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The global imperative to transition from fossil fuels to chemical batteries, driven by escalating energy
security concerns and environmental crises like global warming, underscores a critical pathway toward
sustainable development and a cleaner future [1-6]. Currently, lithium-ion and lead-acid batteries are the
most widely adopted secondary batteries for everyday applications [7,8]. Researchers are also exploring
other types, such as zinc-ion [9-11] and sodium-ion batteries [12-14], to address the global energy crisis.
LIBs, in particular, are extensively used in applications like electric vehicles, laptops, and smartphones
owing to their high specific capacity, energy density, extended cycle life, elevated voltage, and
environmental sustainability [15-17]. According to data from the Web of Science website, the field of LIBs
has undergone extensive research over the past two decades (Figure 1). Undoubtedly, the demand for
battery energy storage is growing, along with increasing requirements for battery performance [18]. Higher
energy density, a critical performance metric, often comes with increased safety risks due to the high
reactivity of LIBs and flammable liquid electrolytes [19-21]. These factors can lead to thermal runaway,
potentially causing fires or explosions that threaten personal and societal safety, thereby severely hindering
LIBs development. Therefore, it is crucial to promptly monitor abnormal conditions in LIBs and alert users
to take appropriate actions to prevent harm to human health and property damage.
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Figure 1. Annual distribution of lithium battery related literature in the Web of Science database (2005-2025).

Commercial LIBs must comply with safety assessment standards set by International Organization for
Standardization (ISO) and International Electrotechnical Commission (IEC) before entering the market [22].
Despite these standards, the inherent complexity of real-world operating conditions makes it impossible to
entirely eliminate the risk of thermal runaway [23]. While the mechanisms of thermal runaway are influenced
by numerous factors, extensive research has been conducted to understand this phenomenon [24-27].
Thermal runaway in batteries is typically characterized by temperature rise, pressure increase, and gas
generation [28,29]. Monitoring these characteristic signals, such as temperature changes or gas
composition, offers the most effective approach for early thermal runaway detection. Previous studies have
focused on traditional early detection technologies, including gas sensing [22,30-33] and temperature
monitoring [34-36]. The performance of these technologies in detecting early-stage thermal runaway relies
heavily on the material properties enabling sensing functions [37,38]. Hence, developing advanced thermal
runaway sensing materials is critical to improving early detection capabilities and ensuring battery safety
in practical applications.

Existing reviews on battery thermal runaway monitoring have predominantly focused on detection
technologies [32,39-43], however, a comprehensive summary of sensor materials has rarely been provided.
This review provides a comprehensive analysis of thermal runaway mechanisms, sensing principles based on
associated physicochemical phenomena, and recent advancements in sensor materials. The remainder of this
review is structured as follows: Section 2 introduces thermal runaway mechanisms and monitoring principles.
Section 3 summarizes recent developments in sensor materials for practical applications. Section 4 explores
future directions and recommendations for advancing early-stage thermal runaway monitoring
technologies and sensor materials. Section 5 concludes the review. This review focuses on conventional
lithium-ion batteries employing intercalation-type electrodes and predominantly liquid organic
electrolytes. Lithium-metal, lithium-sulfur, and solid-state batteries are outside the primary scope unless
explicitly discussed for comparison.

Thermal runaway refers to a phenomenon in chemical, battery, or energy storage systems where
exceeding a critical temperature threshold hinders effective heat dissipation, resulting in an uncontrollable
temperature escalation [44,45]. Furthermore, this acceleration in heat release initiates a chain reaction that
amplifies internal chemical reactions, thereby producing more heat. Upon initiation, temperatures can
rapidly rise to hundreds of degrees Celsius, causing battery decomposition, poisonous gas discharge, and
potential combustion or explosion [46]. The thermal runaway process in LIBs is complex, involving multiple
reaction stages [27,47]. Therefore, research on how to effective detection, prediction, and prevention of
thermal runaway in LIBs has become crucial [48-50]. Till now, development of novel sensing materials has
offered new approaches for real-time monitoring of lithium battery internal states, particularly in detecting
temperature, pressure, and chemical composition changes, which is significant for the improvement of
battery safety [51-53]. The following sections will discuss the mechanisms of thermal runaway in LIBs
corresponding pivotal monitoring methodology based on thermal runaway induced physical and chemical
changes in batteries.




Thermal runaway in lithium-ion batteries can be initiated by mechanical, electrical, thermal, or
manufacturing-related factors [54]. Mechanical deformation caused by collision, compression, or
penetration may damage the separator and induce direct contact between the electrodes, resulting in an
internal short circuit and localized heat generation [55]. Electrical abuse includes overcharging,
overdischarging, and external or internal short circuits. During overcharging, excessive delithiation
destabilizes the cathode structure and promotes electrolyte oxidation, gas evolution, and heat release.
Meanwhile, the inability of the graphite anode to accommodate incoming Li+* at sufficiently high charging
rates may result in lithium plating and subsequent dendrite growth [47,56]. In contrast, severe
overdischarging raises the anode potential and can induce dissolution of the copper current collector.
Copper ions may subsequently be reduced and deposited during recharging, increasing the risk of internal
short circuits. Thermal abuse, insufficient heat dissipation, and manufacturing defects can further
accelerate parasitic reactions and generate localized hot spots, thereby initiating thermal runaway [57-59].

Once initiated, thermal runaway generally proceeds through a series of mutually coupled reactions
rather than a universal sequence defined by fixed temperature boundaries. In graphite-based lithium-ion
batteries containing carbonate electrolytes, early self-heating is commonly associated with destabilization of
the solid electrolyte interphase (SEI) and reactions between the lithiated anode and the electrolyte [60-62].
These processes expose additional active electrode surfaces, release heat and gaseous products, and
increase the internal pressure. With further heating, electrolyte decomposition and separator shrinkage or
melting intensify ion transport disruption and increase the probability of internal short circuits [63]. At
higher temperatures, charged cathode materials may undergo structural degradation and release oxygen,
although the onset temperature and amount of oxygen released depend strongly on the cathode chemistry
and state of charge [64].

The oxygen released from the charged cathode can react rapidly with the organic electrolyte and other
combustible components, producing additional heat and gaseous products [47,65]. Simultaneously,
reactions between the lithiated anode and electrolyte become increasingly vigorous. These coupled
exothermic processes establish a positive feedback loop in which heat generation exceeds heat dissipation,
leading to rapid temperature and pressure increases. At the severe runaway stage, decomposition or
combustion of the electrolyte, binder, separator, and electrode materials can result in cell venting, fire, or
explosion [66]. Importantly, the onset temperatures and relative contributions of these reactions vary with
electrode chemistry, state of charge, cell format, aging history, electrolyte composition, and triggering
condition. Therefore, the temperature intervals reported for individual cells should be regarded as
representative rather than universally applicable.

LIBs exhibit inherent heat generation during operation, storage, and cycling, stemming from multiple
factors including electrochemical reactions, internal resistance, ambient conditions and their synergistic
interactions [67]. The comprehensive understanding of these thermal mechanisms proves crucial for
optimizing safety, durability and operational efficiency of batteries. The thermal dynamics in LIBs constitutes
amultifaceted process involving three primary components: reversible reaction heat, irreversible polarization
heat, and ohmic losses [68,69], while each mechanism may operate independently or synergistically, leading
to various degrees of heat production. The electrochemical reaction heat refers to the heat generated during
the charging and discharging process of LIBs, where lithium ions (Li*) in the cathode and anode materials are
continuously de-intercalated and intercalated due to chemical reactions [25,70]. This entropy-driven thermal
component demonstrates polarity dependence, exhibiting endothermic characteristics during charging
(negative heat generation) and exothermic behavior during discharging (positive heat generation). The
quantitative relationship for reaction heat can be expressed as Equation (1) [71], where Q,.., represents
the reversible heat-generation rate in W; [ is the battery operating current in A (positive for discharging
and negative for charging); T is the operating temperature of the LIBsin K; Uy is open-circuit voltage
of LIBs in V. Equation (1) defines the entropy-related heat term, while its contribution to the overall energy
balance is interpreted according to the sign convention adopted in Equation (6). Note: unless otherwise
specified, the heat-generation terms in Equations (1)-(6) are cell-level rates with units of W.




Qrey = —IT 0L (1)

The generation of polarization heat is attributed to Ohmic polarization, concentration polarization, and
electrochemical polarization, all of which arise when current flows through the battery [72]. These
polarizations lead to a voltage difference between the battery’s terminal voltage and its open-circuit voltage,
thereby generating heat. The voltage difference between the terminal voltage U, and the open-circuit
voltage U,y of LIBs generates polarization heat. In the modeling process, it is assumed that the battery
contains an internal polarization resistance R,, and the polarization heat is considered equivalent to the
heat generated by this internal resistance. The calculation formula is given by Equation (2) [73], where Q,
is polarization heatrate; R,, R;, R, are polarization resistance of LIBs, a portion of total battery resistance

and electrical resistance, respectively.
Qp = IZRp = Iz(Rt - Re) (2)

Ohmic heat refers to the heat generated as a result of resistance to current flow in components such as
the cathodes and anodes, electrolyte, separator, and other parts exhibiting ohmic resistance [74,75], which
is also referred as Joule heat [70]. This heat is an inherent consequence, as it is directly proportional to both
the current magnitude and the internal resistance of the battery. It arises from exothermic reactions
occurring during both charging and discharging processes classified as irreversible heat. The corresponding
calculation is provided by Equation (3) [73], where Q, is Ohmic heatrate; R, is battery resistance.

