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Editorial on the Research Topic 
Material and Structural Designs for Metal Ion Energy Storage Devices

Driven by the increasing demand for portable electronics, grid-scale storage, and electric vehicles, intensive research on electrochemical energy storage (EES) devices with high performance that are cost-efficient and environmentally friendly is at the forefront of energy science and technology. Rechargeable metal-ion energy storage devices are considered to be promising candidates for sustainable large smart grids and renewable electrochemical energy storage technologies, owing to their high specific energy density, affordable cost, and long charge/discharge cycle life. The electrochemical properties and performance of these devices are intimately dependent on the physicochemical nature of their electrode materials, the critical component of an energy storage system, and the main redox species for electrochemical reactions. Further innovations and breakthroughs in electrode materials, rather than incremental changes are key to a new generation of energy storage devices. For these reasons, researchers have been highly motivated toward improving energy storage performance, exploring the fundamental properties of novel electrode materials with well-designed structures. Hence, this Research Topic of Material and Structural Designs for Metal Ion Energy Storage Devices focuses on the design of rational materials in different metal-ion-based energy storage devices.
In this Research Topic, representative types of materials design strategies are discussed in detail to provide reasonable solutions to compound problems and enable competitive performance for various real metal ion energy storage devices. They range from Lithium-ion batteries (LIBs) (Yu et al.; Ren et al.; Dong et al.; Wang et al.) to Sodium/Potassium ion batteries (Liu et al.) and solid-state Lithium batteries (Wang et al.; Lin et al.), and lithium-sulfur/selenium batteries (Lu et al.; Feng et al.). In addition to the 10 original research articles published here, our Research Topic also contains three review articles. Xu et al. review recent research progress in flexible rechargeable Zinc batteries. They discuss the distinction between different cathode, anode materials, and electrolytes, and in doing so, introduce the differences in preparation methods of electrode materials and their corresponding effect on flexible Zinc batteries. Li et al. provide a comprehensive overview of recent research on conversion-type thermal battery cathode materials. They generalize the preparation and characterization of numerous cathode materials and the performance testing of thermal cells. After that, the electrochemical behavior, properties, and problems occurring at the argyrodite solid-state electrolyte (SSE)/Li metal anode interface are summarized by Pang et al., who discuss strategies to stabilize interfaces and resolve interface problems in recent years and conclude the review with a brief future outlook for argyrodite SSEs. Their review papers highlight that this Research Topic is far from over and conclude by discussing fundamental issues and recommendations for future research trends.
Yu et al. provide a reliable route for the preparation of bimetal oxide materials, tailoring a core-shell structure for developing high-performance energy storage devices. They successfully obtained a core-shell ZnSnO3@ nitrogen-doped carbon (ZSO@NC) nanocomposite by in-situ polymerization of ZnSnO3 with polypyrrole (PPy) under ice bath conditions, finding it exhibits excellent electrochemical performance for lithium storage thanks to the unique compact structure.
Also exploring the field of LIBs, Wang et al. investigated the energy storage performance of the CuO/Cu2O/Cu nanocomposites and illustrate the advantages of multi-component synergy. Qin et al. demonstrated that the large-scale synthesis of NiS as an anode material for LIBs is promising due to its superior electrochemical performance and facile preparation method. Ren et al. indicated that the amorphous cobalt sulfide electrodes, with more structure defects, isotropy, and numerous grain boundaries, exhibit remarkable electrochemical performance. Dong et al. fabricated the well-designed hierarchical WO3 agglomerates and evaluated them as anode material of LIBs, which displays excellent potential for practical application in the field of high-energy-power LIBs.
Another work further transitions to other alkali metal ion battery systems, Liu et al. exploited a zeolitic imidazolate framework (ZIF)-derived hollow structures CoS/C for alkali ion (Li, Na, and K) battery anodes. There is also some work focusing on Solid-state electrolyte (SSE) lithium-ion batteries. Wang et al. utilized the electrospinning technique to prepare a three-dimensional Li6.4La3Zr1.4Ta0.6O12-Poly (Vinylidene Fluoride-Hexafluoropropylene) Gel Polymer Electrolyte, a potential candidate for safer and more stable solid-state lithium batteries. Lin et al. also gave an overview and discussed the effect of Si4+ concentration adjustment and elemental doping in obviously enhancing the ionic conductivity of tetrahedron Li10.35Si1.35P1.65S12. Their strategy can be easily extended to types of sulfide SSEs, thereby opening up previously unexplored opportunities in developing high-safety, high-performance, and long-life solid-state energy storage devices for practical applications.
Moving to the lithium-sulfur/selenium batteries, Lu et al. proposed a novel freestanding Se1-xSx foamy cathodes assisted by supercritical CO2 technology for high-performance Li-S1-xSx batteries. They not only provided a new strategy to prepare high-energy-density cathodes, but also a new method of fabricating free-standing cathodes for practical applications of next-generation recharge batteries. Feng et al. used the porous conductive reduced graphene oxide (rGO) loading polar CoS2 nanoparticles to mitigate the shuttle effect of polysulfides and speed up the electron/ion transfer. Thus, it was found that the Li-S cell with CoS2/rGO functional diaphragm exhibits enhanced electrochemical kinetics and high performance.
Although the papers collected here present significant insights, several problems and challenges need to be overcome in this field of research. Lower costs are one of the most prioritized considerations for the practical application of rechargeable energy storage devices, and further insights into the design of inexpensive electrode materials with promising electrochemical performance. It would also be significant to reveal the correlation between novel electrode designs and the charge storage mechanism, which will effectively guide the development of next-generation energy storage systems. Furthermore, the exploration of the electrolyte-electrode interface reaction mechanism creates room for corresponding electrode designs, which will advance the exploitation of cutting-edge characterization and analysis tools, while facilitating the development of new energy storage systems, especially those utilizing metal anodes or multivalent ions.
We thank all the authors for their meaningful work and would also like to thank all the reviewers for their insightful suggestions and constructive comments. It is hoped that this Research Topic will stimulate future research on the discovery and design of novel electrodes and drive the intensive ongoing development of high-energy-density rechargeable energy storage devices. We anticipate that these endeavors will pave the way for achieving green growth and stainable development.
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Selenium-sulfur solid solutions (Se1-xSx) are considered to be a new class of promising cathodic materials for high-performance rechargeable lithium batteries owing to their superior electric conductivity than S and higher theoretical specific capacity than Se. In this work, high-performance Li-Se1-xSx batteries employed freestanding cathodes by encapsulating Se1-xSx in a N-doped carbon framework with three-dimensional (3D) interconnected porous structure (NC@SWCNTs) are proposed. Se1-xSx is uniformly dispersed in 3D porous carbon matrix with the assistance of supercritical CO2 (SC-CO2) technique. Impressively, NC@SWCNTs host not only provides spatial confinement for Se1-xSx and efficient physical/chemical adsorption of intermediates, but also offers a highly conductive framework to facilitate ion/electron transport. More importantly, the Se/S ratio of Se1-xSx plays an important role on the electrochemical performance of Li- Se1-xSx batteries. Benefiting from the rationally designed structure and chemical composition, NC@SWCNTs@Se0.2S0.8 cathode exhibits excellent cyclic stability (632 mA h g−1 at 200 cycle at 0.2 A g−1) and superior rate capability (415 mA h g−1 at 2.0 A g−1) in carbonate-based electrolyte. This novel NC@SWCNTs@Se0.2S0.8 cathode not only introduces a new strategy to design high-performance cathodes, but also provides a new approach to fabricate freestanding cathodes towards practical applications of high-energy-density rechargeable batteries.
Keywords: Se1-xSx, N-doped carbon foam, supercritical CO2, high areal capacity, Li-Se1-xSx batteries
INTRODUCTION
Lithium-sulfur (Li-S) batteries are considered as promising next-generation electrochemical energy-storage systems in view of their high theoretical energy density (2600 W h kg−1), environmental friendliness and natural richness of sulfur (Yao et al., 2017; Zheng et al., 2020; Yuan et al., 2021a; Yuan et al., 2021b; Sun et al., 2021). Although great progress has been made, the widespread practical application of Li-S battery is still facing issues of the insulation property of natural sulfur (5 × 10−30 S m−1, 25°C), the serious volume effect in the cycle process, and the dissolution of the intermediate polysulfide, leading to the low sulfur utilization, fast capacity decay and poor cycle stability (Zhang et al., 2020).
As a congener of element S, Se has similar chemical properties with S, such as high theoretical volumetric capacity (3,253 mA h cm−3, ρ = 4.81 g cm−3), which is suitable for mobile devices and hybrid electric vehicles with strict restrictions on battery volume (Lin et al., 2021; Sun et al., 2021). Meanwhile, selenium is a semiconductor with much higher electronic conductivity (1 × 10−3 S m−1) than sulfur, which is conducive to excellent kinetic behavior (Zhang et al., 2020). Nevertheless, in the current research stage of Li-Se batteries, there are still many problems in Se cathode materials, such as relatively unfavorable higher cost and lower gravimetric capacity (675 mA h g−1) when compared to Li-S batteries (1,675 mA h g−1) (Fang et al., 2018b). In order to offset the drawbacks of Se and S and complement each other’s advantages, a solid solution of Se and S (Se1-xSx, 0 < x < 1) has been proposed as high-performance cathode materials for lithium storage. Se1-xSx is a class of chemical compounds with different Se-S ratios, which not only owns a higher theoretical capacity than pure Se, but also has increased electronic conductivity and accelerated reaction kinetics than pristine S (Abouimrane et al., 2012; Wei et al., 2016; Xu et al., 2019).
However, similar to S, Se1-xSx cathode materials also suffer from poor cycle lifespan and low Coulombic efficiency due to the dissolution and shuttling of intermediates (Chen et al., 2019; Du et al., 2020). Since Se1-xSx cathode materials exhibit similar electrochemical behaviors to S, the strategies of immobilizing S should also be effective for Se1-xSx (Luo et al., 2014). At present, the main host materials of Se1-xSx are carbonaceous materials (Sun et al., 2021), such as hollow carbon spheres (Xu et al., 2015; Hu et al., 2020), mesoporous carbon (Han et al., 2019), carbon nanotubes (Fan et al., 2018; Guan et al., 2019; Shen et al., 2020), carbon fiber (Chen et al., 2014; Zhang et al., 2017), graphene (Tang et al., 2016; Chen et al., 2019) and carbonized polyacrylonitrile (Li et al., 2018). Generally, expect serving as hosts for Se1-xSx, these carbonaceous materials play another dual role of establishing conductive frameworks to facilitate ions/electrons transport and inhibiting the shuttle effect (Hu et al., 2020). Nevertheless, the physical adsorption ability of nonpolar pristine carbon materials to polar intermediates is too weak to effectively prevent the dissolution and diffusion of intermediate (Sun et al., 2016; Nazarian-Samani et al., 2021). Research shows heteroatom-doped (B, N, O, etc.) carbon hosts can effectively improve the electrochemical performance of Li-Se1-xSx batteries due to the strong chemical affinity of polarized carbon surface, which can significantly trap the soluble intermediates to inhibit the shuttle effect and side reactions in the electrolyte (Guo et al., 2016; Zhang et al., 2017; Fan et al., 2018; He et al., 2018; Sun et al., 2021).
Herein, a series of Se1-xSx cathode materials with optimized Se/S ratio are incorporated into N-doped three-dimensional (3D) porous carbon matrix to form novel freestanding Se1-xSx foamy cathodes (NC@SWCNTs@Se1-xSx) with the assistance of supercritical CO2 fluid (Figure 1). In carbonate-based electrolyte, NC@SWCNTs@Se1-xSx cathodes exhibit single-phase transformation during charge/discharge. Benefiting from the rationally designed structure and chemical composition, NC@SWCNTs@Se1-xSx cathodes with high conductivity and strong adsorption present superior electrochemical performance.
[image: Figure 1]FIGURE 1 | Schematic illustration of the synthetic process of NC@SWCNTs@Se1-xSx.
EXPERIMENTAL SECTION
Preparation of NC@SWCNTs
Melamine foam (3 cm × 3 cm × 3 cm) was washed with anhydrous ethanol and dried in an oven at 80°C for 12 h, then immersed in SWCNTs/NMP suspension (0.4%). After 6 h, the melamine foam impregnated with SWCNTs/NMP suspension was taken out and dried in a vacuum oven at 80°C for 24 h to obtain the precursor of melamine/SWCNTs. The above precursor was calcined at 700°C under flowing N2 atmosphere for 3 h to obtain NC@SWCNTs host.
Preparation of NC@SWCNTs@Se1-xSx
NC@SWCNTs@Se1-xSx composites were prepared with the help of supercritical CO2 (SC-CO2) fluid, which is reported in our previous works (Fang et al., 2018a; Fang et al., 2018b; Fang et al., 2020). Firstly, S and Se powders with different molar ratios (S:Se = 7:3, 8:2, 9:1) were put into stainless-steel milling jars, respectively. The pre-mixed Se and S mixture was obtained after ball milling (500 rpm) for 12 h. Subsequently, 0.6 g pre-mixed Se and S mixture and a piece of NC@SWCNTs (3 cm × 3 cm × 3 cm, ∼0.4 g) were put into a stainless-steel jar. Then, CO2 was pumped into the jar until the gaseous pressure reached 8.5 MPa. After the jar was kept at 32°C for 24 h, NC@SWCNTs@Se1-xSx precursor was obtained by rapidly releasing CO2. Then, NC@SWCNTs@Se1-xSx precursor was sealed in a quartz glass tube under vacuum. Finally, the sealed quartz glass tube was heated to 400°C for 3 h to obtain NC@SWCNTs@Se1-xSx. The samples with different Se/S molar ratios were labeled as NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0.2S0.8 and NC@SWCNTs@Se0.1S0.9, respectively. For comparison, NC@SWCNTs hosts impregnated with Se or S were prepared by using the same SC-CO2 method and named NC@SWCNTs@Se and NC@SWCNTs@S, respectively.
