO2 surface [35]. The results revealed reli
able H2 detection in a wide range (1 ppm to 2 vol%) with excellent 
selectivity over CO, CO2, and CH4 (Fig. S3). A calibration curve was 
constructed to interpret real-time concentration data in TR experiments.

2.2. Pouch cell fabrication and testing

NCM811/graphite single cells with a nominal capacity of ~25 mAh 
(Fig. 2(a)) were fabricated for heating experiments. A single-sided 
NCM811 electrode sheet (Custom NANOMYTE® BE-56E, NEI Corpora
tion) consisting of the active material coated on an Al current collector 
was used as the cathode (areal loading = 11.17 mg/cm2, capacity = 2.33 
mAh/cm2). A single-sided graphite sheet (Custom BE-200E, NEI Cor
poration) coated on a Cu current collector was used as the anode (areal 
loading = 6.84 mg/cm2, areal capacity = 2.46 mAh/cm2). Both elec
trodes were supplied after calendering.

Cell assembly is illustrated in Fig. S4. The electrodes were prepared 
as shown in Fig. S4(a), and the electrolyte was then injected between the 
electrodes using a syringe to ensure the complete wetting of the sepa
rator and electrode interfaces (Fig. S4(b)). The cathode, separator, and 
anode were stacked in sequence to construct the full-cell configuration 
(Fig. S4(c)). The stacked assembly was sealed within a pouch film, and 
degassing was performed to remove residual gas and complete cell 
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fabrication (Fig. S4(d)). After sufficient wetting, a formation process was 
performed by passing a 0.1C current between 2.5 and 4.2 V under 
constant current–constant voltage (charge, cut-off current = 0.01C)/ 
constant current (discharge) conditions. Degassing was subsequently 
conducted to remove evolved gases and stabilize the internal pressure.

Electrochemical performance was evaluated in a constant- 

compression state (Fig. 2(b) and (c)). The first-cycle discharge capac
ity reached ~25 mAh, in good agreement with the nominal capacity, 
and capacity retention remained above 98% after 50 cycles, which 
indicated negligible performance degradation. These results demon
strate the reliability of the fabrication process and reproducibility of the 
NCM811-based single-cell configuration. The assembled cells were then 

Fig. 1. Schematic representation of a methodology to predict thermal runaway (TR) in lithium-ion batteries via H2 off-gas detection. By integrating multiple in
dicators obtained under diverse heating conditions, a two-stage prediction framework is established to capture the progression from early warning to imminent pre- 
TR states, enabling predictive mitigation of thermal runaway risk.

Fig. 2. Electrochemical performance of a representative 25 mAh pouch cell used for TR experiments. (a) As-prepared cell, (b) charge–discharge profiles showing 
stable initial cycling at 0.2C, and (c) discharge capacity retention over 50 cycles.
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utilized for controlled heating experiments.

2.3. TR testing

The TR test was designed to simulate controlled thermal abuse of a 
lithium-ion pouch cell while monitoring gas evolution and temperature 
responses in real time. A custom-designed TR chamber was used to 
simulate TR and monitor the associated gas generation in real time. The 
overall chamber dimensions were 456 × 420 × 320 mm (width × length 
× height), and the inner chamber measured 190 × 309 × 309 mm. This 
system (Fig. 3(a)) was purposefully built for LIB safety evaluation and 
real-time sensing and divided into the lower compartment (Region B, 
cell test zone) and upper compartment (Region A, gas sensing zone) 
(Fig. 3(b)). In Region B, an NCM811-based pouch cell was placed on a 
ceramic heating plate capable of providing controlled heating rates of 5, 
7, 10, and 15 ◦C/min (maximum target temperature = 250 ◦C). A 
thermocouple was attached to the cell surface to monitor real-time 
temperature during TR. The TR onset time (tTR) was defined as the 
time point at which the cell-surface temperature begins to increase 
abruptly due to self-heating, indicating the initiation of thermal 
runaway. Dual outlet lines were used for gas collection and exhaust, 
ensuring the safe extraction of gases evolved during TR (Fig. 3(d)).