Q = IZRU (3)

When calculating the total heat generation of a battery, researchers typically use the heat generation
model proposed by Bernardi et al. [76]. in the 1980s, which laid the foundation for the modern thermal
management theory of LIBs. The central concept of the Bernardi model is the assumption of uniform heat
distribution within the battery. It further divides the total heat generation into two components:
irreversible Joule heating and reversible reaction heat, as described in Equation (4). Here, Qep
represents the irreversibly generated heat rate, which depends on the electrochemical reaction process of
the battery and can be estimated through temperature and voltage variations of the battery. U, represents
the battery terminal voltage. Q;,:q; is the total heat-generation rate.

Qtotal = Qrey + Qirev (4]
Qirev = IWUocy — Uyp) )
The combination of Equations (1), (4) and (5) yield Equation (6):
du
Qtotal = Qrev + Qirev = I(UOCV - Ut) - IT d?]‘CV (6)

Bernardi’s model provides a relatively straightforward and accessible approach for estimating heat
generation, offering a theoretical framework for advanced research in battery thermal management.
However, the assumptions underlying the model raised by Bernardi are overly idealized. In practice, the
heat generation in batteries is not uniformly distributed, and factors such as internal heat conduction and
convection need to be further considered [77]. The model proposed by Newman et al. [78] subsequently
considered the uneven temperature distribution within LIBs. In practical applications, the internal
temperature of the battery is not completely uniform, especially under high-power charging and
discharging conditions, where localized regions of the battery may generate more heat. Newman’s model
describes the distribution and conduction process of heat by solving the heat conduction equation. In this
model, the temperature field of the battery is described by the following equation, where p is the battery
density in kg m=3; C, is specific heat capacity of the battery in ] kg-! K-1; k is thermal conductivity in W
m-1K-1, Qu:q isinterpreted as a local volumetric heat-generation rate with units of W m-3.

aT
pcpa = V- (kVT) + Qtotal (7)

In the cells inside the battery, both current and potential exhibit spatial variation. Based on this
observation, Rao and Newman developed a local heat generation model in their studies [79]. It is believed
that the heat generated by electrochemical reactions is localized at the reaction interface and encompasses
several components: irreversible resistive heat resulting from overpotentials, reversible heat associated




with entropy generation, and irreversible internal resistive heat [80]. The irreversible internal resistive
heat can be further divided into electronic heat and ionic heat. Electronic heat refers to the Joule heating
occurring within the solid phases, whereas ionic heat pertains to the Joule heating generated within the
electrolyte phase. The rate of heat generation in the local heat generation model is represented by the
following Equation (8):

Co o = Quotar = — %1 [ iy Upydv — IV ®8)
where a denotes the specific electrochemically active interfacial area, i,; is the corresponding local
interfacial current density, and Uy, is the enthalpy potential associated with reaction [.

Taking thermal release into account, sensors for temperature monitoring used for battery thermal
runaway are crucial safety devices, designed to detect the risk of overheating during battery operation,
thereby preventing the occurrence of thermal runaway. The operational principles can be classified into
three primary categories [81]. Firstly, the principle of thermistor-based temperature sensing relies on the
relationship between material resistance and temperature variation. Within a detectable temperature
range, changes in temperature are converted into electrical signals, enabling temperature monitoring.
Secondly, the thermocouple principle is based on the Seebeck effect, which involves the electromagnetic
effect generated in a circuit comprising two different metals. A temperature difference between two
junctions induces a thermoelectric potential in the closed circuit. The temperature can be estimated by
measuring this electrical potential. Thermocouples operate through a closed loop of two dissimilar
conductors. A temperature gradient between the junctions induces charge carrier movement, creating a
measurable electromotive force. Alternatively, semiconductor thermistors utilize the nonlinear resistance-
temperature relationship of semiconductor materials for precise temperature detection.

The mechanism of pressure generation in LIBs batteries is typically associated with internal reactions,
temperature rise, electrolyte evaporation, and gas generation. Throughout the charge and discharge cycles,
the battery components, including the electrodes (anode and cathode) and the separator, undergo a range of
physical and chemical transformations. Under extreme conditions, such as over-charging, short-circuiting, or
over-discharging, the internal temperature of the battery can rise significantly, leading to the decomposition
of the electrolyte and the production of gases (Hz and COz2 etc.). The accumulation of these gases within the
battery, if not released promptly, will result in increased internal pressure. Excessive pressure can cause the
battery casing to rupture, potentially leading to flaming or explosion in severe cases [82]. In this section, we
will conduct a comprehensive analysis of the various factors contributing to pressure generation in LIBs
and explore underlying mechanisms.

Over-charging is the first issue to consider, which refers to the condition that a battery’s voltage
exceeds its design limitation, typically around 4.2 V for a single lithium-ion cell [83]. When LIBs operate
under overcharging conditions, abnormal chemical reactions occur within the cell, leading to several
consequences. Firstly, the decomposition of the electrolyte may take place. The electrolyte in LIBs typically
consists of solvents (such as organic carbonates) and lithium salts (e.g., LiPFs). Excessively high voltages
during overcharging can cause the organic solvents in the electrolyte to decompose, and further generates
gases such as COz, CO, and HF, some of which are corrosive. The accumulation of these gases leads to a rapid
increase in internal pressure. Secondly, over-charging may induce lithium metal to deposit on the anode,
promoting the growth of lithium dendrites. These dendrites pose significant safety risks, as they can pierce
the separator and cause short circuits, exacerbating gas generation and pressure buildup [84].

In addition to overcharging, severe overdischarging can compromise battery safety when the cell
voltage falls below its lower cut-off limit [85]. During overdischarge, the anode potential increases
substantially, which may cause copper current-collector dissolution and irreversible degradation of the
electrode interfaces. If the cell is subsequently recharged, dissolved copper ions can be reduced and
deposited on the electrode surfaces, potentially penetrating the separator and inducing an internal short
circuit. The resulting localized heating accelerates electrolyte decomposition and gas evolution, thereby
increasing the internal pressure and the risk of thermal runaway. Therefore, lithium plating and dendrite
formation should primarily be associated with overcharging, high-rate charging, or low-temperature
charging, rather than with the overdischarge process itself [84-87].

As discussed above, to prevent excessive pressure from leading to rupture or explosion, designs of
battery typically incorporate safety mechanisms such as pressure relief valves and expansion membranes [88].




However, during operation, particularly under conditions of over-charging, over-discharging, high-
temperature exposure, or physical damage, safety issues may still arise [58]. Therefore, proper usage and
the avoidance of extreme conditions are crucial for ensuring battery safety.

Pressure sensors function by transducing mechanical pressure (e.g., from gaseous or liquid media) into
measurable electrical signals through four principal transduction mechanisms: resistive, capacitive,
piezoelectric, and fiber-optic [89]. In resistive sensors, pressure-induced deformation of the diaphragm alters
the internal resistance of the sensor, generating an electrical signal proportional to the pressure. In capacitive
sensors, pressure changes the distance between two electrodes, resulting in a change in capacitance, and
producing the electrical signal [90]. Piezoelectric sensors produce an electrical charge when pressure is
applied to piezoelectric materials, and this charge can be detected to measure the pressure [91]. Fiber-optic
sensors measure pressure by altering the properties of the light signal within the fiber, such as refractive
index or interference patterns [92]. In battery thermal runaway monitoring, piezoelectric or resistive
pressure sensors are more commonly used because of their quick response time, making them suitable for
detecting sudden pressure changes [93].

During thermal runaway, LIBs undergo complex multi-stage chemical reactions that generate various
gaseous compounds, including flammable molecules that significantly elevate fire and explosion hazards
due to heightened ignition risks [30]. The mechanism of gas generation during thermal runaway can be
delineated into several key stages, including the internal temperature increase within the battery, the
decomposition of the electrolyte, and the subsequent reactions between the positive and negative electrode
materials, as similarly compared to thermal runaway process (Figure 2) [47,94,95]. At the onset of thermal
runaway, the temperature rises to 90 °C, leading to the decomposition of the SEI, which in turn releases
substantial amounts of heat and gas. Taking metastable materials such as (CH20CO2Li)2 and ROCO:Li as
examples, the decomposition reaction is as follows:

1

ROCO,Li — ROLi + CO, T (10)

Equations (9) and (10) represent simplified overall decomposition pathways of representative
metastable SEI components. The actual SEI contains multiple inorganic and organic species and may
consequently produce additional gaseous and solid products [22,96].

The decomposition of SEI generates a significant amount of heat, causing the system temperature to continue
rising. Upon the structural fracture of the anode, the intercalated lithium within becomes directly exposed to the
electrolyte. This exposure triggers an exothermic reaction, resulting in the formation of combustible hydrocarbon
compounds. Several possible chemical reactions that may occur are outlined as follows:

CsH,05(EC) + 2Li — Li,CO; + C,H, 1 (11)
C3Hg05(DMC) + 2Li - Li,CO; + C,Hg 1 (12)
CsHy005(DEC) + 2Li — Li,CO5 + C4Hyo T (13)

Equations (11)-(13) are balanced overall reactions used to illustrate the formation of lithium
carbonate and gaseous hydrocarbons when lithiated species react with carbonate solvents. They do not
imply that these are the only products or elementary reaction pathways [97,98].

