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Abstract

:

Li-rich layered oxides utilizing reversible oxygen redox are promising cathodes for high-energy-density lithium-ion batteries. However, they exhibit different electrochemical profiles before and after oxygen redox activation. Therefore, advanced characterization techniques have been developed to explore the fundamental understanding underlying their unusual phenomenon, such as the redox evolution of these materials. In this review, we present the general redox evolution of Li-rich layered cathodes upon activation of reversible oxygen redox. Various synchrotron X-ray spectroscopy methods which can identify charge compensation by cations and anions are summarized. The case-by-case redox evolution processes of Li-rich 3d/4d/5d transition metal O3 type layered cathodes are discussed. We highlight that not only the type of transition metals but also the composition of transition metals strongly affects redox behavior. We propose further studies on the fundamental understanding of cationic and anionic redox mixing and the effect of transition metals on redox behavior to excite the full energy potential of Li-rich layered cathodes.
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1. Introduction


Lithium-ion batteries (LIBs), as energy storage devices, play a vital role in daily life [1,2]. The salient goal of future LIBs development is to increase the energy density while reducing the price [3,4,5,6,7]. For a long time, cathode materials have been critically limiting the energy densities of LIBs [8,9,10], because the conventional cathode materials depending on cationic redox can only provide capacities lower than 200 mAh g−1 [11,12]. Meanwhile, Li-rich layered oxide cathodes utilizing reversible oxygen redox as well as cationic redox can provide capacities higher than 260 mAh g−1, making them attractive as potential candidates for future LIBs with higher energy densities [13,14,15,16,17]. Distinct from conventional cathode materials, Li-rich layered cathodes always exhibit different charge-discharge curves after oxygen redox activation [18,19]. Hence, a lot of efforts have been dedicated to uncovering the redox evolution behind this phenomenon [20,21,22,23,24].



With the development of synchrotron characterization techniques, cationic and anionic redox in Li-rich layered cathodes can be somewhat clearly identified [25,26,27]. The charge compensation mechanism based on cationic redox has been well characterized by hard X-ray absorption spectroscopy (XAS) since 2011 [20,28]. Oxygen redox behavior of Li-rich layered cathodes has been disclosed by soft XAS and Resonant inelastic X-ray scattering (RIXS) in 2016 and hard X-ray photoelectron spectroscopy (HAXPES) in 2017 [19,21]. Mapping RIXS (mRIXS) was developed to provide a fingerprint signal of oxygen redox in 2018 [29]. High-resolution RIXS (HR-RIXS) verified O2 as the oxidation state of O2− in the oxygen redox in 2020 [24].



Thanks to these successive endeavors to identify cationic and anionic redox, the redox evolution of Li-rich layered cathodes could be understood and described more or less. Although the redox behaviors of different Li-rich layered cathodes have been investigated by various techniques and listed in separate research papers, a universal summary and outlook of the redox evolution of Li-rich layered cathodes, particularly employing the state-of-the-art synchrotron characterizations, are still lacking. In this review, the general redox evolution of Li-rich layered cathodes is summarized and compared with the redox behavior of conventional cathodes. Synchrotron characterization techniques employed to study charge compensation mechanisms of cationic and anionic redox are then discussed. Finally, the case-by-case studies of the redox evolution of Li-rich 3d/4d/5d transition metal layered cathodes are presented and discussed one after another. This work highlights that not only the type of transition metals but also the composition of transition metals strongly affects the redox behavior of Li-rich layered cathodes. Future studies should investigate why cationic and anionic redox rearranges and coincides after oxygen redox activation and how transition metals affect redox behavior. Such insights will guide us to reach the full potential of Li-rich layered cathodes toward higher energy densities for future LIBs.