A Pd–SnO2 H2 sensor was mounted on the inner wall of the outer 
chamber (Region A) to spatially isolate it from the heating source and 
prevent sensor degradation. This configuration minimized thermal 
interference while maintaining sensing efficiency. A miniature heater 
integrated into the sensor mount (80 × 50 mm) was used to stabilize 
sensor operation, while the lower heater module had a footprint of 110 
× 80 mm. To stabilize sensor performance, a miniature heating plate 

was integrated into the sensor mount, and a standard gas inlet was 
included for calibration purposes. The sensor setup is depicted in Fig. 3
(c). As shown in Fig. 3(c), this inlet line was used only for sensor cali
bration prior to the thermal runaway (TR) experiments. During cali
bration (Fig. S3), synthetic air and H₂ were mixed using two mass flow 
controllers (MFCs) to generate controlled H₂ concentrations (1 ppm–2 
vol%).

During TR testing, gases released from the cell in Region B were 
actively transported through a dedicated transfer tube into Region A. A 
micro pump system facilitated this upward flow, directing gases through 
a narrow transfer line toward the sensor and enabling real-time H2 
detection without direct exposure to heat, sparks, or fragments. This 
spatial separation between gas generation and sensing not only pro
tected the sensor but also reflected a realistic design scenario for BMS 
integration.

2.4. MS analysis

The gases evolved during controlled heating were identified in real 
time using an MS-based gas analysis system (Fig. S5). The lower side of 
the cell was heated using a programmable heater at 10 ◦C/min. During 
heating, high-purity Ar was continuously passed at a rate of 5 cc/min, 
through the single cell to maintain an inert environment and establish a 
consistent gas flow path from the cell to the MS detector. This purging 
not only prevented secondary reactions but also enabled the rapid 
transport of evolved gases to the MS system for real-time analysis. To 
minimize gas condensation or composition change during transfer and 
enable the accurate time-resolved monitoring of the gaseous species 
generated during the thermal process, the gas line connecting the single 

Fig. 3. Custom-designed TR chamber and gas sensing setup. (a) External and (b) internal views of the TR chamber. (c) Gas sensing module mounted on the lid. (d) 
Heating/overvoltage trigger unit installed inside the chamber.

S. Park et al.                                                                                                                                                                                                                                     Journal of Energy Storage 162 (2026) 122082 

4 



cell and MS instrument was equipped with a heating block to maintain a 
uniform temperature throughout the pathway. The detected gases were 
the products of side reactions occurring during battery heating. By 
tracing characteristic mass-to-charge (m/z) ratios (m/z = 2 (H2), 16 
(CH4), 28 (CO), and 44 (CO2)) within the three-dimensional temper
ature–time–m/z spectra, we quantitatively analyzed the compositional 
evolution and release behavior of each gas as a function of temperature. 
These spectra (Fig. S6) provided insights into the thermal decomposition 
sequence and corresponding gas evolution pathways within the single 
cell.

3. Results and discussion

3.1. H2 detection and temperature correlation

Fig. 4(a) illustrates the real-time H2 concentration profiles obtained 
at heating rates of 5, 7, 10, and 15 ◦C/min. With the increasing heating 
rate, H2 was detected at progressively earlier times (tH2), the first H2 
detection time, and the time required to reach [H2]peak (tmax) notably 
decreased. This behavior indicates that internal decomposition re
actions, particularly those associated with the anode and SEI, were 
strongly accelerated by heating, consistent with Arrhenius-type kinetics 
governing exothermic degradation reactions [36]. Upon a heating rate 
increase from 5 ◦C/min to 15 ◦C/min, tH2 decreased from 1841 s to 700 
s, while the total duration until TR (tTR) decreased from 2711 to 1027, 
and ΔtTR (= tTR – tH2) decreased from 870 s to 327 s. This trend was 
corroborated by cell surface temperature profiles (Fig. 4(b)), which 
featured sharp thermal spikes defining the initiation of TR and tempo
rally coinciding with the rapid increase in H2 concentration [37,38]. 
Notably, bottom-side temperature (Fig. 4(c)) showed a steeper rise than 
top-side temperature because of the asymmetric heating configuration 
(the cell was placed on the heating plate). This setup delayed top-side 
measurements, reinforcing the necessity of considering thermal diffu
sion pathways when interpreting surface temperatures as safety in
dicators and the critical role of H2 sensing in the early detection of TR 
[39]. Because the pouch cell is hermetically sealed, gases generated 
during early-stage decomposition reactions cannot reach the external 
environment until a venting pathway is formed. Consequently, external 
detection of H2 typically occurs close to the venting event, although the 
gas generation itself begins earlier inside the cell. Nevertheless, the 
detected H2 signal still precedes the onset of full thermal runaway and 
therefore provides a meaningful early warning indicator for abnormal 
battery behavior.