Subsequently, electrochemical side reactions continue to occur, and the separator begins to melt. As
the temperature increases rapidly to approximately 200 °C, the separator may shrink or melt, while
reactions between the lithiated anode and the electrolyte become increasingly vigorous. At higher
temperatures, charged cathode materials can undergo structural degradation accompanied by oxygen
release. For example, delithiated LixCoOz, including LiosCoO2z as a charged cathode material [97] and the
electrolyte LiPFs as an example [96], the chemical reaction equation is as follows:

LipsC00, — 0.5LiC00, + 1/60, T + 1/6C050, (14)

LiPF, — LiF + PFs (15)
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The organic electrolyte solvent begins to undergo gradual oxidation, driven by the oxygen generated
during the anode decomposition. This process releases a numerous amount of heat and gas, primarily
composed of COz and Hz0. Taking EC electrolyte solvent as an example [33].

C3H,04(EC) + 20, — 2C0, + CO + 2H,0 (16)

PFs, as a toxic compound, can promote the decomposition of electrolytes and react with water
molecules released during the aforementioned stages, generating the toxic gas HF [99,100].

PF; + H,0 - POF; + 2HF 1 (17)

Finally, the binder polyvinylidene fluoride (PVDF) effectively stabilizes the overall structure of the
electrode [101,102]. However, at elevated temperatures (around 260 °C), it may react with lithium metal
deposited on the anode or cathode, leading to the generation of Hz and hydrocarbons. Meanwhile, carbon-
based materials are prone to undergo vigorous combustion, resulting in the huge releasing of CO and CO2 [103].
They cannot be represented by a unique stoichiometric equation. Equation (18) is therefore presented only
as a simplified schematic pathway.

PVDF + lithiated species — unsaturated/carbonaceous residues + LiF + H, (18)

B0 co.. . c.n,
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reacts with electrolyte ) ’ ‘
' 130°C  separator melt
intercalated lithium ' )
reacts with electrolyte 100 °C CsHs, CoHs, CH,
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Thermal runaway

)
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Figure 2. The mechanism of gas generation during thermal runaway. Upper panel: Reprinted with
permission from Ref. [95]. Copyright © 2022, Chinese Laser Press. Lower panel: Ref. [104]. Copyright ©
2024, John Wiley & Sons.

Gas evolution is a valuable indicator of battery failure, but neither the sequence nor the concentration
of the released species is universal. The onset and relative abundance of Hz, CO, CO2, CH4, C2Hs4, other volatile
hydrocarbons, 02, and HF depend on cathode chemistry, anode composition, electrolyte formulation, state
of charge, cell format, aging state, and abuse mode. COz and light hydrocarbons can provide pre-runaway
information in some cells, while Hz and CO may also be detected before rapid temperature escalation under
particular conditions. HF can arise from LiPFe¢-related decomposition and hydrolysis reactions; however, its
external concentration and apparent onset are strongly affected by moisture availability, secondary
reactions, adsorption, and its high reactivity and corrosiveness. Oxygen release is similarly chemistry-
dependent, and Oz may be consumed by reactions with the electrolyte and lithiated anode before reaching
an external sensor. Therefore, a gas should not be designated as intrinsically early or late solely from a
nominal reaction temperature. The measured warning time further depends on vent-opening and leakage
behavior, transport and dilution within the enclosure, sensor location, response time, detection limit,
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selectivity, and environmental cross-sensitivities. Gas-sensing strategies should therefore be calibrated for
the cell chemistry and deployment scenario, and pattern-based multi-gas detection, preferably combined
with temperature, pressure, voltage, or impedance signals, is generally more robust than a universal single-
gas threshold [30,96]. Currently, gas detection for LIBs thermal runaway is typically carried out using
semiconductor sensors, electrochemical gas sensors, infrared optical gas sensors, and mass spectrometric
sensors [30,96]. These sensors perform on different principles and exhibit varying advantages for detecting
specific types of gases and operating conditions. Among them, semiconductor gas sensors, such as ZnO-
based sensors [105], can detect characteristic gases by utilizing changes in surface conductivity resulting
from the interaction between gases and the material surface, which exhibits high sensitivity and can
efficiently detect gases [106]. However, it is susceptible to environmental factors such as temperature and
humidity, necessitating frequent calibration [107]. In contrast, electrochemical gas sensors operate based
on redox reactions of target gas molecules at the electrode, generating current or potential signals
proportional to the gas concentration, thereby facilitating gas detection [108,109]. However, it may present
a risk of sensor poisoning at elevated gas concentrations and typically exhibits a shorter operational
lifespan. The latter two types of sensors track most gas molecules based on the absorption characteristics
of specific infrared wavelengths associated with chemical bonds and the ionization mass-to-charge ratio
principle, which are widely recognized for their broad detection range and high accuracy. However, a
critical drawback of both types is their high detection cost, which limits their feasibility for widespread
application in the safety monitoring of future energy storage devices [110].

During the charging process of LIBs, lithium ions diffuse toward the anode and undergo lithium
deposition. The formation of lithium dendrites during deposition inevitably increases the risk of thermal
runaway. Recent advancements in various in-situ characterization techniques, including in-situ electron
microscopy, magnetic resonance, and neutron-based methods, have provided powerful tools for
investigating dendritic growth mechanisms in LIBs [111].

In-Situ imaging technology integrates optical microscopy, X-ray tomography, transmission electron
microscopy, or atomic force microscopy with specially designed electrochemical reaction cells, which
enables experimental conditions to closely mimic actual battery operating states, permitting real-time
observation of lithium dendrite nucleation and growth dynamics at the nanoscale [112,113]. In-Situ
magnetic resonance techniques can be mainly categorized into in-situ nuclear magnetic resonance (NMR)
and in-situ electron paramagnetic resonance (EPR). In particular, in-situ NMR can provide information on
the molecular chemical environment and dynamic processes, offering advantages such as non-destructive
quantification and high sensitivity [114]. In-Situ EPR exhibits higher sensitivity compared to NMR and
enables the combined analysis of EPR spectroscopy and EPR imaging to study the morphology and spatial
distribution of metallic lithium [115]. In-Situ neutron techniques leverage the interaction between neutron
beams and atomic nuclei, offering isotope-specific and highly sensitive detection, particularly for lithium
atoms, making them an effective method for characterizing lithium metal distribution [116]. However, the
high cost of neutron sources prevents their large-scale implementation in laboratory settings, limiting their
application in studying the growth mechanisms of lithium dendrites. These operando techniques provide
valuable mechanistic and spatially resolved information on lithium deposition and internal degradation.
However, their instrument complexity, cost, and cell-access requirements currently limit their direct
integration into commercial battery-management systems; they are therefore best regarded as diagnostic
platforms that guide the development and validation of deployable sensors.

Thermoresponsive materials are a class of materials that can respond to external temperature changes
and undergo reversible physical or chemical changes [117]. In recent years, with the growing demand for
applications of thermoresponsive materials, significant progress has been made by researchers in areas
such as synthesis, performance optimization, and applications [118]. The principle of material temperature
sensing has been described in detail in Section 2.2.1, primarily involving the thermoresistive effect and the
thermoelectric effect [119]. For real-time monitoring of the operating temperature in LIBs, sensors should
possess characteristics such as miniaturization, flexibility, and high-temperature stability to facilitate their
integration into the internal battery system [39,120,121]. To date, the most widely studied flexible




temperature sensors primarily include metals and their oxides [122-124], carbon-based materials [125,126],
and conductive polymers [127,128]. Metal and metal oxide-based temperature sensors have been
extensively studied due to their superiority, such as fast response time, high accuracy, and wide
temperature measurement range [129]. Guo et al. [130] developed a multimodal flexible sensor utilizing a
Lao7Sro3MnOs functional oxide thin film, which was deposited on a mica substrate. The sensor demonstrates
exceptional performance over a wide temperature range, from 20 K to 773 K, and exhibits outstanding
mechanical flexibility, maintaining durability through up to 3600 bending cycles. Liu et al. [131] employed
Pt/In203 as thermoelectric materials to fabricate a temperature sensor on a flexible polyimide substrate.
The thermoelectric temperature sensor achieved a maximum output voltage of 34.33 mV and exhibited an
exceptionally high sensitivity of 204.35 pV/°C. Additionally, the sensor demonstrated excellent
repeatability, stability, and minimal temperature drift. NiO is regarded as an ideal thermosensitive
semiconductor owing to its high temperature coefficient of resistance (TCR) and exceptional temperature
sensing performance. Consequently, the development of highly sensitive NiO-based flexible material
devices is critical for advancing flexible temperature sensors with both high deformation capability and
enhanced sensing performance. Lu et al. [104] proposed a straightforward in-situ two-step synthesis
method to fabricate flexible NiO/carbon nanotube fiber (CNTF) composites (Figure 3A). The resulting
NiO/CNTF-based flexible temperature sensors demonstrated remarkable deformability and temperature
sensing properties, exhibiting a wide operating range (-15 to 60 °C), high sensitivity (with a maximum TCR
of =20.2% °C-1), and the ability to effectively detect early thermal runaway in LIBs (Figure 3B). Recent
studies have focused on the potential of alloys to significantly improve temperature sensing performance.
Li et al. [132] developed a flexible temperature sensor utilizing Mo1-xWxS: alloy films, fabricated through
inkjet printing and thermal annealing techniques, which exhibited an exceptionally wide temperature
detection range (20 K to 823 K) on a polyimide substrate, and extending up to 1073 K on flexible mica. It
also demonstrated a rapid response time of approximately 30 ms, remarkable stability of 100
heating/cooling cycle, and excellent ability to accurately identify arbitrary shapes (Figure 3C).