2. Types of Redox Behavior


The cathode materials undergo lithium-ion intercalation and deintercalation processes in rechargeable LIBs [30]. Classical cathode materials, such as LiMn2O4 [31], LiFePO4 [32], LiCoO2 [33], and LiNixCoyMn1-x-yO2 [34,35,36], involve cationic redox of transition-metal ions. The schematic diagram of their redox behavior is shown in Figure 1a. During charge/discharge, lithium ions are extracted/inserted from/into the structure, while electrons are withdrawn/inserted from/into cations. Since their host structure is maintained, the charge-discharge curves are stable and symmetrical. Typical Li-rich layered cathodes with reversible anionic redox exhibit a distinct redox behavior, as shown in Figure 1b. The representative Li-rich layered cathodes are Li1.2Ni0.2Mn0.6O2 [13], Li1.2Ni0.13Co0.13Mn0.54O2 [14], Li2Ru0.75Sn0.25O3 [18], etc. Their first cycle charging process involves distinctive cation and anion oxidations. Since a structural rearrangement occurs during the activation of anionic redox in the first cycle charging process as evidenced by X-ray powder diffraction and transmission electron microscopy, cation and anion reductions become merged from the first cycle discharge to the subsequent charge-discharge cycles [24]. Hence, the feature of the first cycle charge curve differs from the subsequent charge-discharge curves. Meanwhile, the subsequent charge-discharge curves exhibit relative stability and symmetry even though voltage decay and minor asymmetric redox occur.




3. Characterization Techniques


Understanding the redox behavior in Li-rich layered cathodes has been constantly updated with the development of synchrotron X-ray characterization techniques. Synchrotron X-ray spectroscopy has been well suited to identify the valence states of elements in cathode materials during charge-discharge. Ex-situ, in-situ, and in-operando measurements can be selected by purpose and experimental requirements [26,37].



X-ray photoelectron spectroscopy (XPS) can determine the density of electronic states of materials, but it is surface-sensitive [38,39]. Hard X-ray photoelectron spectroscopy (HAXPES) using focused synchrotron X-ray beams with tunable energy can probe deeper information (Figure 2a) [21,40,41]. Figure 2b shows the spectra of Mn 2p3/2 orbital at two different states of discharge. The deconvolution of spectra can identify the existence and amount of Mn3+. The oxygen redox in the bulk materials can be verified by the O 1s spectra with high X-ray energy (Figure 2c). Even though identifying the valence state of transition metals and oxygen is feasible by HAXPES, quantitative analysis is challenging due to the peak overlapping.



X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) have been widely used to determine the electronic and local structure and coordination environment in an elemental selective manner [19,20,22,23,42,43,44,45,46]. Figure 3a shows the schematic diagram of hard XAS in transmission mode. Compared with XPS, which only probes the surface less than a few nm, hard XAS provides bulk information. Therefore, hard XAS has been widely applied to determine the oxidation state and geometry of 3d/4d transition metals. Typical K-edge XAS spectra explored for Li-rich layered cathodes include Ni, Co, Mn, and Ru. Figure 3b shows the in-situ XANES spectra of Ni, Co, and Mn during the first charging process. In general, the whole spectra shift to higher energy indicates the oxidation of transition metals, such as the spectra of Ni and Co. Meanwhile, the local structural rearrangement of transition metals influences the shape of spectra even though the oxidation state remains the same, such as the Mn spectra. EXAFS results can also reveal the oxidation state of transition metals, as the shorter transition metals to oxygen distances the higher oxidation states. For example, the decrease in Co-O and Ni-O distances in Figure 3c indicate the oxidation of Co and Ni, which is consistent with the XANES results in Figure 3b. The Mn-O distance exhibits negligible change, indicating Mn remains 4+. Since the oxidation state changes of transition metals show distinguishable XANES spectra, quantitative analysis of the oxidation state changes is feasible by comparing the spectra of reference compounds with known oxidation states [47].



