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Figure 1 (Color online) Applications of infrared thermal imaging technology in energy storage batteries. (a) A schematic diagram of the
experimental setup to visualize the section’s temperature directly and infrared images at 1 C discharging rate [34]. (b) Schematic diagram of the
experiment system [36]. (c) IR images during discharge at 5 It [38]. (d) Schematic view for infra-red imaging of internal temperature and infra-red
images for ISC processes of the cell [40]. (¢) Schematic illustration of an in siftu OM-thermal infrared imager platform and corresponding results of the
reaction between metallic Li and LGPS [39]. (f) The grid of the 3D thermal model and the temperature field of the battery at the end of discharge,

before and after optimization [21]. (g) Surface temperature distribution obtained by simulation and IR camera [41].
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Figure 2 (Color online) Lock-in thermography-based method for thermal performance study of energy storage devices. (a) Schematic diagram of the
principles of infrared thermal imaging technology and lock-in thermal imaging technology [24]. (b) Experimental setup diagram of lock-in thermal
imaging and infrared image of the surface temperature distribution [25]. (c) Phase lag and amplitude response images of the aged battery under an
excitation frequency of 0.1 Hz [24]. (d) Amplitude images of the aged graphite electrode and the electrode with uneven composition under an
excitation frequency of 1 Hz [43]. (e) Relationship diagram between solid-state diffusion time and surface temperature distribution [25].
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Figure 3 (Color online) Exploration of the application of X-ray computed tomography and infrared thermography technology in the research on
thermal properties of batteries. (a) X-ray tomography 3D rendered images and surface temperature distribution maps of the 18650 battery [44]. (b) The
schematic diagram of the in-situ X-ray computed tomography experimental setup and the three-dimensional reconstruction image of the battery cell
[26]. (c) Schematic of the in-situ X-ray CT experimental apparatus and 3D reconstruction of the battery cell [26]. (d) Time-stamped radiographs.
temperature profiles, and thermal images were measured during the stainless steel nail penetration test [45]. (e) Infrared thermography temperature
distribution during thermal runaway embedded within the X-ray CT 3D structural image of the battery [47]. (f) Spatiotemporal temperature mapping of
18650-type NMC and LFP batteries during the cooling process [48].
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Figure 4 (Color online) Innovation-sensing-driven thermal behavior characterization of batteries. (a) Assembly device, internal structure schematic
diagram of the pouch battery equipped with Fiber Bragg Grating sensors, and spatial temperature distribution map during charge-discharge under
40 kPa [30]. (b) The outline and test result comparison diagram of quasi-distributed FBG and fully distributed Rayleigh sensors [49]. (c) A 3D render
of the fully assembled battery rotation experimental setup using OFDR sensors, and temporal evolution of battery temperature under various discharge
rates [50]. (d) The lithium-ion battery with IFE and temperature mapping diagram during charge-discharge processes [51]. (e) Schematic and
temperature monitoring diagram of the GT resonator integrated on the battery surface [52].
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Figure 5 (Color online) Principles and applications of scanning thermal microscopy. (a) Schematic diagram of the SThM [33]. (b) Thermal
conductivity mapping of aged LATP and bar graph for the unreacted and reacted phases [32]. (¢) Schematic of SThM setup for the MoTe, device; AFM
and SThM images of the top electrode region [31].
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Research progress on thermal behavior of energy storage devices
based on in-situ imaging techniques

. 12 . 1,2%
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Abstract: Electrochemical energy storage devices serve as a core pillar for driving the global energy transition and
advancing the achievement of carbon neutrality goals. However, thermal safety issues remain a critical bottleneck
restricting the development of high-energy-density energy storage systems. Heat generation and irreversible thermal loss
inevitably occur during the charge-discharge cycle, leading to continuous heat accumulation with strongly
heterogeneous characteristics and dynamic coupling effects. Traditional point-based temperature measurement methods
fail to capture transient thermal distribution, while destructive disassembly analysis cannot elucidate heat transfer
pathways under real operating conditions. In this context, the innovative application of in-situ imaging technologies
provides a unique approach for the accurate characterization of thermal behaviors in energy storage devices. This review
systematically summarizes the latest advances in a series of in-situ analytical techniques, including infrared
thermography, lock-in thermography, combined X-ray computed tomography and infrared thermography, and advanced
sensing technologies. It focuses on the dynamic evolution of thermal behaviors during charging and discharging, as well
as the visualized characterization and mechanism analysis of cross-scale coupling between internal structures and
thermal fields. Furthermore, this paper prospectively discusses cutting-edge research directions, such as microscale
thermophysical property measurement via scanning thermal microscopy, the integration of multi-modal in-situ analysis
systems, and artificial intelligence-empowered optimization of thermal management strategies. This work aims to
provide theoretical foundations and technical references for an in-depth understanding of thermal runaway mechanisms
and the high-safety structural design of next-generation energy storage devices.

Keywords: in-situ imaging techniques, thermal analysis, heat generation behavior, thermal safety, electrochemical
energy storage

doi: 10.1360/SSC-2026-0046

1847


https://doi.org/10.1360/SSC-2026-0046

	基于原位成像技术的储能器件热行为研究进展
	引言�  引言�
	成像分析技术� 析技术�
	红外热成像� 红外热成像�
	锁相热成像� 锁相热成像�
	X射线计算机断层扫描与红外热成像联用技术� 像联用技术�
	先进的成像传感技术� 像传感技术�
	扫描热显微镜� 描热显微镜�

	总结与展望� 与展望�


