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Abstract

:

The quest for high-performance lithium-ion batteries (LIBs) is at the forefront of energy storage research, necessitating a profound understanding of intricate processes like phase transformations and thermal runaway events. This review paper explores the pivotal role of X-ray spectroscopies in unraveling the mysteries embedded within LIBs, focusing on the utilization of advanced techniques for comprehensive insights. This explores recent advancements in in situ characterization tools, prominently featuring X-ray diffraction (XRD), X-ray tomography (XRT), and transmission X-ray microscopy (TXM). Each technique contributes to a comprehensive understanding of structure, morphology, chemistry, and kinetics in LIBs, offering a selective analysis that optimizes battery electrodes and enhances overall performance. The investigation commences by highlighting the indispensability of tracking phase transformations. Existing challenges in traditional methods, like X-ray absorption spectroscopy (XAS), become evident when faced with nanoscale inhomogeneities during the delithiation process. Recognizing this limitation, the review emphasizes the significance of advanced techniques featuring nanoscale resolution. These tools offer unprecedented insights into material structures and surface chemistry during LIB operation, empowering researchers to address the challenges posed by thermal runaway. Such insights prove critical in unraveling interfacial transport mechanisms and phase transformations, providing a roadmap for the development of safe and high-performance energy storage systems. The integration of X-ray spectroscopies not only enhances our understanding of fundamental processes within LIBs but also propels the development of safer, more efficient, and reliable energy storage solutions. In spite of those benefits, X-ray spectroscopies have some limitations in regard to studying LIBs, as referred to in this review.
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1. Introduction


Energy storage technologies have proven pivotal across a spectrum of applications, including fuel cells, batteries, and other energy storage devices. While fuel cells harness electrochemical reactions to generate electricity from fuels like hydrogen, batteries excel in storing energy in chemical form, with reversible reactions occurring during charging and discharging. Batteries, with their versatility and widespread use in portable electronics, grid energy storage, electric vehicles, and backup power systems, offer high energy density, rapid response times, and scalability, contributing significantly to the landscape of energy storage solutions [1].



Lithium-ion batteries (LIBs) are essential for portable electronics and sustainable energy solutions. Despite their widespread use, safety concerns arise, particularly during high charge rates and overcharging. Catastrophic failures due to thermal runaway, triggered by overcharge, underscore the need for risk reduction. In addition, thermal runaway in batteries occurs when overcharging or internal short circuits lead to temperatures beyond manufacturer ratings. At a critical temperature, a chain of exothermic reactions triggers rapid self-heating, and without proper heat dissipation, the battery catastrophically fails, as characterized across various length scales from electrode microstructure to the entire cell and pack [2]. Understanding phase transitions, as well as the spatial and temporal dynamics of exothermic reactions within LIB components, is crucial for enhancing safety protocols, mitigating potential hazards, and enhancing overall battery development.



Increasing storage performance in systems like batteries involves optimizing several operational parameters, including electrolyte composition, temperature, and current density. Optimizing electrolyte composition involves selecting suitable solvents, salts, and additives to enhance ion conductivity, minimize internal resistance, and improve cycling stability [3]. For example, using high-conductivity solvents like ethylene carbonate (EC) or dimethyl carbonate (DMC) with lithium salts such as LiPF6 can enhance ion mobility in lithium-ion batteries, thus improving their overall performance [4]. Additives like fluoroethylene carbonate (FEC) can also form stable passivation layers on electrode surfaces, reducing side reactions and improving long-term cycling performance [5]. Current density refers to the amount of electrical current per unit area of electrode surface, and higher current densities usually result in faster charge/discharge rates but can also lead to increased internal resistance and heat generation [6]. Generally, higher temperatures increase ion mobility and electrode kinetics, leading to enhanced charge/discharge rates and overall performance. However, excessively high temperatures can accelerate side reactions, degrade electrolytes, and reduce the lifespan of the device. Therefore, maintaining an optimal operating temperature range is crucial for maximizing storage performance while ensuring device longevity [7]. Advanced thermal management systems, such as liquid cooling or phase change materials, can help regulate temperature within the desired range [8,9]. Optimizing current density involves balancing the need for rapid energy transfer with the limitations imposed by electrode/electrolyte interface kinetics. Advanced electrode designs, such as nanostructured materials or porous architectures, can mitigate the effects of high current densities by reducing diffusion distances and enhancing surface area [10]. Control strategies, such as pulse charging/discharging or current ramping, can also help manage current density variations during operation [11].



Advanced characterization techniques are required for exploring LIBs from macro to micro and from thermodynamics to kinetics [12,13].



Tracking phase transformations in LIBs is vital for resolving debates and understanding fundamental mechanisms within the delithiation process for olivine-type cathodes (which embodying a two-phase mechanism) like LiFePO4. This process is key to improving battery performance, especially at large scales, by avoiding pitfalls related to averaging methods, such as traditional X-ray absorption spectroscopy [14] and revealing inhomogeneity behaviors. Overall, this knowledge is crucial for optimizing battery designs and advancing energy storage technologies for diverse applications [15].



Lithium-ion batteries store lithium ions using different methods, such as intercalation, conversion, alloying reactions, surface storage, hybrid mechanisms, and chemical redox reactions. Intercalation, the more common method, involves lithium ions lodging in the crystal structure of the electrode material. Conversion, on the other hand, involves lithium ions reacting with the electrode material to form a new compound. Unlike intercalation, conversion reactions involve Li-substituting cation species, often transition metals, resulting in displacement reactions due to the absence of empty sites for Li ions in the crystal structures. Conversion-type electrodes are known for their high theoretical specific capacities; however, this conversion process can cause larger volume changes in electrodes compared to intercalation. Irreversible electrochemical reactions in transition metal oxides (TMOs) cause capacity fading, requiring detailed understanding through X-ray characterization [16]. Alloying reactions present another alternative, offering high specific capacities through the formation of alloys with the electrode material. This can result in high-energy densities, but the pronounced volume changes during charge and discharge cycles can lead to mechanical degradation and reduced cycle life compared to intercalation-based batteries [17]. Surface storage provides a different approach that involves the adsorption and desorption of lithium ions directly onto the surface of the electrode material. This allows for fast lithium-ion transport and high-power densities, making it suitable for applications requiring rapid charge and discharge rates. However, surface storage typically offers lower energy densities compared to intercalation or conversion, limiting its suitability for certain applications [18]. Hybrid mechanisms combine elements of different storage methods to achieve a balance between high specific capacities, fast charge/discharge rates, and long cycle life. While offering flexibility in optimizing performance and stability, hybrid mechanisms require sophisticated electrode design and material engineering, which can increase manufacturing costs [19]. Chemical redox reactions introduce yet another avenue, offering tunable redox potentials and the potential for unique applications and performance enhancements. However, achieving stability and long-term performance with chemical redox reactions requires careful selection and designing of electrode materials [20].



The choice of anode and cathode materials affects the storage mechanism. Common cathode materials like lithium cobalt oxide, lithium iron phosphate, and lithium nickel manganese cobalt oxide primarily use intercalation. Meanwhile, common anode materials, like graphite and lithium titanate, also use intercalation, while silicon undergoes conversion [21].



The structure and morphology of the electrode material has a significant impact on how lithium-ion batteries store and release energy. Materials with a high surface area, like zero-dimensional nanoparticles and two-dimensional nanosheets, can store more lithium ions [17,22]. Porous structures in three dimensions also help by allowing the electrolyte to penetrate deeper into the electrode, which improves capacity [23]. Additionally, one-dimensional nanostructures provide efficient paths for lithium ions to move, which facilitates rapid charging and discharging [24]. However, complex pathways or tortuosity within three-dimensional structures can slow down lithium-ion diffusion and hinder performance [25]. They can achieve this by tailoring the structure of the electrode material to optimize lithium-ion transport, maximize the number of active sites, and accommodate volume changes. This will lead to lithium-ion batteries with exceptional capacity, rate capability, and cycling stability, paving the way for the development of next-generation energy storage solutions for a sustainable future.



In addition, high-performance lithium-ion batteries (LIBs) rely heavily on the properties of their electrode materials. These properties, in turn, are significantly influenced by the chosen synthesis method. Therefore, it is important to explore how various synthesis techniques impact the structure and storage capacity of LIB electrodes.



Synthesis methods offer broader control over the microstructure and chemical composition of electrode materials. Techniques like sol-gel processing [26] or spray-drying [27] enable the fabrication of materials with tailored properties. Sol-gel processes, in particular, facilitate the transformation of small molecules into solid materials, offering precise control over porosity and elemental distribution. This control often translates to enhanced efficiency and storage capacity of electrode materials [26]. Similarly, synthesis methods, like solid-state reactions [28] or vapor deposition [29], can be tailored to manipulate the phases present in the final material, potentially impacting its capacity and cyclability. Hydrothermal synthesis (which involves the reaction of precursor materials in an aqueous solution under high-temperature and high-pressure conditions) and ball milling (which involves grinding precursor materials together with balls in a high-energy mill) are two methods for creating particles with a controlled size, porosity, and grain boundaries [30,31]. These properties influence how the material handles stress and strain during lithium-ion insertion/removal cycles, ultimately affecting capacity and cyclability.



Synthesis methods are crucial for lithium metal anodes and key to achieving high-energy density LIBs. Techniques like lithium foil deposition or stripping address challenges like dendrite growth and volume changes during cycling, ultimately improving safety and cycle stability. Furthermore, dendritic copper current collectors mitigate these issues by enhancing ion transfer and promoting cycle stability for long-term performance without short circuits [32]. Heat treatment also plays a role in synthesizing material and developing storage capacity. For instance, heat treatment of Co3O4 for LIB anodes improves storage capacity and lifespan by strengthening connections between electrode materials, facilitating better lithium movement [33]. In conclusion, the synthesis method plays a critical role in shaping the microstructure and morphology of LIB-electrode materials. By carefully selecting and optimizing these methods, researchers can create high-performance electrode materials that unlock the full potential of LIB technology.



Material categorization based on crystal structure is crucial for understanding the behavior of lithium-ion battery active materials, especially cathodes. The three following main categories shall be discussed: layered, spinel, and olivine. Layered structures, such as LiCoO2, create open spaces for lithium ions, facilitate smooth diffusion, and enable high capacity with fast charging/discharging. However, structural distortions during ion movement can lead to a sloping voltage profile. Spinel structures like LiMn2O4 form a three-dimensional network where lithium ions occupy tetrahedral and octahedral sites. Tetrahedral sites offer easier movement, resulting in a higher capacity at a specific voltage, while filling octahedral sites require more energy, leading to multiple voltage plateaus. Olivine structures, exemplified by LiFePO4 and LiMnPO4, have MO6 octahedra and PO4 tetrahedra connected through corner-sharing networks, resulting in a densely packed structure with minimal distortions during lithium movement. Although diffusion may be slower, the constant energy requirements lead to a nearly flat voltage profile with a good capacity [34].



Crystal structure significantly influences lithium-ion movement within cathode materials, impacting capacity and charging/discharging mechanisms. Layered structures offer high capacity but may suffer from a sloping voltage profile, while spinel structures exhibit multiple plateaus due to distinct lithium-ion occupation sites. Olivine structures provide good capacity with a flat voltage profile [34].



Beyond crystal structure, the morphology of active materials (Co, Fe, Mn, and Ni) significantly influences their performance. By manipulating morphology, researchers can control surface area, electrolyte contact, and lithium-ion transport pathways. Active materials in lithium-ion battery (LIB) electrodes are categorized based on morphology, including zero-dimensional (0D), one-dimensional (1D), two-dimensional (2D) and three-dimensional (3D) structures. Zero-dimensional (0D) nanoparticles (NPs) like LiFePO4 and Si-NPs offer high surface areas, aiding electrolyte contact and Li-ion diffusion [35,36]. One-dimensional (1D) structures, such as nanorods and nanotubes, provide direct Li-ion transport paths, exemplified by Co3O4 nanorods and TiO2 nanotubes [37,38]. Two-dimensional (2D) nanosheets and graphene offer large surface areas like 0D NPs while potentially addressing volume change issues. MoS2 nanosheets are notable examples [39]. Three-dimensional (3D) hierarchically porous structures, like sphere LiNiCoMnO2 (NCM), combine high surface areas, electrolyte penetration, and mechanical integrity [40].



Morphology influences capacity and storage mechanisms in LIBs. High surface area morphologies (0D NPs, 2D nanosheets) offer more active sites, potentially boosting theoretical capacities. Porous structures (3D) enhance electrolyte penetration, improving active material utilization. Direct Li-ion pathways in 1D nanostructures enhance charge/discharge rates, while tortuosity in 3D structures may hinder diffusion [41,42]. Understanding these relationships informs the design of LIB electrodes for improved performance.



Utilizing advanced techniques with nanoscale resolution provides direct evidence of dynamic phase changes, validating theoretical models and guiding the development of high-rate battery technology.



These advanced techniques include in situ and ex situ approaches. In situ/operando approaches offer crucial advantages over ex situ characterization in lithium-ion battery (LIB) research. In situ techniques provide real-time insights by instantly probing reactions at specific locations, ensuring better reliability and higher precision in data analysis. Continuous in operando measurements monitor electrochemical, physical, and chemical processes on a single sample, eliminating the need for multiple samples and offering closer-to-real-time operational information. This methodology is particularly advantageous when employing X-ray techniques due to their compatibility with in situ/operando studies. This compatibility is vital for LIB research as it allows for real-time investigation of material transformations and chemical reactions occurring within the battery during operation [6]. X-rays, as non-destructive tools, enable the study of the battery without causing permanent damage to the sample, allowing for continuous monitoring throughout the experiment [8]. Additionally, their deep penetration allows for probing the bulk of the battery compared to other techniques like electron microscopy, providing insights into bulk material behavior. This methodology enables the investigation of non-equilibrium or fast-transient processes, detecting short-lived intermediate states not captured by ex situ methods. In situ approaches prevent contamination and irreversible changes in highly reactive samples during preparation and transfer, enhancing the reliability of identifying true reaction products. Advanced in situ/operando synchrotron-based experiments significantly contribute to understanding complex reaction mechanisms in LIBs [43].



The operando method enables the observation of dynamic occurrences like thermal runaway, allowing for a comprehensive understanding of crucial degradation mechanisms. This includes phenomena like delamination caused by gas production, pulverization of the electrode layer, and the structural separation of islands [44].



In recent years, significant advancements in in situ characterization tools have enhanced the understanding of material structures and surface chemistry in operating conditions. In situ X-ray absorption spectroscopy (XAS) stands out for revealing the atomic and electronic structure of active host metals during operation. Figure 1 provides a summary of crucial in situ X-ray techniques, their spatial resolutions, and detection objectives in batteries, enabling selective analysis of structure, morphology, chemistry, and kinetics. These techniques, including X-ray diffraction (XRD), XAS, transmission X-ray microscopy (TXM), and X-ray tomography (XRT), contribute to comprehensive studies, optimizing battery electrodes and enhancing overall battery performance through insights into phase transformations and electrode deformation [45].