Materials Characterizations
The morphologies and microstructures of samples were observed on field-emission scanning electron microscopy (FE-SEM, Hitachi S-4800) and transmission electron microscopy (TEM, FEI Tecnai G2 F30) equipped with an energy-dispersive spectroscopy (EDS) detector. X-ray diffraction (XRD) patterns were recorded on Rigaku Ultima IV powder X-ray diffractometer by using Cu Kα radiation (λ = 0.15418 nm). Raman spectra were performed by Renishaw InVia Raman spectrometer (λ = 532 nm). Thermogravimetric analysis (TGA) was conducted on SDT Q600 analyzer (TA Instruments) under a flowing Ar atmosphere.
Electrochemical Measurements
NC@SWCNTs@Se1-xSx cathodes were cut into disks of 15 mm in diameter and 2 mm in height. CR2025 coin-type cells were assembled in an Ar-filed glove box (MIKROUNA, moisture <1.0 ppm, oxygen <1.0 ppm) with NC@SWCNTs@Se1-xSx composites as cathodes, commercial microporous polypropylene membrane (Celgard 2400) as separator, and lithium metal as anode. A solution of 1.0 M LiPF6 in a co-solvent of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1, volume ratio) was used as electrolyte. The dosage of electrolyte in coin-type cells is 15 μl mg−1 (based on the mass of Se1-xSx). Li-Se1-xSx cells were cycled in the voltage range of 1.0–3.0 V on a battery testing system (Shenzhen Neware Technology Co. Ltd.). Cyclic voltammetry (CV) was performed on a CHI650B electrochemical workstation (Chenhua, Shanghai, China).
RESULTS AND DISCUSSION
The morphology and microstructure of NC@SWCNTs host are characterized by SEM and TEM as illustrated in Figure 2. As vividly depicted in Figure 2A and Supplementary Figure S1, NC@SWCNTs host exhibits a 3D honeycombed network structure, fully inheriting the 3D interconnected framework of melamine foam. Local magnification SEM images (Figures 2B,C) demonstrate that numerous interlaced SWCNTs are covered the surface of melamine foam derived carbon skeletons, as well as SWCNTs are formed into small sheets between carbon skeletons. This unique interconnecting structure not only endows NC@SWCNTs a highly conductive 3D network to accelerate the electron/ion transport, but also effectively enhances the mechanical strength and flexibility of NC@SWCNTs host. Moreover, TEM results (Figure 2D) further indicate that SWCNTs are crisscrossed in carbon skeletons, forming an intertwined 3D network structure. On the basis of EDS results (Figure 2E), the main elements in NC@SWCNTs are C, O and N, which are uniformly distributed in NC@SWCNTs. Notably, N signal is derived from melamine foam since melamine has high content of N. According to the above analysis, NC@SWCNTs host has a typical 3D network structure that is composed of SWCNTs-coated N-doped carbon skeleton derived from melamine foam and wafery sheets interwoven by SWCNTs. The pores and layer gaps in NC@SWCNTs host are conducive to loading more Se1-xSx active materials. Meanwhile, the 3D interconnected conductive network framework can not only effectively promote redox kinetics, but also endow NC@SWCNTs host with strong mechanical properties to buffer the volume expansion during cycling. Additionally, the doped N is also beneficial to the adsorption of intermediates.
[image: Figure 2]FIGURE 2 | (A–C) SEM images and (D) TEM image of NC@SWCNTs. (E) STEM image of NC@SWCNTs and the corresponding mapping images.
After Se1-xSx impregnation, compared to NC@SWCNTs host, NC@SWCNTs@Se1-xSx composites well maintain the original morphology of NC@SWCNTs (Supplementary Figure S2). Moreover, no discernible Se1-xSx particles can be found at the surface of NC@SWCNTs. Additionally, according to EDS mapping results, the C, N, Se and Se signals are overlapped well, suggesting Se1-xSx composites are uniformly permeated into the pores and layer gaps of NC@SWCNTs host with the assistance of SC-CO2 due to the good permeability, excellent diffusivity and high solubility of SC-CO2. Furthermore, elemental analyses (Supplementary Table S1) of NC@SWCNTs@Se1-xSx show that molar ratios of Se to S in NC@SWCNTs@Se1-xSx conform to the design values.
NC@SWCNTs@Se1-xSx composites are further revealed by XRD and Raman analysis. As illustrated in Figure 3A, all the samples have a wide peak in 2θ ranging from 15 to 40o, corresponding to the existence of NC@SWCNTs. Meanwhile, the characteristic diffraction peaks of Se and S are clearly observed in NC@SWCNTs@Se and NC@SWCNTs@S samples, respectively. With the introduction of Se, no characteristic diffraction peak of Se is detected in NC@SWCNTs@Se1-xSx composites. However, some characteristic diffraction peaks of S with low intensity can be still observed, indicating a small amount of Se may occupy S position and further form Se1-xSx in NC@SWCNTs host (Yao et al., 2017). To further investigate the bond between Se and S, Raman spectra were depicted in Figure 3B. Apparently, all the samples have three characteristic peaks located at 260, 375 and 470 cm−1, respectively, which are assigned to Se-Se, Se-S and S-S stretching vibrations, (Chen et al., 2019; Pham et al., 2019). With increasing Se content in Se1-xSx, the strength of Se-Se and Se-S bonds are simultaneously increased, whereas the strength of S-S bonds are gradually decreased. Thus, it could be concluded that Se1-xSx composites are successfully synthesized.
[image: Figure 3]FIGURE 3 | (A) XRD patterns of NC@SWCNTs@S, NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0.2S0.8, NC@SWCNTs@Se0.1S0.9 and NC@SWCNTs@Se. (B) Raman spectra of NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0,2S0.8 and NC@SWCNTs@Se0.1S0.9.
To further inspect the Se1-xSx content and thermal stability of NC@SWCNTs@Se1-xSx composites, TGA tests are performed as shown in Supplementary Figure S3. According to TG results, NC@SWCNTs@S and NC@SWCNTs@Se exhibit the lowest and highest onset decomposition temperatures of ∼130 and ∼300°C, respectively. Meanwhile, the onset decomposition temperatures of NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0.2S0.8, and NC@SWCNTs@Se0.1S0.9 are between NC@SWCNTs@S and NC@SWCNTs@Se samples, and gradually increase with increasing Se content in Se1-xSx. It is because the thermal stability of Se is higher than that of S, the higher the content of Se in Se1-xSx, the higher the thermal stability of solid solution. Moreover, the distinct weight losses exist in all the samples, corresponding to the active material in samples. Therefore, the actual contents of S, Se0.3S0.7, Se0.2S0.8, Se0.1S0.9, and Se in NC@SWCNTs@S, NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0.2S0.8, NC@SWCNTs@Se0.1S0.9, and NC@SWCNTs@Se are 54.8, 58.7, 52.5, 58.4, and 56.8%, respectively, which are close to the design value of ∼60%.
In order to evaluate the electrochemical performance of NC@SWCNTs@Se1-xSx composites, NC@SWCNTs@Se1-xSx composites are employed as freestanding cathodes in Li-Se1-xSx batteries with carbonate-based electrolyte (LiPF6-EC/DMC). Figure 4A and Supplementary Figure S4 show initial three cyclic voltammetry (CV) curves of NC@SWCNTs@Se1-xSx cathodes at a scanning rate of 0.1 mV s−1 in the potential window from 1.0 to 3.0 V versus Li/Li+. At the initial scan, a sharp reduction peak at ∼1.38 V, a small reduction peak at ∼2.37 V, and a broadened oxidation peak at ∼2.14 V are clearly observed. The small reduction peak at ∼2.37 V disappears after the first scan, while the sharp reduction peak at ∼1.38 V shifts to ∼1.7 V during the subsequent scan. The peak shift indicates the activation process during the first lithification process, and the polarization is effectively reduced thereafter (Luo et al., 2014; Zhu et al., 2018). The subsequent CV curves are well overlapped after the first scan, indicating the good cyclability and reversibility of NC@SWCNTs@Se0.2S0.8 cathode (Guo et al., 2019). It should be mentioned that the CV curves of NC@SWCNTs@Se1-xSx cathodes are obviously different from S cathode, indicating the introduction of Se changes the electrochemical reaction process of S that is conducive to its stable work in carbonate-based electrolytes. Moreover, galvanostatic charge-discharge curves (Figure 4B and Supplementary Figure S5) of NC@SWCNTs@Se1-xSx cathodes are consistent with CV results. During the first discharge process, there are two plateaus: one is an extremely short plateau at ∼2.38 V, and another is a long plateau at ∼1.75 V. In the subsequent cycles, the short plateau at ∼2.38 V disappears, while the long plateau at ∼1.75 V becomes a little steeper and shifts to ∼1.88 V. The short plateau at ∼2.38 V is attributed to the transformation of Se0.2S0.8 to polysulfides/polyselenides intermediates. And the disappearance of the short plateau is probably due to the dissolution of intermediates into the electrolyte (Li et al., 2015). Meanwhile, the long plateau at 1.75–1.88 V is assigned to the conversion of polysulfides/polyselenides to Li2S/Li2Se (Luo et al., 2014). During the charge process, there is only one sloping plateau at ∼2.12 V, corresponding to the conversion of Li2Se/Li2S to Se0.2S0.8.
[image: Figure 4]FIGURE 4 | (A) CV curves of the NC@SWCNTs@Se0.2S0.8 cathode. (B) Charge/discharge curves of the NC@SWCNTs@Se0.2S0.8 cathode at 0.2 A g−1. (C) Cycle performances and (D) rate performances of NC@SWCNTs@Se1-xSx cathodes.
Figure 4C shows the cyclic performance of NC@SWCNTs@Se1-xSx cathodes with different Se/S ratios at a current density of 0.2 A g−1. NC@SWCNTs@Se0.2S0.8 cathode delivers the highest initial discharge capacity (2,398.5 mA h g−1) among NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0.2S0.8 and NC@SWCNTs@Se0.1S0.9 samples. The initial discharge capacity exceeds the theoretical capacity may be attributed to side reactions and the formation of SEI layer on the surface of electrode (Luo et al., 2014). After 200 cycles, the reversible capacities of NC@SWCNTs@Se0.3S0.7, NC@SWCNTs@Se0.2S0.8 and NC@SWCNTs@Se0.1S0.9 samples are 490, 632 and 360 mA h g−1 with the corresponding capacity retentions of 51.7, 65.3 and 47.9%, respectively. Obviously, NC@SWCNTs@Se0.2S0.8 cathode exhibits the superior cyclic stability. In addition, the rate capabilities of NC@SWCNTs@Se1-xSx cathodes at different current densities are presented in Figure 4D. Compare to other samples, NC@SWCNTs@Se0.2S0.8 cathode demonstrates the best rate performance. The reversible rate capacities of NC@SWCNTs@Se0.2S0.8 cathode are 998.4, 723.7, 606.8, 506.1, and 415.0 mA h g−1 at the current density of 0.2, 0.5, 0.8, 1.0 and 2.0 A g−1, respectively. When the current density switches back to 0.5 A g−1, the reversible discharge capacity of NC@SWCNTs@Se0.2S0.8 cathode reverts to the initial value. Moreover, as shown in Supplementary Table S2 and Supplementary Figure S4, NC@SWCNTs@Se0.2S0.8 cathode with Se loading of as high as 4.4 mg cm−2 (a relevant areal capacity of as high as 2.78 mA h cm−2) can surpass most reported Se1-xSx cathodes (Luo et al., 2014; Li et al., 2015; Guo et al., 2016; Wei et al., 2016; Li et al., 2017; Yao et al., 2017; Zhang et al., 2017; Hu et al., 2018; Li et al., 2018; Zhu et al., 2018). Such remarkable electrochemical performance of NC@SWCNTs@Se0.2S0.8 cathode mainly is due to the following reasons: 1) Se and S in Se0.2S0.8 solid solution play different roles: Se can significantly improve the electrical conductivity, while S can greatly enhance capacity. 2) N-doped 3D porous carbon matrix and interlaced SWCNTs not only provide storage space for Se1-xSx, but also effectively reinforce the structural stability, and further promote the cycling stability of NC@SWCNTs@Se1-xSx cathodes.
CONCLUSION
In summary, a series of rationally designed freestanding NC@SWCNTs@Se1-xSx cathodes with 3D interconnected porous structure are developed with the assistance of supercritical CO2 fluid. NC@SWCNTs host with 3D network structure serves as an effective matrix for encapsulating Se1-xSx as well as facilitating ion/electron transport and redox kinetics. Benefiting from the rationally designed structure and optimized chemical composition, NC@SWCNTs@Se0.2S0.8 cathode exhibits excellent cycling stability (632 mA h g−1 at 0.2 A g−1 at 200 cycle) and remarkable rate performance (415 mA h g−1 at 2 A g−1) in carbonate-based electrolyte. This work offers a feasible approach to develop high-performance Se1-xSx cathodes for advanced Li-Se1-xSx batteries.
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Developing high-quality solid-state electrolytes is important for producing next-generation safe and stable solid-state lithium-ion batteries. Herein, a three-dimensional highly porous polymer electrolyte based on poly (vinylidenefluoride-hexafluoropropylene) (PVDF-HFP) with Li6.4La3Zr1.4Ta0.6O12 (LLZTO) nanoparticle fillers (PVDF-HFP-LLZTO) is prepared using the electrospinning technique. The PVDF-HFP-LLZTO gel polymer electrolyte possesses a high ionic conductivity of 9.44 × 10–4 S cm−1 and a Li-ion transference number of 0.66, which can be ascribed that the 3D hierarchical nanostructure with abundant porosity promotes the liquid electrolyte uptake and wetting, and LLZTO nanoparticles fillers decrease the crystallinity of PVDF-HFP. Thus, the solid-state lithium battery with LiFePO4 cathode, PVDF-HFP-LLZTO electrolyte, and Li metal anode exhibits enhanced electrochemical performance with improved cycling stability.
