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This paper presents a comprehensive review of gas detection and early warning technologies for lithium-ion battery thermal runaway a critical safety concern in modern energy storage and electric vehicle applications. With the increasing push for higher battery energy densities, thermal runaway has emerged as a severe risk characterized by rapid self-heating, complex exothermic reactions, and the evolution of flammable gases that can lead to explosions and fires. The review begins by detailing the underlying physicochemical mechanisms of thermal runaway and the subsequent gas generation processes, emphasizing the early evolution of gas signals as a promising indicator for imminent failure. A wide range of detection techniques are critically evaluated, including gas chromatography, Fourier-transform infrared spectroscopy, Raman spectroscopy, differential electrochemical mass spectrometry, metal oxide semiconductor sensors, and non-dispersive infrared technology—each offering unique advantages and facing distinct challenges in practical applications. Special attention is given to the emerging role of optical fiber-based sensors (e.g., Fabry–Perot interferometers, fiber Bragg gratings, and fluorescence-based sensors), which provide notable benefits such as immunity to electromagnetic interference, flexible integration, and high sensitivity for key gases (CO2, H2, and CH4). The paper concludes by discussing the limitations of current approaches and proposes future directions to achieve integrated, cost-effective, and robust battery safety monitoring systems.
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1 INTRODUCTION
As global consumption of fossil fuels increases, there is an urgent need to transition to green, renewable energy sources. Lithium-ion batteries, as a significant form of secondary new energy, are increasingly used in the fields of energy storage and new energy vehicles. In January 2022, China’s National Development and Reform Commission and the National Energy Administration issued the “14th Five-Year Plan for the Development of New Energy Storage,” emphasizing that new energy storage is an important technology and fundamental equipment for building a new type of power system, and plays a crucial supporting role in achieving the goals of carbon peak and carbon neutrality. On 2 June 2023, the National Energy Administration released the “New Power System Development Blue Paper,” proposing a comprehensive construction of a new energy system and strengthening the large-scale layout and application system of energy storage. However, as the demand for longer battery life increases, the improvement in the energy density of lithium-ion batteries also brings the risk of thermal runaway. The self-heating of batteries, thermal runaway, and the resulting risks of explosions and fires pose new challenges for fire protection and firefighting.
In large-scale battery energy storage systems, the risk of thermal runaway is even more severe. To reduce the footprint of battery packs, a high-density arrangement is often used. Once a single cell experiences thermal runaway, the fire can quickly spread throughout the entire system. Therefore, ensuring the safety and stable operation of the system while rapidly increasing the deployment of battery energy storage projects has become a major challenge for the industry. Researching the thermal runaway characteristics of lithium-ion batteries and analyzing the severity of the consequences they cause is crucial for thermal safety management of batteries. Many experts and scholars have conducted in-depth studies on the mechanisms of battery thermal runaway, preventive measures, and emergency responses, aiming to reduce this risk and enhance the safety of the entire system. Researching battery thermal runaway is not only about the performance and efficiency of the batteries but also a vital issue for ensuring human safety and environmental health. Developing new and effective safety monitoring technologies is key to ensuring the safe use of lithium-ion batteries, reducing the potential for fires and explosions, and protecting public safety and the environment.
2 COMMON LITHIUM BATTERY THERMAL RUNAWAY EARLY WARNING METHODS
Battery thermal runaway is a complex physicochemical phenomenon that mainly occurs as a result of reactions within the battery materials when the temperature rises. These reactions typically happen in lithium-ion batteries composed of components such as copper foil current collectors, negative electrode active materials, separators, positive electrode active materials, and aluminum foil current collectors. As the temperature of the battery increases, these materials begin to undergo various exothermic reactions, including the decomposition of the SEI film, reactions between the anode and the electrolyte, shrinking and melting of the separator, decomposition of the cathode, decomposition of the electrolyte solution, reactions between the anode and the binder, and combustion of the electrolyte, among others. These reactions lead to a rapid increase in the internal temperature of the battery, further exacerbating the thermal runaway phenomenon [1]. In cases of high energy density, lithium-ion batteries are more prone to thermal runaway. When the internal temperature of the battery reaches a critical point due to overcharging, over-discharging, excessive external temperatures, or internal defects, it triggers a self-heating chain reaction. Once these reactions start, they are difficult to stop, and the internal temperature of the battery can rise sharply in a very short time, releasing a large amount of heat. This accumulation of heat can not only destroy the battery itself but also potentially cause a fire. During thermal runaway, the temperature of the battery may reach extremely high levels, increasing the risk of fires and explosions [2].
To ensure the safe use of lithium-ion batteries (LIBs), researchers have developed various methods for early warning of thermal runaway [3]. Resistance, current, voltage signals serve as fundamental methods for monitoring thermal runaway. By monitoring changes in the battery’s resistance, current, and voltage, lithium plating phenomena occurring inside the battery can be timely detected [4]. Negative electrode lithium plating can cause changes in voltage and impedance, monitoring of potential, dynamic capacitance, and internal resistance reduction, allowing for in situ monitoring of the battery. Temperature signals are direct methods for monitoring thermal runaway. Changes in the internal temperature of the battery are key indicators during the thermal runaway process. By using temperature sensors to monitor the battery’s temperature, an alarm can be triggered once the temperature exceeds a critical value. However, due to thermal conduction inside and outside the battery, temperature monitoring may have time delays and measurement errors [5]. In the early stages of battery thermal runaway, due to changes in internal structure and the occurrence of side reactions, gases are generated inside the battery, and the rapid increase in the concentrations of these gases can serve as early warning signals [6]. Compared to surface temperature sensing, gas sensors react more quickly. As gases accumulate, they lead to an increase in internal pressure within the battery. This change in pressure is also an important early warning signal for thermal runaway [7]. When the battery pressure reaches a certain threshold and the safety valve opens, the battery produces specific sound signals. Monitoring these sound signals can be used for early warning of thermal runaway [8]. More seriously, when the battery casing expands and ruptures, smoke and flames are released. Although flame signal monitoring typically occurs in the late stages of thermal runaway, it remains an important alarm signal [9]. Flames accompany smoke, which is a substance formed by the thermal decomposition or combustion of polymer materials within the battery at high temperatures. Smoke is an important characteristic before the outbreak of a safety incident in the later stages of thermal runaway [10].