Nevertheless, metallic materials generally display lower temperature sensitivity compared to carbon
nanomaterials and conductive polymers, and the flexibility of metallic materials is comparatively limited.
In recent years, there has been rapid advancement in the development of temperature sensors based on
carbon nanomaterials and conductive polymers [104,125-136]. For instance, Wang et al. [137] developed
graphene fibers through a straightforward microfluidic spinning technique, utilizing vitamin C as a reducing
agent. The resulting fibers demonstrated high electrical conductivity (2448 S/m), exceptional flexibility, and
a lightweight nature. Building on its unique physical properties, flexible temperature sensor incorporating
both graphene fibers and platinum were fabricated, which displayed a sensitivity of 29.9 uV/°C. Under a
temperature gradient of 120 °C, the sensor’s thermoelectric voltage output reached 3.45 mV, indicating
outstanding temperature-sensing capabilities. These results highlight the sensor’s promising potential for
applications in the monitoring of LIBs. To obtain better temperature sensing characteristics, the type of
carbon materials and the design of sensor devices were considered. Buga and Viana [138] utilized two types
of commercial carbon inks (carbon nanoparticles and CNTs) along with three distinct design approaches to
fabricate a range of temperature sensors. They assessed the morphological and electronic structural
properties of the sensors and optimized their sensing performance using statistical factor analysis (Figure 3D).
The results demonstrated that the temperature sensor based on carbon nanoparticles, combined with
Design 1, achieved a resistance of 7.8 k( at room temperature, a TCR of 1.13% °C-1, and a correlation
coefficient (R) of 0.99. Liu et al. [139] developed a linearly tunable conductive hydrogel through the in-situ
polymerization of polyaniline (PANI) onto a CNFs/MEO:MA/PEGMA hydrogel substrate (PANI@CMP
hydrogel). The composite hydrogel exhibited temperature-dependent electrical conductivity, with PANI
incorporation significantly enhancing its stiffness and elasticity. The compression modulus increased by
42%, enabling effective temperature detection within the range of 20-60 °C (Figure 3E). Zhang and Cui [140]
reported the development of a PEDOT:PSS-based temperature sensor that integrates flexible plastic
substrates and cotton fabrics. The sensor indicated exceptional performance, with broad detection range,
rapid response time, and remarkable stability under both operational and bending conditions. An
exceptionally wide measurable temperature range is not, by itself, a sufficient criterion for battery early
warning. More relevant parameters include accuracy and sensitivity near the onset of abnormal self-heating,
short thermal time constants under realistic mounting conditions, and minimal signal drift during repeated
cycling. Cryogenic, ultrahigh-temperature, or flame-mapping demonstrations are therefore treated as
evidence of material robustness rather than direct proof of battery-warning performance.
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Figure 3. The preparation and performance of temperature sensing materials. (A) The synthesis route and
morphology of the NiO/CNTF-based temperature sensor. Reprinted with permission from Ref. [104].
Copyright © 2024, John Wiley & Sons. (B) Temperature sensing of thermal runaway in LIBs. Reprinted with
permission from Ref. [104]. Copyright © 2024, John Wiley & Sons. (C) The photograph of the sensor array in
proximity to a biomass flame (left) and corresponding voltage mapping that spatially correlates with the
flame morphology (right). Reproduced from Ref. [132] under the CC BY 4.0 license. (D) The influence of
design and ink on the temperature sensor. Reprinted with permission from Ref. [138] under the CC BY 4.0
license. (E) Thermally-induced dimensional changes of PANI@CMP hydrogel from 20 to 60 °C. Reprinted
with permission from Ref. [139]. Copyright © 2018, John Wiley & Sons.

Although flexible temperature sensors have shown great potential in the field of thermal runaway
monitoring for LIBs, several challenges still remain, including the need to further enhance the high-
temperature resistance of the sensors, effectively integrate flexible sensors with the battery management
system (BMS) of LIBs, and address issues related to cost control. With the continued advancement of flexible
electronics, materials science, and intelligent algorithms, flexible temperature sensors are expected to play
an increasingly important role in thermal runaway monitoring for LIBs in the future, enhancing battery
safety and ensuring the reliability of sustainable energy systems.

3.2. Sensing Materials Based on Pressure Generation

A detailed discussion based on the principle of pressure sensing has been presented in Section 2.2.2.
Due to the high sensitivity and rapid response characteristics of piezoelectric and piezoresistive sensors,
they can be applied to thermal runaway warning systems in LIBs [141,142]. Thus, the following section will
mainly focus on a review of the research progress in piezoelectric and piezoresistive pressure sensors. The
materials presently used in piezoelectric-based pressure sensors primarily include two-dimensional (2D)
materials [143-145], metal compounds [146-148], polymers [149,150], or inorganic-organic composite
materials [151,152].

2D materials such as graphene and MXenes have been extensively studied for pressure sensing due to
their excellent electronic structures, good conductivity, and high mechanical strength [153,154]. For
example, Wang et al. [155] fabricated a piezoelectric film pressure sensor composed of electrospun
polyvinylidene fluoride-trifluoroethylene (PVDF-TrFE)/MXene nanofiber mats. Their study demonstrated
that the sensing performance of the piezoelectric film was strongly dependent on the MXene content.
Specifically, the composite films containing 2.0 wt.% MXene exhibited an instantaneous output power
density of approximately 3.64 mW/m? under a 20 N applied pressure at a frequency of 1 Hz. Significantly
improved pressure sensing capabilities was attributed to the incorporation of MXene facilitated
interactions with PVDF-TrFE molecular chains via dipole-dipole interactions, while also enhancing the
conductivity of composite films. The introduction of MXene also boosted the dispersion of piezoelectric
materials within the matrix, further verifying their practical applications. The research team led by Liu [156]
integrated MXene into the BaTiOs/PVDF-TrFE system and successfully —manufactured
BaTiOs/MXene/PVDF-TrFE composite films via electrospinning, and the fabricated pressure sensor based
on composite films exhibited a wide detection range (0.2-400 kPa) and a rapid response time (56 ms).
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Additionally, the tensile strength of the composite films containing only 0.15 wt.% MXene (20.8 MPa) was
77.8% higher than that of the MXene-free film (11.7 MPa), while the piezoelectric response remained stable
after over 5000 compression cycles. The enhanced pressure-sensing performance can be attributed to
MXene’s ability to significantly improve the dispersion of BaTiO3 within the PVDF-TrFE matrix and the
corresponding optimized polarization efficiency (Figure 4A). The doping of carbon-based structures like
graphene and CNTs can also enhance the dielectric response of the system by improving its electrical
conductivity. Ahmed et al. [157] successfully developed a high-performance pressure sensor by
incorporating reduced graphene oxide (rGO) and multi-walled carbon nanotubes (MWCNTSs) into PVDF-
TrFE nanofibers, with the subsequently loading of composites onto the surface of PEDOT. The resulting
hybrids displayed a lower resistivity of the electrode with a surface resistivity of 2.5-8.5 M{}/sq, and the
fabricated pressure sensor demonstrated an enhanced sensitivity of 19.09 kPa-!, with a wide effective
sensing range from 1.0-25 kPa, and exceptional stability over 10,000 cycles (Figure 4B).

Metal compounds such as ZnO [158,159], AIN [160], GaN [161], LiNbO3 [162,163], and BiScO3-PbTiO3 [164]
are widely utilized in pressure sensing applications due to their excellent high-temperature resistance and
high sensitivity. Moreover, the optimization of geometric morphology of piezoelectric materials can
regulate their piezoelectric performance. To illustrate, Adhikary’s group [152] synthesized
polydimethylsiloxane (PDMS)-ZnO piezoelectric nanocomposites by incorporating two distinct forms of
piezoelectric ZnO fillers: nanoparticles (NP) and nanoflowers (NF), into a flexible PDMS polymer matrix.
The latter experiments revealed that the morphology of ZnO could influence the piezoelectric properties of
the resulting composites, for NF-based piezoelectric composites generated a voltage of 4.2 V, while the NP-
based composite yields a voltage of only 1.86 V under same applied pressure of 36 kPa. The enhanced
piezoelectric response of NF-based composites was attributed to their superior geometric connectivity,
which facilitated more efficient charge transfer (Figure 4C). Li et al. [159] fabricated a piezoelectric pressure
sensor using vanadium-doped zinc oxide (V-ZnO) thin films, by introducing metallic vanadium (Figure 4D).
The findings demonstrated that the voltage-pressure relationship of the undoped ZnO sensor remained
linear and stable over a temperature range from room temperature to 450 °C, while V-ZnO based sensor
presented undesirable many-to-one response and degradation temperature of only 150 °C, indicating that
doping is not always positive for sensing. However, certain limitations were also noted, including high signal
noise and relatively low sensitivity (1.68 mV/kPa).

Lithium niobate (LiNbOs3) single crystals, distinguished by their high piezoelectric coefficient and elevated
Curie temperature, are ideally suited for the fabrication of piezoelectric pressure sensors. Xu et al. [162] adopted
chemical mechanical polishing (CMP) method to fabricate pressure sensors based on LiNbOs3 crystal with
varying thicknesses, which indicated that the sensitivity of the 300 pm sample (0.218 mV/kPa) was roughly
1.23 times greater than that of the 500 pm sample (0.160 mV/kPa), unveiling a thickness-controlled charge
output ability (Figure 4E). To improve sensing performance, the integration of both inorganic and organic
piezoelectric materials has emerged as a promising research pathway. For example, Kim et al. [165] developed
ceramic-epoxy nanocomposites by combining Pb(Zr1/2Ti1/2)03-(Pb(Zn1/3Nbz/3)03-Pb(Ni1/3Nbz/3)03) and
epoxy resin in weight ratios of 81 wt.% and 19 wt.%, respectively, which were applied as high-sensitivity
piezoelectric pressure sensors. Furthermore, they surveyed the effect of MWCNTSs as conductive fillers on
the conductivity, dielectric properties, and piezoelectric performance of the ceramic-epoxy nanocomposite
films. The research revealed that the flexible ceramic-epoxy nanocomposite film containing 0.07 wt.%
MWCNTSs exhibited the highest piezoelectric coefficient, with values of 68 pC/N (d33) and 434 mV-m/N (g33),
which were 2.5 times and 2.2 times greater, respectively, than those of the MWCNT-free nanocomposite
films. Further analysis suggested that the incorporation of a small amount of MWCNTSs significantly
strengthened the dielectric and piezoelectric properties of the nanocomposite films, likely due to the
MWCNTs acting as conductive bridges between the piezoelectric ceramic particles.

Pressure sensors based on the piezoresistive principle are promising for early warning applications in LIBs
due to their advantages of simple fabrication processes, low cost, and ease of miniaturization. Researchers have
demonstrated that carbon-based materials (such as 3D graphene, CNTs, etc.) [166-170], metal nanowires and
their particles [171,172], as well as polymers [173] or hybrid composite materials [174-176] exhibited
excellent piezoresistive properties. Nevertheless, the primary challenge in developing high-performance
flexible piezoresistive pressure sensors lies in simultaneously achieving high sensitivity and a broad
monitoring range. Optimizing the morphology of sensing materials is critical to enhancing sensor
performance. Wang’s research team [177] has exploded a flexible piezoresistive sensor based on a micro-
dome array of PDMS/CNTs thin films and a thermoplastic polyurethane (TPU)/TisC2Tx MXene multilayer
interlocking “sandwich” structure nanofiber film. The multilayer interlocking structure not only
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significantly increased the contact area inside of interlayers and sensitivity but also greatly improved
mechanical and electrical stability. The results demonstrated that the PDMS/CNT-TPU/MXene pressure
sensor exhibited a high sensitivity of 82.17 kPa-1, a wide pressure detection range of 0-25 kPa, an extremely
short response and recovery time of 100 ms, and over 2000 cycles of stability (Figure 4F). Polypyrrole (PPy),
a conductive polymer, is also a prospective candidate for application in piezoresistive pressure sensors.
However, the brittleness of PPy films complicates the fabrication of subsequent sensors. Pan et al. [178]
successfully deposited PPy uniformly onto nanofibers composed of polydopamine (PDA) and electrospun
PVDF, resulting in a significant enhancement of the sensor’s mechanical strength. This modification notably
improved its sensitivity (139.9 kPa-1), response (22 ms), stability (over 10,000 cycles), and lowered its
detection limit (0.9 Pa) (Figure 4G).
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Figure 4. The preparation, sensing performance and mechanisms on pressure sensing materials. (A) The sensing
mechanism of the BaTiO3/MXene/PVDF-TrFE-based pressure sensor. Reprinted with permission from Ref. [156].
Copyright © 2023, Royal Society of Chemistry. (B) The sensitivity response of the fibrous mat sensor. Reproduced
from Ref. [157] under the CC BY 4.0 license. (C) Piezoelectric response of the PDMS piezocomposites sensors.
Reproduced from Ref. [158] under the CC BY 4.0 license. (D) The voltage vs pressure curves of undoped ZnO and
V-doped ZnO sensors. Reproduced from Ref. [159] under the CC BY 4.0 license. (E) Schematic diagrams of the CMP
machine, and linear fit error bar curve for comparison of different thicknesses. Reproduced from Ref. [162] under
the CC BY 4.0 license. (F) Structural evolution of the TPU/MXene fiber film under compression. Reprinted with
permission from Ref. [177]. Copyright © 2024, Royal Society of Chemistry. (G) The production method and
sensing performance of the PPP-based elastomer featuring 3D topological network. Reprinted with permission
from Ref. [178]. Copyright © 2020, American Chemical Society.
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Piezoresistive or piezoelectric devices attached to the cell exterior generally measure deformation or
contact force rather than internal pressure directly. Converting these signals into an estimate of internal
pressure requires cell-specific mechanical calibration. The calibration must account for cell format, casing
stiffness, fixture preload, irreversible electrode swelling, and pressure-relief behavior; otherwise,
externally applied-pressure tests may overstate the relevance of the sensor to thermal-runaway warning.

The mechanism of gas composition detected by gas sensors has been fully elaborated in Section 2.2.3.
Different types of sensors are capable of detecting different characteristic gases, and the characteristics of
generated gases during LIBs thermal runaway are predominantly influenced by the battery material
composition and the state of charge (SOC). Therefore, understanding the gas generation characteristics of
different battery systems is crucial. The table below presents the types and quantities of gas emissions
during thermal runaway in lithium batteries as studied in recent years.

As shown in the Table 1, the major gas products released during the thermal runaway process of LIBs
are COz, CO, Hz, and flammable hydrocarbons, whose respective proportions are influenced by the chemical
composition of battery materials. As indicated by this, Wang et al. [179] conducted both qualitative and
quantitative analyses of the thermal induced solid hazards associated with gases emitted during the thermal
runaway of batteries featuring different cathode materials. Their investigation comprehensively examined
the combustion and explosion characteristics of these gases. The results revealed the following order of
severity for thermal runaway hazards: Li(Nio.sC00.1Mno.1)O2 > Li(Nio.sCo0.2Mno.2) 02 > Li(Nio.sC00.2Mno.3)02 >
Li(Ni1/3Co1/3Mn1,3)02 > LiFePOas. Notably, the gases released from LiFePOa4 batteries contained the highest
concentrations of Hz and Cz2Ha (up to 51%), while the gases from Li(NixCoyMni-x-y) Oz batteries exhibited CO
and COz concentrations reaching as high as 60%. Furthermore, the SOC of the batteries was found to significantly
influence the gas production behavior during thermal runaway. The Golubkov’s research group [180] carried
out a detailed investigation into the thermal runaway characteristics of two kinds of commercially available
18650 batteries, based on LixFePO4 and Lix(Nio.s0oCo0.15Al0.05)O2, by pre-treating the batteries across a SOC
range from 0% to 143%. They concluded that higher SOC levels increased the oxygen release from the
cathode and the intercalated lithium content in the anode. Simultaneously, as gas production increased
sharply with rising SOC, the concentrations of Hz and CO also showed a proportional increase. Ma etal. [181]
also obtained the same conclusion on the impact of SOC on the overall gas generation characteristics of
thermal runaway in ternary 18650 LIBs in their study.

Table 1. The gas generation behavior of thermal runaway in different lithium battery.