1.1. X-ray Tomography (XRT)


XRT utilizes attenuation-based imaging at synchrotrons, employing a collimated X-ray beam in a rotational setup (Figure 2a). A sample, placed on a rotating stage, undergoes X-ray penetration, with attenuated rays being converted into visible light by a scintillator and captured by a camera. Sequential projections at varying angles create a dataset for tomographic reconstruction, revealing the internal structure in 3D. Figure 2b illustrates the rotating sample, emphasizing the distinct attenuation of X-rays by different phases. XRT employs mathematical principles, such as the Fourier slice theorem, for efficient reconstruction from 2D projections, enabling detailed material characterization [46].



XRT is a valuable tool for studying LIBs at various scales (Figure 3). At the cell level, it scrutinizes key design factors, such as anode and cathode dimensions, packing density, and cell alignment, while also detecting macroscopic issues like islanding. Moreover, it enables precise analysis of electrode microstructures, quantifying particle size, tortuosity, and volume fraction. Additionally, various techniques, including ex situ, in situ, and operando methods, can be seamlessly integrated with X-ray computed tomography to characterize battery materials [44].



Assembled cells for electrochemical storage testing in lithium-ion batteries are classified based on the type of electrode configuration, which encompasses the preparation of working electrodes, the selection of reference and counter electrodes, and whether the cell is configured as a three- or two-electrode system. Each aspect of the electrode configuration is meticulously chosen to facilitate accurate and reliable measurement of electrochemical performance during testing [48].



The working electrode typically comprises the active material coated onto a conductive substrate, such as copper foil for cathodes or graphite for anodes. Cathodes are commonly prepared by blending the active material (e.g., lithium cobalt oxide, lithium iron phosphate) with conductive additives and a binder before applying the slurry onto a current collector. Anodes undergo a similar process, with the active material (e.g., graphite, silicon) coated onto a current collector. The method of electrode preparation may vary based on the specific material and testing requirements [49].



In lithium-ion battery testing, the reference electrode usually consists of a stable electrode material with a known potential, such as a lithium metal foil or a lithium-ion intercalation electrode. Meanwhile, the counter electrode complements the circuit and is often composed of a material similar to the working electrode (e.g., lithium cobalt oxide for cathodes, graphite for anodes) [50]. Three-electrode cells comprise a working electrode, a reference electrode, and a counter electrode, allowing for precise control of potential and measurement of currents during electrochemical cycling [51]. Conversely, two-electrode cells amalgamate the working and counter electrodes into a single electrode, streamlining the cell setup but constraining control over the potential at the working electrode. The decision between three and two-electrode cells hinges on specific testing requirements, encompassing the desired level of control and the complexity of the electrochemical system under investigation. The selection of reference and counter electrodes aims to ensure stable electrochemical behavior and minimize interference with the measurement of the working electrode [50].



Kodama et al. [52] proposes a high-resolution method for measuring the 3D material distribution in an All-Solid-State Lithium-Ion Battery (ASSLiB) cathode using synchrotron radiation X-ray nano-computed tomography (CT) imaging. The experiments with high-energy, 20 keV X-rays successfully achieved a 40 nm voxel with minimal artifacts. Material identification using conventional CT value methods faced challenges due to small differences in X-ray absorption coefficients. However, the study overcame this using deep learning with a customized U-net (A type of convolutional neural network), enabling efficient material identification and segmentation of nano-CT images at high speed and low computational cost, making it applicable for high-resolution material distribution measurements in all-solid-state batteries. A raw X-ray nano-CT image using 12 keV X-rays (Figure 4a) depicts challenges in material identification due to the overlapping CT values of a solid electrolyte (SE) and void, resulting in ring artifacts. Figure 4b shows improved X-ray nano-CT images at 20 keV, where high signal-to-noise ratio and clear identification of materials (NCM, SE, and void) are achieved. Figure 4c presents relative CT values, indicating the difficulty of material identification with 12 keV X-rays and the improved distinguishability of materials with 20 keV X-rays.




1.2. X-ray Differaction (XRD)


XRD is pivotal for LIB analysis, tracking structural changes during charge/discharge. Synchrotron facilities enhance in situ studies, offering advantages like time resolution. Figure 5 illustrates XRD’s principles: diffraction patterns reveal the atomic structure while Bragg’s law defines scattering conditions. In situ XRD cells demand X-ray transparency, prevention of electrolyte leakage with a seal and uniform compression for optimal performance. Materials like beryllium, glassy carbon, and thin metal foils are common window choices, each with pros and cons. XRD can operate in reflection or transmission modes, with innovative designs overcoming challenges to enable detailed studies [53].



Wilson et al. [54] conduct Operando XRD on LiFePO4 during electrochemical cycling in a coin cell with a Kapton window. The findings, consistent with prior research, confirm the dual-phase solid solution behavior during lithium extraction from LiFePO4. The voltage profile of LiFePO4 during the first charge and discharge cycles is illustrated in Figure 6a, while Figure 6b presents the corresponding XRD patterns of a LiFePO4 cell with a Kapton window throughout the same cycles. Figure 6c displays more focused XRD patterns within the 10 to 15 degrees 2θ range. Certain Bragg peaks in the full profiles, including those attributed to carbon black (at 9 °2θ), aluminum current collector (at 15.8 and 22.5 °2θ), and steel casing (at 15.4 and 17.8 °2θ), remain constant irrespective of cell charge state. Upon initiation of the charging process, the peaks corresponding to LiFePO4 shift towards higher scattering angles, signifying a reduction in the unit cell size due to the extraction of Li from the material. This phenomenon is clearly demonstrated by the prominent 311 reflection in Figure 6c. The reverse behaviors are seen for the discharge process.




1.3. X-ray Absorption Spectroscopy (XAS)


XAS plays a significant role in characterizing energy storage materials like LIBs. That investigates the absorption of X-rays by a material as a function of energy and provides information about the electronic and local structural properties of elements in the sample. In particular, X-ray absorption near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS) are crucial components of XAS. XANES provides insights into the geometrical structure and effective charge of the metal center, with the edge position indicating changes in the formal valence of the photo absorber. Pre-edge structures, observed in transition metal K-edges (K-edge refers to the energy threshold in XAS, indicating the ionization of inner-shell electrons of a specific element), offer valuable probes for geometry, especially in assessing geometrical distortions. On the other hand, EXAFS investigates the short-range structural information, revealing distances and coordination numbers around the selected atomic species. The oscillations in the EXAFS spectrum result from quantum-mechanical interference of the photoelectron scattered by neighboring atoms. Through advanced data analysis, including fitting procedures, the EXAFS technique enables the determination of structural parameters and coordination numbers. These XAS techniques, applied ex situ, in situ, or operando, contribute significantly to understanding the electrochemical mechanisms and stability of energy storage materials, thereby aiding the development of advanced batteries [55]. The X-ray absorption process involves photoelectron emission, influencing the absorption coefficient. Figure 7 illustrates the quantum-mechanical interference during this process. In isolated atoms (Figure 7a,c), emitted photoelectrons form spherical waves. In coordinated atoms (Figure 7b,d), neighboring atoms reflect the photoelectron back to the absorbing atom, creating oscillations in the X-ray absorption coefficient. This phenomenon, known as EXAFS, provides local structural information. The photoelectron’s finite lifetime and decay over time and distance limit probing long-range distances. This mechanism is absent in isolated atoms, resulting in a featureless X-ray absorption edge (Figure 7c) [56].