Keywords: poly (vinylidenefluoride-hexafluoropropylene), Li6.4La3Zr1.4Ta0.6O12 nanoparticles, three-dimensional, solid-state batteries, gel polymer electrolyte
INTRODUCTION
Nowadays, there has been a strong demand for developing rechargeable lithium batteries with high energy density and high safety for many applications, such as portable electronic devices, electric vehicles, and grid storage of electricity (Thangadurai et al., 2014; Manthiram et al., 2017; Zhao et al., 2020). The lithium metal batteries are extensively considered as the most promising candidates for next-generation rechargeable energy storage devices due to their high energy density (Fergus, 2010; Fan et al., 2018; Nair et al., 2019). However, the lithium metal batteries with flammable liquid organic electrolytes suffer severe safety issues of fire or explosion caused by lithium dendrite growth (Quartarone and Mustarelli, 2011; Fu et al., 2016; Mauger et al., d2017). Solid-state electrolytes (SSEs) can solve the safety issue raising from liquid electrolytes as they are nonflammable and have good mechanical strength to effectively suppress the lithium dendrite growth (Bachman et al., 2016; Li et al., 2020; Wang et al., 2020; Zhao et al., 2021).
In general, SSEs can be categorized into two major types: inorganic solid electrolytes (ISEs) and polymer solid electrolytes (PSEs) (Gao et al., 2018; Tan et al., 2020; Yuan et al., 2021). ISEs usually have excellent thermodynamic stability, wide electrochemical window, and high ionic conductivity (Li et al., 2018; Jiang et al., 2020). However, the high interfacial resistance between ISEs and electrodes caused by their rigid nature still impedes their application. PSEs alleviate drawbacks of ISEs as they possess high flexibility and good interfacial compatibility (Hazama et al., 2015; Cui et al., 2017; Jiang et al., 2018). The gel polymer electrolytes (GPEs), one type of the PSEs, have been a research hotpot, such as poly (ethylene oxide) (PEO) (Wu et al., 2018), poly (acrylonitrile) (PAN) (Zhou et al., 2015), poly (methyl methacrylate) (PMMA) (Liu et al., 2016), and poly (vinylidenefluoride-hexafluoropropylene) (PVDF-HFP) (Deng et al., 2018). Among the abovementioned polymer electrolytes, PVDF-HFP has attracted much attention due to its good thermal stability and mechanical strength (Fasciani et al., 2015). Nevertheless, PVDF-HFP usually suffers from low lithium-ion transference number and low ionic conductivity caused by the crystallization of polymer at room temperature.
To solve the stubborn problems, it is an effective and simple strategy to improve the absorbing ability of liquid electrolyte. A promising way is to directly introduce inorganic nanoparticles into the polymer matrix to decrease the crystallinity and facilitate the segment motion. Many inorganic fillers (such as SiO2, Al2O3, and TiO2) (Cao et al., 2013; Pandey et al., 2015; Blake et al., 2017) were doped into PVDF-HFP–based gel polymer electrolytes to improve the ionic conductivities with percolation effect. But these doping inert ceramic fillers may block the lithium-ion conducting routes because they cannot transfer the lithium ions. It is a feasible way to replace the inert ceramic fillers by some lithium ion conductors, such as Li1.3Al0.3Ti1.7(PO4)3 (LATP) (Xia et al., 2017), Li0.33La0.557TiO3 (LLTO) (Le et al., 2016), and Li7La3Zr2O12 (LLZO) (Liang et al., 2018). Among these lithium ion conductors, garnet LLZO has attracted much attention due to its outstanding stability with lithium metal anode and superior ionic conductivity (Zhang X. et al., 2017; Zhou et al., 2020). Another way is to prepare porous GPE membranes to improve the absorbing ability of liquid electrolyte (Wang et al., 2017; Zhang D. et al., 2017). However, the GPE membranes only own few holes synthesized by the traditional blade casting method, which leads to a bottleneck in forming fast ion channels (Farooqui et al., 2017; Shen et al., 2019). By contrast, electrospinning is a facile and effective method to prepare a porous nanofiber membrane, which constructs a three-dimensional (3D) network to uptake liquid electrolyte (Prasanth et al., 2014; Huang et al., 2015; Zhou et al., 2017). Li et al. prepared novel electrospun single-ion conducting polymer electrolytes, in which the single-ion conductive mechanism can facilitate the Li-ion transfer speed and obtain a high Li-ion transference number (Li et al., 2019).
Herein, we prepare a three-dimensional highly porous polymer electrolyte based on PVDF-HFP with Li6.4La3Zr1.4Ta0.6O12 (LLZTO) nanoparticle fillers by the electrospinning technique. This unique 3D hierarchical nanostructure possesses abundant porosity that promotes the liquid electrolyte uptake and wetting and favors the Li-ion transfer between the electrodes and electrolyte. In addition, the LLZTO nanoparticle fillers decrease the crystallinity of PVDF-HFP, thus improving the ionic conductivity and Li-ion transference number and ensuring the cycling stability and high rate performance.
RESULT AND DISCUSSION
The PVDF-HFP-LLZTO gel polymer electrolyte was prepared by electrospinning, as shown in Figure 1. The microsize LLZTO powder was synthesized through a solid-state reaction and then was ball-milled into nanoparticles. And a proper amount of LLZTO was added into PVDF-HFP solution that was dissolved in N, N-dimethylformamide (DMF) with continuous stirring to form a uniform PVDF-HFP-LLZTO solution. The PVDF-HFP-LLZTO membrane was obtained by electrospinning and was activated by soaking the commercial liquid electrolyte.
[image: Figure 1]FIGURE 1 | Schematic illustration of the synthesis of PVDF-HFP-LLZTO gel polymer electrolyte.
Comparison on the morphologies of the different samples is analyzed by SEM. As shown in Figures 2A,B, the LLZTO particles are in a diameter of about 5–10 μm before ball-milling. The LLZTO particles decrease to ∼50 nm after ball-milling. And the SEM images of PVDF-HFP and PVDF-HFP-LLZTO nanofiber membranes are shown in Figures 2C,E. It can be seen that tens of nanofibers with a diameter of ∼200 nm construct a three-dimension framework, which ensures a microporous architecture with sufficient void space to uptake liquid electrolyte. The PVDF-HFP-LLZTO membrane shows a similar morphology with the PVDF-HFP membrane, indicating that LLZTO nanoparticles have been doped into the nanofibers and the doping has no impact on the structure of the membranes. Figures 2D,F show a cross-sectional SEM image of PVDF-HFP and PVDF-HFP-LLZTO nanofiber membranes, and the thickness of the membranes is about 50 μm.
[image: Figure 2]FIGURE 2 | SEM images of (A) LLZTO before and (B) after ball-milling, (C) PVDF-HFP and (E) PVDF-HFP-LLZTO, cross-sectional SEM image of (D) PVDF-HFP (F) PVDF-HFP-LLZTO.
The phases and crystallinities of PVDF-HFP and PVDF-HFP-LLZTO membranes are investigated by XRD. As shown in Figure 3, three typical broad peaks of both samples were located at 18°, 20°, and 35°. In comparison, the PVDF-HFP-LLZTO membrane demonstrates weak diffraction peaks of LLZTO (JCPDS No. 80-0457), indicating that the LLZTO nanoparticles have been doped into the PVDF-HFP nanofibers (Ren et al., 2016). Additionally, the diffraction peaks of the PVDF-HFP-LLZTO membrane at 18°–20° are broadened than that of the PVDF-HFP membrane, which suggests that the crystallinity of PVDF-HFP decreases and the amorphous region expand, which can be ascribed to the introduction of LLZTO nanoparticles that disorder the regular long chain of PVDF-HFP (Le et al., 2016; Guo et al., 2017; Zhang X. et al., 2017). Figure 3B is the FTIR spectra of PVDF-HFP and PVDF-HFP-LLZTO membranes. After doping the LLZTO nanoparticles, the PVDF-HFP-LLZTO membrane shows similar peaks with the PVDF-HFP membrane, indicating that the combination of LLZTO nanoparticles and PVDF-HFP is a simple physical mixture without any chemical reaction, and the original foundation of PVDF-HFP matrix remained. DSC measurements are conducted to identify the thermal behavior of PVDF-HFP and PVDF-HFP-LLZTO membranes (Figure 3C). A sharp endothermic peak in both samples was observed, which indicated the melting temperatures (Tm) of the polymer. The PVDF-HFP-LLZTO membrane displays Tm at 133°C, which is much lower than that of PVDF-HFP (144°C). It can be attributed to the LLZTO nanoparticle doping that decreases the degree of crystallinity of PVDF-HFP and enlarges the amorphous region in the PVDF-HFP matrix, as well as accelerate dynamic processes with plasticizing effect (Xia et al., 2017; Liang et al., 2018).
[image: Figure 3]FIGURE 3 | (A) XRD patterns, (B) FTIR spectra, (C) DSC patterns of PVDF-HFP and PVDF-HFP-LLZTO.
Broadening the working voltage is an effective way to improve the energy density of batteries (Chen et al., 2016). To evaluate the electrochemical properties of PVDF-HFP and PVDF-HFP-LLZTO membranes, linear sweep voltammetry (LSV) is carried out by using Li//electrolyte//stainless steel cells. As shown in Figure 4B, the LSV curve of the PVDF-HFP-LLZTO membrane is smooth without a noticeable oxidation current before 4.6 V (vs Li/Li+), indicating an electrochemical stability window up to 4.6 V, which is higher than that of the PVDF-HFP membrane. The improved electrochemical stability of the PVDF-HFP-LLZTO membrane meets the requirement for the application of batteries with high voltage. Figure 4A shows the electrochemical impedance spectroscopy (EIS) of stainless steel//electrolyte//stainless steel, in which the semicircle at high frequency represents the impedance belonging to the electrolyte bulk. The ionic conductivity of the PVDF-HFP-LLZTO membrane at room temperature can be calculated as 9.44 × 10–4 S cm−1, which is higher than that of the PVDF-HFP membrane (4.04 × 10–4 S cm−1). However, the ionic conductivity of the PVDF-HFP membrane is still higher than that of the PVDF-HFP membrane synthesized by the casting method, as it builds a porous 3D network that has strong electrolyte absorption (Lim et al., 2015; Xia et al., 2017). The Li-ion transference number (tLi+) is an important parameter to reflect on the effective transportation of Li+ in solid electrolyte, which can be measured by a dc polarization combined with EIS of symmetrical Li//electrolyte//Li cells. As shown in Figure 4C, polarization increases the interfacial resistance from 220 to 225 Ω. Meanwhile, current varies from an initial value of 25.2 μA before polarization to a steady value of 20.3 μA. Therefore, the Li-ion transference number could be calculated based on the Bruce-Vincent equation, and the tLi+ value of the PVDF-HFP-LLZTO membrane is 0.66, while the tLi+ value of the PVDF-HFP membrane is 0.53. The remarkable improvement of the Li-ion transference number can be ascribed to the LLZTO nanoparticle doping, which enhances the mobility of Li+ and relax the local chain of polymer (Croce et al., 1998; Lin et al., 2005).
[image: Figure 4]FIGURE 4 | (A) EIS of SS/PH/SS and SS/PHL/SS cells, (B) LSV of Li/PH/SS and Li/PHL/SS cells, current–time curve of (C) Li/PH/Li and (D) Li/PH/Li cells at a DC polarization of 0.01 V, inset: the EIS of the cell before and after polarization.
To evaluate the electrochemical properties of PH and PHL membranes, we assemble LFP//PH//Li and LFP//PHL//Li cells. Figures 5A,B compare the CV curve of LFP//PH//Li and LFP//PHL//Li cells in the potential range of 2.5–4.2 V (vs Li/Li+) with a scanning rate of 0.1 mV s−1. There are two characteristic peaks of the LFP//PHL//Li cell appearing at around 3.53 and 3.34 V during anodic and cathodic scan. While the redox peaks of LFP//PH//Li cells are relatively broad, the anodic and cathodic peaks shift to 3.68 and 3.13 V, respectively. It demonstrates a decrease of cell polarization and an improved redox kinetics (Zhang et al., 2019).
[image: Figure 5]FIGURE 5 | The CV curve of (A) LFP/PHL/Li cell, (B) LFP/PH/Li cell, (C) cycling performance at 0.2 C, (D) rate performance, and (E) cycling performance at 1 of LFP/PHL/Li and LFP/PH/Li cells.
To evaluate the rate capability of LFP//PH//Li and LFP//PHL//Li cells, the rate capability is tested at different current densities from 0.1 to 2 C. As shown in Figure 5D, the LFP//PHL//Li cell exhibits 158.9 mAh g−1, 147.4 mAh g−1, 139.1 mAh g−1, 127.4 mAh g−1, and 110.7 mAh g−1 at current densities of 0.1, 0.2, 0.5, 1, and 2 C, respectively. When the current density is converted from 2 to 0.1 C, the discharge capacity of the LFP//PHL//Li cell still can be recovered to 153.1 mAh g−1, suggesting a good reversibility of the LFP//PHL//Li cell. In contrast, the LFP//PH//Li cell only delivers 147 mAh g−1, 134.2 mAh g−1, 121.6 mAh g−1, 95.9 mAh g−1, and 63.3 mAh g−1 at current densities of 0.1, 0.2, 0.5, 1, and 2 C, respectively.
We also test long cycle electrochemical performance of LFP//PH//Li and LFP//PHL//Li cells. The cycling performance of LFP//PH//Li and LFP//PHL//Li cells is measured at a current density of 0.2 C (Figure 5C), and the LFP//PHL//Li cell exhibits a higher initial capacity of 149.6 mAh g−1 than the LFP//PH//Li cell (140.6 mAh g−1). It is worth noting that the capacity retention can be 94% even after 200 cycles and the Coulombic efficiency is almost 100% during the cycle. Additionally, high-rate long cycling life at 1 C of LFP//PHL//Li cells is shown in Figure 5E. The LFP//PHL//Li cell delivers the initial discharge capacities of 140.4 mAh g−1, and the capacity remains 117.6 mAh g−1, corresponding to a low capacity fading rate of only 0.089% per cycle. Therefore, the LFP//PHL//Li cell shows enhanced electrochemical performance which can be ascribed to the high ionic conductivity and transference number of the PVDF-HFP-LLZTO gel polymer electrolyte.