Gas Yield
. Capacity SOC Overall Gas per Unit The Types and Quantities of Gas
Battery Material (Ah) (%) Generation Volume Produced Reference
(LAh-1)

C02 (42.91%), CO (14.82%), H2

37 1689 L 4.565 (20.81%), CHa (5.88%), C2Ha
(8.11%), C2He (1.57%)
€02 (37.96%), CO (21.27%), H2

2.1 1441 L 2.882 (20.24%), CH4 (7.51%), C2Ha
(7.08%), Cz2He (1.58%)
€05 (41.09%), CO (20.07%), Ha

50 100 1291L  2.582 (15.48%), CHa (10.56%), C2Ha [179]
(6.47%), C2He (2.45%)
CO2 (34.37%), CO (25.65%), Ha

53 1031L  1.945 (16.07%), CHx (17.39%), C2Hs
(1.17%), C2Hs (3.98%)
COz (25.24%), CO (7.39%), H

23 15.6 L 0.678 (1.28%), CH4 (6.41%), C2Ha (15.2%),
Cz2Hs (2.36%)

Cathode: LiNi1/3Co1/3Mn1/302
Anode: graphite

Cathode: LiNio5C00.2Mno:302
Anode: graphite

Cathode: LiNio.5C002Mno302
Anode: graphite

Cathode: LiNio5C00.2Mno302
Anode: graphite

Cathode: LiFePO4
Anode: graphite

Cathode:

. ; i CO2 (17.5%), CO (44%), Hz2 (26.1%),
L10.925(.Nll).SOC(?O.lsAI0.0S)02 4.42 100 314 mmol CHs (8.9%), CaHa (2.7%), C2Hs (0.9%) [180]
Anode: graphite
Cathode: CO2 (38.33%), CO (16.59%), H2
LiNiMnCoO2/LiMnz04 41 100 1215L 2.963 (22.93%), CH4 (3.46%), C2Ha [182]

Anode: graphite (5.88%), C2He (0.99%)
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Gas Yield
. Capacity SOC Overall Gas per Unit The Types and Quantities of Gas
Battery Material (Ah) (%) Generation Volume Produced Reference
(L Ah-1)

C02 (36.56%), CO (28.38%), Hz
20-81 100 - 13-25 (22.27%), CHs (5.26%), C2Hs [183]
(5.61%), C2He (0.99%)
CO2 (47%), CO (4.9%), Hz (30.9%),

Cathode: LiNixMnyCo,02
Anode: graphite

Cathode: LixFePO4

Anode: carbon family 25 135 1643 mL 0.657 C2H4 (10%), C2HsF (4.6%) [184]
CO2 (20.40%), CO (58.41%), Hz
3.2 100 3078.80 mL 0.962 (15.94%), CHs (2.50%), CoHa
Cathode: LiNioC0015Al00502 (2.44%), C2Ho (0.09%), CoHz (0.22%) 1 g4
Anode: - C02 (9.76%), CO (37.22%), Ha
3.5 100 5260.90 mL 1.503 (43.15%), CHa (6.97%), CoHa
(2.69%), CaH (0.06%), CzHz (0.16%)
. €02 (25.39%), CO (4-5%), Hz
f\i?;jzr];g}fgg‘* 3.8 3790 mL 0997 (24.24%), CHa (5.9%), C2Ha (3.26%),
: C2Hs (1.29%), C2H2 (0.08%)
o CO2 (37.6%), CO (5.3%), Hz (8.41%),
git:(;’:egrl;t;‘;‘t‘: titanate 100 8980mL 6908 CHi (1.23%), s (138%), CHs 1y

(0.4%), CzHz (0.0008%)

€02 (13.22%), CO (30.30%), H:
(12.39%), CHa (10.50%), C2H4
(0.1%), C2He (0.16%), C2H>
(0.0026%)

Cathode: lithium nickel
manganese cobalt 3.2 11,720 mL  3.663
Anode: graphite

To achieve the goal of early gas sensing and monitoring for thermal runaway in LIBs, detecting gases
such as CO2, CH4, and Cz2H4 can provide useful warning information in certain battery systems. Generally,
traditional gas-sensitive materials can be categorized into four types: metal oxide semiconductors (MOS),
conductive polymers, carbon-based materials, and 2D materials [187]. Among them, MOS materials are
widely used in commercial sensors due to the privileges of convenient fabrication processes, low cost, and
excellent stability. However, the high energy consumption and excessive heat generation of these sensors
degrade their sensing performance, limiting their applicability in wearable applications such as smartphone
or smartwatch safety monitoring systems in human life [188]. Conductive polymer sensors, on the other
hand, can operate without external energy input, but they have a critical drawback, for whose sensing
performance is extremely susceptible to environmental humidity, deteriorating as humidity increases [189].
Carbon-based materials, known for their high chemical and mechanical stability, as well as excellent
electronic properties, are regarded as promising candidates for next-generation gas sensor materials.
Nevertheless, their long response/recovery time, high fabrication costs, and limited applications
environments still remain significant challenges [190]. 2D materials refer to materials in which electrons
are confined to free motion within two dimensions at a non-nanoscale range (1-100 nm). Notable examples
include graphene and transition metal dichalcogenides (TMDs), etc., which display potential advantages in
gas sensing applications, such as high sensitivity, fast response, and excellent stability [191].

COz is primarily generated during the SEI decomposition stage in the early thermal runaway process.
Therefore, MOS has become a research hotspot for early-staged released CO: gas sensing materials due to
its excellent conductivity, stability, and tunability. The working principle is typically based on the reaction
between CO: and the surface of metal oxides, which alters the modification of resistance or conductivity of
the sensing material [192]. Tanvir et al. [193] reported comprehensive measurements of the work function
(using a Kelvin probe) for CuO nanoparticles (CuO-NPs) as a novel COz gas-sensitive material. Under
stepwise conditions with CO2 concentrations ranging from 400 to 4000 ppm, the reversible interaction
between COz and the thick CuO-NPs layer induced a work function shift of approximately 42 mV in dry air
and ~97 mV under humid conditions (r.h. = 20%) (Figure 5A). Fourier-transform infrared spectroscopy
(FT-IR) analysis further demonstrated that the reversible formation of hydroxycarbonates, specifically
malachite and aurichalcite, were account for the observed gas sensing effect (Figure 5B). In addition to the
p-type semiconductor CuO, several other metal oxides, including ZnO and Co2:03, are also of significant
interest [194]. For instance, Yu et al. [195] has synthesized polycrystalline NiO nanowires via hydrothermal
calcination, which could be used for CO2 monitoring; however, the response time is relatively long. Kim et
al. [196] employed spinel-structured Co304 as the sensing material to produce a MOS-based CO: gas sensor
and displayed superior sensing performance. The research team confirmed the formation of metal
carbonate species, resulting from the reaction between Co3z04 and COz, supported by X-ray photoelectron




spectroscopy (XPS) analysis. The majority charge carriers are holes in p-type semiconductors, which
hampered the achievement for higher gas response compared to n-type semiconductors, including MOS
such as common SnOz, ZnO, In203, and WOs3 [194]. Bolli et al. [197] reported a room-temperature COz gas
sensor based on n-type SnO: thin films deposited onto an alumina printed circuit board via electron beam
evaporation. The fabricated sensor displayed a sensing response of 7% to 20% exposed to CO:
concentrations ranging from 1000 to 2000 ppm, and increasing up to 40% at 5000 ppm. Combined with
Raman and XPS analysis, it is indicated that the sensing layer was consisted of a 1 pm thick SnO thin film
with a non-stoichiometric Sn0:z overlayer, which was co-deposited during the film formation. Therefore, the
electron potential disparity between these layers generated a natural SnO-SnO: interface, thereby creating
a p-n junction that significantly enhanced the sensitivity (Figure 5C). Moreover, Abdulsattar et al. [198]
performed a theoretical first-principles calculations on the interactions between pyramid-shaped SnO:
clusters and both inert and environmental gases. Their findings suggested that, on the basis of Gibbs free
energy of the reactions, oxygen deficiency was observed within the clusters, with Sn10016 being identified
as the most stable configuration. The observed difference in SnO:z sensitivity between these two gas
categories stems principally from variations in their interaction strengths.
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Figure 5. Performance characterization, and sensing enhancement mechanisms of CO2 gas sensing materials.
(A) Variation in the work function of a CuO nanoparticle layer upon exposure to COz concentrations ranging
from 400 to 4000 ppm with different r.h. Reproduced from Ref. [193] under the CC BY 4.0 license. (B) FT-IR
spectrum of the as-deposited CuO-NPs film in comparison to CuO-NPs dried. Reproduced from Ref. [193]
under the CC BY 4.0 license. (C) The gas sensing mechanism without and with the fs-laser treatment.
Reproduced from Ref. [197] under the CC BY 4.0 license.

A widely employed strategy to improve the sensitivity and selectivity of gas sensing materials is the
fabrication of heterojunctions. This approach is based on the fundamental principles of interactions
between different semiconductors, including p-n, p-p, and n-n junctions [199], such as Zn0O/CuO [200,201],




PEI/PEG/TisC2Tx [202], PSI/CuO/Cuz0 [203], NiO/ZnO [204], and others. The Bhowmick’s group [201]
synthesized a CuO/ZnO bilayer film with a top porous copper oxide layer. The CuO/ZnO film sensor
manifested a notable response of 47% to 2500 ppm COz at 375 °C, with its adsorption behavior adhering to
the extended Freundlich adsorption model. The CO2 sensing performance of the CuO/ZnO bilayer film
sensor was primarily attributed to the formation of a p-n heterojunction. The corresponding sensing
process involved oxygen adsorption, the creation of a space charge layer at the surface and interfaces, and
alterations in electron concentration at the junctions, with all of which attributed to the modulation of band
bending. Taheripour et al. [205] proposed a star-shaped heterostructure consisting of Ag20/BaTiO3/ZnO0 to
investigate the impact of component ratios on the gas sensing performance of resistive-type sensors. The
results indicated that an optimal component ratio facilitates efficient CO2 detection at a reduced operating
temperature of 180 °C, while achieving favorable response and recovery times of 50/9 s. The enhanced
sensing performance of Ag20/BaTiO3/Zn0 is attributed to several key factors, including the high specific
surface area resulting from the star-shaped morphology, the favorable band alignment at the p-n interface, and
the catalytic effect of Ag20. In addition to constructing heterojunctions, another key strategy to effectively boost
the performance of sensors focuses on metallic doping, such as Sb/Sn0z [206], Ga/ZnO [207], Cu/MoSe: [208],
In/SnO2 and Ti/SnO2 [209]. Panday et al. [206] employed a sol-gel spin-coating technique to deposit Sb-
doped SnO: films onto glass substrates, subsequently evaluating sensing performance as CO2 gas sensor,
which exhibited a CO2z gas response of up to 78.57%, with a response factor of 1.78, together with rapid
response and recovery times of 2.6 s and 5.8 s, respectively. Liu et al. [210] rationally designed and
synthesized La202C03 and La202C0s3: Eu3* one-dimensional (1D) nanostructures, including nanofibers (NFs),
hollow nanofibers (HNFs), and nanobelts (NBs), via electrospinning technique. The CO2 sensor based on
La202C03:Eu3* 1D hollow nanofibers demonstrated excellent selectivity, high response, short
response/recovery time, and good reproducibility. The improved gas-sensing properties were attributed to
the doping of Eu3+ ions and the high surface area of the HNFs.