The method of thermal runaway early warning based on gas type and concentration signals, compared to methods based on electrical signals, temperature signals, and pressure signals, has the advantage of early warning [3]. The electrical signal method is directly related to the inherent properties of the battery and is suitable for monitoring individual batteries, but its timeliness and reliability are limited in large-scale energy storage. The temperature signal method has nonlinear characteristics during the thermal runaway process, and there can be a significant difference between internal and surface temperatures of the battery. The pressure signal method faces issues of low sensitivity and high cost. Therefore, the gas signal method, with its ability to provide early warning in the initial stages of thermal runaway, is considered a more effective choice.
2.1 The mechanism of gas generation from thermal runaway in lithium batteries
Lithium-ion batteries are comprised of anodes, cathodes, electrolytes, and separators. Under abusive conditions, thermal decomposition of materials would occur, leading to a self-heating phenomenon. When the rate of heat generation inside the battery exceeds its dissipation rate, the temperature of the battery can increase dramatically, eventually leading to thermal runaway. During the thermal runaway process in lithium batteries, the temperature increases from low to high, and the internal reactions gradually escalate. The structure of a lithium battery is shown in Figure 1. Initially, in the temperature ranging from 70°C to 90°C, the solid electrolyte interface (SEI) membrane near the anode side of the lithium battery decomposes, releasing gases such as CO2, C2H4, etc [11]. The SEI membrane plays a role in enhancing electrolyte/electrode interface compatibility, suppressing electrolyte decomposition, and stabilizing the electrode to improve battery performance. Following the decomposition of the SEI membrane, the internal temperature of the battery continues to rise, and the lithiated battery anode reacts with the organic solvent in the electrolyte, producing short-chain hydrocarbon gases such as CH4, C3H6, and C2H6 [12]. These reactions further exacerbate the local temperature increase inside the battery, leading to the destruction of the battery’s separator. The separator, made from insulating materials, serves to keep the battery’s anode and cathode apart. The disintegration of the separator triggers an internal short circuit, releasing a significant amount of heat. When the battery temperature reaches about 170°C, the cathode and the electrolyte undergo disproportionation and decomposition reactions, continuing to release O2 and a large amount of heat. These two stages are considered to be the most intense reactions during the thermal runaway process of the battery [13]. Subsequently, the battery’s anode, cathode, and electrolyte begin to decompose, producing gases such as CO, CO2, PF5, HF, Alkyl fluorides, and Phosphorus fluoride compounds [14]. Finally, reactions occur between the electrodes and the binder, releasing a large amount of H2. These complex reaction processes are intertwined and have a chain-reaction characteristic, making them difficult to reverse once initiated [15].
[image: Figure 1]FIGURE 1 | (a) Schematic diagram of a lithium-ion battery. (b) Thermal runaway process of a lithium-ion battery.
2.2 Types of gases produced by lithium battery thermal runaway
As mentioned in the previous section, a battery’s thermal runaway involves six critical stages, including dozens of chemical reactions. The types and quantities of gases produced during this process are quite complicated. Taking lithium-ion batteries as an example, the gas components and concentrations produced during thermal runaway can be influenced by various factors, including the anode and cathode materials of the battery itself, separator, electrolyte system, the battery’s operating environment, and the mechanisms triggering thermal runaway, such as mechanical, thermal, and electrical abuse [16–18]. According to a survey of 21 domestic and international literature on battery gas production during thermal runaway [19–39], the main components of the produced gases are shown in Figure 1. Nitrogen (N2) and oxygen (O2), which are abundant in the atmosphere, are not suitable as characteristic gases for battery thermal runaway and are not counted in this paper. In Figure 2, during the thermal runaway process, a total of 13 gases were detected, including carbon dioxide (CO2), carbon monoxide (CO), hydrogen (H2), ethylene (C2H4), methane (CH4), ethane (C2H6), other short-chain hydrocarbons (CxHy, x >3 years >3), hydrogen fluoride (HF), acetylene (C2H2), volatile organic compounds (Org), phosphorus pentafluoride (PF5), fluoroethane (C2H5F), and organics of the CxHyOz type. In the literature on battery thermal runaway, CO2 and CO are the most commonly mentioned gases, with mention rates of 90.5% and 85.7%, respectively. More than 50% of the scientific literature mentions the five gases CO2, CO, H2, C2H4, and CH4, C2H6. In addition, C2H2, other short-chain hydrocarbons (CxHy,x >3 years >3), and HF are also often mentioned during the battery thermal runaway process.
[image: Figure 2]FIGURE 2 | The main types of gases generated during thermal runaway in lithium-ion batteries based on major references from domestic and international literature.