CONCLUSION
In summary, we prepare a three-dimensional highly porous polymer electrolyte based on PVDF-HFP with Li6.4La3Zr1.4Ta0.6O12 (LLZTO) nanoparticle fillers using the electrospinning technique. This unique 3D hierarchical nanostructure with abundant porosity promotes the liquid electrolyte uptake and wetting, and favors the Li-ion transfer between the electrodes and electrolyte. And the LLZTO nanoparticle fillers decrease the crystallinity of PVDF-HFP; thus, the ionic conductivity and Li-ion transference number can reach 9.44 × 10–4 S cm−1 and 0.66. In addition, the LFP//PHL//Li cell exhibits enhanced electrochemical performance with improved cycling stability. This PVDF-HFP-LLZTO gel polymer electrolyte with high ionic conductivity and transference number demonstrates the potential application for solid-state batteries.
EXPERIMENTAL SECTION
Preparation of PVDF-HFP-LLZTO Gel Polymer Electrolyte
The PVDF-HFP-LLZTO gel polymer electrolyte (PHL) was prepared by electrospinning. First, the LLZTO powder was synthesized through a solid-state reaction according to the previous report. Then the microsize LLZTO powder was ball-milled into nanoparticles. 20 wt% PVDF-HFP was dissolved in N, N-dimethylformamide (DMF) with continuous stirring for 4 h. And a proper amount of LLZTO with 5 wt% was added into the solution with further stirring for 4 h to form a uniform solution. In the electrospinning process, the PVDF-HFP-LLZTO solution was electrospun onto the rotating aluminum collector with a flow rate of 1.5 ml h−1, while the voltage applied to the needle tip was set at 15kV with the distance of 20 cm from the needle to the collector. The obtained electrospun membrane was removed from the collector and evaporated at 60°C for 12 h. And the dry membrane was cut into 19 mm in diameter and was activated by soaking the commercial liquid electrolyte (1 M LiPF6 in EC/DEC 1: 1 by volume) for use. And the PVDF-HFP gel polymer electrolyte (PH) was prepared by the same method without LLZTO doping.
Material Characterization
The morphology and microstructure of the samples were characterized by scanning electron microscopy (SEM, Hitachi S-4800). The crystal structure was investigated using X-ray diffraction (XRD, Rigaku D/max 2550 PC, Cu Kα). Fourier transform infrared spectra (FTIR) were characterized between 4,000 and 400 cm−1 with the Bruker VERTEX 70 FTIR spectrometer. Differential scanning calorimetry (DSC) was carried out on DSC Q100 from room temperature to 200°C under N2 flow at a heating rate of 5°C min−1.
Electrochemical Measurements
To make the cathode, LiFePO4 (LFP), carbon black, and PVDF with a weight ratio of 8:1:1 were then dispersed in N-methyl-2-pyrrolidone (NMP). After magnetic stirring for 4 h, the homogeneous slurry was then cast on the Al foil, and the LFP cathode was dried at 80°C in vacuum for 12 h. The 2032 type cell was assembled with LFP as cathode, metallic lithium foil as anode, and the gel polymer electrolyte as electrolyte and separator. Cyclic voltammetry (CV) tests were carried out on CHI660E electrochemical workstation between 2.5 and 4.2 V at a scan rate of 0.1 mV s−1. The galvanostatic charge–discharge performance of the LiFePO4/electrolyte/Li cell at different rates were conducted between 2.5 and 4.2 V (vs Li+/Li) at room temperature. The galvanostatic test were carried out on a Land CT 2001A battery testing system at room temperature. The ionic conductivity of different membranes was carried out with the symmetric cell, and its value can be calculated by Eq. 2.
[image: image]
where L is the thickness of the electrolyte membrane, A is the electrode area, and R represents bulk resistance of the symmetrical stainless blocking cells, which could be measured on the Princeton multichannel electrochemical workstation from 106 Hz to 10–2 Hz with an amplitude of 10 mV. The Li-ion transference number could be calculated by the Bruce–Vincent formula in Eq. 2.
[image: image]
where I0 and Is represent the initial and stable current which could be obtained from the DC polarization of symmetrical Li/electrolyte/Li cell, respectively. And R0 and Rs represent the impedance before and after polarization with a DC voltage (∆V = 10 mV), respectively.
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As a bimetal oxide, partial zinc stannate (ZnSnO3) is one of the most promising next-generation lithium anode materials, which has the advantages of low operating voltage, large theoretical capacity (1,317 mA h g−1), and low cost. However, the shortcomings of large volume expansion and poor electrical conductivity hinder its practical application. The core-shell ZnSnO3@ nitrogen-doped carbon (ZSO@NC) nanocomposite was successfully obtained by coating ZnSnO3 with polypyrrole (PPy) through in situ polymerization under ice-bath conditions. Benefiting from this unique compact structure, the shell formed by PPy cannot only effectively alleviate the volume expansion effect of ZnSnO3 but also enhance the electrical conductivity, thus, greatly improving the lithium storage performance. ZSO@NC can deliver a reversible capacity of 967 mA h g−1 at 0.1 A g−1 after 300 cycles and 365 mA h g−1 at 2 A g−1 after 1,000 cycles. This work may provide a new avenue for the synthesis of bimetal oxide with a core–shell structure for high-performance energy storage materials.
Keywords: partial zinc stannate, nitrogen-doped carbon, core–shell structure, high-performance energy storage materials, battery
INTRODUCTION
The 14th Five-Year Plan points out that the key core technologies of new energy vehicles should be broken through to make pure electric vehicles become the mainstream. First of all, the development of power Li-ion battery is one of the key core technologies to be addressed (Zhang et al., 2020a; Peng et al., 2021; Yu et al., 2021). At present, the capacity of commercial graphite anode materials has been developed to the ceiling (the theoretical lithium storage capacity is 372 mA h g−1), and it is urgent to develop a new generation of power anode materials, such as ZnO, SnO, Co3O4, and so on (Wang et al., 2019; Zhou et al., 2019; Xie et al., 2020). For the special bimetal oxide structure, Zinc stannate (ZnSnO3) has more advantages than single metal oxides. For instance, ZnSnO3 possesses higher theoretical capacity (1,317 mA h g−1) and lower working potential than that of SnO2 (Zhou et al., 2017; Ma et al., 2018; Tan et al., 2018; Wen et al., 2019). However, the shortcomings of large volume expansion and poor electrical conductivity hinder its commercial application.
Recently, various reports (Liu et al., 2018; Wang et al., 2020a; Kong et al., 2021) revealed that it is an effective strategy to address these problems by constructing the core–shell structure, with the active material as the core and the conductive carbon layer as the shell. For example, Tao Liu et al. (2018) presented a facile and efficient template method for the synthesis of core–shell Co3O4/nitrogen-doped carbon hollow spheres, which deliver an excellent electrochemical performance. Kuaibing Wang et al. (2020a) reported a successful and effective strategy to prepare core-shell nickel/nitrogen codoped carbon (Ni@NC) materials. The as-prepared material serving as both the positive and negative electrodes, deliver excellent electrochemical performance. Fanjun Kong et al. (2021) obtained the core–shell SnSe@C with high performance by electrospinning, which display superior cycling and rate performance owing to this compact core–shell structure. All these examples show that the core-shell structure with carbon material as the shell can effectively reduce the volume expansion effect and greatly improve the electrochemical performance. Among them, the choice of shell material is crucial. For the low cost, stable voltage window, excellent mechanical resilience and high electronic conductivity (10–50 S cm−1), polypyrrole (PPy) is one of the star conductive coating layer materials (Ma et al., 2019; Wang et al., 2020b; Zhang et al., 2020b; Chu et al., 2020). Jun-Hong Zhang et al. (2020b) constructed a core–shell NiO-NiMoO4/PPy composite. The flexible PPy cannot only construct a pathway and promote electrons transferring on the active materials but also can serve as the mechanical protection film to refrain from the pulverization of the active materials. What is more, it confirmed that the PPy modification was a direct and effective strategy to improve the reversible capacity and cycling performance of active materials.
Herein, inspired by the above work and our previous study, the PPy modification strategy is adopted to prepare the ZSO@NC nanocomposite. The core–shell ZSO@NC nanocomposite was successfully obtained by coating ZnSnO3 with PPy through in situ polymerization under ice-bath conditions. The as-prepared ZnSnO3@NC nanocomposites display superior cycling and rate performances, owing to this unique compact core–shell structure.
EXPERIMENTAL SECTION
Synthesis of ZnSn(OH)6 Precursors and Pure Zinc Stannate
The 6-mmol SnCl4•5H2O and 24-mmol NaOH were dissolved in 60 ml of ultra-pure water and stirred in an ice bath for 60 min. Then, 30 ml of 0.2 mmol/L ZnSO4•7H2O solution was slowly added into the reaction container under continuous agitation. At this time, white suspended matter would gradually appear, indicating the formation of ZnSn(OH)6. After centrifugation and washing operation, the product was placed in a vacuum drying oven and dried for 10 h to get the ZnSn(OH)6 powder. The precursor powder was calcined at 500°C for 2 h at a heating rate of 5°C/min under a protective atmosphere. Finally, the pure ZnSnO3 powders were obtained.
Synthesis of ZSO@NC
The 0.4 g of ZnSn(OH)6 was dispersed in 200 ml of deionized water by ultrasonic manipulation. Then, 0.5 ml of pyrrole monomer was quickly added to the beaker under the ice-bath environment, followed by 200 ml of 0.02 M ammonium persulfate solution slowly added, and continuous stirring for 12 h. The above samples were successively washed by water and ethanol three times, and then filtered and dried in a vacuum drying oven at 80°C. Finally, under inert gas protection, the samples were heated to 500°C at 2°C/min for 2 h in a tubular furnace to obtain NC@ZSO-2. As the control group, different volumes of pyrrole monomers were coated in this experiment. In the experiment, 0.25 ml of pyrrole was added to get NC@ZSO-1, and 1 ml of pyrrole was added to get NC@ZSO-3. The corresponding original contributions presented in the study are included in Supplementary Material.
Synthesis of ZnO-SnO2@NC and Nitrogen-Doped Carbon
Except for the different calcination conditions, the preparation process of ZnO-SnO2@NC is identical with that of ZSO@NC-2. ZnO-SnO2@NC is obtained at 800°C for 2 h at a heating rate of 5°C/min under a protective atmosphere. Similarly, nitrogen-doped carbon (NC) is prepared by imitating the production process of ZSO@NC-2 without adding zinc source and tin source.
RESULTS AND DISCUSSION
Figure 1 illustrates the synthesis procedure of ZSO@NC nanocomposites with the core–shell structure. First, ZnSn(OH)6 precursors were obtained by co-precipitation method under ice-bath conditions. Then, PPy was coated on the surface of ZnSnO3 nanoparticles by in situ polymerization under ice-bath conditions. Finally, the ZSO@NC composites were obtained by calcination in an inert atmosphere. Through optimizing the synthesis conditions, the composites with special core–shell structure were obtained. The XRD patterns of ZnSn(OH)6 are shown in Supplementary Figure S1, with all the diffraction peaks corresponding to the standard peaks of ZnSn(OH)6 (JCPDS-No. 20-1455). Figure 2A displays the XRD patterns of ZSO@NC-(1,2,3) and pure ZnSnO3. These diffraction peaks can basically be indexed to the standard cards ZnSnO3 phase (JCPDS-No. 28-1486), indicating partial ZnSn(OH)6 had transformed to the ZnSnO3 phase under calcination conditions (Ma et al., 2018). In addition, with the increase in pyrrole content in the above four samples, the carbon peak at 26.5° was significantly enhanced, indicating the presence of amorphous carbon (Liu et al., 2020; He et al., 2017). Figure 2B shows the thermogravimetric analysis (TGA) of ZSO@NC-(1,2,3) and pure ZnSnO3. It revealed that the amount of NC in the ZSO@NC-(1,2,3) composites is about 16.9, 29.5, and 47.5 wt%, respectively, and there is little mass loss in the pure ZnSnO3. Supplementary Figure S2 shows the Raman spectra of all the composites. The difference between ZSO@NC-(1,2,3) and pure ZnSnO3 is that there are two main peaks located at ∼1,350 and ∼1,557 cm−1, which can be attributed to the D peak of amorphous carbon and the G peak of graphitized carbon. For NC@ZSO-2, the intensity ratio of D peak to G peak is 1.02. This indicates that there are lots of vacancies and graphitized carbon between the layers of carbon in this material (Yu et al., 2018). The surface elemental compositions and electronic states of ZSO@NC-2 were characterized by XPS measurement. The deconvolutions of the C1s spectra are exhibited in Supplementary Figure S3A. The peaks at 284.3, 285.4, and 287.6 are associated with C-C, C=C, and C-N functional groups, respectively. In Supplementary Figure S3B, the N1s spectra can be deconvoluted into two individual peaks that are assigned to pyridinic N (398.0 eV) and pyrrolic N (399.8 eV) (Hu et al., 2013). Supplementary Figure S3C shows the high-resolution XPS spectrum of the Zn 2p. The two photoelectron peaks at binding energies of 1,021.8 and 1,044.9 eV correspond to Zn 2p3/2 and Zn 2p1/2, respectively. For the spectrum of Sn 3d, the two peaks observed at 486.9 and 495.4 are related to Sn 3d5/2 and Sn 3d3/2, respectively, as observed in Supplementary Figure S3D. It manifests the existence of Zn2+ and Sn4+ in the ZSO@NC-2 particles (Liang et al., 2018). The XPS results further verify the coexistence of ZnSnO3 and NC in the composite, which agrees well with the XRD results.
[image: Figure 1]FIGURE 1 | Schematic illustration of the synthesis process of ZSO@NC.
[image: Figure 2]FIGURE 2 | XRD patterns (A) and TGA curves (B) of the ZSO@NC-(1,2,3) and pure zinc stannate (ZnSnO3).