1.4. X-ray Photoemission or Photoelectron Spectroscopy (XPS)


The X-ray photoelectron spectroscopy (XPS) is a powerful tool for understanding and addressing challenges in energy storage devices, specifically Redox-flow batteries like LIB. As a surface-sensitive technique analyzes the composition and chemical state of the elements on the surface of a material, it is often used to study the solid−electrolyte interface (SEI) in LIBs. SEI is a thin layer that forms on the surface of the electrodes in LIBs during initial charging and discharging cycles. It results from the electrochemical reduction in the electrolyte and consists of lithium salts, organic compounds, and byproducts. The SEI serves critical functions, including passivation to prevent further electrolyte decomposition, facilitation of Li+ transport while blocking electrons, and ensuring continued electrochemical stability. Analyzing the SEI is crucial for understanding long-term battery performance and addressing capacity loss and safety concerns [57]. XPS explores how to identify poisoning components of the SEI layers in LIBs, demonstrating that manipulating the lithium salt chemistry can extend the operating lifetime. An in situ XPS setup (depicted in Figure 8) was developed to analyze SEI layer formation in a model Li-S battery system during charge/discharge cycles. The setup utilizes Li metal and graphite foil as the anode and cathode, respectively, with an ionic liquid electrolyte. The paper concludes that in situ XPS and imaging provide deep insights into SEI layer formation, offering a valuable tool for reliability testing and understanding the electrochemical stability of commercial battery materials for next-generation advancements [58].



X-ray photoelectron spectroscopy (XPS) is a crucial technique in surface and materials science for chemical bonding determination, relying on a calibrated binding energy (BE) scale. The operational principles of XPS involve the photoelectric effect, where electrons are emitted from surfaces irradiated by light, with emitted electron energy dependent on incident photon energy. Figure 9 illustrates the schematic setup for XPS experiments, depicting the photon irradiation, photoelectric effect, and electron analysis in the spectrometer forming the XPS spectra [60].




1.5. Transmission X-ray Microscopy (TXM)


The TXM technique, crucial for studying complex systems like batteries, employs high-penetration X-rays to investigate internal structures in bulk materials. Figure 10 illustrates the setup of a TXM, essential for studying hierarchical structures in complex systems like batteries. The TXM comprises an X-ray condenser, Fresnel zone plate (FZP) lens, and an X-ray detector. The FZP lens, with concentric zone structures, magnifies the X-ray transmission image, which is then captured by a scintillator and optical detector. The system’s spatial resolution, ranging from tens to over a hundred nanometers, depends on the condenser, FZP lens, and detector properties. Operating in X-ray Absorption Spectroscopy (XAS) mode, the TXM scans the sample at different energy points, revealing the chemical state and local structure configuration. Figure 10 emphasizes the TXM’s role in providing high spatial resolution, allowing for the visualization and quantification of redox events in battery materials, which is crucial for understanding their dynamic processes and heterogeneity. The figure showcases the key components instrumental in achieving these capabilities [61].



Choi et al. [62] study lithium (Li) metal electrodeposition in high-energy-density batteries using in situ X-ray microscopy. Figure 11 depicts operando imaging during Li electrodeposition under controlled conditions. Initially, nucleation sites are randomly distributed on the Li surface. However, operando imaging reveals that the deposited Li mass, which appears grainy, propagates laterally along the electrode rather than perpendicular to it. The boundary between the pristine surface and the deposited Li moves laterally, filling the field of view over time. This observation challenges the conventional understanding of Li deposition mechanisms. The ability to distinguish lateral growth through operando imaging is crucial, providing insights into the impact of SEI resistivity and separator design on Li metal growth. The study underscores the significance of in situ/operando techniques for understanding and mitigating challenges in practical Li metal battery applications.





2. Discussion: Different Degradation Mechanisms of LIBs Observed by X-ray Spectroscopies


2.1. Solid Electrolyte Interphase (SEI) Formation


The challenges in solid–solid interfaces involve both physical and chemical aspects. Physical challenges include point contact limitations between electrolytes and electrodes, leading to restricted ionic transport, with volume changes causing contact failure during battery cycling. Chemical challenges focus on side reactions between electrolyte and electrodes, reducing stability and increasing interfacial resistance. Key interfaces include cathode−electrolyte, anode−electrolyte, and interparticle interfaces, each presenting distinct issues such as resistive interphases, Li dendrite growth, and contact loss due to volume variations. Experimental evidence through microscopy, chemical analysis, and electrochemical characterization is essential to addressing these challenges despite theoretical insights into solid–solid interfaces, as observed in Figure 12 [63].



The SEI’s significance lies in its role as a passivating layer, preventing continuous reduction in an electrolyte while allowing ion diffusion. The complexity of the SEI composition, influenced by electrode material and electrolyte, necessitates a comprehensive understanding for advancements in battery technology. Figure 13 illustrates the ideal properties of the SEI [64].



Swallow et al. [65] employed operando soft X-ray absorption spectroscopy (sXAS) in total electron yield mode to investigate the formation of the SEI on high-capacity amorphous silicon (a-Si) anodes in LIBs. The technique offers nanometer-scale interface sensitivity, revealing the sequential evolution of inorganic (LiF) and organic (-(C=O) O-) components during electrochemical cycling. The addition of fluoroethylene carbonate (FEC) has been found to influence SEI formation, leading to improved cycling performance through rapid healing of SEI defects. The research provides valuable insights into electrode−electrolyte interphase mechanisms, offering potential advancements for enhancing the stability and performance of LIBs. Figure 14 illustrates the total electron yield –XAS (TEY-XAS) data, showcasing the evolution of the Oxygen K-edge (O K-edge) and Fluorine K-edge (F K-edge) spectra with and without FEC in the electrolyte. FEC delays SEI onset to higher potentials, observed at 1.0 V, in contrast to 0.6 V without FEC. LiF formation at elevated potentials suggests enhanced SEI stability. The study underscores the potential of FEC to passivate SEI defects, offering insights into improved cycle lifes for silicon electrodes.



In the investigation of solid-state lithium batteries, Narayanan et al. [66] present valuable insights into the evolution of the SEI at the lithium metal electrode interface using in situ X-ray photoemission spectroscopy (XPS). Figure 15a reveals Li plating behavior at different current densities, showing a faster formation of metallic Li at higher current densities. Figure 15b quantitatively supports this observation, indicating accelerated appearance of metallic Li layers at high current densities. Figure 15c,e detail SEI chemistry evolution, highlighting the formation of Li2S and Li3P-rich SEI at high current densities. Figure 15d,f provide quantitative evidence of SEI composition changes, emphasizing uniformity at high current densities. These findings provide insights into SEI kinetics, influencing the development of stable interfaces crucial for enhancing lithium plating efficiency in all-solid-state batteries.