Apart from nitrogen (N2) and oxygen (O2), gases produced by mainstream lithium batteries during thermal runaway are listed in Table 1. These lithium batteries include lithium cobalt oxide, nickel cobalt manganese (NCM) lithium, lithium iron phosphate, lithium titanate, and lithium manganate. The triggers for battery thermal runaway include thermal abuse, electrical abuse, and mechanical abuse. To provide a clear visualization of the types of gases generated during thermal runaway in mainstream lithium-ion batteries, the factors triggering thermal runaway are categorized in Table 1, and the battery types are systematically summarized.
TABLE 1 | Types of gases generated during thermal runaway in different types of lithium-ion batteries. NCA stands for lithium cobalt oxide, LCO for lithium cobalt oxide, NCM/NMC for lithium nickel cobalt manganese oxide, LFP for lithium iron phosphate, LTO for lithium titanate, and LMO for lithium manganese oxide.
[image: Table 1]2.3 The volume of gases produced by lithium battery thermal runaway
Due to the limited number of studies on gas production during lithium battery thermal runaway, there is a lack of systematic research on the volume of gases produced, particularly studies that meticulously control variables. According to references [19–40], factors affecting gas production during lithium battery thermal runaway include battery capacity, battery material system, operating environment, and the mode of initiation of thermal runaway. It is generally believed that lithium batteries with larger capacities may produce more gas during thermal runaway, as they contain more electrolyte and electrode materials. Here, the authors only compared the relationship between different battery capacities and the volume of gases produced. According to Figure 3, without controlling for other conditions, there is no evident positive correlation between the capacity of a battery and the volume of gases it produces during thermal runaway. Lithium cobalt oxide batteries with a capacity of 1 Ah and lithium iron phosphate batteries with a capacity of 1.1 Ah have a 100-fold difference in the volume of gases produced during thermal runaway [20, 22]. For thermal runaways induced by thermal abuse, a nickel cobalt manganese lithium battery with a capacity of 3.2 Ah produces approximately three times the volume of gases as a lithium iron phosphate battery with a capacity of 3.8 Ah. Overall, within the capacity range of up to 4 Ah for lithium battery thermal runaway, the total volume of gases produced generally ranges from 1 to 10 L From 1 to 10 L.
[image: Figure 3]FIGURE 3 | Shows the relationship between lithium battery capacity and the gas generation rate during thermal runaway.
2.4 Lithium battery thermal runaway gas detection technologies
In the general field, common gas detection technologies and sensors include semiconductor-based [40], electrochemical [41, 42], optical [43–45], thermal gas sensors [46–48], acoustic [50, 51], and gas chromatography-mass spectrometry [49, 52–54], among others. Currently, specific technologies applied to lithium battery thermal runaway gas monitoring mentioned in literature include gas chromatography [23, 55, 56], electrochemical mass spectrometry [57], Fourier transform infrared spectroscopy [58, 59], Raman spectroscopy [40, 60], non-dispersive infrared gas detection [61], and metal-oxide semiconductor gas sensor technologies [62].
Firstly, we explore the application of Gas Chromatography (GC) technology in studies related to lithium-ion battery thermal runaway. Golubkov and others conducted thermal runaway tests on three commercial 18,650 model lithium-ion batteries, intentionally introducing overheating under controlled conditions, measuring the temperature and gas release of the batteries at high temperatures [51]. This study utilized gas chromatography technology to quantitatively analyze the main gas components, emphasizing the close relationship between battery safety and its energy capacity, chemical composition, and design, among other factors. Gachot and colleagues analyzed gases emitted by lithium-ion batteries during thermal runaway using gas chromatography-mass spectrometry, investigated the impact of different cathode materials on battery safety, and identified CO2 as a potential target gas for detection, as shown in Figure 4 [56]. This research highlights the potential application prospects of gas chromatography technology in battery safety studies. Furthermore, Wang and others emphasized the significance of gas chromatography analysis in studies on fire and explosion hazards, proposing a series of optimization goals to improve the design of electrochemical energy storage systems. These goals include increasing the materials’ resistance to high temperatures and heat absorption capacity, reducing the propagation of heat conduction to combustible elements, and decreasing the probability of gas ignition, providing guidance for future battery safety assessments [55].
[image: Figure 4]FIGURE 4 | Illustration of gas chromatography-mass spectrometry experimental system for lithium battery thermal runaway gases [56].
Fourier Transform Infrared (FTIR) spectroscopy plays a crucial role in the study of lithium battery thermal runaway [63]. Chen and colleagues used FTIR to analyze the gas composition and combustion/explosion characteristics produced by electric vehicle lithium-ion battery systems under thermal runaway fire conditions. By employing an FTIR spectrometer, they conducted a detailed study on the characteristics of gas generation and explosion risks within the battery compartment, finding that the gases had a strong combustion/explosion performance during the jet fire stage, influenced by inert gases and hydrogen [58]. Srinivasan and colleagues utilized real-time in situ Fourier Transform Infrared spectroscopy to analyze the gas composition of ejecta during lithium-ion battery thermal runaway. They revealed that a large amount of carbonate esters were ejected before the battery entered thermal runaway, and these gases could ignite upon cooling, transmitting heat and causing adjacent batteries to also enter a state of thermal runaway. These studies emphasize the critical role of FTIR technology in understanding the mechanisms and propagation processes of lithium battery thermal runaway, providing important insights and methodologies for preventing and managing thermal runaway events [59].