To quantitatively assess the diagnostic value of the H2 signal, we 
extracted and analyzed three key sensing parameters, namely ΔtTR, 
[H2]peak, and d[H2]/dt, as well as a fourth variable, Tcell, defined as the 
concurrently measured cell surface temperature (thermal context). ΔtTR 
reflects the temporal margin available for intervention, [H2]peak and d 
[H2]/dt capture the intensity and dynamics of gas accumulation, 
respectively, and Tcell provides a thermal reference contextualizing 
whether the TR onset occurs at predictable or anomalously low tem
peratures. Here, TTR denotes the cell surface temperature at TR onset 
and is used as a post-analysis reference point when reported. Collec
tively, these four parameters comprehensively depict the chemical and 
thermal trajectory of the system under accelerated stress.

With the increasing heating rate in Fig. 4, the four indicators evolved 
in a nonlinear and coupled manner. Upon a heating rate increase from 
10 ◦C/min to 15 ◦C/min, ΔtTR decreased from 653 s to 327 s, [H2]peak 
increased from ~80 ppm to ~207 ppm, and d[H2]/dt increased ~3.4- 
fold, indicating a critical acceleration of gas accumulation. Simulta
neously, TTR dropped from ~175 ◦C to 164 ◦C, implying that TR was 
triggered earlier relative to absolute cell temperature. The simultaneous 
time margin contraction, gas signal intensification, and premature 
thermal failure defines a critical transition regime where the system 
shifts from a removal-balanced state to an accumulation-dominated 
state. In this regime, mass transport limitations inhibit outward gas 
diffusion, leading to a steeper internal pressure buildup and more abrupt 
thermal feedback.

To formalize this regime, we propose a time-resolved diagnostic 
interpretation framework in which H₂ onset, d[H2]/dt, and the 
measured cell temperature (Tcell) are interpreted not as independent 
descriptors but as coupled indicators describing the transition from re
action initiation to accelerated pre-TR behavior. For example, an in
crease in [H₂]peak without a corresponding steep increase in d[H₂]/dt 
may represent relatively benign off-gassing, whereas a rapid rise in d 
[H₂]/dt together with concurrent increases in [H2] and temperature 
suggests an accelerated transition toward an imminent pre-TR stage.

Fig. 4. (a) H2 concentraion and temperature profiles under TR conditions. (a) 
H2 evolution at 5, 7, 10, and 15 ◦C/min with tH2 and tmax marked. (b) Top-side 
and (c) bottom-side cell temperatures under TR.
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In this work, ΔtTR (warning margin to TR) and [H2]peak are primarily 
treated as post-analysis performance metrics used to evaluate the 
robustness and consistency of the proposed interpretation across heating 
conditions, rather than as universally transferable real-time cutoffs. This 
framework provides a structured basis for defining calibratable early- 
warning logic under thermal context, while avoiding reliance on a sin
gle static gas or temperature limit. The next section expands on this 
analysis by reformulating these indicators into a two-stage, time- 
resolved warning framework and identifying operational windows 
where H2-based sensing remains reliable for preemptive intervention 
across heating rates.

3.2. Early-warning thresholds and predictive insights

The four key sensing indicators introduced in Section 3.1 (ΔtTR, 
[H2]peak, d[H2]/dt, and Tcell) can be evaluated beyond individual mea
surements to form a predictive framework for early TR warning. These 
indicators not only varied with the heating rate but also exhibited 
coupled nonlinear transitions, especially at 10–15 ◦C/min. Upon a 
heating rate increase from 5 ◦C/min to 15 ◦C/min, Δtmax (tmax-tH2) 
sharply decreased from ~1436 s to 327 s, while [H2]peak increased from 
~80 ppm to ~250 ppm and d[H2]/dt increased ~3.4-fold, signaling a 
notable shift in the gas evolution regime (Fig. 5 and Table 1). These 
changes suggest that the system transitioned from a dissipation- 
balanced state, where gas generation and removal are matched, to an 
accumulation-dominated state, where H2 rapidly builds up because of 
insufficient venting and thermal management [40–42].

This regime shift originates from the temporal overlaps of multiple 
low-temperature exothermic reactions. In particular, SEI decomposition 
reactions, including Li2CO3 (229.4 J/g), LMC (143.4 J/g), and LEMC 
(46.2 J/g) decomposition, begin at 40 ◦C–120 ◦C and release measurable 
amounts of H2 and CO2 [43]. At higher temperatures, additional re
actions such as binder decomposition (>300 ◦C, ~40 J/g), EC/EMC- 
based electrolyte breakdown (150 ◦C–310 ◦C), and NCM811 cathode 
transformations (250 ◦C–350 ◦C, >2000 J/g) release O2 and amplify 
thermal feedback [44]. Importantly, H2 evolution is not limited to a 
narrow reaction window but rather spans multiple overlapping mech
anisms on anode and cathode sides.

These temporally overlapping reactions (from early SEI decomposi
tion to O2 release from the cathode) constitute a thermochemical 
cascade. Their dynamic alignment with sensor data supports that the 
ΔtTR and Δtmax decrease, [H2]peak surge, and d[H2]/dt increase are not 
just empirical signals but rather mechanistic reflections of the transition 
from balanced degradation to an accumulation dominated pre-TR 
runaway. Table 2 and Fig. 8 illustrate this correspondence across gas 
species, thermal phases, and sensor responses.

As the heating rate increases, these reactions begin to merge 
temporally rather than unfold sequentially. Upon a heating rate increase 
from 5 ◦C/min and 10 ◦C/min, ΔtTR notably decreased (by ~1000 s), but 
[H2]peak remained stable, which suggests that the system still effectively 
dissipated heat and gases. However, at 15 ◦C/min, the sharp increase in 
[H2]peak (~207 ppm) indicated that internal gas transport limitations (e. 
g., separator shrinkage at 135 ◦C–200 ◦C, electrolyte viscosity rise, 
narrowing venting paths) began to dominate [45]. These constraints 
reduced H2 removal efficiency and increased the local accumulation of 
gas near the sensor.

This shift is tightly coupled with the feedback dynamics of thermal 
degradation. Upon heating, the Arrhenius behavior of reaction rates 

Fig. 5. (a) Time interval from initial H2 detection (tH2) to the time of maximum H₂ concentration (tmax), and (b) peak H2 concentration as functions of heating rate. 
Data points represent mean values obtained from repeated tests (n) for each condition (see Table S1), and error bars represent the standard deviation (SD) of repeated 
measurements.

Table 1 
Time interval between H2 detection (tH2) and TR onset (tTR) and peak H2 con
centrations at different heating rates.

Heating rate 
(◦C/min)

Time interval between tH2 and tTR (ΔtTR) 
(s)

H2 concentration at tmax 

(ppm)

5 ~1436 ~81
7 ~1201 ~98
10 ~685 ~87
15 ~327 ~250

Table 2 
Literature-reported gas generation reactions associated with the temperature 
range probed by MS in this study.

m/z Reaction equation Temperature 
(◦C)

Mechanism Reference

2 
(H2)

Li + (–CF2CH2–) ➔ 
0.5H2 (g) + LiF +
(–CH=CF–)

≥35 ◦C Li 
dendrite–binder 
reaction triggers 
early H2 release

[27]

Li + (–CF2CH2–)2 ➔ 
H2 (g) + LiF +
(–CH=CH–CH=CH–)

≥170 ◦C Li 
dendrite–binder 
reaction triggers 
early H2 release

[38]

CMC–OH (s) + Li ➔ 
CMC–OLi (s) + 0.5H2 

(g)

≥260 ◦C Li 
dendrite–binder 
reaction triggers 
early H2 release

[44]

(–CH2CH2O–)n ➔ H2 

(g) + CHx + CO (g) +

H2O + (–CH2O–)n− 2

40 ◦C–170 ◦C SEI 
decomposition 
induces early H2 

release

[38]

2ROH + Li ➔ H2 (g) +

2ROLi
≥142 ◦C SEI 

decomposition 
induces early H2 

release

[44]