Besides MOS, the incorporation of conductive polymers, carbon-based materials, 2D materials, and their
derivatives, has also been proved to significantly enhance CO: gas sensing capabilities. Yagiie et al. [211]
conducted an investigation into the fabrication of conductive PPy films using plasma-enhanced chemical
vapor deposition (PECVD) technology, and explored their applications in CO2 sensing. Furthermore, Gupta
etal. [212] reported a chemically synthesized rGO film with extensive edged functional groups, which were
responsive for facilitated rapid CO2 gas sensing response at room temperature. Modulating the properties
of sensing materials (such as surface properties and electronic structures) can lead to improved high-
sensitivity gas sensing. The Kumar’s group [213] investigated the influence of surface electronic properties of
graphene and MXene on the performance of COz sensors. Experimental results revealed that CO2 sensors
incorporating MXene layers exhibited shorter response and recovery times (12/17 s) compared to their
functionalized graphene counterparts (32/43 s). Additionally, the MXene-based sensors demonstrated a 25%
response, which was 6% higher than that of the singly compounded functionalized graphene sensors.
However, the functionalized graphene sensors showed slightly superior stability. This difference in
performance is attributed to the enhanced hydrophilicity and approximately 1.2 times higher conductivity
of the MXene surface compared to functionalized graphene. Therefore, there are still efforts have to been
made to precisely selected sensing materials and design unique meta-structure to achieve better
performance. Karthik et al. [214] synthesized both bulk and exfoliated g-C3N4 films from powder precursors
using the drop-casting method and evaluated their CO2 sensing performance. The exfoliated samples
prepared at the highest achievable temperature, demonstrated superior response ability, including
enhanced sensitivity, rapid response/recovery Kinetics, and excellent selectivity and stability. As the
thermal oxidation temperature increased, the g-CsN4 surface demonstrated both enhanced specific surface
area and elevated free electron density. These modifications promoted oxygen adsorption and consequently
improved CO2 detection performance. The highly exfoliated form of g-C3N4 displayed considerable potential
as a promising material for future CO2 sensing applications.

Hydrocarbons are mainly generated during the intercalated lithium reaction with the electrolyte and
the SEI decomposition stages (Figure 2). Compared to the amount of CO2 produced during the thermal
runaway process in LIBs, hydrocarbons are produced approximately only 1/30 of the quantity. Therefore,
this imposes requirements of superior performance on the monitoring of hydrocarbons, especially with
lower sensing limitations using gas-sensitive materials. The detection of hydrocarbons is similar to afore-
mentioned methods for CO2, such as intrinsic MOS-type resistors, construction of heterostructures, and
doping etc. (Figure 6). Shehzad et al. [215] reported a method for synthesizing SnO2 nanowires on a silicon




substrate through a gold-catalyzed carbothermal reduction process, demonstrating excellent CHs gas
sensing performance, with a response value of 1.20 and response/recovery times of 70/70 s (Figure 6A).

Theoretical and experimental studies both indicate that doping can significantly enhance the gas
sensing performance of hydrocarbons. For instance, Joy et al. [216] utilized both density functional theory
(DFT) and molecular dynamics (MD) simulations to examine the adsorption and diffusion behaviors of CHs4
molecule in Au doped V0. Through the analysis of adsorption energy, charge transfer, density of states
(DOS) and radial distribution functions (RDFs), which synergically demonstrated that Au-VO2 unveiled
strong sensing properties for CHs molecules. Specifically, RDF dispalyed V-0 bond distance increase from
1.78 A to 1.9 A for CHa, revealing CH4 lead to relatively higher impact on molecular structure of Au-VOz.
Likewise, Dong et al. [217] also explored the gas-sensing properties of Mo-doped WSez for CH4 using
theoretical simulations, which unveiled that the structure is most stable when Mo atom is placed above the
upper Se atoms, with an adsorption energy of -1.194 eV for CH4 at this configuration. These results
demonstrate robust sensing performance while providing fundamental theoretical guidance for designing
CHa-sensitive functional materials. In addition, Qian et al. [218] used DFT first-principle calculations to
study the adsorption of C2Hs molecules on both intrinsic and Au-doped MoS: monolayers, and thoroughly
analyzed the adsorption mechanism of MoSz-based monolayers by considering descriptors such as
adsorption energy, bond distance, band gap structure, charge transfer amount, and DOS. The findings
exhibited that, in comparison to the intrinsic MoSz monolayer, the C2H+ molecule manifested a higher
adsorption energy on the Au-doped MoS2 monolayer (Figure 6B, left up panel), along with a more stable
adsorption configuration, which displayed a shorter Au-C bond distance (Figure 6B, right up panel).
Moreover, the increased charge transfer of 0.309|e-|, together with stronger orbital hybridization of Au-5d,
C-2p, and H-1s orbitals further confirmed the CzH4 gas sensing mechanism (Figure 6B). Additionally, Wang
etal. [219] investigated the CH4 gas sensing properties of Pd/In203 composites synthesized via a simple thermal
solution method. Compared to pure In203, the 6.0% Pd/In203 microspheres exhibited obviously enhanced gas
sensing performance toward CH4, with the response to 500 ppm CH4 at 50 °C reached 15.317. The enhanced gas
sensing performance can primarily be attributed to the chemical catalytic and spillover effects of the palladium
nanoparticles, as well as the Schottky barrier formed between Pd and In20s. Li et al. [220] developed self-
assembled Ag-Ru-doped ZnO nanorod arrays using a one-step hydrothermal method. The optimized
AgRuo.0025-Zn0 nanorod array demonstrated exceptional CH4 sensing performance, with a detection limit as
low as 2.24 ppm under both thermal-free and optical-free conditions, meeting the requirements for thermal
runaway detection in LIBs. Theoretical calculations suggested that the introduction of oxygen vacancies and
local ionic defects into the ZnO lattice induced by heteroatoms doping, which promoted charge density
accumulation at the Ru sites, resulting in the formation of a strong local electric field that significantly
enhanced the gas-sensing performance (Figure 6C). Leangtanom et al. [221] synthesized CeOx-SnO:
nanocomposites with different Ce:Sn ratios using a double-reagent coprecipitation method. The addition of
CeOx to SnOz2 significantly enhanced the CzH4 response. The CeOx-SnO2 nanocomposite (Ce:Sn = 33:67)
exhibited a response of 5.18 to 10 ppm CzHs at 350 °C, with a response time of 12 s. Furthermore, the
detection limitation for ethylene was as low as 0.3 ppm.

During the initial stage of thermal runaway in LIBs, the temperature typically ranges around 100 °C,
whereas most MOS-based gas sensors exhibit optimal sensitivity at elevated temperatures (approximately
200 °C). Therefore, it is a critical need to develop gas-sensitive materials that can detect hydrocarbon
compounds with high sensitivity at lower operating temperatures. To emphasize, Shaalan et al. [222]
synthesized a novel one-dimensional nanostructure of CuO-doped In203 through the co-evaporation of Cu
and in metal particles. The resulting sensor, based on as-synthesized CuO-doped In:0s3, displayed
exceptional sensing performance at relatively lower temperature 50 °C, with response and recovery time
of 61.0 s and 25 s, respectively (Figure 6D), which indicated practical applications in early-staged safety
monitoring. In recent years, carbon materials have attracted progressive attention for their prospective
applications in room-temperature sensing of methane and other hydrocarbon compounds, due to their high
specific surface area, good conductivity, and favorable electronic properties. Afrin et al. [223] demonstrated
the usage of thiol-functionalized CNT-based pressure-reduced paper as a room-temperature sensor for CHa
detection. The thiolated CNT pressure-reduced paper exhibited high sensitivity (2.08%) to 400 ppm CHa4.
The sensing mechanism is attributed to the interaction between CH4 and functionalized nanotubes, which
withdraws electrons from the CNTs. This increases hole carriers in the semiconducting CNTs, causing the
Fermi level to shift downward or closer to the valence band. Conductive polymers are also considered as
candidates for detecting hydrocarbon compounds. To note, Aldalbahi et al. [224] synthesized both
functionalized and non-functionalized @MWCNTs hybridized with PANI and polymers
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(PANI/polymer/MWCNTSs and PANI/polymer/MWCNTs-COOH) polymer-based conductive nanomaterials.
The sensing performance demonstrated that both types of conductive nanocomposites displayed excellent
sensing ability for CH4 at room temperature, with response and recovery times around 5 s. Compared to the
PANI/polymer/MWCNTs-COOH-based sensor, device fabricated with the MWCNTs without oxygen-
containing functional groups exhibited faster/shorter response times (<1 s) and higher sensitivity (3.1%),
which is assigned to the non-conductive -COOH groups in PANI/polymer/MWCNTs-COOH leading to lower
sensitivity of the sensor.