In another work, Shadike et al. [67] studied the solid electrolyte interphase (SEI) composition in lithium metal anodes for high-energy batteries using synchrotron-based XRD and pair distribution function (PDF) analysis. The research addresses the debate on the presence of LiH in the SEI, offering evidence of its abundance and discussing the possibility of misidentification as LiF. Figure 16a shows XRD patterns of SEI samples cycled with low and high concentrations of lithium bis(fluorosulfonyl)imide (LiFSI) salt in different solvents. Figure 16b presents Rietveld refinement results, revealing the coexistence of crystalline phases such as lithium metal, Li2O, and LiH in the SEI. Additionally, a distinct amorphous component, denoted as SEI-LiF, is identified with unique structural features. The research provides insights into SEI stability and sheds light on the role of LiH and LiF in lithium metal cells, enhancing the understanding of battery performance.




2.2. Lithium Dendrite Growth


Dendrite formation in solid-state electrolytes, which is crucial for high-performance batteries, is linked to the shear modulus. Stacking pressure plays a vital role in influencing crack propagation, interface stability, and dendrite growth in these electrolytes [68]. For example, dendrite propagation across lithium lanthanum zirconate (LLZO) in solid-state electrolytes is attributed to metallic material formation at the Li-LLZO interface and grain boundaries, allowing for electron conduction and subsequent lithium deposition. This phenomenon, coupled with poor electrochemical stability leading to Li dendrite formation and O2 generation, hinders high-performance batteries and compromises safety [68].



For lithium anodes to be a viable technology, significant challenges, especially regarding safety and cyclability, must be addressed. The deposition of lithium in dendritic form poses a major risk in regard to thermal runaway and explosions due to internal cell shorting. It is essential to achieve a dendrite-free lithium deposition given the diverse morphologies of dendrites [69], including needle-like [70], mossy-like [71], or fractal-like [72], which can grow under different conditions, as illustrated in Figure 17 [73].



Yu et al. [74] employed synchrotron-based X-ray imaging (XRI) to elucidate Li plating/stripping under operando and practical battery conditions, exploring the intricate influence of critical parameters on resulting Li metal morphology for the first time. Their systematic study addresses the crucial need for understanding lithium electrodeposition, observing dendritic growth dynamics and establishing how morphology is influenced by various factors, including separator, ionic concentration, current density, electrolytes, and additives. The study utilizes a “V-slot holder” design (Figure 18) for precise control of areal current density during lithium (Li) plating. Figure 18c–e presents the effects of critical parameters, including the separator (which is crucial for minimizing distance, preventing short circuits in batteries), on Li plating/stripping. Li plating studies often neglect separator effects due to challenges in observing and quantifying Li plating under it. The separator, a vital battery component, significantly influences Li morphology, with denser Li layers forming near the separator during cycling, stressing the separator and potentially leading to battery short-circuiting (∼7.5 h) [74].



Most studies on dendrite growth in lithium batteries concentrated on Li deposition at the Li−SE interface (interface between the lithium metal and the SE), neglecting the subsurface dendrite structure. Harry et al. [75] utilized synchrotron X-ray microtomography to examine early dendrite development at the Li−polymer interface Figure 19 illustrates the early stage, showcasing the bulk of dendrite beneath the interface before protrusion into the polymer electrolyte. The three-dimensional reconstructions vividly show that, in the early stages, most dendrites were buried under the electrode, significantly impacting dendrite nucleation compared to growth at the tip and side in the polymer electrolyte [76].



Chen et al. [77] utilized X-ray photoelectron spectroscopy (XPS) to analyze the lithium metal negative electrode on a Cu-Zn alloy mesh collector, assessing the impact of heat treatments at 300 °C and 400 °C. Results indicate that, at 400 °C, the electrode displays reduced decomposition products, signifying diminished side reactions and improved stability (see Figure 20). XPS patterns highlight the presence of organic electrolyte by-products and LiTFSI (lithium salt in electrolyte) functional groups. Notably, the 400 °C-treated mesh exhibits an increased LiF content, which is recognized for enhancing the stability of the interfacial SEI film and preventing lithium dendrite formation. This finding emphasizes the heightened stability of the 400 °C-treated electrode interface, a critical factor in advancing battery performance.




2.3. Chemical and Structural Changes in Electrode Materials


Lou et al. [78] investigate interfacial issues in solid-state batteries, emphasizing the impact of microstructural complexity and chemical heterogeneity on local interfacial chemistry. Figure 21a reveals a positive shift of 0.4 eV at the K-edge in cycled ASSLBs, indicating a significant increase in nickel valence, while Figure 21b shows a slight change in Ni-O and Ni-M peaks in cycled ASSLBs. The XANES and EXAFS analyses suggest heterogeneous SOC distribution in ASSLBs triggered by disconnected ion channels from cracks. Figure 21c demonstrates a significant negative shift in XRD analysis (0.04°) of cycled electrodes, indicating increased interplanar layer distance. Figure 21e exhibits a positive shift in the XANES absorption edge of the core region in ASSLBs, indicating heterogeneous SOC distribution triggered by disconnected ion channels from cracks (Regions 1 and 2 are determined in Figure 21d). These findings underscore the role of solid–solid interfaces and phase transformations, providing critical insights into interfacial transport mechanisms in solid-state batteries.



A novel electrochemical cell with Kapton X-ray windows was developed for in situ XAS at the Indus-2 Synchrotron Source in India. Testing involved LIBs with LiMn2O4 cathodes, revealing non-reversible electronic and structural changes during charging/discharging. This facility enables crucial investigations into cyclic instability in new-generation batteries [79]. The electrochemical cell for in situ XAS measurements was designed with a stainless-steel body, utilizing a cylindrical cavity to hold the battery stack. Figure 22a,b illustrate the detailed schematic design, featuring stainless steel disks, nylon sleeves, and airtight seals. X-ray transparent Kapton windows ensure proper transmission while maintaining hermeticity. Key components include a LiMn2O4 cathode, Li anode, and electrolyte with galvanostatic charge/discharge cycles conducted for performance evaluation [79].



In Figure 23a,b, χ(R) versus R plots obtained from in situ XAS at Mn K-edge during charging and discharging cycles of Li1−xMn2O4 are presented. The plots reveal changes in local structure around Mn ions. Fitting plots provide insight into structural parameters during electrochemical processes. The Debye–Waller factors (    σ   2    ) for Mn-O shells decrease during charging and increase during discharging, indicating a shift from two mixed Mn-O octahedra to a single Mn-O octahedra for charging state (Figure 24). Mn-Mn peak heights in higher order shells increase during charging and decrease during discharging, suggesting changes in Mn-O octahedral regularity. This in situ study highlights the non-reversible structural transformations in LiMn2O4 during electrochemical cycling [79].



X-ray emission spectroscopy (XES) is explored as a promising alternative to synchrotron-based XAS for studying local electronic structures in materials. Addressing challenges posed by the intricate sulfur reduction mechanism during discharge highlights sulfur XES as a laboratory tool, providing insights into electrochemical processes in Li–S batteries. By showcasing the potential of sulfur XES as a laboratory tool, the research offers insights into electrochemical processes in Li–S batteries, presenting a viable, accessible option for routine analysis in battery system studies. Kavčič et al. [80] explored X-ray emission spectroscopy (XES) as a laboratory analytical tool to characterize electrochemical processes within lithium–sulfur (Li–S) batteries. Figure 25a presents measured sulfur Kα spectra of S8 and Li2S standards, representing the initial and final states during Li–S battery discharge. The energy shift between these spectra reflects the difference in electronic charge states. Figure 25b shows a correlation between measured energy shifts and theoretical sulfur average charge, demonstrating the capability of XES to determine the average charge (oxidation state) of sulfur within the Li–S battery cathode. This approach offers valuable insights for in-depth electrochemical analysis and could facilitate routine laboratory testing of Li–S batteries.