S. Park et al.                                                                                                                                                                                                                                     Journal of Energy Storage 162 (2026) 122082 

6 



causes the acceleration of gas and heat generation. At this point, the 
sensor data reflect not only how much H2 is being produced but also how 
poorly it is being evacuated. Thus, the ΔtTR reduction, [H2]peak surge, 
and d[H2]/dt increase collectively indicate a critical state transition. 
From a diagnostic perspective, this suggests that no single metric is 
sufficient for early TR detection. Instead, the joint interpretation of ΔtTR, 
[H2]peak, d[H2]/dt, and temperature rise rate provides a more robust 
predictive basis.

To strengthen the scientific basis of early-warning threshold design, 
the indicators are interpreted within a two-stage, time-resolved warning 
framework that explicitly couples hydrogen evolution behavior with 
thermal context. The proposed logic is presented as a calibratable 
methodology rather than a universal, condition-invariant threshold.

The values extracted from the present dataset (e.g., heating-rate- 
dependent ΔtTR, [H2]peak, and d[H2]/dt peak behavior) are therefore 
treated as condition-specific operational examples and post-analysis 
evaluation references, rather than universally transferable thresholds. 
Given the inherent variability of abuse-type TR experiments—even 
under nominally identical protocols—temperature is treated as a 
contextual variable rather than a fixed-temperature cutoff for universal 
prediction.

Within this staged logic, Stage I (early warning) emphasizes H2 onset 
and sustained post-onset growth under the prevailing thermal context, 
whereas Stage II (imminent warning) focuses on the rapid rise and peak 
in d[H2]/dt together with concurrent increases in [H2] and temperature.

To further support the scientific grounding of this interpretation, 
preliminary thermal runaway (TR) prediction modeling was conducted 
based on the reaction-kinetic framework reported in Ref. [44], which 
describes gas evolution during thermal decomposition of battery com
ponents using Arrhenius-type reaction kinetics (see Table S2). Model- 
inferred internal hydrogen evolution features (e.g., onset and peak 
generation timing) were compared with the timing of externally 
measured exhaust H2 signals (Fig. 6).

The modeling comparison provides supporting evidence for the time- 
resolved hydrogen generation kinetics—particularly the evolution of d 
[H2]/dt—underlying the proposed two-stage warning logic. A measur
able time offset was observed, which is reasonably attributed to the 
intrinsic delay associated with internal gas accumulation, vent/release 
pathway formation, and subsequent transport and mixing prior to 
external detection.

This interpretation is corroborated by in situ MS data (Section 3.3). 
H2 was detected as early as ~70 ◦C, well before other gases, and its peak 
rapidly intensified near 140 ◦C. This behavior aligns with the thermo
chemical sequence of SEI breakdown followed by electrolyte decom
position and cathode collapse, highlighting H2 as the earliest and most 
dynamically responsive indicator [27,38].

In summary, as TR evolves, the internal reaction landscape becomes 
increasingly coupled and compressed in time. H2 evolution, owing to its 
low-temperature onset and correlation with SEI/anode reactions, offers 
a unique early signal. By providing ΔtTR, [H2]peak, d[H2]/dt, and Tcell, H2 

Fig. 6. Experimental–model comparison of hydrogen evolution kinetics under different heating rates. The experimentally derived d[H2]/dt from the sensor- 
measured exhaust H2 concentration is shown as the colored solid line (left axis, ppm s− 1), while the model-predicted H2 generation rate calculated from the in
ternal temperature history is shown as the blue solid line (right axis, mol s− 1; ×10− 9 scaling) during temperature ramping at heating rates of (a) 5 ◦C/min, (b) 7 ◦C/ 
min, (c) 10 ◦C/min, and (d) 15 ◦C/min. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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sensing enables the establishment of a multiparametric early-warning 
platform capable of not only detecting but also predicting TR onset 
under variable real-world conditions. This predictive capacity supports 
the practical implementation of H2-based safety mechanisms in next- 
generation LIBs. Together, these indicators—ΔtTR, [H2]peak, and d 
[H2]/dt—can be synthesized into a unified diagnostic metric such as the 
Thermal Gas Accumulation Index (TGAI), serving as a quantitative 
precursor to critical thermal transitions.

3.3. In situ MS analysis

Building on the diagnostic indicators defined in Section 3.2 (ΔtTR, 
[H2]peak, d[H2]/dt, and Tcell), the present section validates the physical 
credibility of H2-based early TR detection through in situ MS analysis. 
The sensor data reveal trends in H2 concentration and warning interval, 
while MS analysis provides the species-resolved confirmation of gas 
evolution pathways, verifying the timing and mechanism of H2 release 
during pre-TR phases.

H2 (m/z = 2) was first detected by MS at ~70 ◦C, well below the 
typical TR threshold of >180 ◦C (Fig. 7), indicating that H2 can serve as 
an early pre-TR indicator. Based on prior reports, H₂ evolution in the 
low-temperature region has been associated with early interfacial 
decomposition processes (e.g., SEI breakdown). Additional lithium- 
related side reactions reported in the literature may also contribute to 
early H₂ generation under certain electrochemical conditions [11,40]. 
By comparison, the external Pd–SnO2 sensor exhibited an apparent H2 
onset near ~100 ◦C (Section 3.1), corresponding to the measurable 
release of gas under externally imposed heating. This offset arises from 
differences in sampling configuration and gas transport dynamics rather 
than from fundamentally different H2-generation mechanisms. Early- 
stage interfacial reactions may generate trace H2 within the sealed 
pouch cell at lower temperatures; however, the external sensor registers 
H2 only after sufficient outward release and local accumulation occur 
near the sensing location. Therefore, the sensor-based onset represents 
the practically relevant signal for external early-warning configurations, 
whereas the MS onset reflects the earliest detectable internal gas gen
eration. A sharp H2 signal intensification was observed around 141 ◦C, 
coinciding with accelerated SEI and electrolyte decomposition, which 
further reinforces the role of H2 as an early-stage chemical precursor 
[44,46].

Comprehensive species-resolved analysis (Fig. S6) revealed that 

multiple gases, including H2 (m/z = 2), CH4 (m/z = 16), CO/C2H4 (m/z 
= 28), and CO2 (m/z = 44), were generated almost simultaneously 
across the 100 ◦C–200 ◦C range. CH4 emerged at intermediate temper
atures (100 ◦C–150 ◦C), while overlapping m/z = 28 peaks indicated the 
concurrent presence of CO and C2H4 and were attributed to electrolyte 
decomposition pathways involving EC and DMC. CO2 showed the most 
intense and sustained signal, with initial release aligned with SEI 
degradation (90 ◦C–130 ◦C) and continued evolution from electrolyte 
and separator breakdown at higher temperatures [47–49].

Despite this multiplex gas evolution, the Pd–SnO2 sensor consistently 
registered H2 ahead of other volatiles. This behavior is not merely an 
artifact of sensor sensitivity but has two fundamental reasons. First, the 
low molecular weight and large diffusion coefficient (~0.61 cm2/s at 
25 ◦C in air) of H2 allow it to travel through cell layers more quickly than 
larger molecules such as hydrocarbons or CO2 and reach the sensor 
earlier. Second, the Pd-functionalized SnO2 nanostructure was engi
neered to preferentially react with H2 via spillover mechanisms and 
catalytic dissociation, providing a rapid response and selective detection 
in mixed-gas environments [35].

This dual advantage explains why H2 was consistently the earliest 
and most reliably detected species in sensor outputs even under the 
complex conditions of overlapping gas evolution. As shown in Section 
3.2, when the heating rate increased from 10 ◦C/min to 15 ◦C/min and 
ΔtTR dropped to <400 s, the detection window became extremely nar
row. In such scenarios, the identity of the gas detected first is critical for 
initiating timely mitigation. The physical properties of H2 and engi
neered sensor response ensure that early warning is not only possible but 
also predictive. Moreover, the low ignition energy (~0.02 mJ) and 
broad flammability range (4–75 vol% in air) of H2 make it the most 
dangerous among early evolving gases, further justifying its prioritiza
tion in safety systems.

In conclusion, MS analysis confirmed that H2 is not only the first 
species to evolve during TR precursors but also the one most detectable 
in practice because of its physicochemical properties and sensor affinity. 
These findings substantiate the use of H2 sensing as a scientifically 
grounded and technically reliable strategy for early TR warning, sup
porting its integration into advanced BMS architectures.