Raman spectroscopy can also be used to measure the gas composition and explosion risk in real-time during the lithium-ion battery thermal runaway process. Chen Da and colleagues employed high temporal resolution laser Raman spectroscopy to successfully construct a quantitative Raman spectroscopy model of characteristic gases, including air components, that can analyze the changes in gas composition in actual scenarios of lithium-ion battery thermal runaway online and in situ. This technique, with its high correlation coefficient and low root mean square error, can efficiently analyze multi-component gases online, offering an effective means for studying gases released by lithium-ion battery thermal runaway, thus promising accurate assessment of explosion risks [60]. Wan Fu from Chongqing University proposed a novel method for the early, non-destructive, and simultaneous analysis of gas products from lithium-ion battery thermal runaway based on hollow-core anti-resonant fiber-enhanced Raman spectroscopy, as shown in Figure 5. By combining two filtering methods, the background noise level of the system was effectively reduced, optimizing the detection performance of the sensing device. Within a 60-s integration time, simultaneous high-sensitivity detection of seven main thermal runaway gas products was successfully achieved, demonstrating the device’s potential for early detection of thermal runaway faults. Moreover, it can be directly connected to batteries, pushing gas analysis towards online and integrated directions [64].
[image: Figure 5]FIGURE 5 | Schematic diagram of Raman spectroscopy gas analysis experimental apparatus [64].
Differential Electrochemical Mass Spectrometry (DEMS) is an advanced analytical technique that combines an electrochemical cell with a mass spectrometer. Hu and others used NMC as the model material and explored the gas generation mechanisms of single-crystal and polycrystalline NMC during electrochemical testing through the use of coin cells and pouch cells [57]. The study utilized in situ Differential Electrochemical Mass Spectrometry analysis to monitor gas generation, employing argon as the inert carrier gas, in conjunction with an HPR-40 mass spectrometer and ECC-DEMS battery for electrochemical testing. In the experiments, batteries utilized both original and cycled cathode materials, with charge/discharge rates at 0.2 C. This research provides valuable information for understanding the gas generation behavior of lithium battery materials, especially the safety of nickel-rich cathode materials, highlighting the importance of differential electrochemical mass spectrometry technology in foundational battery diagnostic studies.
Metal Oxide Semiconductor (MOS) gas sensors are gas sensors that have advantages in terms of cost or size. In Figure 6 Wenger and colleagues adopted MOS gas sensors as a key technology for monitoring gases in large lithium-ion battery systems to detect potential faults early and enhance safety [62]. These tiny silicon substrate and sensitive layer sensors are capable of sensing changes in the concentration of compounds in the surrounding atmosphere, especially volatile organic compounds (VOC) and combustible gases like hydrogen. By measuring changes in gas concentration, these sensors can quickly detect electrolyte leaks within the battery as well as gases released under abuse conditions, issuing early warnings to alert users and initiate emergency shutdown procedures to prevent further damage. The study results showed that these gas sensors could detect increases in VOC concentration even before the battery fails completely, providing earlier warnings for timely intervention.
[image: Figure 6]FIGURE 6 | Metal oxide gas sensor based on MEMS process [62].
Non-dispersive Infrared Technology is a gas detection technology characterized by low cost, high sensitivity, and fast response. Cai and others conducted overcharge experiments that led to battery venting, successfully detecting CO2 concentrations over 30,000 ppm using a non-dispersive infrared gas sensor kit [61]. Moreover, they demonstrated how to use venting experiments on a single battery to determine the CO2 concentration threshold for triggering an alarm within a battery pack. This series of studies and experiments clearly highlight the importance and feasibility of non-dispersive infrared gas detection technology in the early detection and warning of lithium-ion battery thermal runaway events, emphasizing its potential in enhancing battery safety.
3 LIMITATIONS OF THE CURRENT GAS MONITORING TECHNOLOGIES FOR BATTERY
In the previous sections, we have discussed common thermal runaway gas detection technologies and their applications as reported in the literature, including Gas Chromatography (GC), Fourier Transform Infrared (FTIR) spectroscopy, Raman spectroscopy, Differential Electrochemical Mass Spectrometry (DEMS), Metal Oxide Semiconductor (MOS) gas sensor technology, and Non-Dispersive Infrared (NDIR) technology. However, these technologies, which have been developed primarily within a laboratory research context, still face numerous limitations and challenges when it comes to actual commercial battery monitoring.
3.1 Technology complexity, suitability, and interference
Current gas detection systems (e.g., GC, DEMS/Online Electrochemical Mass Spectrometry, OEMS) are often large-scale laboratory instruments with complex vacuum environments, high costs, and sophisticated operating requirements [65]. These characteristics make them challenging to integrate into real-world applications such as electric vehicles or large-scale energy storage systems. Continuous sampling can also disturb the internal environment of the battery, potentially causing electrolyte drying or pressure imbalance [66]. Furthermore, many of these methods rely on pouch or customized cells, whereas commercial cylindrical and prismatic cells are harder to modify due to rigid casings. These modifications or additional ports can compromise the structural integrity of the battery, leading to safety risks and discrepancies with actual working conditions.
3.2 Gas evolution, consumption, and monitoring scope
In situ monitoring of gas evolution is complicated by secondary reactions: gases generated after the first charge may gradually be reabsorbed or consumed [67–69]. Techniques like DEMS effectively extract produced gases but have difficulty tracking real-time consumption. Similarly, Online Electrochemical Mass Spectrometry (OEMS) seeks to mitigate pressure fluctuations but still faces non-constant internal gas dynamics and reaction rates [70, 71]. Additionally, many existing methods provide full-spectrum analysis, which is valuable in research but can be cost-prohibitive and overly complex for commercial-scale monitoring. In practical settings, focusing on one or two critical gases (e.g., CO2 for overcharge, H2 for water contamination) can be a viable strategy, albeit with the risk of missing other hazardous byproducts.
3.3 Cost, integration, and challenges with novel battery systems
DEMS, OEMS, and other mass spectrometry-based methods demand specialized equipment and technical expertise, making them expensive for large-scale deployments (e.g., battery packs with thousands of cells). Additional complexities arise with new battery chemistries—such as sodium-ion or all-solid-state systems—which may release different gases (e.g., SO2) that are not always captured by instruments focused on CO2 or H2 [72]. Aqueous-based energy storage systems further require monitoring of H2 and O2 to evaluate water splitting and corrosion [73, 74]. Hence, any long-term, broad-spectrum monitoring solution must be both adaptable to diverse electrode/electrolyte configurations and feasible in large-volume manufacturing.
4 ADVANTAGES OF OPTICAL AND FIBER SENSOR FOR BATTERY MONITORING
Fiber optic sensors offer significant advantages over traditional electrical sensors, making them ideal for Battery Management System (BMS) integration to monitor critical cell parameters. As some reports said, silica-based fiber optic cables are immune to Electromagnetic Interference (EMI) and frequency interference while providing electrical insulation [75], and plastic fiber optic cables resist corrosive chemicals in Li-ion battery electrolytes. Furthermore, their lightweight nature, flexibility, and low cost facilitate seamless integration into individual battery cells, enabling internal temperature monitoring. And the high sensitivity, multiplexing and capability of fiber optic sensors allow for the detection of strain, temperature and chemical species to monitor battery status.
Fiber optic sensors are categorized into three types based on their spatial distribution: single-point, quasi-distributed, and fully distributed sensors. Quasi-distributed sensors consist of multiple fixed-point sensors, while fully distributed sensors measure continuously along the entire fiber length, with resolution depending on the interrogation scheme. Fiber optic sensors encode physical parameters through light modulation, including wavelength shifts, frequency changes, and polarization variations. In contrast, Fiber Bragg grating (FBG) sensors, suitable for single-point and quasi-distributed sensing, offer cost-effective multiplexing and self-referencing capabilities, making them attractive for battery management systems.
Fiber optic sensors have been widely studied for gas sensing, particularly for CO2 detection, which is crucial for assessing battery state of health and predicting early cell failure leading to thermal runaway. As previously discussed, lithium-ion batteries release gases, with CO2 comprising a substantial fraction, both prior to and during thermal runaway events. Since CO2 is among the earliest detectable gases before thermal runaway, it is a key indicator for battery health monitoring.
4.1 Principle and applications of fiber optic sensing technology
4.1.1 Optical fiber FP interferometer gas sensors
The Fabry-Perot Interferometer (FPI) sensor is an optical sensor that utilizes interference between two partially reflective surfaces to measure environmental changes. This sensor consists of an optical cavity in which the incident light is reflected several times to form an interference pattern that varies according to parameters such as temperature, pressure, strain or gas concentration. The interference condition is governed by the phase difference between successive reflected beams, The phase shift [image: image] is given by:
[image: image]
where n is the refractive index of the cavity medium, L is the cavity length, and [image: image] is the wavelength of the incident light. Any external factor that alters n or L (e.g., gas absorption, strain, or pressure) results in a measurable shift in the interference fringes.
Figure 7 shows two kinds of FPI sensors. Wu et al. propose a new fiber-optic CO2 sensor that is fabricated by optically printing a dye-free polymer Fabry-Perot Interferometer (FPI) in situ on the fiber end face [77]. This kind of fiber-optic CO2 sensor exhibited good performance in the simultaneous measurement of CO2 concentration and temperature with good sensitivity and selectivity as well as a very wide dynamic operation range.
[image: Figure 7]FIGURE 7 | Extrinsic FPI sensor made by forming an external air cavity, and intrinsic FPI sensor formed by two reflecting components along a fiber [76].
4.1.2 Fiber bragg grating gas sensors
Figure 8 shows the schematic of fiber Brag grating sensor. Fiber Bragg Grating (FBG) sensors operate based on periodic modulations of the refractive index along the optical fiber core. These modulations form a Bragg grating, which selectively reflects light at a specific wavelength, known as the Bragg wavelength, while allowing other wavelengths to pass through. The Bragg wavelength is given by:
[image: image]
[image: Figure 8]FIGURE 8 | Schematic of fiber Brag grating sensor [78].
Where [image: image] is the effective refractive index of the fiber core, and [image: image] is the grating period. When external environmental factors such as temperature, strain, or pressure cause changes in [image: image] or [image: image], the Bragg wavelength shifts. This shift is measured and correlated with the specific physical parameter being monitored.
Zhou et al. design and fabricate cost-effective polymer-coated Fiber Bragg Grating (FBG) gas sensor for the detection of CO2 [79]. They found that the maximum shift of the Bragg wavelength is positively correlated with the coating thickness and negatively correlated with temperature. This FBG sensor exhibits good sensitivity, with a detection limit for CO2 of approximately 0.78%. Additionally, yielding minimum response and recovery times of 3.27 and 3.98 min. Furthermore, the sensor demonstrates excellent selectivity and specificity towards CO2. After prolonged intermittent testing, the sensor exhibited good durability.
4.1.3 Fluorescence-based gas sensors
Fluorescence is a form of luminescence emitted by fluorophores upon absorbing electromagnetic radiation. In fiber optic sensors, fluorescence spectroscopy offers inherent advantages over absorbance-based methods, including higher sensitivity and the flexibility and versatility of fluorophore interactions with various analytes. The detectable signal variations include intensity, lifetime, color, wavelength, and emission polarization. Currently, the two primary fluorescence-based techniques employed in sensing applications are anisotropy decay and quenching. The former is dependent on the time-dependent orientation of fluorophores, while the latter can be described using the Stern–Volmer equation [80], which characterizes the quenching mechanism. Dong et al. present a novel gas sensor integrating Metal-Organic Frameworks (MOF) with fluorescence sensing technology in Figure 9 [81].