Rahe et al. [81] revealed the cathode electrode’s structural changes through a CT cross-section, including the current collector and active material coating. The images of Figure 26, chosen from the sample center to avoid preparation influence, display the new and aged electrode for dimensional and structural comparison. An additional layer in the aged electrode, distinct from the active material and current collector, exhibits cracking and pinholes. This layer, potentially due to aluminum current collector corrosion, contributes to an expanded electrode thickness, varying from 158 μm to 174 μm. Notably, the layer thickness reaches up to 49 μm, indicating a substantial influence on electrode morphology and potential implications for cell performance.



Yao et al. [82] investigate LIB cycling dynamics using energy dispersive X-ray diffraction (EDXRD) with a setup at Argonne’s Advanced Photon Source. Figure 27f depicts a transverse cross-section of the cell, revealing the graphite electrode, separator, cathode, and current collectors. The X-ray beams, penetrating from the left, form overlapping layers (L0 to L4) probing different sections of the cell during lithiation and delithiation. The colored lines represent the X-ray beam profiles. The study aims to understand lithium gradients and heterogeneities in the porous graphite electrode during cycling, which is crucial for optimizing battery performance. In Figure 27a–e, XRD patterns from the cycle of Gr/NCM523 cell cycling are highlighted. The patterns reveal major features of LixC6 phases during lithiation and delithiation. Figure 27g displays corresponding d-spacings for these phases, with Stages I (LiC6), II (LiC12), and IIL (LiC18) being represented by specific peaks. The XRD patterns elucidate distinctive steps in the slow C/20 cycle, attributed to graphite electrode stages, while at a faster 1C rate, these steps blur due to lithium heterogeneity. A well-separated LiC6 phase peak at 3.7 Å is observed, originating in the final stages of lithiation. The study highlights dynamic changes in phase concentrations across layers during lithiation and delithiation, providing insights into electrode behavior.




2.4. Mechanical Degradation


Insufficient physical contact and uneven contact points can hinder lithium-ion transport and degrade rate performance at solid–solid interfaces [83]. Sun et al. [84] employed operando synchrotron X-ray nano tomography and in situ 3D XANES spectroscopy to investigate the microstructural evolution and phase distribution in FeS2 particles within solid-state batteries. The distinctive attenuation coefficients in elements with varying depths of discharge (DOD) facilitate the differentiation of FeS2 compositions, which have high X-ray absorption at the iron K-edge, from lighter elements like Li7P3S11 electrolyte. Utilizing the TXM-XANES approach allows for obtaining not only morphology and element identification but also high-resolution chemical information by tuning hard X-ray energy across the Fe K-edge. In situ 3D XANES measurements were conducted to explore chemical homogeneity and phase distribution in real 3D within FeS2 particles. Chemical maps were generated through linear combination fitting with XANES spectra of standard phases. The converted Fe phase front induces significant volume expansion and cracks in FeS2 particles, with subsequent phase propagation slowing down and terminating at low discharging potentials. Quantitative analysis confirms the complex, heterogeneous nature of the phase evolution, emphasizing challenges in solid–solid interfaces and potential contact losses during electrochemical reactions. Figure 28A depicts the phase distribution during discharging states, revealing a heterogeneous phase conversion of FeS2. In Figure 28B, discharged FeS2 at DOD-3 shows a converted Fe phase front progressively penetrating the particle, leading to large volume expansion and cracks. The core–shell model at the final discharging state is suggested in Figure 28C, with associated XANES spectra (Figure 28D) and quantitative analysis (Figure 28E) indicating the termination of the conversion reaction at low potentials in solid-state batteries.



In 2013, Ebner et al. [85] conducted the first operando tomographic experiment on lithium batteries, tracking SnO expansion to Li2O + Li4.4Sn. Core-shell lithiation behavior in SnO particles (Figure 29) was observed, proving consistent with antimony and tin particles. They found zigzag cracking in SnO particles, which were attributed to pre-existing defects in the (001) plane along the [010] crystallographic direction, as shown in Figure 29. This cracking is linked to volumetric changes during (de)lithiation, emphasizing the role of particle size and morphology [46].



Ziesche et al. [86] employ high-throughput X-ray CT to investigate lithium intercalation and electrode degradation in a commercial CR2 Li-ion primary cell. The X-ray images reveal mechanical degradation, highlighting cracks in the cathode originating from the production process. During discharge, the cathode undergoes heterogeneous expansion, causing cracks to propagate. The X-ray CT detect mechanical degradation. The virtual ‘unrolling’ of 3D tomograms aids in data visualization and correlation, offering new insights into battery performance. Figure 30 displays high-speed X-ray tomograms at different states of charge, illustrating changes in cathode morphology and mechanical degradation during discharging. The study’s correlative imaging methodology sets a benchmark for battery characterization that is applicable to various geometries and chemistries.




2.5. Safety and Thermal Management


Pham et al. [87] investigate the prevention of thermal runaway in lithium-ion cells using metal-coated polymer current collectors (PCCs) compared to conventional metallic current collectors. Figure 31A,B illustrate the nail-penetration testing (a test in LIBs which simulates internal short circuit to assess safety against mechanical abuse, fire, and bursting [88]) of two cell types: G4-01, with standard commercial aluminum and copper current collectors, and G1-01, with aluminum PCC and a copper current collector, respectively. In G4-01, thermal runaway occurs immediately upon penetration, leading to electrode disintegration and widespread failure. Contrastingly, G1-01 exhibits a more ductile response, with the PCC preventing thermal runaway by shrinking away from the nail, maintaining electrode integrity. Operando synchrotron radiography captures the dynamic process, revealing the crucial role of the PCC in isolating the cathode and preventing thermal runaway. The PCC’s ability to shrink and interrupt thermal breakdown, as evidenced by post-mortem-computed tomography, highlights its effectiveness in enhancing battery safety. These findings offer insights into the potential of metal-coated polymer current collectors for producing safer LIBs with improved performance and reduced manufacturing costs.



Patel et al. [2] explores thermal failure and its impact on electrode materials in a commercial battery by employing multi-length scale X-ray CT. The study uses macroscale X-ray CT to examine architectural changes in a fully charged lithium-ion cell before and after failure (Figure 32). Figure 32a presents a 3D reconstruction of the cell prior to failure with orthogonal slices, while Figure 32b illustrates post-failure changes, including gas propagation from SEI layer decomposition and delamination (arrow 1) of the cathode material. Arrows 2 and 3 indicate alterations to the outer casing and electrode layers of the cell, with increased internal pressure causing expansion of the ridge marked by Arrow 2 and observable changes in the arrangement of the electrode layers. The non-destructive nature of X-ray CT allows visualization of internal cell structure collapse and the role of a cylindrical mandrel during thermal runaway.





3. Conclusions


In this review, we have studied various degradation mechanisms in LIBs through the lens of X-ray spectroscopies, as summarized in Table 1. These techniques, including XRD, XRT, TXM, XPS, and XAS (EXAFS and XANES), have been instrumental in uncovering critical phenomena, such as structural transformations, delamination, electrode morphology, chemical changes, crack detection, and more.



Despite the valuable insights gained, it is evident that dynamic observations of LIBs are crucial for advancing our understanding of their failure mechanisms and enhancing structural integrity. X-ray imaging, with its impressive temporal and spatial resolution, provides a powerful tool; however, challenges persist, particularly in its limited sensitivity to light Li and specifically in materials with high atomic numbers commonly found in current collectors (Al and Cu) or active materials (Co, Fe, Mn, and Ni) [89].