Special FE-SEM images provide insight into the morphologies and structures of the as-synthesized ZSO@NC-(1,2,3) and pure ZnSnO3. As shown in Figure 3A, pure ZnSnO3 are numerous homogeneous nanoparticles, and the average size of nanoparticles is estimated from a statistic of 200 samples to be about 80.5 nm (Supplementary Figure S4A). The FE-SEM images of ZSO@NC-2 is observed in Figure 3B, it revealed that the surface of the ZnSnO3 nanoparticle is covered with many smaller particles. By comparing Figures 3A, B, it can be inferred that the smaller nanoparticle is carbon. As displayed in Figure 3C, the ZSO@NC-2 is composed of large particles, which are agglomerated one by one. After NC coating, the average size of nanoparticles is significantly increased to 181.4 nm estimated from a statistic of 200 samples (Supplementary Figure S4B). Compared with Figure 3C, the particles in Figure 3D are larger, and the agglomeration phenomenon is more serious, which may be caused by the thicker carbon layer formed by a higher carbon content in ZSO@NC-3. The structural and morphological characteristics of ZSO@NC-2 are further revealed by TEM, HRTEM, and EDS mapping in Figure 4. As shown in Figures 4A, B, ZSO@NC-2 has a unique core–shell structure, consisting of a carbon layer completely encapsulated with ZnSnO3 particles. Figure 4C displays the corresponding HRTEM image, and these nanoparticles are crystalline with the fringe spacing of 0.28 nm, corresponding to the (104) plane of ZnSnO3 (Zhou et al., 2017). Figure 4D is the EDS-Mapping image of ZSO@NC-2. It can be found that the distribution of C and N elements is exactly the same, indicating that this carbon layer is composed of nitrogen-doped carbon (NC). The elemental distribution of Zn, Sn, and O is basically the same. Meanwhile, the elemental distribution range of C and N completely covers that of Sn, Zn, O element, which further confirms that ZSO@NC-2 is a core–shell structure composed of NC completely coated ZnSnO3 particles.
[image: Figure 3]FIGURE 3 | FE-SEM image of pure ZnSnO3 (A), ZSO@NC-1 (B), ZSO@NC-2 (C), and ZSO@NC-3 (D).
[image: Figure 4]FIGURE 4 | TEM (A, B) and HRTEM (C) and EDS mapping (D) images of NC@ZSO-2.
The electrochemical mechanism of NC@ZSO-2 was explored by cyclic voltammetry test in Figure 5A. In the first cycle, two wide inconspicuous cathodic peaks centered at 0.43 and 0.79 V, which could be attributed to the formation of SEI film and the decomposition of ZnSnO3 (Ma et al., 2018). Another two obvious oxidation peaks at 0.54 and 1.53 V were observed, which could be interpreted as the reaction of Li+ detachment from the metal alloy Li–Sn and Li–Zn. In the second and subsequent cycles, the peak of 0.79 V shifted to 0.83 V. The two redox couples, indexed as 0.05/0.53 and 0.83/1.53 V, appeared due to the alloying/dealloying process and the formation/decomposition of Li2O. After the first cycle, the subsequent CV curves are well overlapped, confirming the stable storage and release of Li+ in the ZSO@NC-2 material. Figure 5B shows a comparison of the cycling performance of the ZSO@NC-(1,2,3) and pure ZnSnO3 at 0.1 A g−1. The discharge capacity of ZSO@NC-2 decreased in the initial several cycles, then increased gradually with continuous cycling. Finally, a relatively stable discharge capacity of 967 mA h g−1 was achieved after 300 cycles with the CE approaching 100%. The gradual increase in the capacity may have mainly resulted from the formation of a gel-like polymeric layer and possibly interfacial lithium storage as well as electrochemical activation process of the composite during the repeated Li insertion/extraction (Yu et al., 2018; Hu et al., 2013; Liang et al., 2018). To highlight the advantage of bimetallic oxide, ZnO-SnO2@NC is obtained at 800°C for 2 h at a heating rate of 5°C/min under a protective atmosphere. Except for the different calcination conditions, the preparation process of ZnO-SnO2@NC is identical with that of ZSO@NC-2. Similarly, nitrogen-doped carbon (NC) is prepared by imitating the production process of ZSO@NC-2 without adding zinc source and tin source. As shown in Supplementary Figure S5A, ZnO-SnO2@NC is mainly composed of SnO2 (PDF#24–1,470), Zn2SnO4 (PDF#41–1,445), and amorphous carbon. The cyclic performance of the above materials is tested at 0.1 A·g−1 by assembling into the Li+ half-battery (Supplementary Figure S5B). Compared with ZnSnO3, the cycle stability of ZnO-SnO2@NC electrode is extremely poor with only 134 mA h g−1 after 200 cycles, which indicates that the unique bimetal structure of ZnSnO3 has performance advantages. The cycling performance curve of ZSO@NC-3 is similar to that of ZSO@NC-2. Due to the high NC content of the former, the specific capacity of the former is lower than that of the latter after stabilization. The reversible capacity of ZSO@NC-3 is 544 mA h g−1 after 300 cycles. Compared with the above two samples, ZSO@NC-1 has a lower cyclic stability, attributing to the lower NC content. The reversible capacity of ZSO@NC-1 is 745 mA h g−1 after 300 cycles. Compared with the previous three samples, pure ZnSnO3 exhibit extremely worst cycle stability (187 mA h g−1 after 300 cycles), which can be attributed to the violent volumetric expansion effect during the repeated Li insertion/extraction process. Nitrogen-doped carbon (NC) is successfully prepared by imitating the production process of ZSO@NC-2 without adding zinc source and tin source. As shown in Supplementary Figure S6A, NC is mainly composed of amorphous carbon. The NC electrode shows excellent cycling stability (Supplementary Figure S6B). However, its specific capacity is only about 250 mA h g−1, which is too low to compare with that of ZSO@NC-2, and NC (in Supplementary Figure S6D) also shows a good rate capability. The corresponding reversible capacities were 301, 252, 205, 177, and 152 mA h g−1 at 0.1, 0.2, 0.5, 1, and 2 A g−1 after 10 cycles, respectively. As shown in Figure 5C, ZSO@NC-2 showed the best rate capability among the as-synthesized samples. The corresponding reversible capacities were 698, 641, 521, 436, and 362 mA h g−1 at 0.1, 0.2, 0.5, 1, and 2 A g−1 after 10 cycles, respectively. In contrast, pure ZnSnO3 only delivered 480, 409, 344, 278, and 169 mA h g−1 at the same current densities, respectively. When the current density recovered from 2 to 0.1 A g−1, ZSO@NC-2 delivered an even higher capacity than the primary capacity at various current densities, indicating good reproducibility. The excellent cyclic performance of ZSO@NC-2 can be attributed to its unique compact core–shell structure. The shell formed by nitrogen doping carbon cannot only effectively alleviate the volume expansion effect of ZnSnO3 but also enhance the conductive property of the material, thus, greatly improving the lithium storage performance of the material. Figure 5D reveals the Nyquist plots of ZSO@NC-(1,2,3) and pure ZnSnO3. In general, the electrolyte resistance (Rs) corresponds to the first intercept of semicircle on the Z′ axis, the charge transfer resistance (Rct) is determined by the diameter of the semicircle, and the resistance of Li ion diffusion (Zw) is related to the linear slope (Yu et al., 2018). The Rs and Rct values of ZSO@NC-2 are 11.1 and 143.4 Ω, respectively. Oi contrast, that of pure ZnSnO3 is larger (11.7 and 302.1 Ω) (Supplementary Table S1). Supplementary Figure S6C reveals the Nyquist plot of NC. The Rs and Rct values of NC are 3.5 and 13.9 Ω, respectively, indicating that the material has excellent electrical conductivity. The shell formed by nitrogen doping carbon cannot only effectively alleviate the volume expansion effect of ZnSnO3 but also enhance the conductive property of the material, thus, greatly improving the lithium storage performance of the material. The low Rct value enables faster charge transfer, achieving better rate capability of the ZSO@NC-2 electrode. To examine the longer cycling stability of ZSO@NC-2, it was further cycled to 1,000 cycles at a higher current density of 1 and 2 A g−1. As shown in Figure 5E, when cycled at 1 and 2 A g−1, the reversible capacity remained stabilized at 458 and 365 mA h g−1 after 1,000 cycles. The cyclic failure mechanism of materials with high specific capacity can be attributed to the severe volume expansion effect generated during the cyclic process, which will continuously destroy SEI, consume electrolytes to form new SEI, and eventually lead to extremely poor cyclic stability. As shown in Supplementary Figure S6, the NC electrode shows good conductivity and excellent cycle stability, which indicates that the NC electrode can easily form a stable SEI layer. A large number of studies have shown that the core–shell structure can effectively improve the cyclic stability, with NC as the shell and high specific capacity active substance as the core. On the one hand, the NC shell can alleviate the volume expansion effect. On the other hand, the NC layer can effectively separate the active substance from the electrolyte and contribute to the formation of the stable SEI layer. What is more, the excellent electrical conductivity of the NC shell also contributes to the formation of the stable SEI layer, which greatly improves cycle stability.
[image: Figure 5]FIGURE 5 | (A) Typical CV curves of ZSO@NC-2, (B) Cyclic performance curves of ZSO@NC-(1,2,3) and pure ZnSnO3 at 0.1 A g−1. (C) Specific capacity versus current densities. (D) EIS curves of ZSO@NC-(1,2,3) and pure ZnSnO3. (E) Cyclic performance curves of ZSO@NC-2 at 1 and 2 A g−1.
CONCLUSION
In this paper, a core–shell ZSO@NC nanocomposite was successfully obtained by coating ZnSnO3 with polypyrrole (PPy) through in situ polymerization under ice-bath conditions. Through a series of physical characterization, it revealed that the composite has a unique core–shell structure. The shell is composed of nitrogen-doped carbon spheres, and the core is composed of cubic ZnSnO3. Benefiting from this unique compact structure, ZSO@NC-2 delivers an excellent lithium storage performance. When the current density is 0.1 A g−1, the ZSO@NC can deliver a reversible capacity of 967 mA h g−1 after 300 cycles, which is nearly five times that of pure ZnSnO3. When the current density increases to 1 and 2 A g−1, the reversible capacity of ZSO@NC-2 can reach 458 and 365 mA h g−1 after 1,000 cycles, respectively.
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Due to the high theoretical capability, copper-based oxides were widely investigated. A facile water bath method was used to synthesis CuO nanowires and CuO/Cu2O/Cu nanocomposites. Owing to the synergetic effect, the CuO/Cu2O/Cu nanocomposites exhibit superior electrochemical performance compared to the CuO nanowires. The initial discharge and charge capacities are 2,660.4 mAh/g and 2,107.8 mAh/g, and the reversible capacity is 1,265.7 mAh/g after 200 cycles at 200 mA/g. Moreover, the reversible capacity is 1,180 mAh/g at 800 mA/g and 1,750 mAh/g when back to 100 mA/g, indicating the excellent rate capability. The CuO/Cu2O/Cu nanocomposites also exhibit relatively high electric conductivity and lithium-ion diffusion coefficient, especially after cycling. For the energy storage mechanism, the capacitive controlled mechanism is predominance at the high scan rates, which is consistent with the excellent rate capability. The outstanding electrochemical performance of the CuO/Cu2O/Cu nanocomposites indicates the potential application of copper-based oxides nanomaterials in future lithium-ion batteries.
Keywords: CuO/Cu2O/Cu nanocomposites, CuO nanowires, lithium-ion batteries, anodes, water bath method, electrochemical performance
INTRODUCTION
Rechargeable Lithium-ion batteries (LIBs) have been widely used in many fields, such as electric vehicles, cameras, and other portable electronic devices, because of their high working potential, lack of memory effect, and high energy density (Wang et al., 2020; Hu et al., 2020; Teng et al., 2020; Zhang et al., 2020; Zuo and Gong, 2020; Li et al., 2021; Wang et al., 2021; Li et al., 2021; Li et al., 2021d; Wu et al., 2021; Liang et al., 2022). However, the traditional graphite anodes cannot meet further demands of high-power hybrid electric vehicles in the future because of the relatively inferior rate performance and the low theoretical capacity (372 mAh/g) (Shen et al., 2013; Zhang et al., 2013; Zhou et al., 2014; Wang et al., 2020; Pan et al., 2020; Wang et al., 2021). The transition metal oxides have been widely researched for their low cost, widespread availability, and high theoretical capacities (500–1,000 mAh/g) (Shen et al., 2013; Zhang et al., 2013; Zhou et al., 2014; Ananya et al., 2016; Pan et al., 2020). Especially, copper-based oxides were paid much more attention owing to their abundance, environment-friendly, superior rate performance, and high theoretical capacities (674 mAh/g for CuO and 375 mAh/g for Cu2O) (Shen et al., 2013; Zhang et al., 2013; Wang et al., 2014; Zhou et al., 2014; Ananya et al., 2016; Kim et al., 2019; Pan et al., 2020; Zhang et al., 2021). However, there are also some intrinsic disadvantages, such as volume expansion and low electric conductivity during the charge-discharge process, which should be resolved (Shen et al., 2013; Zhang et al., 2013; Zhou et al., 2014; Ananya et al., 2016; Pan et al., 2020). To solve these problems, many different kinds of nanostructures and morphologies were designed and prepared by many kinds of methods (Wang et al., 2014; Wang et al., 2014; Xu et al., 2016; Kim et al., 2019; Yuan et al., 2019; Zhang et al., 2021). Zhang et al. (2013) synthesized porous CuO nanosphere film which was used as anodes, exhibiting a high reversible discharge capacity of 799.7 mAh/g. Park et al. prepared structure-controlled octahedral Cu2O nanostructures using polymers as additives during the synthesis, which exhibited superior electrochemical performance (Kim et al., 2019). The CuO nanoparticles with different diameters were also prepared to clarify the effects of the particle’s size, delivering a reversible capacity of 540 mAh/g (Wang et al., 2014). Moreover, carbon-based materials were added to enhance the electric conductivity and to relieve the pulverization of the copper-based oxides (Huang et al., 2011; Mai et al., 2011; Shen et al., 2013; Zhou et al., 2014; Chen et al., 2015; Xu et al., 2015; Ananya et al., 2016; Kim et al., 2019; Pan et al., 2020; Trukawka et al., 2021; Zhang et al., 2021). Mu et al. reported that the Cu2O nanoparticles distributed in the porous carbon channels exhibited a high capacity of 884.4 mAh/g (Zhou et al., 2014). Tu et al. synthesized CuO/graphene composite, whose electrochemical performance was improved with a discharge capacity of 583.5 mAh/g (Mai et al., 2011). Cu2O@GO composite with a core-shell structure was also synthesized, exhibiting a discharge capacity of 458 mAh/g (Xu et al., 2015).