The proposed sensor exhibits ultra-high sensitivity and rapid response time, demonstrating superior performance in the detection of various gases, including oxygen and nitrogen oxides (NOx).
[image: Figure 9]FIGURE 9 | The mechanisms of MOF sensing gas analysts [81].
4.2 Principle and applications of fiber optic sensing technology
Optical fiber sensing technologies have significant potential for gas detection, particularly in providing early warnings for lithium-ion battery thermal runaway. In this section, we wil discusses the main fiber optic gas sensing methods, categorized into direct absorption and indirect interaction techniques. According to the thermal runaway process introduced in Section 2, the main components of the produced gases are CO2, methane, hydrogen, etc., . So therefore, we focus on these three kinds of gases and describe the sensing methods.
4.2.1 Carbon dioxide
The methods for detecting CO2 primarily include direct absorption and indirect interaction techniques. In the direct absorption method, a fully optical fiber CO2 sensor has been proposed [82], utilizing a 74 cm hollow-core photonic crystal fiber as the interaction cavity for light and gas. The main absorption peaks of CO2 are located in the near-infrared and mid-infrared regions, and this sensor detects CO2 based on its absorption in the 2 μm range. Its operational range spans from 2% to 100% CO2 concentration, functioning at three wavelengths, 2003.5 nm, 1997.0 nm, and 1954.5 nm, while maintaining high detection sensitivity across the entire concentration spectrum.
In indirect interaction techniques, the integration of MOF with optical fibers, as previously mentioned, has garnered significant attention. The study in Figure 10 [83] achieved an ultra-low detection limit of less than 20 ppm for CO2, at a wavelength of 1.57 μm by depositing a Cu-benzene-1,3,5-tricarboxylic acid (BTC) MOF thin film on a single-mode optical fiber with a length of only 5 cm.
[image: Figure 10]FIGURE 10 | Schematic of the experimental setup for CO2 sensing [83].
Kim et al. demonstrated the use of a simple solution method to uniformly form a dense and stable MOF film on the surface of etched optical fibers [84]. The resulting sensor exhibited high sensitivity and selectivity for CO2 gas, showing a stronger response compared to other small molecular gases such as H2, N2, O2, and CO.
4.2.2 Hydrogen
The absorption peak intensity of hydrogen in the near-infrared region is weak, making it unsuitable for concentration measurement using direct absorption methods. Currently, the methods employed for measuring hydrogen concentration predominantly utilize indirect interaction techniques. Cao et al. presents a method for fabricating optical fiber chemical sensors using a Fabry-Perot interferometer, employing a hydrogen-sensitive palladium (Pd) alloy as the sensing material. This approach enables reproducible and reversible measurement of hydrogen concentrations, achieving a detection limit of 0.25% at room temperature. The utilization of palladium as an indirect interaction material proves highly effective for hydrogen concentration measurement [85]. And Perrotton et al. show a fiber optic Surface Plasmon Resonance (SPR) sensor design, optimizing the sensor structure [86]. By employing palladium as a sensitive layer for hydrogen detection and depositing a multilayer stack consisting of silver, silica, and palladium onto the exterior of a multimode fiber after removing the optical cladding, a detection limit of 30 nm/90 ppm was achieved. Furthermore, the initial resonance wavelength can be modulated by varying the thickness of the silica layer.
4.2.3 Methane
Analogous to the use of palladium as a gas-sensitive medium for hydrogen detection, graphene can be employed as an indirect interaction medium for methane measurements. Wei et al.present a graphene-based long-period fiber grating (LPFG) surface plasmon resonance (SPR) sensor [87]. A monolayer of graphene is coated onto the Ag film surface of the LPFG SPR sensor to enhance the interaction between the SPR wave and methane molecules, enabling a sensor sensitivity of 0.344 nm%−1.
However, owing to the presence of significant absorption peaks of methane in the near-infrared and mid-infrared regions [88], direct absorption methods are also applicable for methane measurement. Hu et al. introduces a free-space coupling structure [89]. This configuration facilitates the transfer of modes from a single-mode fiber (SMF) into the hollow-core photonic band-gap fibers (HC-PBF), and subsequently, from the HC-PBF to a photodetector. In methane measurements conducted at atmospheric pressure, the optimized sensor, employing an approximately 2 mW laser and a 0.45 m HC-PBF, achieved a detection limit of approximately 4.35 ppm with a 0.5 s averaging time, and a minimum detection limit of approximately 360 ppb with a 75 s averaging time.
4.3 Comparative of fiber-optic gas sensors and conventional detection technologies
Fiber-optic gas sensors are unparalleled in environments demanding EMI immunity, distributed sensing, or operation under extreme conditions. Their dominance in oil and gas, power generation, and aerospace applications underscores this niche. Conversely, electrochemical and NDIR sensors retain superiority in cost-sensitive, high-speed, or single-gas detection scenarios. Future advancements in nanomaterial functionalization and photonic integration may bridge these gaps, but for now, the choice hinges on aligning technological strengths with operational priorities.
4.3.1 Environmental robustness and harsh condition performance
Fiber-optic sensors excel in environments where traditional sensors falter, particularly under extreme temperatures, electromagnetic interference (EMI), and corrosive conditions. Unlike electrochemical sensors, which suffer from electrolyte degradation at high temperatures and humidity fluctuations, fiber-optic systems maintain functionality from cryogenic temperatures to 800°C due to their inorganic, dielectric construction. For instance, distributed fiber-optic networks enable real-time methane monitoring in oil and gas pipelines, where explosive atmospheres and EMI from high-voltage equipment render electrochemical or catalytic sensors unsafe.