To address these challenges, there is a pressing need for more accurate spectroscopy techniques. Improving our ability to dynamically observe LIBs will not only provide deeper insights into their intricate behaviors but will also pave the way for mitigating failures and optimizing battery structures. This review underscores the importance of ongoing research efforts in refining X-ray methodologies to meet the evolving demands of lithium-ion battery studies.
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Figure 1. Primary in situ X-ray characterization methods, along with their spatial resolution scales and associated detection objectives in battery research, include X-ray absorption near-edge structure (XANES), extended X-ray absorption fine structure (EXAFS), X-ray photoelectron spectroscopy (XPS), transmission X-ray microscopy (TXM), and X-ray tomography (XRT) [45]. 
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Figure 2. Tomography concept: (a) Diagram depicting a conventional experimental arrangement for attenuation contrast. Coherent X-rays penetrate a sample fixed on a rotating stage. The transmitted beam transforms into visible light via a scintillator and the resultant image is optically enlarged and documented using a CMOS camera. Sketch provided by Simon Muller. (b) Visualization of X-rays permeating the revolving sample. (c) Projections acquired at diverse angles are re-constructed into a 3D dataset, depicted as virtual cross-sections [6]. 
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Figure 3. Multi scale applications of XRT for studying LIBs [47]. 






Figure 3. Multi scale applications of XRT for studying LIBs [47].



[image: Qubs 08 00010 g003]







[image: Qubs 08 00010 g004] 





Figure 4. (a) X-ray nano-CT image acquired with 12 keV X-rays. (b) X-ray nano-CT image obtained using 20 keV X-rays. (c) Relative CT values in the nano-CT image for each material [52]. 
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Figure 5. (a) schematic of XRD working principle with an example of the obtained pattern; (b) schematic of the in situ cell developed by Chianelli and co-authors; (c) schematic of the first developed in situ cell for transmission analysis; (d) representation of the in situ cell developed by Amatucci and co-workers [53]. 
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Figure 6. (a) The LiFePO4 voltage profile in the initial charge and discharge cycles and (b) the XRD patterns of the Kapton cell throughout the first charging and discharging phases. All peaks associated with inactive material are specifically marked *. (c) Contour representation of diffraction peak intensities for Bragg reflections in LiFePO4 and FePO4 throughout the initial charging and discharging cycle [54]. 
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Figure 7. The release of a photoelectron from an individual (a,c) and a coordinated (b,d) atom. In the latter case, the absorption coefficient recorded at the central atom threshold displays intricate details attributed to the existence of surrounding atoms [56]. 
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Figure 8. The XPS sample holder designed for battery cycling and in situ XPS characterization, as adapted from [59]. 
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Figure 9. A diagrammatic representation depicting the photoelectron spectrometer featuring a hemispherical electron energy analyzer [60]. 
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Figure 10. Configuration of TXM, where the X-ray transmission images of the sample are captured using an X-ray imaging detector (not depicted) [61]. 
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Figure 11. Chosen 2D X-ray images (65 µm × 65 µm) depict the lithium metal anode captured through operando imaging under controlled settings (1 mA cm−2, 25 °C, using 1.2 M LiPF6 in EC/DEC and Celgard 2400) [62]. 
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Figure 12. Various Interfaces in Solid-State Battery Systems [63]. 
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Figure 13. A visual representation illustrating the qualities of an optimal SEI includes such attributes as elevated electronic resistivity, lithium ion conductivity, mechanical durability, electrochemical resilience, and chemical stability. Additionally, the desired SEI should exhibit uniformity and compactness to mitigate fluctuations in lithiation, which may otherwise induce stress in both the SEI and the electrode [64]. 
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Figure 14. TEY XAS for (a) O K-edge and (b) F K-edge was conducted across various potentials (2.0 V to 0.1 V) in a cell with LP30 electrolyte without additives. Similarly, (c) O K-edge and (d) F K-edge were measured at different potentials in a cell with an LP30 electrolyte containing FEC as an additive. Notably, two O K-edge spectra at 1.0 V are shown, acquired 15 min apart [65]. 
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Figure 15. Evolution of X-ray photoemission spectroscopy (XPS) spectra during virtual electrode plating on an LPSCl surface at different electron beam currents (EBCs): 30 μA (~0.15 mA cm−2, left), 10 μA (~0.05 mA cm−2, center), and 2.5 μA (~0.01 mA cm−2, right). The panel (a) Li-1s, panel (c) S-2p, and panel (e) P-2p transitions are shown for varying charge passed (qA, μAh cm−2). Quantification reveals higher fractions of metallic Li (Li0, panel (b)), Li2S (panel (d)) and Li3P (green area in panel (f)) at high current densities, indicating accelerated interface kinetics and rapid formation of a metallic Li layer during plating [66]. 
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Figure 16. (a) Depiction of the XRD characterization of a solid electrolyte interphase (SEI) in lithium metal anodes utilizing LiFSI salt with varying concentrations (LCEs and HCEs) and solvents (PC, DMC, and DME). The light gray pattern corresponds to LiF (SEI), while the wavelength used is 0.18323 Å. (b) Rietveld refinement of SEI XRD data for low and high LiFSI concentrations in PC is presented. The contributions of individual phases to the XRD pattern are illustrated, with open circles representing experimental data and black lines representing calculated data [67]. 
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Figure 17. Illustration depicting various dendrite shapes presented alongside sample micrographs. Arrows highlight the possible shifts in morphological changes that can take place throughout cycling [73]. 
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Figure 18. (a) Experimental arrangement for operando X-ray imaging using a V-slot Li electrode holder. (b) Optical microscopy of the V-slot holder before Li loading, showcasing side (top left) and top (top right) perspectives, and, after Li loading, featuring a side view (bottom). (c) Li plating/stripping behavior with a separator at 10.0 mA/cm2 in 1.0 M LiPF6−EC/DEC before (right, top) and after 4 h plating (right, bottom), along with the experimental schematic (left). (d) Progression of Li plating/stripping cycles in a specified area (white dotted rectangle in (c)). (e) Solidity of plated Li beneath the separator relative to the distance from the Cu current collector [74]. 
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Figure 19. Progression of dendrite growth triggered by subsurface structure and redistributed charges at the Li−SE interface. XRT slides display cross-sections of a symmetric cell at different cycling points with varying amounts of charge passed: 0 C cm−2 (a), 9 C cm−2 (b), 84 C cm−2 (c), and a short cell at 296 C cm−2 (d). Additionally, magnified 3D reconstructed volumes of cells corresponding to an uncycled state (C = 0 C cm−2) (e), early cycling stage (C = 9 C cm−2) (f), intermediate cycling stage (C = 84 C cm−2) (g), and a shorted cell (C = 296 C cm−2) (h) are depicted [75]. 
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Figure 20. Analysis of X-ray photoelectron spectroscopy (XPS) patterns on the surface of the lithium metal negative electrode of the half-cell using a Cu-Zn alloy mesh electrode subjected to heat treatment at both 300 and 400 °C. The patterns include (a) C 1s, (b) O 1s, and (c) F 1s [77]. 
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Figure 21. Structure and chemistry evolution of NCM particles during cycles in ASSLBs. (a,b) XANES and EXAFS analyses are performed on both the initial and 50-cycled electrodes. (c) XRD patterns shift prior to and after cycles. (d) Two-dimensional TXM-XANES mapping reveals cycled NCM particle characteristics. (e) The average XANES spectra of the core and interface regions in cracked particles within ASSLBs [78]. 
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Figure 22. (a) A detailed schematic illustration of the internally developed in situ electrochemical (EC) cell in an exploded view. (b) Diagram outlining the configuration of the assembled in situ cell [79]. 
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Figure 23. Experimental χ(R) versus R results for Li1−xMn2O4 samples recorded during (a) charging and (b) discharging at the Mn K-edge. The empty circles represent the measured data, and the full lines depict the best-fit theoretical plots. To enhance clarity, the plots are vertically shifted by 0.5 Å−3. The inset displays the plots in the same scale for a detailed examination. The initial peak at approximately 1.4 Å indicates the presence of the nearest neighbor oxygen (O) shells, while the subsequent peak at around 2.4 Å signifies the next nearest neighbor manganese (Mn) shells that surround the Mn atom undergoing absorption [79]. 
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Figure 24. Schematic illustrating the crystal structures prior to charging and following discharging [79]. 
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Figure 25. (a) High-energy resolution proton-induced Kα1,2 sulfur X-ray emission spectra of Li2S and α-S8 standards. (b) Experimental Kα1 absolute emission energies and energy shifts relative to the Kα1 energy of elemental sulfur as a function of the theoretical average sulfur charge [80]. 
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Figure 26. The aged cathode in an X-ray CT image captured using the ZEISS Xradia Versa. The image reveals the presence of cracked particles and an oxidized current collector [81]. 
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Figure 27. XRD patterns within the 3.2–3.8 Å d-spacing range obtained during 1C charge and discharge cycles. Panels (a–e) correspond to layers L0 to L4, respectively, labeled in (f). Normalized diffraction intensities are presented on a consistent scale, with red indicating charge and blue indicating discharge. Different Bragg peaks signify distinct stages of graphite lithiation. (f) A transverse X-ray radiograph illustrates the cell’s cross-section, featuring components like the 10 µm Cu current collector, 114 µm porous graphite electrode, separator, 111 µm cathode, and 20 µm Al current collector. Gaussian-shaped lines depict the X-ray beam profiles. Probing overlapping layers (Ln) during charge and discharge showcase lithium-ion movement. Panel (g) exhibits experimental d-spacing for LixC6 phases in layer L0 during 1C cycling, plotted against the cell’s average lithium content (% x). Lithiation stages are color coded, and vertical dashed lines indicate potentiostatic holds. Layer average lithium content (x) is shown on the right [82]. 
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Figure 28. Operando X-ray spectroscopic nano tomography. (A) The evolution of phase distribution during discharging, (B) images of discharged FeS2 at DOD-3 from various angles, (C) a cross-sectional view of lithiated FeS2, (D) XANES spectra comparing standard FeS2 and Fe, and (E) the phase volume fraction derived from thorough 3D quantitative analysis [84]. 
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Figure 29. Tomographic data of SnO particles captured at various times of lithiation, presenting virtual cross-sections. Subpanels (a,b) display the particles along horizontal and vertical cuts, respectively. The white arrows denote crystallographic directions, while the black arrows signify locations of crack formation [46,85]. 
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Figure 30. Cross-sectional views, both horizontally and vertically, extracted from X-ray tomograms. A total of 103 tomograms, labeled from CR2-000 to CR2-102, were captured, with each tomogram recorded every 40 s over a 2.8-s acquisition period. The presented states include the pristine condition and two partially discharged states, showcasing the cracking and expansion of the MnO2 electrode during cell discharge. The highly absorbent steel casing appears as a bright ring surrounding the wound membrane−electrode assembly. Contrast adjustments were made to enhance visibility of lower attenuating components [86]. 
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Figure 31. Imaging the cells during the process of nail penetration reveals that penetration persists until a depth of 9 mm or until further penetration by the nail is hindered. Each frame displays timestamps in the top-left corner. (A) G4-01 (with standard commercial aluminum current collector and standard commercial copper current collector) experiences an immediate onset of thermal runaway upon penetration. The fourth frame illustrates evident cracking of the electrode assembly. (B) G1-01 (with aluminum-coated polymer current collector and standard commercial copper current collector) demonstrates a complete absence of thermal runaway, showcasing a distinct shear stress applied to the cylindrical electrode assembly [87]. 
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Figure 32. X-ray macro-CT findings of a commercial 18650 cell illustrate (a) a 3D reconstruction of the entire cell and cross-sectional views in the XY and YZ planes prior to thermal runaway and (b) cross-sectional views in the XY and YZ planes after thermal runaway, highlighting regions of deformation in the cell structure indicated by arrows [2]. 
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Table 1. Identified and tracked phenomena of LIBs by X-ray in situ techniques.