Soft XAS can prove not only the oxidation state of transition metals but, more importantly, the oxidation state of oxygen [19,46,48,49,50,51,52,53,54]. Several detections and imaging methods are developed based on soft XAS, including total electron yield (TEY) mode, total fluorescence yield (TFY) mode, fluorescence yield X-ray microscopy (FY-XRM), and scanning transmission X-ray microscopy (STXM). Their major differences lie in the detection depths (Figure 4a). Figure 4b shows the oxygen K-edge spectra detected by the above methods. STXM-XAS is a unique technique as it probes the bulk information and provides a clear oxygen oxidation signal compared to other XAS methods. Additionally, the 2D mapping capability of STXM-XAS provides chemical and oxidation state distributions over the cathode particles with nano-meter spatial resolution in an elemental selective manner. Soft XAS can also identify the oxidation state of transition metals, as different oxidation states of transition metals depict distinct spectra shapes. For example, the soft XAS spectra of Mn3+ and Mn4+ L-edge are distinguishable, as shown in Figure 4c.



Recently, RIXS has emerged as a powerful tool for identifying oxygen redox [24,29,53,55,56,57,58,59,60,61,62,63]. It can scan both incident and emitted X-rays, so electrons occupying different energy states can be distinguished (Figure 5a). Furthermore, mRIXS established at Advanced Light Source at Lawrence Berkeley National Laboratory has become persuasive evidence for oxygen redox as the oxygen redox signal can be clearly separated from other signals (Figure 5b). HR-RIXS developed at Diamond Light Source’s I21 beamline provides further evidence that O2 molecules are formed as oxidized species of O2− (Figure 5c,d).




4. Redox Evolution of Li-Rich Layered Cathode Materials


Thanks to the development of X-ray spectroscopy, the redox evolution of Li-rich 3d/4d transition metal layered cathodes during charge-discharge is well characterized. The redox behavior of O3-type Li-rich layered cathodes with varying transition metals is discussed individually.



The structure of Li2MnO3 (i.e., Li(Li1/3Mn2/3)O2) is shown in Figure 6a [64], where 1/3 of Mn4+ is replaced by the ordered lithium in the transition metal layer. The first cycle charge-discharge curves and the charge compensation mechanism are shown in Figure 6b [61]. It is well-known that the Mn3+/4+ redox is activated after the first charge, as proved by previous XANES studies [65]. However, it has only recently been confirmed by mRIXS and soft XAS that the redox of Mn4+/Mn7+ and oxygen is not involved during cycling [53,61]. This is because Mn4+ cannot be oxidized to Mn7+, and oxygen gas is generated during the first charging process, followed by oxygen release from the particle surface. Therefore, only the Mn2+/Mn4+ redox is retained, while the reversible oxygen redox is unstable in the pure Li2MnO3 phase.



Two phases co-exist to form a typical Li-rich 3d transition metal layered cathode, Li2MnO3 and LiNixCoyMn1-x-yO2 phase (Figure 6a) [14]. The representative one with reversible oxygen redox is Li1.2Ni0.13Co0.13Mn0.54O2 (0.5Li2MnO3•0.5LiNi1/3Co1/3Mn1/3O2) [19]. Its charge-discharge curves and redox evolution are shown in Figure 6c, which are summarized from reported XANES and HR-RIXS results [19,24,45]. During the first charging, the cations are first oxidated to 4+ below 4.3 V, then O2− is oxidated to O2 gas around 4.5 V, where the oxidation process of cations and anions is well separated. During the first discharging process, the cations and anions are reduced simultaneously. Notably, cations and anions are oxidized during the second cycle charging process as in the first discharging process. The distinct feature is that most cations are oxidized below 4.3 V, while anions are oxidized at high voltage (>3.7 V). Distinctive from the first charging curve, the charge-discharge curves retain their feature during the following cycles, suggesting that the first discharging and the second charging process represent the redox behavior.



The composition of Li-rich 3d transition metal layered cathodes can alter the shape of charge-discharge curves and corresponding redox behavior, as shown in Figure 6d for the Li1.2Ni0.4Mn0.4O2 case [54]. The first charging process is similar to Li1.2Ni0.13Co0.13Mn0.54O2, except for the smaller degree of the activation process for oxygen redox. The first discharging process also shows cationic and anionic reduction. In general, simultaneous cationic and anionic redox is observed after the first charging activation in typical Li-rich 3d transition metal layered cathodes with reversible oxygen redox.