4.3.2 Sensitivity and selectivity trade-offs
Electrochemical sensors dominate low-concentration detection (ppm-level) for gases like CO and H2S, leveraging tailored catalytic reactions for high specificity. In contrast, fiber-optic sensors face challenges in discriminating between gases with overlapping absorption spectra. For example, methane (CH4) and ethanol (C2H5OH) exhibit similar near-infrared absorption bands, necessitating advanced signal deconvolution algorithms or functionalized coatings (e.g., graphene oxide) to enhance selectivity. Recent advances in surface plasmon resonance (SPR)-based fiber sensors have improved limits of detection to ppb levels for volatile organic compounds (VOCs), rivaling electrochemical systems. Nevertheless, such enhancements often require costly nanomaterials or complex fabrication, limiting scalability compared to mass-produced electrochemical cells.
NDIR sensors are highly specific for gases with strong IR absorption (e.g., CO2, CH4) fail entirely for diatomic molecules like O2 and N2. Fiber-optic sensors circumvent this limitation through hybrid approaches, such as integrating fluorescent dyes for oxygen sensing. This versatility enables simultaneous multi-gas detection-a feat unattainable with single-purpose electrochemical or NDIR units.
4.3.3 Multiplexing and distributed sensing capabilities
A defining strength of fiber-optic systems lies in their ability to multiplex hundreds of sensors along a single optical fiber using wavelength- or time-division techniques. This capability is transformative for large-scale infrastructure monitoring, such as detecting hydrogen leaks across a fuel cell stack or mapping CO2 plumes in carbon capture facilities. In contrast, electrochemical and catalytic sensors require individual wiring and power supplies, escalating installation and maintenance costs in sprawling installations.
Distributed acoustic sensing (DAS) further extends this advantage by enabling spatially resolved gas detection over kilometers of fiber. For example, methane leaks in underground pipelines can be pinpointed within meters using Rayleigh scattering patterns, a feature absent in point-source technologies like NDIR. However, this scalability comes at the cost of data complexity, demanding advanced machine learning tools to interpret high-dimensional datasets.
4.3.4 Long-term stability and maintenance requirements
Electrochemical sensors suffer from short shelf lives (6–12 months) and progressive electrolyte depletion, necessitating frequent recalibration. Fiber-optic sensors, devoid of consumable components, offer decades-long operational stability-critical for remote or inaccessible deployments.
Optical systems are vulnerable to mechanical degradation (e.g., micro bending losses) and contamination (e.g., dust accumulation on fiber tips). While NDIR sensors use sealed optical chambers to mitigate fouling, fiber-optic variants exposed to particulate-laden environments (e.g., industrial exhaust streams) require periodic cleaning or protective membranes, complicating maintenance protocols.
4.3.5 Cost and scalability considerations
Fiber-optic sensors incur higher upfront costs than electrochemical or catalytic units, driven by specialized components like tunable lasers and high-resolution spectrometers. A single-channel fiber-optic CO2 sensor may cost 3–5× more than an equivalent NDIR unit. However, lifecycle costs favor optical systems in large-scale applications.
Miniaturization remains a hurdle. While Microstructured Optical Fibers (MOFs) and photonic crystal fibers have enabled sub-millimeter sensor diameters, they lag behind microelectromechanical systems-based NDIR sensors in consumer electronics integration.
5 OTHER TYPES OF EARLY WARNING SIGNALS FOR THERMAL RUNAWAY
In addition to gases serving as early warning signals for lithium-ion battery thermal runaway, electrolyte-based indication methods also represent a viable approach for early-stage detection. Electrolyte-based indication relies on observing changes in the electrolyte composition or physical state, such as electrolyte decomposition products or color changes in indicator additives. These changes typically occur after the battery has reached elevated temperatures and progressed into mid-to-late thermal runaway stages, limiting their utility for early warning. Gas sensor-based detection techniques, particularly semiconductor gas sensors, exploit the early release of characteristic gases (hydrogen, carbon monoxide, carbon dioxide, volatile electrolytes like dimethyl carbonate) during initial thermal runaway stages. These sensors can detect trace gas concentrations rapidly, providing early warnings well before visible or structural damage occurs. Teng et al. highlight specific semiconductor sensors with rapid response times (seconds to minutes) and low detection thresholds (ppb to ppm), which outperform electrolyte-based indicators in early-stage detection capability [90].
Gas sensor-based detection technologies demonstrate superior performance over electrolyte-based indication methods in both response time and detection threshold for early-stage thermal runaway monitoring in lithium-ion batteries. Their ability to provide quantitative, rapid, and sensitive detection of signature gases makes them more suitable for integration into real-time battery management and safety systems.
6 CONCLUSION AND OUTLOOK
This article comprehensively summarizes the current state of research and development trends in lithium-ion battery thermal runaway gas detection and early warning technologies. Thermal runaway, as a core issue in lithium-ion battery safety, is crucial for ensuring the safe operation of battery systems. The article provides an integrated analysis of the physicochemical changes in batteries during thermal runaway and the types of gases produced, noting significant differences in gas types produced by different types of lithium-ion batteries during thermal runaway. Moreover, the article deeply explores various thermal runaway gas detection technologies, including gas chromatography, Fourier-transform infrared spectroscopy, Raman spectroscopy, differential electrochemical mass spectrometry, metal oxide semiconductor gas sensors, and non-dispersive infrared technology, each with its unique advantages and applicable scenarios. To provide a clear and intuitive comparison of their respective advantages, a concise table is presented in this work. Table 2 clearly illustrates a comparative overview of the key parameters for various gas sensing methods.