Recently, due to the synergetic effect, many ternary and quaternary materials were investigated and exhibited excellent electrochemical performance (Shi et al., 2016; Yuan et al., 2017; Wu et al., 2018; Xu et al., 2019; Wang et al., 2020; Gao et al., 2020; Murphin Kumar et al., 2020; Wang et al., 2021b; Li et al., 2021c; Trukawka et al., 2021). Wang et al. prepared Co3O4/CuO composite, which exhibited a high charge-discharge capacity of 1,056 mAh/g (Shi et al., 2016). Krishnan et al. fabricated porous Cu2O: Mo microspheres, which showed a reversible capacity of 1,082 mAh/g (Murphin Kumar et al., 2020). Gao et al. synthesized polypyrrole coated Cu/Cu2O nanowire, which exhibited an increased capacity of 787 mAh/g (Wang et al., 2020b). Tang et al. prepared C@SnO2/Cu2O nanosheet clusters, which exhibited an initial discharge capacity of 1726 mAh/g at 0.5C (Wang et al., 2021b). The synergetic effect of more than three components is crucial to develop the electrochemical performance of copper-based oxides. However, the specific capacity and rate performance should be further improved to satisfy the demands of future applications.
In this work, CuO nanowires and CuO/Cu2O/Cu nanocomposites were prepared by a facile water bath method that has not been used to prepare copper-based oxides anodes before. The initial discharge capability and charge capacity of CuO nanowires are 1,061.8 mAh/g and 922.1 mAh/g at 200 mA/g. While for the CuO/Cu2O/Cu nanocomposites, they are 2,660.4 mAh/g and 2,107.8 mAh/g with a high initial Coulombic efficiency of 79.23%. The Coulombic efficiency increases to 98% in the second cycle and is maintained near 100% in the following cycles. The reversible capacity of 1,265.7 mAh/g was obtained after 200 cycles. Moreover, the reversible capacity is 1,180 mAh/g at 800 mA/g and increases to 1,750 mA/g when back to 100 mA/g, which indicates the excellent rate performance. As far as we know, the CuO/Cu2O/Cu nanocomposites exhibit superior electrochemical performance to the reported results of copper-based oxides, which could be due to the synergetic effect and the facile water bath method. Our results indicate that the copper-based oxides anodes with a synergetic effect will satisfy the demands of the next-generation LIBs.
EXPERIMENTAL SECTION
Materials and Methods
The schematic illustration of preparing CuO nanowires and CuO/Cu2O/Cu nanocomposites was shown in Figure 1. The mixed solution of 49 ml dimethylformamide (DMF) and 21 ml pure water was magnetically stirred for 2 min in a beaker, and then 2 mmol copper acetate monohydrate Cu(CO2CH3)2·H2O was added. After ultrasonic stirring for 30 min to thoroughly dissolve, 8 mmol hexadecyl trimethyl ammonium bromide (CTAB) was added successively. After another 30 min of ultrasonic stirring, 10 mmol NaOH was added. Then the above solution was put into a 60°C water bath and magnetically stirred for 8 min. When naturally cooled to room temperature, the solution was centrifuged by pure water and ethanol, in turn, many times. The obtained black precipitates were dried at 60°C for 12 h in a vacuum oven, and finally, the CuO nanowires were obtained. The preparing route of the CuO/Cu2O/Cu nanocomposites was the same as the above process, except that 1 mmol of reductive agent NaBH4 was added and stirred for 6 min before adding 10 mmol NaOH.
[image: Figure 1]FIGURE 1 | The schematic illustration of preparing CuO nanowires and CuO/Cu2O/Cu nanocomposites.
Structure and Morphology
The structure and morphology of the CuO nanowires and CuO/Cu2O/Cu nanocomposites were characterized by X-ray diffraction (XRD, Smart Lab, Rigku Japan) and scanning electron microscope (SEM, GeminiSEM300, Zeiss, Germany). The XRD measurements were performed in the range of 20°–80° at a scan rate of 3°/min using a Cu Кα radiation.
Electrochemical Performance Characterization
The testing anodes were mixed with as-prepared active materials (CuO nanowires or CuO/Cu2O/Cu nanocomposites, 70wt%), carbon black (20wt%), and carboxymethyl cellulose (CMC, 10wt%) dissolved in pure water. The black slurry was uniformly coated on a copper foil and dried at 60°C for 12 h in a vacuum oven. Finally, the obtained coated foil was punched into disks with a diameter of 12 mm. The half-cells (CR-2032) were assembled in a glove box. Lithium metal disk and the Celgard 2,250 film were used as the counter electrode and the diaphragm, respectively. The electrolyte was 1M LiPF6 dissolved in a mixture of ethyl carbonate (EC, 50 v/v%) and dimethyl ethyl carbonate (DEC, 50 v/v%). The electrochemical performance was measured by battery measuring systems (Land-ct2001A, China) and electrochemical workstation (CHI660E, China) with potential from 0.01 to 3.0 V at room temperature. To make sure the thorough penetration of the electrolyte, all cells were left to stand for 12 h before being measured.
RESULTS AND DISCUSSION
Structure and Morphology
As is shown in Figure 2A, the XRD patterns of CuO nanowires consist with the standard card of PDF No. 48–1548 (CuO) with no other diffraction peak, which indicates the purity of CuO nanowires. The characteristic peaks at 32.5°, 35.5°, 38.7°, 48.7°, 53.5°, 58.3°, 61.5°, 66.2°, 68.1°, 72.4°, and 75.0° stand for (110), (11[image: image]), (111), (20[image: image]), (020), (202), (11[image: image]), (31[image: image]), (220), (311), and (004) crystal plane of monolithic CuO phase respectively, which indicates the good crystallinity of CuO (Huang et al., 2011; Chen et al., 2015; Shi et al., 2016; Yuan et al., 2017; Wu et al., 2018; Xu et al., 2019; Murphin Kumar et al., 2020; Li et al., 2021c; Trukawka et al., 2021). From the XRD patterns of CuO/Cu2O/Cu nanocomposites shown in Figure 2B, we can see that the as-prepared sample comprises CuO, Cu2O, and Cu phases. The characteristic peaks at 38.7° and 61.5° signify (111) and (11[image: image]) crystal plane of monolithic CuO phase (PDF No. 48–1548) (Huang et al., 2011; Chen et al., 2015; Shi et al., 2016; Yuan et al., 2017; Wu et al., 2018; Xu et al., 2019; Trukawka et al., 2021), and the peaks at 29.6°, 36.4°, and 42.3° index to (110), (111), and (200) crystal plane of cubic Cu2O phase (PDF No. 05–0667) (Wu et al., 2018; Xu et al., 2019; Wang et al., 2020b; Gao et al., 2020; Murphin Kumar et al., 2020; Wang et al., 2021b; Li et al., 2021c), and the peaks of 43.3°, 50.4°, and 74.1° assign to (111), (200), and (220) crystal plane of cubic Cu phase (PDF No. 04–0836) (Wang et al., 2020b; Wang et al., 2021b; Li et al., 2021c). The appearance of Cu2O and Cu phases was caused by the reductive reaction induced by the common mild reductive agent of NaBH4. The weight ratios of CuO, Cu2O, and Cu phases are 17.8, 60.5, and 21.7%, respectively, which was calculated by the intensity ratio of the 111) crystal plane peaks ([image: image]) (Yu et al., 2007; Hu et al., 2013; Zhou et al., 2014; Meng et al., 2015; Kim et al., 2016; Xu et al., 2019; Li et al., 2021c).
[image: Figure 2]FIGURE 2 | The XRD patterns of CuO nanowires (A) and CuO/Cu2O/Cu nanocomposites (B).
As is shown in Figure 3, the morphology of CuO nanowires and CuO/Cu2O/Cu nanocomposites can be identified by the SEM images with a scale bar of 300 nm. From Figure 3A, we can see a lot of tangled nanowires with an average diameter of about 25 nm. But we can’t obtain the length of these nanowires because of the tangled morphology. CuO/Cu2O/Cu nanocomposites consist of a part of nanowires and much more nanoparticles with an average diameter of 95 nm, as is shown in Figure 3B. The appearance of the nanoparticles in the SEM image consists with the appearance of Cu2O and Cu phases in the XRD pattern due to the reductive reaction. Therefore, it is reasonable to conclude that the nanowires are the CuO phase not reduced, and the nanoparticles should be the Cu2O or Cu phases. The small number of nanowires in the SEM image is also consistent with the small amount of CuO (17.8%) estimated by the XRD patterns.
[image: Figure 3]FIGURE 3 | The SEM images of CuO nanowires (A) and CuO/Cu2O/Cu nanocomposites (B). The scale bar is 300 nm.
Electrochemical Performance
The cycle stability at 200 mA/g and the rate capability of CuO nanowires and CuO/Cu2O/Cu nanocomposites are shown in Figure 4. From the cycle curves shown in Figure 4A, the initial discharge capacity and charge capacity of CuO nanowires are 1,061.8 mAh/g and 922.1 mAh/g, respectively. which is better than many previous reports of copper-based oxides (Shen et al., 2013; Zhang et al., 2013; Wang et al., 2014a; Wang et al., 2014b; Zhou et al., 2014; Ananya et al., 2016; Xu et al., 2016; Kim et al., 2019; Yuan et al., 2019; Pan et al., 2020; Zhang et al., 2021). However, the reversible capability decreases to 385 mAh/g after 200 cycles. While for the CuO/Cu2O/Cu nanocomposites, the initial discharge capacity and charge capacity were 2,660.4 mAh/g and 2,107.8 mAh/g with an initial Coulombic efficiency of 79.23%. The Coulombic efficiency increased to 98% in the second cycle and was maintained near 100% in the following cycles. Furthermore, the reversible capacity of 1,265.7 mAh/g after 200 cycles was obtained, which is the highest of all reported results as far as we know (Huang et al., 2011; Mai et al., 2011; Shen et al., 2013; Zhang et al., 2013; Wang et al., 2014a; Wang et al., 2014b; Zhou et al., 2014; Chen et al., 2015; Xu et al., 2015; Ananya et al., 2016; Shi et al., 2016; Xu et al., 2016; Yuan et al., 2017; Wu et al., 2018; Kim et al., 2019; Xu et al., 2019; Yuan et al., 2019; Pan et al., 2020; Trukawka et al., 2021; Zhang et al., 2021). The jumps in the cycle curves at the 155th and 65th cycles for CuO nanowires and CuO/Cu2O/Cu nanocomposites were caused by the interruption of electrical power.
[image: Figure 4]FIGURE 4 | The cycle stability (A) at a current density of 200 mA/g and rate capability (B) at different current densities of CuO nanowires and CuO/Cu2O/Cu nanocomposites.
To test the rate performance, the charge-discharge cycles of our samples at different current densities were carried out, as is shown in Figure 4B. The reversible capabilities of CuO nanowires are 885, 870, 772, and 704 mAh/g at 100, 200, 500, and 800 mA/g, and the capabilities increase to 747, 890, and 1,052 mAh/g when back to 500, 200, and 100 mA/g, which indicates the excellent rate performance because of the unique tangled nanowires structure and the water bath method. The reversible capabilities of CuO/Cu2O/Cu nanocomposites are 1,840, 1,590, 1,319, and 1,180 mAh/g at 100, 200, 500, and 800 mA/g, and the capabilities increase to 1,252, 1,428, and 1750 mAh/g when back to 500, 200, and 100 mA/g, which is much better than that of CuO nanowires. The electrochemical results of CuO nanowires and CuO/Cu2O/Cu nanocomposites in this work and some previously reported results of copper-based oxides were listed in Table 1. To our knowledge, the electrochemical performance of the CuO/Cu2O/Cu nanocomposites was superior to all the reported results of copper-based oxides, which could be due to the synergetic effect and the water bath method. In our case, the Cu composite may provide the conductive network and the accommodation of the volume explanation during the cycles to improve the cycling stability, and the CuO and Cu2O composites may provide more active sites to enhance the reversible capacity.
TABLE 1 | The list of electrochemical results in this work and some reported results of copper-based oxides.
[image: Table 1]The first five cyclic voltammetry (CV) curves of CuO/Cu2O/Cu nanocomposites at a scan rate of 0.1 mV/s were shown in Figure 5A to clarify the electrochemical reaction mechanism. In the first cycle, there are three reduction peaks at 2.14, 1.17, and 0.8 V, which correspond to the reductive process of CuO to a [image: image] solid-solution mixed-phase (Huang et al., 2011; Yuan et al., 2019; Zhang et al., 2021), formation of Cu2O phase (Zhang et al., 2013; Wu et al., 2018; Zhang et al., 2021), and the following transformation into Cu phase as well as the formation of solid electrolyte interface (SEI) (Shi et al., 2016; Yuan et al., 2017; Li et al., 2021c). The three reduction peaks increase to 2.34, 1.32, and 0.83 V and overlap in the following cycles (Xu et al., 2019), which indicates the excellent reversible cycle stability (Huang et al., 2011; Chen et al., 2015; Shi et al., 2016; Yuan et al., 2017; Trukawka et al., 2021). There are also three oxidation peaks located at 1.57, 2.46, and 2.72 V in the first cycle, which were induced by the decomposition of the SEI layer (Shen et al., 2013; Wang et al., 2020b), the oxidation of Cu to Cu2O (Huang et al., 2011; Wang et al., 2014a; Yuan et al., 2019), and the further oxidation reaction to CuO (Huang et al., 2011; Yuan et al., 2019). In the second cycle, the oxidation peak at 1.57 V disappears due to the stability of the SEI layer. The peak at 2.72 V decreases to 2.70 V in the second cycle and then vanishes in the following cycles because of the polarization during electrode reaction (Wang et al., 2020b; Zhang et al., 2021). The position of oxidation peak at 2.46 V increases a little in the following four cycles due to the tiny structure change of copper-based oxides (Wang et al., 2014a; Xu et al., 2019).
[image: Figure 5]FIGURE 5 | The first five cyclic voltammetry curves (A) at a scan rate of 0.1 mV/s and the first five charge-discharge curves (B) at a current density of 200 mA/g for CuO/Cu2O/Cu nanocomposites.