Table 1. Identified and tracked phenomena of LIBs by X-ray in situ techniques.





	
Phenomena

	
XRD

	
XRT

	
TXM

	
XPS

	
XAS (EXAFS)

	
XAS (XANES)






	
Structural Analysis and Morphology

	
Tracking phase transformations

	
[82]

	
[84]

	
-

	
-

	
[78]

	
[78]




	
Delamination, pulverization, and structural separation

	
-

	
[2]

	
-

	
-

	
-

	
-




	
Electrode morphology

	
-

	
[81,86]

	
[84]

	
-

	
-

	
-




	
Internal Structures in Bulk Materials

	
-

	
-

	
[61]

	
-

	
-

	
-




	
Chemical and Structural Changes in Electrode Materials

	
-

	
[81]

	
-

	
-

	
[79]

	
-




	
Crack Detection

	
-

	
[81,85,86]

	
-

	
-

	
-

	
-




	
3D material distribution in All-Solid-State Batteries

	
-

	
[52]

	
-

	
-

	
-

	
-




	
Dual-phase solid solution behavior

	
[54,67]

	
-

	
-

	
-

	
-

	
-




	
Studying LIBs at various scales (cell level, electrode microstructures)

	
-

	
[2]

	
-

	
-

	
-

	
-




	
Thermal Behavior and Safety

	
Thermal runaway/Thermal failure

	
-

	
[2,87]

	
-

	
-

	
-

	
-




	
Chemical Characterization

	
Effective Charge

	
-

	
-

	
-

	
-

	
-

	
[55,78]




	
Element Identification

	
-

	
-

	
-

	
-

	
-

	
[84]




	
Chemical Bonding Type Determination

	
-

	
-

	
-

	
[60]

	
[78]

	
-




	
Coordination Number Determination

	
-

	
-

	
-

	
-

	
[55]

	
-




	
Chemical Bounding Length

	
-

	
-

	
-

	
-

	
[79]

	
-




	
Lithium Intercalation and Electrode Degradation

	
-

	
[86]

	
-

	
-

	
-

	
-




	
SEI Composition in Lithium Metal Anodes

	
[67]

	
-

	
-

	
[66]

	
-

	
-




	
Lithium Metal Electrodeposition

	
-

	
-

	
[62]

	
-

	
-

	
-




	
Interface and Dendrite Dynamics

	
SEI Layer Formation

	
-

	
-

	
-

	
[58,77]

	
-

	
-




	
Evolution of SEI at Li Metal Electrode Interface

	
-

	
-

	
-

	
[66]

	
-

	
-




	
Lithium Dendrite Growth Dynamics

	
-

	
[75]

	
-

	
-

	
-

	
-




	
Inhomogeneities during Delithiation/Lithiation

	
[82]

	
-

	
-

	
-

	
-

	
-
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