3.4. Comparative analysis with alternative TR monitoring strategies

Building on the time-resolved hydrogen sensing results (Sections 

Fig. 7. In situ mass spectra of gases evolved during pouch cell overheating (10 ◦C/min, max 230 ◦C) in the m/z range of 0–4.
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3.1–3.2) and their consistency with in situ MS observations (Section 
3.3), we position the proposed Pd–SnO2 H2 sensing approach relative to 
representative TR monitoring strategies. Because different modalities 
interrogate distinct physical variables along the TR cascade, a mean
ingful comparison should emphasize earliness, mechanistic interpret
ability, robustness to boundary-condition variability, and practical 
integrability under abuse conditions rather than assuming that any 
single signal is universally sufficient [50].

Conventional TR monitoring strategies can be broadly categorized 
into thermal, electrical, and mechanical/pressure-based approaches. 
Temperature monitoring (e.g., thermocouples, RTDs, IR methods) re
mains indispensable for contextualizing degradation severity and 
boundary conditions [51,52], but is inherently limited by thermal 
inertia and heat-transfer delay. Electrical diagnostics, including voltage 
anomalies and impedance-related indicators, are attractive because of 
their direct compatibility with BMS architectures and ability to capture 
circuit-level abnormalities [53,54]. Mechanical or pressure-related sig
nals (e.g., swelling, pressure rise, or vent signatures) provide clear evi
dence of internal gas accumulation and release processes and serve as 
strong imminent-risk indicators [55,56]. However, these modalities 
differ in their earliest diagnostic sensitivity: thermal and mechanical 
channels often become prominent near acceleration or venting stages, 
whereas electrical signals may not always uniquely correspond to the 
earliest interfacial decomposition pathways across chemistries.

In this context, hydrogen sensing provides a complementary chem
ical–kinetic axis for early-stage diagnosis. As demonstrated in Sections 
3.1–3.3, H2 is detected as one of the earliest evolving species and in
tensifies prior to full TR onset. Its time-resolved kinetics, including d 
[H2]/dt behavior, offer actionable information beyond a single con
centration threshold. Importantly, the present contribution is not 
framed as replacing established monitoring channels, but as integrating 
hydrogen evolution features with thermal context through a structured 
two-stage warning framework (Section 3.2). Consistency with in situ MS 
observations further supports the mechanistic interpretability of this 
staged logic.

From a practical implementation perspective, the present metal- 
oxide semiconductor (MOS)-based sensing platform offers additional 
advantages in manufacturability and system integration. Unlike 
laboratory-scale mass spectrometry systems or optical fiber-based early- 
warning devices, the Pd–SnO2 nanorod sensor can be fabricated using 
batch-compatible thin-film processes, including thermal oxidation, 

photolithography, sputtering, and GLAD deposition. The device struc
ture—comprising a thermally grown SiO2 layer, Cr/Pt interdigitated 
electrodes, vertically aligned SnO2 nanorods, and a thin Pd catalytic 
layer—is fully compatible with conventional semiconductor processing. 
Importantly, the fabrication does not require vacuum-sealed optical 
cavities, complex optical alignment procedures, or highly specialized 
transistor architectures.

Although certain FET-based or optical sensing platforms may achieve 
lower detection limits, the proposed Pd–SnO2 architecture provides a 
balanced trade-off among sensitivity (ppm-level), response speed, 
selectivity, scalability, and system cost. Such balance is particularly 
important for module- or pack-level integration in practical battery 
systems, where manufacturability, reliability, and cost efficiency are as 
critical as detection sensitivity.

From a practical standpoint, the proposed sensor platform is most 
appropriately deployed as a complementary early-warning channel 
alongside temperature and electrical monitoring. Temperature provides 
essential boundary-condition context, electrical signals capture circuit- 
level anomalies relevant to protection logic, and hydrogen kinetics can 
extend warning margin and sharpen imminent-risk discrimination when 
interpreted within the staged framework. Future work should expand 
validation across broader cell formats and chemistries and establish 
calibration procedures that map staged decision variables to 
application-specific constraints such as installation geometry and 
acceptable false-alarm tolerance [50,57,58]. In parallel, integrating 
hydrogen-based indicators with thermal, electrical, or pressure signals 
in a sensor-fusion framework is expected to enhance robustness at 
module- and pack-level deployment.