The first five charge-discharge curves of CuO/Cu2O/Cu nanocomposites at 200 mA/g were also shown in Figure 5B to verify the results of CV curves. There are three discharge plateaus around 2.20–1.85, 1.35–1.10 V, and 0.95–0.75 V in the first discharge process, which consist with the reduction peaks in the initial CV cathodic sweep. In the first charge curve, the three charge platforms around 1.10–1.75, 2.20–2.52, and 2.60–2.84 V correspond to the oxidation peaks in the initial CV anodic sweep. The plateaus in the following discharge-charge cycles are consistent with the redox reactions peaks in the CV curves. Furthermore, the discharge-charge curves also almost overlap, indicating the reversible electrochemical reactions and the high reversible cycle capability (Yuan et al., 2017; Yuan et al., 2019; Murphin Kumar et al., 2020).
As is shown in Figure 6, The electrochemical impedance spectroscopy (EIS) of CuO/Cu2O/Cu nanocomposites and CuO nanowires were measured between 10–2 Hz and 105 Hz before and after cycling to further understand the reaction kinetics and the enhanced electrochemical performance (Yuan et al., 2017; Yuan et al., 2019; Wang et al., 2021b). Two semicircles and a straight line were found in the Nyquist plots (scatters) (Murphin Kumar et al., 2020; Wang et al., 2020b; Li et al., 2021c; Wang et al., 2021b), which are well fitted by the equivalent circuit (fitting lines). The equivalent circuit is shown in Figure 6A inset, and the parameters of Rs represents the ohmic resistance, Rcf signifies the impedance of the SEI layer, Rct denotes the charge transfer resistance, W1 designates the Warburg impedance (Wang t al., 2020b; Murphin Kumar et al., 2020; Wang et al., 2021b; Li et al., 2021c). Moreover, the Li-ions diffusion coefficient ([image: image]) can be calculated by the equations below according to the EIS data in the low-frequency region (Shen et al., 2013; Zhou et al., 2014; Wang et al., 2020a; Gao et al., 2020).
[image: image]
[image: image]
The physical quantities of R, T, A, n, F, C, and σ denote the gas constant, the measuring temperature, the surface area of the electrode, the number of transferred electrons, the Faraday constant, the concentration of lithium ions, and the Warburg coefficient, respectively (Shen et al., 2013; Zhou et al., 2014; Wang et al., 2020a). The value of σ could be fitted by Eq. 2, in which the parameter of ω is the angular frequency (Gao et al., 2020). The fitted resistance parameters of EIS and the Li-ions diffusion coefficients before and after cycling are listed in Table 2.
[image: Figure 6]FIGURE 6 | The electrochemical impedance spectroscopy of CuO/Cu2O/Cu nanocomposites and CuO nanowires before (A) and after (B) cycling between 10–2 Hz and 105 Hz. The inset of (A) is the equivalent circuit.
TABLE 2 | The fitted resistance parameters of electrochemical impedance spectroscopy and the Li-ions diffusion coefficients before and after cycling.
[image: Table 2]The Rcf, Rct, and the total resistance of Rtotal for both CuO/Cu2O/Cu nanocomposites and CuO nanowires are much smaller after cycling, which indicates the increased electric conductivity due to the structure change and the formation of Cu component during the cycling process (Li et al., 2018; Hong et al., 2020; Wang et al., 2020b; Liu et al., 2021). The relatively high Rtotal (117.53 Ω) and the low Li-ions diffusion coefficient (2.17 × 10−13 cm2/s)of the CuO nanowires after cycling imply the low reversible capability of 385 mAh/g after 200 cycles shown in Figure 4. However, the CuO/Cu2O/Cu nanocomposites after cycling exhibit the lowest Rcf (9.21 Ω), Rct (41.78 Ω), and Rtotal (57.02 Ω), as well as the highest Li-ions diffusion coefficient (4.34 × 10−12 cm2/s), indicating the higher electrochemical kinetics compared to the CuO nanowires, which are consistent with the outstanding electrochemical performance shown in Figures 4, 5 (Li et al., 2018; Hong et al., 2020; Liu et al., 2021). The outstanding electrochemical performance of the CuO/Cu2O/Cu nanocomposites could result from the unique nanocomposites structure and the synergetic effect of the components (Hu et al., 2013; Kim et al., 2016; Wang et al., 2020b; Murphin Kumar et al., 2020; Wang et al., 2021b; Li et al., 2021c).
On account of the outstanding electrochemical performance of the CuO/Cu2O/Cu nanocomposites, as is shown in Figure 7A, the CV curves with scan rates in the range of 0.1 mV/s—3 mV/s were further measured to clarify the energy storage mechanism. The shapes of the CV curves are much similar, and the redox peaks are obvious even at 3 mV/s, indicating the outstanding lithium-ion intercalation dynamics (Wang et al., 2020b). The positions and the values of the three redox peaks marked by the arrows in Figure 7A change regularly with the scan rates due to different reaction processes according to scan rates (Wang et al., 2020b; Liu et al., 2021; Zhang et al., 2021). The peak current (IPeak) can be expressed by the equations with scan rates (ν).
[image: image]
[image: image]
The lithium-ion storage mechanism can be identified by the value of b, which is between 0.5 and 1 depending on the contribution ratios of diffusion-controlled (b = 0.5) and capacitance controlled (b = 1) (Li et al., 2018; Hong et al., 2020; Liu et al., 2021). According to Figure 7B, the values of b for the two reduction peaks and the oxidation peak are 0.6 and 0.62, respectively, indicating the diffusion-controlled mechanism is dominant (Li et al., 2018; Hong et al., 2020; Liu et al., 2021). The quantitative contribution ratios can be calculated by the equations below.
[image: image]
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The parameters of k1ν and k2ν0.5 represent the contribution of capacitance controlled and diffusion-controlled, respectively. k1 can be obtained by linear fitting of I/ν0.5 vs. ν0.5 in Eq. 6 at a certain voltage with different currents and scan rates. As is shown in Figure 7C, after obtaining enough numbers of k1, the capacitance contribution ratio was calculated by the area ratio of the shadow and the CV curves, and the ratio is 41.7% at 1 mV/s. As is shown in Figure 7D, at the low scan rates, the diffusion-controlled mechanism is dominant, while at the high scan rates, the capacitive controlled mechanism is predominance. The capacitance contribution ratio to the lithium-ion storage is up to 72.6% at the scan rate of 3 mV/s, which is consistent with the excellent rate capability shown in Figure 4B.
[image: Figure 7]FIGURE 7 | (A) The cyclic voltammetry curves of CuO/Cu2O/Cu nanocomposites with different scan rates. (B) The linear fitting results of log (IPeak) vs. log(ν). (C) Capacitive contribution at 1 mV/s. (D) Capacitive contributions to the lithium-ion storage at different scan rates.
CONCLUSION
In this work, CuO/Cu2O/Cu nanocomposites and CuO nanowires were prepared by a facile water bath method. The CuO nanowires exhibit a high initial discharge capacity and charge capacity of 1,061.8 mAh/g and 922.1 mAh/g at 200 mA/g, but a low reversible capability of 385 mAh/g after 200 cycles. While for the CuO/Cu2O/Cu nanocomposites, the initial capacities are 2,660.4 mAh/g and 2,107.8 mAh/g, respectively, and the reversible capacity is 1,265.7 mAh/g. The rate performance of the CuO/Cu2O/Cu nanocomposites was also excellent with a reversible capacity of 1,180 mAh/g at 800 mA/g and 1750 mA/g when back to 100 mA/g. The outstanding electrochemical performance of the CuO/Cu2O/Cu nanocomposites could result from the synergetic effect of multivalent states metal and the facile water bath method. Copper-based oxides nanomaterials with the synergetic effect could be used as anodes for lithium-ion batteries.
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In order to solve the poor cycle stability and the pulverization of cobalt sulfides electrodes, a series of amorphous and crystalline cobalt sulfides were prepared by one-pot solvothermal synthesis through controlling the reaction temperatures. Compared to the crystalline cobalt sulfide electrodes, the amorphous cobalt sulfide electrodes exhibited superior electrochemical performance. The high initial discharge and charge capacities of 2,132 mAh/g and 1,443 mAh/g at 200 mA/g were obtained. The reversible capacity was 1,245 mAh/g after 200 cycles, which is much higher than the theoretical capacity. The specific capability was 815 mAh/g at 800 mA/g and increased to 1,047 mAh/g when back to 100 mA/g, indicating the excellent rate capability. The outstanding electrochemical performance of the amorphous cobalt sulfide electrodes could result from the unique characteristics of more defects, isotropic nature, and the absence of grain boundaries for amorphous nanostructures, indicating the potential application of amorphous cobalt sulfide as anodes for lithium-ion batteries.
Keywords: amorphous, cobalt sulfide, one-pot synthesis, anodes, lithium-ion batteries, high electrochemical performance
INTRODUCTION
Lithium-ion batteries (LIBs) have been wildly used in small consumer electronics, electric vehicles, and medical apparatus as energy storage devices due to their advantages of high energy density, long cycle life, high working voltage, no memory effect, small self-discharge, and wide operating temperature range (Sun et al., 2010; Wang et al., 2020c; Gu et al., 2021; Li et al., 2021a; Li et al., 2021b; Li et al., 2021c; Li et al., 2021d; Zhao et al., 2021; Liang et al., 2022). However, to apply in large-scale energy storage projects and other high-power systems, the electrochemical properties of power density, rate capacity, cycle stability, and safety issue should be further improved (Sun et al., 2011; Zhang et al., 2019b; Wang et al., 2020b; Zhang et al., 2020a; Wang et al., 2021b). Current commercial graphite anode materials exhibit the advantages of high energy density, high conductivity, and security. Still, their low theoretical capacity of 372mAh/g and poor rate capability have confined the further development of LIBs(Zhang et al., 2019a; Hou et al., 2020; Li et al., 2020b; Gao et al., 2021; Wang et al., 2021a). Therefore, it is urgent to develop high-performance anode materials to meet the high power energy needs in the future (Zhao et al., 2019; Zhao et al., 2020; Liu et al., 2021a). It has long been discovered that cobalt sulfides (CoS, CoS2, Co3S4, Co9S8) have lithium storage ability and high reversible capacities (Yan et al., 2005; Shi et al., 2012; Gu et al., 2013). In order to achieve the practical application of cobalt sulfides as anode materials, the intrinsic drawbacks of low conductivity and significant volume expansion during cycles must be solved (Gu et al., 2013; Jiang et al., 2020). Many different crystalline nanostructures and morphologies have been designed and prepared to relieve the decomposition caused by the volume expansion. Carbon-based materials have also been introduced to increase the conductivity (Yan et al., 2005; Shi et al., 2012; Gu et al., 2013; Jiang et al., 2020). Yang et al. reported that the cubic phase of CoS2 was prepared by calcination at high temperature and exhibited the initial discharge capacity of 1,280 mA h/g and the reversible capacity of 350 mA h/g after ten cycles at 50 mA/g (Yan et al., 2005). Yan et al. prepared carbon-coated Co9S8 nano-dandelions by a facile solvothermal method, and the high reversible capacity of 520 mA h/g at the current density of 1 A/g (1.8 C) after the 50th cycle was obtained (Shi et al., 2012). Wang et al. prepared standard hexagonal CoS nanocomposites wrapped by graphene by a solvothermal method. The CoS nanocomposites exhibited a high reversible capacity of 749 mA h/g after 40 cycles at 62.5 mA/g (Gu et al., 2013). Wei et al. prepared the polycrystalline Co9S8/C composites by an electrospinning method, and the electrodes exhibited an initial discharge capacity of 823 mA h/g and a reversible capacity of 1,063 mA h/g after 200 cycles at 300 mA/g (Jiang et al., 2020). Even though good electrochemical performance has been observed in these crystalline cobalt sulfides, the poor cycle stability and the pulverization of the materials caused by the volume expansion still exist. Therefore, it is necessary to find a new way to solve these problems. Amorphous nanostructures always have more defects, which will provide more active sites. Furthermore, the isotropic nature and the absence of grain boundaries for amorphous nanostructures could improve the capacity to sustain high strain and the insertion of lithium ions, which is helpful to inhibit the volume expansion (Liu et al., 2013; Lu et al., 2018; Wu et al., 2019; Duan et al., 2021; Wu et al., 2021). Zhao et al. reported that the amorphous VO(PO3)2 exhibited a high initial discharge capacity of 1,297 mA h/g and a reversible capacity of 676 mA h/g after 150 cycles at the current of 100 mA/g, which is much higher than those of crystalline VO(PO3)2 due to the isotropic ions diffusion paths (Wu et al., 2021). Wu et al. reported that amorphous V2O3/C composite exhibited higher reversible capacity and superior cycling stability than crystalline V2O3/C composite, which accounted for the oxygen vacancies and amorphous phase (Wu et al., 2019). Yang et al. reported that compared to the crystalline Sn@C anodes, better rate capability, longer cycle life, and higher capacity had been observed for amorphous Sn@C anodes because of the defect sites and the improved strain regulation (Duan et al., 2021). However, as far as we know, the amorphous anode materials have not been systematically investigated, and the amorphous cobalt sulfides anode materials for LIBs have not been reported.
In this work, a series of amorphous and crystalline cobalt sulfide nanomaterials were prepared by a facile solvothermal method at different reaction temperatures. Due to the unique characteristics of more defects, isotropic nature, and the absence of grain boundaries for amorphous nanostructures, the amorphous cobalt sulfide exhibited superior electrochemical performance compared to the crystalline cobalt sulfide. The initial discharge and charge capacities of the amorphous samples are 2,132 mAh/g and 1,443 mAh/g, respectively, at 200 mA/g. The Coulombic efficiency sharply increased to 97.44% in the second cycle and maintained near 100% to the 200th cycle. The high reversible capacity of 1,245 mAh/g after 200 cycles was observed. The specific capability was 815 mAh/g at 800 mA/g and increased to 1,047mAh/g when back to 100 mA/g, indicating the excellent rate capability. The amorphous cobalt sulfide nanomaterials with outstanding electrochemical performance have the potential application as anodes for LIBs.