Li-rich 4d/5d transition metal layered cathodes are also investigated to better understand the origin of anionic redox. Their structures are shown in Figure 7a. The oxidation states of Ru, Ir, and Sn in the pristine materials are 4+. The first cycle charge-discharge curves and the charge compensation mechanism of Li2RuO3 studied employing the in-situ XANES and HR-RIXS are shown in Figure 7b [62,66,67]. The cationic redox of Ru4+/Ru5+ and anionic redox correspond to the well-separated stepwise voltage plateaus during the first cycle charging process. During discharge and subsequent charge processes, the cationic and anionic redox simultaneously occurs, as verified by the in-situ XANES spectra of Ru. Different from other Li-rich layered cathodes, the first cycle charge-discharge curves of Li2IrO3 are highly reversible (Figure 7c) [68,69]. Extensive and systematic characterization using in-situ XANES and HR-RIXS has verified that the charge compensation is exclusively associated with cationic redox rather than oxygen redox [55,62]. The voltage plateau around 3.5 V and 4.2 V corresponds to the redox of Ir4+/Ir5+ and Ir5+/Ir5.5+, respectively.



Notably, a representative Li-rich 4d/5d transition metal layered cathode, Li2Ru0.75Sn0.25O3 [18], shows highly reversible oxygen redox and stable cycling performance with a similar charge compensation mechanism as in Li1.2Ni0.4Mn0.4O2 (Figure 7d). The in-situ XANES and RIXS results confirm that the first cycle oxidation plateau around 3.5 V and 4.2 V corresponds to the oxidation of Ru4+ and O2−, respectively [18,55,62]. Moreover, the in-situ XANES spectra of Ru during the second cycle quantitatively decouple the contribution of cationic and anionic redox to the charge-discharge process [22]. After the first charging process, simultaneous cationic and anionic redox without having a clear-cut voltage is also observed in Li1.2Ni0.4Mn0.4O2.




5. Summary and Perspectives


A universal redox evolution of Li-rich layered cathodes can be summarized as follows. During the first charging process, cationic oxidation occurs, followed by well-separated anionic oxidation, depending on the electron energy states for cation and anion redox in the pristine materials. In practice, the oxidation of Ni2+/Ni4+, Co3+/Co4+, Ru4+/Ru5+, and Ir4+/Ir5+/Ir6+ occurs before the oxidation of O2−. When the oxygen redox is not activated, the first cycle discharge curve exhibits the same shape as the charge curve with less than 0.2 V overpotential. However, when the oxygen redox is activated, the first cycle discharge curve shows a typical S-shaped with a huge voltage hysteresis compared to the first cycle charge curve. The subsequential charge-discharge curves remain S-shaped. The redox of cations and anions overlap during the S-shaped charge-discharge process. The degree of overlap during discharging is higher than that during charging.



Even though the mixture of cationic and anionic redox has been observed, the fundamental understanding of this phenomenon has been overlooked and remains unknown. The quantitive analysis of cationic and anionic redox contribution to the charge-discharge process should be investigated to understand how cationic and anionic redox mix. Li-rich layered cathodes have undesirable electrochemical properties, such as voltage decay and hysteresis. The relationship between these undesirable properties and the mixture of cationic/anionic redox should be investigated. Structural changes, such as transition metal migration, have been observed during the activation of oxygen redox in Li-rich layered cathodes. The relationship between structural changes and the cationic/anionic redox mixing should be clarified.