Finally, recent studies have shown that embedded (internally inser
ted) temperature sensing can provide earlier and more representative 
thermal information than external surface measurements under certain 
abuse scenarios [59,60]. Analogously, while the present study focuses 
on external exhaust monitoring, the development of embedded or in-cell 
gas sensing concepts (e.g., for H2 evolution) may enable even earlier 
detection of interfacial reaction precursors. If implemented safely 
without compromising cell integrity, such approaches could further 
advance hydrogen-based TR prediction beyond external indicators [61].

4. Conclusions

This study demonstrates that TR in LIBs is preceded by H2 evolution, 

Fig. 8. Schematic of the TR and corresponding gas generation mechanisms.
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revealing the utility of this phenomenon as a quantifiable and reliable 
early-warning signal across diverse heating conditions. A Pd-decorated 
SnO2 nanorod sensor with ppm-level sensitivity is used to monitor 
real-time H2 evolution in NCM811 cells at controlled heating rates of 5, 
7, 10, and 15 ◦C/min. Across these conditions, the H2-based warning 
interval ΔtTR (tTR − tH2) remains consistently nonzero, decreasing from 
1436 s (~24 min) to 327 s (~5.5 min) as the heating rate increases from 
5 ◦C/min to 15 ◦C/min, thus offering a viable temporal window for 
preemptive intervention even under rapid escalation scenarios.

A critical transition in gas evolution behavior is observed with the 
increasing heating rate. Below 10 ◦C/min, [H2]peak remains stable (~80 
ppm), reflecting a removal-balanced regime. However, at 15 ◦C/min, 
[H2]peak surges to ~207 ppm, indicating a shift to an accumulation- 
dominated state due to thermal feedback, venting limitations, and 
overlapping reaction kinetics. This trend is paralleled by a steep rise in d 
[H2]/dt. Collectively, the changes in the above metrics mark an 
approach to the TR threshold.

In situ MS analysis validates these findings, identifying H2 as the 
earliest-evolving gas initially detected at ~70 ◦C, i.e., far below typical 
TR onset temperatures. Despite the simultaneous emergence of CH4, CO, 
and CO2 at higher temperatures, H2 is consistently detected first because 
of its low molecular weight and superior diffusivity, as well as the high 
selectivity of the Pd–SnO2 sensor. These characteristics position H2 not 
only as a leading indicator of early degradation but also as the most 
dynamically responsive species under TR-relevant conditions.

To move beyond binary detection schemes, we propose a multipa
rameter sensing framework integrating ΔtTR, [H2]peak, and d[H2]/dt into 
a unified risk assessment strategy. This approach enables robust 
decision-making by capturing the timing and intensity of TR precursors, 
particularly in critical transition zones where intervention time sharply 
narrows. A simplified generation–removal model supports this inter
pretation and provides a physical basis for sensor threshold design.

In summary, H2 sensing coupled with a multidimensional analysis of 
timing and concentration dynamics offers a promising path toward 
predictive safety systems for LIBs. Future work should focus on scaling 
the proposed sensing framework to module-level validation using high- 
capacity cells and evaluate its predictive performance under integrated 
thermal and electrical conditions. Future studies will focus on validating 
this approach at the battery module level with increased cell capacity 
and realistic enclosure designs, ensuring seamless integration into 
practical BMS platforms.
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Glossary

ΔtTR (Warning Interval): The time interval between the first detection of hydrogen gas and the 
onset of thermal runaway; a key predictive metric.: 
Δtmax: The time interval between the initial detection of H₂ and its peak concentration, repre
senting the degree of temporal compression in hydrogen evolution with increasing heating rate.: 
[H2]peak: The peak concentration of hydrogen gas during thermal events, indicating the intensity 

of gas generation.: 
d[H2]/dt: The rate of increase of hydrogen concentration over time; a rapid rise signals 
heightened runaway risk.: 
Tcell: The real-time measured surface temperature of the cell, used to provide thermal context 
during the experiment.: 
TTR: The cell surface temperature at the onset of thermal runaway, used to correlate gas evolution 
behavior with thermal transition.: 
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