TABLE 2 | Comparison of key parameter performance among various gas sensing methods.
[image: Table 2]Current detection and early warning technologies face the following issues: 1) Limitations in early warning capabilities. Although existing thermal runaway gas detection technologies can achieve early warning to some extent, they still suffer from delayed response times and insufficient accuracy. In the early stages of battery thermal runaway, the accumulation of gases and pressure changes are relatively slight, making it difficult for existing technologies to quickly and accurately capture these early signals. 2) Costs and practicality of the technology. High-precision gas detection technologies are often costly, which may not be economical for large-scale commercial applications. Additionally, the complexity and maintenance requirements of these technologies could limit their widespread application in actual battery systems. 3) Environmental adaptability and stability issues. Lithium-ion batteries exhibit different thermal runaway characteristics and gas emissions under various usage and environmental conditions. Current detection technologies need further improvement in their adaptability to different conditions and long-term stability.
Optical fiber sensor technologies have emerged as a promising alternative. Their inherent advantages—such as resistance to electromagnetic interference, lightweight and flexible form factors, and the capacity for high-sensitivity, in situ monitoring—make them well-suited for integration into battery management systems. Techniques like Fabry–Perot interferometry, fiber Bragg grating, and fluorescence-based sensing have demonstrated effective detection of critical gases (CO2, H2, and CH4) that serve as early warning signals during thermal runaway.
However, translating these laboratory-scale innovations into scalable, maintainable solutions for commercial battery packs presents a series of practical challenges that must be systematically addressed. Foremost among these challenges is scalability. Commercial battery systems, particularly those employed in electric vehicles and grid storage, consist of thousands of individual cells arranged in complex architectures. Deploying optical sensors across such extensive arrays requires cost-effective manufacturing techniques and standardized integration protocols. Current optical sensor fabrication often involves specialized materials and precision assembly, which limit mass production feasibility. Routing optical fibers or embedding photonic components within densely packed battery modules demands innovative packaging solutions that preserve sensor functionality without compromising cell safety or thermal management.
Optical sensors must endure harsh electrochemical environments characterized by temperature fluctuations, mechanical vibrations, and potential chemical exposure. Ensuring stable sensor performance over the battery’s operational lifespan necessitates robust encapsulation strategies and self-calibration capabilities to mitigate signal drift. Additionally, diagnosing and replacing faulty sensors in densely integrated systems without disrupting battery operation poses logistical complexities. Developing modular sensor architectures and leveraging wireless interrogation methods may alleviate maintenance burdens but require further technological maturation.
While advanced optical sensors offer transformative potential for commercial lithium-ion battery monitoring, overcoming scalability and maintenance challenges is essential for widespread adoption. Future research should focus on developing cost-effective fabrication methods, resilient sensor packaging, modular integration schemes, and intelligent data processing frameworks. Addressing these aspects will pave the way for reliable, scalable optical sensing solutions that enhance battery safety and longevity in real-world applications.
To enhance the efficacy and practicality of lithium-ion battery thermal runaway early warning technologies, the following three recommendations are worth exploring and implementing: 1) Develop multi-parameter integrated detection technologies. Research and develop detection systems that integrate multiple sensors, combining temperature, voltage, current, and gas detection for more comprehensive monitoring of battery operational states [66], thereby improving the accuracy and timeliness of the warning system. 2) Optimize the cost-effectiveness of detection technologies. Focus on reducing costs and simplifying maintenance of existing gas detection technologies to meet the needs of large-scale battery applications. Enhance their commercial potential and competitiveness by improving sensor technology and simplifying design structures. 3) Strengthen testing and optimization under actual application environments. Thoroughly test and optimize gas detection technologies under different usage conditions and environments to enhance their adaptability and long-term stability in various contexts. Additionally, strengthen collaboration with battery manufacturers and users to ensure that these detection technologies can be effectively integrated into battery management systems and function effectively in actual use.
With regard to the influence of regulations and standards on the application of advanced gas detection technologies in lithium-ion batteries, existing standards like UL 2580 and IEC 62619 primarily address traditional detection methods, lacking specific guidelines for novel optical sensors. This regulatory gap creates uncertainty for manufacturers regarding validation, compliance, and certification, thereby slowing technology adoption. Establishing consensus-based standards that define performance, calibration, and durability criteria for advanced sensors is crucial to facilitate regulatory acceptance. Collaborative efforts among sensor developers, battery producers, and regulators can expedite this process. Incorporating optical sensor requirements into current safety standards or developing dedicated protocols would provide clearer pathways for commercialization. Regulations promoting real-time monitoring and proactive safety management can incentivize the use of advanced gas sensors, recognizing their enhanced sensitivity and early-warning capabilities. Conversely, inflexible regulations may hinder innovation by imposing excessive certification burdens. In now situation, clear and adaptable regulatory and standardization frameworks are essential to accelerate the industrial adoption of advanced gas detection technologies, ultimately improving lithium-ion battery safety and reliability.
As new energy technologies continue to develop and be applied, the safety of lithium-ion batteries is receiving increasing attention. Through technological innovation and interdisciplinary collaboration, future gas detection technologies are expected to achieve higher accuracy, faster response times, and lower costs, providing stronger support for battery safety management. Furthermore, with the development of big data and artificial intelligence technologies, applying these technologies to battery safety monitoring and early warning systems can further improve the intelligence and automation level of early warnings, offering more effective means to ensure battery safety.
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