The research on methane (CH4) and ethylene (CzH4) sensing materials is rapidly progressing in aim for
higher sensitivity, selectivity, and stability. Despite significant progress in methane and ethylene detection
technologies, practical applications-particularly in early warning systems for LIBs thermal runaway have
been made, the demands for sensors with exceptionally high sensitivity and selectivity are still critical.
While semiconductor- and nanomaterial-based sensors have achieved significant breakthroughs in
sensitivity and response time, cross-sensitivity to interfering gases persists as a critical challenge. Despite
persistent technical challenges, the application prospects for LIBs safety monitoring remain highly
promising, driven by the continuous emergence of novel materials and advanced technologies.

Table 2 summarizes the performance of representative temperature, pressure, and gas sensors discussed
in this review, including measurement ranges or detection limits, test temperatures, sensitivities or responses,
response and recovery times, and stability assessments. Units are presented consistently where applicable,
while the original definitions of sensitivity and response are retained because the sensing principles differ
across modalities. The comparison should therefore be interpreted together with the reported test conditions
rather than as a direct ranking of sensor performance. In particular, the operating temperature of a gas sensor
should be distinguished from the battery temperature, and performance measured under laboratory
conditions does not by itself establish the warning capability in a battery system.
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Table 2. Comparison of representative temperature, pressure, and gas sensors discussed in this review.

Sensin Measurement Range, Operatin Reported Response/
_g Active Material Detection Limit, or Test P 8 Sensitivity or Recovery Reference
Modality . Temperature .
Concentration Response Time
Temperature NiO/CNTF -15to 60 °C -15t060°C TCR:-20.2% °C-! - [104]
p Pt/In203 - - 204.35 pv °C-t - [131]
BaTiO3/MXene/PVDF-
Pressure TrFE 0.2-400 kPa 56 ms/ [156]
PPy/PDA/PVDF Detection limit: 0.9 Pa - 139.9 kPa! 22 ms/- [178]
. Room 42 mV at 0% RH;
Gas: CO2 Cu0 nanoparticles 400-4000 ppm temperature 97 mV at 20% RH i (193]
Ag»0/BaTi03/Zn0 - 180 °C - 50s/9s [205]
Test concentration:
Pd/Inz03 500 ppm; detection limit: 50 °C Response: 15.317 - [219]
Gas: CHs
1.78 ppm
CeOx-Sn02 0.3-10 ppm 350°C Response: 5.18 12 s/- [221]

To encapsulate, this review summarizes the mechanisms of thermal runaway in LIBs and elaborates
on the fundamental principles of early-stage thermal runaway monitoring. Subsequently, based on the
consequence and features of LIBs after thermal runaway, such as severe heat release (90-100 °C) and
accompanied temperature/internal press increase and thermal/gas emission, the research progress on
temperature sensors, pressure sensors, and gas sensors for LIBs safety monitoring is discussed in detail. To
achieve early thermal runaway detection, corresponding countermeasures must be developed based on the
physicochemical changes occurring in the early stages of thermal runaway in lithium batteries, for example,
hydrocarbon compounds and COz gases, rather than CO and Hz that are produced at higher temperatures,
should be selective detected with high sensitivity. Therefore, we summarized the state-of-the-art
corresponding high-performance sensors to monitor the battery’s operational status.

While various types of sensors categorized by the response to different physiochemical changes can
achieve monitoring objectives, the materials and systems used in these sensors are similar. For example,
carbon-based materials can serve both as temperature sensors and gas-sensitive materials, although the
sensing principles are different. In the case of gas sensors, whose performance can be effectively enhanced
through strategies such as doping, heterojunctions constructing, and modulating the electronic structure of
materials. On the other hand, as for temperature sensors, combining metals and carbon-based materials to
leverage their individual sensing advantages can synergistically improve thermal sensing performance.
While enhancing the conductivity of sensing materials, such as by adding conductive polymers, can improve
the response performance of pressure sensors. However, the current sensing techniques and industry are
still in the developmental stage. Many novel sensing materials, such as those based on nanotechnology,
high-sensitivity temperature sensors, and gas sensors, are gradually being applied in the field of LIBs safety
monitoring. With the continuous advancement of these technologies, the application of sensor materials in
LIBs safety monitoring will become more precise, real-time, and reliable, and may potentially lead to more
efficient and cost-effective solutions in the future. Further progress requires coordinated advances in
sensing materials, BMS integration, packaging, and validated multi-signal fusion, with particular attention
to false alarms and the medium-dependent interpretation of acidity signals.

The growing demands for batteries have necessitated the insurance of their safety to prevent potential
harm to human lives and damages to property. In the future, sensors will likely be widely integrated into
battery systems to guide proper function. Despite extensive research into various sensor types for
monitoring thermal runaway in LIBs, several problems remain unresolved.

*  Highaccuracy: The existing pressure sensors, temperature sensors, gas sensors and other similar devices
still engage with a range of issues, including insufficient detection accuracy, susceptibility to external
interference, inadequate stability, and a need for improved heat resistance. Thus, further research and
development of both sensing materials and structures of novel-designed sensors are required.

*  Engineering compatibility: Practical deployment requires compatibility with BMSs, including signal
conditioning, communication interfaces, electrical isolation, and acceptable power consumption.




Sensor packaging should withstand electrolyte vapors, vibration, and thermal cycling without
compromising thermal contact, gas access, or cell venting. Protective layers and sensor placement may
introduce response delays and should therefore be evaluated within the actual battery configuration.
Calibration must account for long-term drift and distinguish failure signatures from normal charging-
induced heating, electrode swelling, and environmental interference. Validation under both normal
operation and abuse conditions is needed to quantify false alarms and missed detections, alongside
sensitivity and response time.

*  Integrated monitoring and signal fusion: Combining temperature, pressure or strain, gas, and electrical
measurements may improve early warning by capturing complementary failure signatures. Fusion
should consider signal magnitude, rates of change, and temporal correlations against baselines
appropriate to the operating state. Differences in thermal response and gas-transport time must be
accounted for, rather than requiring all signals to exceed thresholds simultaneously. Lightweight,
interpretable algorithms are preferable for implementation within BMS hardware constraints. Their
benefits should be assessed against single-signal methods across different cell chemistries, states of
charge, aging conditions, and abuse modes. Warning lead time, false-alarm frequency, missed-
detection rate, and processing latency should be reported to establish practical effectiveness.

* Novel sensing technology: Acidity-sensitive devices warrant exploration, but their applicability
depends on the sensing medium. Aqueous-buffer calibration cannot be directly extrapolated to
nonaqueous battery electrolytes, where proton activity and sensor response require medium-specific
interpretation and calibration. For external aqueous or hydrated sensing layers, the measured
response reflects the absorption and reaction of released species rather than the intrinsic acidity of
the electrolyte. Gas transport, humidity, buffering, and interference from CO:z or other acidifying
species can affect response timing and specificity. Such devices should therefore be regarded as
indirect, supplementary indicators of acidic products. Their warning capability requires battery-
relevant validation of selectivity, response latency, and stability.

*  Resettable and durable warning devices: Resettable sensing materials may support repeated
monitoring after non-destructive abnormal excursions or after an early warning has enabled timely
intervention. Once full thermal runaway has occurred, however, the cell should be regarded as
irreversibly damaged and unsafe for reuse. Accordingly, future work should separately evaluate sensor
resetability under reversible precursor conditions and sensor survivability under severe abuse,
without conflating either property with recovery of the battery. Early-warning sensors should be
considered alongside strategies for improving battery safety.

e Complementary safety strategies: Early-warning monitoring should be complemented by protective
electrode and electrolyte designs. Recent studies on poly(3-alkylthiophene)-based temperature-
responsive electrodes demonstrate that molecular and side-chain engineering can enhance positive
temperature coefficient effects, enabling increased electrical resistance during overheating and
providing a route to limiting current flow [225,226]. Electrolyte design offers another approach to
reducing fire hazards. Recent progress in non-flammable electrolytes for sodium-ion batteries provides
useful perspectives on electrolyte-level safety strategies, although their applicability to lithium-based
systems requires separate validation [227]. Combining sensing technologies with these protective
designs warrants further investigation, with particular attention to electrochemical compatibility,
protective response thresholds, and long-term stability under realistic operating conditions.

e Sensor integration and safety: A battery-integrated sensor must remain chemically and electrically
benign throughout the service life of the cell. Encapsulation and feedthrough design should prevent
electrolyte leakage, parasitic reactions, and unintended current paths, while the sensor should add
minimal thermal mass and mechanical constraint. Long-term drift under cycling and storage must also
be quantified. For heated chemiresistive sensors, heater power, local surface temperature, and ignition
risk should be considered explicitly when selecting the installation location.
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