Transition metals strongly affect the activation and stability of oxygen redox in Li-rich layered cathodes. Li2MnO3, Li2RuO3, Li2SnO3, and Li2IrO3 show similar structures, which contain honeycomb-ordered transition metals. O2− can be oxidated to O2 in Li2MnO3 and Li2RuO3, but not in Li2SnO3 and Li2IrO3. O2 is unstable in Li2MnO3 but stable in Li2RuO3. Mixing multiple transition metals can stabilize and/or activate oxygen redox in Li-rich layered cathodes. The oxygen redox in the Li2MnO3 phase can be stabilized by the surrounding LiMO2 (M indicating transition metals) phase, such as Li1.2Ni0.13Co0.13Mn0.54O2. Although oxygen redox is inert in Li2SnO3, the mixture of Li2SnO3 with Li2RuO3 provides more reversible oxygen redox than pure Li2RuO3. In addition, the mixture of Li2SnO3 and Li2IrO3 can activate a huge amount of oxygen redox, but a single of them is oxygen redox inert.



Transition metals have a complicated influence on the redox behavior in Li-rich layered cathodes, which the simple electronic energy of transition metals cannot explain. The mixture of transition metals has shown positive effects on activating and stabilizing oxygen redox, the reason behind this phenomenon is a mystery. To reveal the mechanism behind the various electrochemical performances, the effect of transition metals on structural changes should be investigated.



In summary, through recent years’ research of redox behavior with advanced synchrotron techniques, the general redox behavior could be clearly identified. The Li-rich layered cathodes face the structural rearrangement after activating oxygen redox and the cationic and anionic redox are mixed during the subsequential discharge and charge process. The future direction would be to understand what controls the activation amount of oxygen redox and how the mixture of cationic and anionic redox influence the electrochemical performance. The answer to these questions will be important for pushing the Li-rich layered cathodes to the maximum energy density and efficiency.
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Figure 1. The schematic diagrams of redox evolution in (a) conventional cathodes and (b) Li-rich layered cathodes. 
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Figure 2. (a) The detection depth of HAXPES; The HAXPES of (b) Mn and (c) O at different charge-discharge states of Li1.2Ni0.13Mn0.54Co0.13O2. Reproduced with permission from Ref. [21] Copyright 2017, Nature Portfolio. 
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Figure 3. (a) The transmission detection mode of hard XAS; (b) In-situ XAS spectra of Ni, Co, and Mn during the first cycle charge process of Li1.2Ni0.15Co0.1Mn0.55O2; (c) The EXAFS results of Ni, Co, and Mn in R space. Reproduced with permission from Refs. [20,42]. Copyright 2000, American Physical Society. Copyright 2014, Wiley-VCH. 
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Figure 4. (a) Schematic comparing of XAS in various modes; (b) The oxygen K-edge XAS spectra collected in various modes; (c) The Mn L-edge XAS spectra detected by STXM. The chemical composition is Li1.17Ni0.21Co0.08Mn0.54O2. Reproduced with permission from Ref. [51] Copyright 2017, Nature Portfolio. 
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[image: Batteries 08 00132 g004]







[image: Batteries 08 00132 g005 550] 





Figure 5. (a) Schematic of RIXS; (b) mRIXS map of O K-edge compared with corresponding XAS spectrum of Li1.2Ni0.2Mn0.6O2. (c) HR-RIXS map of O K-edge and (d) the low-energy loss feature of Li1.2Ni0.13Co0.13Mn0.54O2. Reproduced with permission from Refs. [24,29] Copyright 2018, Elsevier. Copyright 2020, Nature Portfolio. 
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Figure 6. (a) The crystal structures of Li2MnO3 and LiNixCoyMn1-x-yO2. The charge-discharge curves and redox evolution of (b) Li2MnO3, (c) Li1.2Ni0.13Co0.13Mn0.54O2, and (d) Li1.2Ni0.4Mn0.4O2. Reproduced with permission from [19,54,61]. Copyright 2020, American Chemical Society. Copyright 2016, Nature Portfolio. Copyright 2022, Wiley-VCH. 
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Figure 7. (a) The crystal structures of Li2RuO3, Li2IrO3, and Li2SnO3. The charge-discharge curves and redox evolution of (b) Li2RuO3, (c) Li2IrO3, and (d) Li2Ru0.75Sn0.25O3. Reproduced with permission from Refs. [18,62] Copyright 2021, Nature Portfolio. Copyright 2013, Nature Portfolio. 
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