EXPERIMENTAL SECTION
Materials and Batteries
The schematic illustration of preparing CoS (amorphous and crystalline) materials and the assembling of the half cells (CR-2032) is shown in Figure 1. The cobalt sulfide nanomaterials were prepared as follows. 713.79 mg (3 mmol) of CoCl2·6H2O were added into 70 ml of ethylene glycol and magnetically stirred for 2∼3 h. 89.7 mg (4 mmol) of L-cysteine were added consequently and magnetically stirred for another 2∼3 h to dissolve completely. The mixed solution was divided into two Teflon-lined autoclaves (50 ml) and put in an air blast drying cabinet for 24 h at different reaction temperatures of 140°C, 160°C, 180°C, and 200°C, respectively. After the precipitates were alternately washed with deionized water and absolute alcohol several times, the precipitates were dried in a vacuum drying oven at 60°C for 12 h. Finally, the amorphous and crystalline cobalt sulfide nanomaterials were obtained. According to the reaction temperatures, the as-prepared cobalt sulfide nanomaterials were denoted by CoS-140, CoS-160, CoS-180, and CoS-200, respectively.
[image: Figure 1]FIGURE 1 | The schematic illustration of preparing the CoS materials and assembling half cells.
The cobalt sulfide nanomaterials, carbon black, and binder were mixed at a weight of 7: 2: 1 and roundly ground. The binder is carboxymethyl cellulose (CMC) dissolved in deionized water with a weight ratio of 10%. The black slurry was smeared evenly on the copper foil and then dried in a vacuum drying oven at 60°C for 12 h. The copper foil was punched into many disks with an area of 113 mm2. The average loading mass of the active materials is 0.82 mg/cm2. Finally, the half cells were assembled with the copper disks and the lithium metal foil in an argon-filled glove box. The diaphragm and electrolyte are the Celgard 2,250 film and 1M LiPF6 dissolved in a mixed solution of ethyl carbonate and dimethyl ethyl carbonate with a volume ratio of 1:1.
Structure and Morphology
The structure was characterized by X-ray diffraction (XRD, Smart Lab, Rigku Japan) in the range of 20°–80° using a Cu Кα radiation. The morphology was further identified by a scanning electron microscope (SEM, GeminiSEM300, Zeiss, Germany).
Electrochemical Performance Characterization
The electrochemical performance and impedance characteristics were measured by battery measuring systems (Land-ct2001A, China) and electrochemical workstation (CHI660E, China) in the potential range of 0.01–3.0 V at room temperature.
RESULTS AND DISCUSSION
Structure and Morphology
The XRD patterns of the as-prepared materials reacted at different temperatures are shown in Figure 2. With the increase of the reaction temperatures, the diffraction peaks gradually become apparent. No diffraction peak is observed for the CoS-140 sample, indicating the amorphous or nanocrystalline structure due to low reaction temperature. The diffraction peaks gradually appear, and the intensities increase gradually for the CoS-160 and CoS-180 samples, which indicates a progressively crystallized process with the increase of the reaction temperatures. For the CoS-200 sample, the diffraction peaks are very remarkable, which means good crystallization. The diffraction peaks at 31.05°, 35.68°, 47.13°, and 54.91° are consistent with the standard card of PDF No. 19–0366 (CoS1.097), and these peaks correspond to the (204), (220), (306) and (330) crystal planes of hexagonal CoS1.097, respectively. In addition, no other diffraction peaks are observed, indicating the pure cobalt sulfide nanomaterials of our samples. The degree of crystallization increases with the reaction temperatures. A series of amorphous and crystalline cobalt sulfide nanomaterials were prepared by controlling the reaction temperatures.
[image: Figure 2]FIGURE 2 | The XRD patterns of the CoS samples prepared at different temperatures.
The morphologies of the amorphous and crystalline cobalt sulfide nanomaterials can be determined by the SEM images shown in Figure 3. From Figure 3A, the morphology of the amorphous CoS-140 sample is rough and irregular with many pits on the surface, and there are no noticeable regular crystalline grains observed, which is consistent with the absence of pronounced diffraction peaks shown in Figure 2. For the CoS-160 sample, some regular nanospheres are observed on the rough surface. And the regular nanospheres with different diameters should be crystalline structures. While for the CoS-180 sample, in addition to the regular nanospheres, some cracks are observed on the surface, which could result from the growth of the crystalline grains. A lot of small regular nanoparticles are observed for the CoS-200 sample, indicating crystalline growth of the sample, which strongly consists with the obvious diffraction peaks shown in Figure 2. Controlling reaction temperatures is crucial to synthesizing the cobalt sulfide nanomaterials with different amorphous or crystalline structures.
[image: Figure 3]FIGURE 3 | The SEM images of CoS-140 (A), CoS-160 (B), CoS-180 (C), and CoS-200 (D).
Electrochemical Performance
In order to compare the electrochemical performance of the series of amorphous and crystalline cobalt sulfide nanomaterials, the cycle performance at 200 mA/g and the rate capability at different current densities were measured and shown in Figure 4. From Figure 4A, the samples of the CoS-140 and CoS-160 exhibit the relative constant reversible capacities, which indicates better cycle stability than that of the crystalline cobalt sulfide samples (CoS-160 and CoS-200). For the CoS-180 and CoS-200 samples, the specific capacities decrease first and then increase with the cycles, which is very common for the crystalline transition metal sulfides electrodes (Zhou et al., 2015). The first decrease could be due to the evolution of the SEI layers and the insufficient reaction of some active sites, and the subsequent increase could result from the polymeric gel-like layer and the decomposition of the crystal structure of CoS nanoparticles during the discharge-charge cycles (Zhou et al., 2020). However, the specific capacity of the CoS-200 sample decreases more sharply and obviously in the first cycles, which could result from the rapid decomposition of the crystalline structure during the cycles (Zhou et al., 2015; Wang et al., 2020b; Jiang et al., 2020). The CoS-140 sample exhibits the best cycling stability with the initial discharge and charge capacities of 2,132 mAh/g and 1,443 mAh/g, respectively. The Coulombic efficiency in the first cycle is 67.67% and radically increases to 97.44% in the second cycle, and maintains near 100% to the 200th cycle. Significantly, the reversible capacity of 1,245 mAh/g after 200 cycles was obtained, which is much higher than the theoretical capacity of 589 mAh/g (Yan et al., 2005). The initial discharge capacity and the reversible capacity in this work and those of other reported cobalt sulfide-based electrodes are listed in Table 1, which indicates the outstanding electrochemical performance of the amorphous sample of CoS-140.
[image: Figure 4]FIGURE 4 | The cycle stabilities at 200 mA/g (A) and rate capabilities (B) of the CoS samples prepared at different temperatures. The solid and hollow circles represent the discharge and charge capacities, respectively.
TABLE 1 | The comparison of the electrochemical performance between this work and other reported cobalt sulfide-based electrodes.
[image: Table 1]From Figure 4B, the samples of the CoS-140 and CoS-160 also exhibit better rate capability than that of the crystalline cobalt sulfide, which is consistent with the results of the cycle performance shown in Figure 4A. Even though the reversible capacity returns to 658 mA h/g when the current density goes back to 100 mA/g, the crystalline sample of CoS-200 exhibits the worst rate capability than other samples. The details of the average reversible capacities for the series of cobalt sulfide nanomaterials at different current densities are listed in Table 2, which also indicates the best rate capability of the amorphous sample of CoS-140 at each current density. The reversible capabilities of the amorphous CoS-140 sample are 1,450 mAh/g, 1,170 mAh/g, 958 mAh/g, and 815 mAh/g at 100 mA/g, 200 mA/g, 500 mA/g, and 800 mA/g, and the capabilities increase to 889 mAh/g, 1,015 mAh/g, and 1,047 mAh/g when back to 500 mA/g, 200 mA/g, and 100 mA/g, indicating the excellent rate capability. The outstanding electrochemical performance of the amorphous sample could result from the more active sites due to the more defects and the improved ability of the volume accommodation because of the isotropic nature and the absence of grain boundaries for the amorphous structure (Li et al., 2012; Liu et al., 2013; Wu et al., 2019; Wang et al., 2020b; Duan et al., 2021; Wu et al., 2021).
TABLE 2 | The reversible capacities of the CoS samples at different current densities.
[image: Table 2]Due to the best electrochemical performances, further investigation was focused on the amorphous CoS-140 sample. In order to comprehend the electrochemical reaction mechanism, the first five voltammetry (CV) curves of the amorphous CoS-140 sample were measured at a scan rate of 0.1 mV/s, as is shown in Figure 5A. In the first discharge process, there is a broad reduction peak at 0.45 V, which relates to the formation of the solid electrolyte interface (SEI) and the process of cobalt sulfide reduced to cobalt metal and Li2S (He et al., 2015; Zhou et al., 2015; Yuan et al., 2020b). In the following cathodic sweeps, the broad peak divides into two sharp peaks located at 1.74 and 1.30 V, which correspond to the formation of LixCoS and the further convention reaction of LixCoS to Co. metal (Ma et al., 2018; Yuan et al., 2020b). There is a broad peak at 1.38 V in the first charge process, which consists with the decomposition of the SEI layer (Zhou et al., 2015; Ma et al., 2018). This broad peak almost disappears in the following cycles due to the stability of the SEI layer, which is beneficial for the cycle stability (Zhou et al., 2015; Ma et al., 2018). There are also two oxidation peaks around 2.10 and 2.40 V in the five cathodic sweeps, which are consistent with the above reversible reactions of extraction of lithium ions to form CoS and the reduction process of Li2S to S (Zhou et al., 2015; Ma et al., 2018; Luo et al., 2019; Yuan et al., 2020b). The tiny changes of the positions for the two reduction peaks (1.74 and 1.30 V) and the two oxidation peaks (2.10 and 2.40 V) could result from a slight transformation of the structure (Zhou et al., 2015; Luo et al., 2019). The oxidation and reduction peaks almost coincide after the first cycle, indicating the stable electrochemical reaction process. The approximate overlap of the CV curves after the first cycle also shows excellent cycle stability and reversibility (Ma et al., 2018; Luo et al., 2019; Yuan et al., 2020b).
[image: Figure 5]FIGURE 5 | The first five CV curves at 0.1 m V/s (A) and the first five discharge-charge curves at 100 mA/g (B) for the amorphous CoS-140 sample.
The first five discharge-charge curves at 100 mA/g are also shown in Figure 5B to compare the results of the CV curves. An extended voltage plateau from 0.63 to 0.15 V can be observed in the first discharge curves, which corresponds to the broad reduction peak at 0.45 V in the first CV cathodic sweep. There are two discharge plateaus around 2.10–1.70 V and 1.45–1.25 V in the following discharge curve, which consist with the division of the peak of 0.45 V into two peaks of 1.74 and 1.30V. For the first charge curve, there are three plateaus around 1.20 V-2.00 V, 2.00 V-2.20 V, and 2.20–2.46 V, corresponding to the three peaks of 1.36, 2.10, and 2.40 V in the first anodic sweep. The voltage plateau of 1.20–2.00 V disappears in the following cycles, indicating the stability of the SEI layer, which is in agreement with the disappearance of the oxidation peak at 1.38 V. After the initial cycle, the discharge-charge curves nearly overlap, which indicates the high reversible cycle stability and the reversible redox reactions of the amorphous sample.
In order to deeply comprehend the enhanced electrochemical performance and the reaction kinetics of the amorphous CoS-140 sample, the electrochemical impedance spectroscopies (EIS) were measured from 10–2 Hz–105 Hz before and after cycling, as is shown in Figure 6. Both the two Nyquist plots (black scatters) are composed of one depressed semicircle in high-frequency regions and one straight line in low-frequency regions, which can be well fitted by the equivalent circuit (red fitting lines) that is shown in the inset of Figure 6A. In the equivalent circuit, the parameter of Rs denotes the ohmic resistance of the electrode and electrolyte, and the parameter of Rct signifies the charge transfer resistance (Wu et al., 2019; Duan et al., 2021; Wu et al., 2021). The fitted Rct after cycling (229.5 Ω) is much lower than that of before cycling (7645 Ω), indicating the higher reaction kinetics activity during the cycles, which is in agreement with the excellent cycle stability and the rate capability shown in Figure 4. Moreover, the Li-ions diffusion coefficient (DLi+) can be obtained by the following equations (Wang et al., 2020b; Duan et al., 2021).
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[image: Figure 6]FIGURE 6 | The EIS of the amorphous CoS-140 sample before (A) and after (B) cycling from 10–2 Hz–105 Hz. The equivalent circuit is shown in the inset of (A).
The parameters of R, T, A, n, F, C, σ, and ω are the general physical parameters gas constant, the measuring temperature, the surface area of the electrode, the number of transferred electrons, the Faraday constant, the concentration of lithium ions, the Warburg coefficient, and the angular frequency, respectively (Wang et al., 2020b; Yuan et al., 2020b). The value of σ could be fitted by Eq. 2 according to the EIS data in the low-frequency regions, and then the Li-ions diffusion coefficient can be calculated by Eq. 1. The Li-ions diffusion coefficient after cycling (1.33×10–13 cm2/s) is much higher than before cycling (6.98×10–17 cm2/s), which also indicates the better electrochemical kinetic activity during cycles. The three-dimensional isotropy structure of the amorphous CoS-140 could promote the penetration of the electrolyte and accelerate the diffusion velocity of the lithium ions into the active materials during the lithium storage process (Etacheri et al., 2015; Wu et al., 2018; Wu et al., 2020).
It is necessary to further understand the reason for the fast reaction kinetic and the energy storage mechanism of the amorphous CoS-140 sample. The CV curves with different scan rates (0.1–3 mV/s) were measured and shown in Figure 7A. The CV curves maintain analogous shapes, while the areas enclosed by the CV curves and the identities of the redox reaction peaks gradually increase with the scan rates, which are always reported by other works of literature (Wu et al., 2019; Duan et al., 2021; Wu et al., 2021). The redox peaks are even evident at the high scan rate of 3 mV/s, indicating the high reaction dynamics (Wang et al., 2020d). The total energy storage of the electrode is generally contributed by two reaction processes of surface capacitive mechanism and diffusion mechanism (Duan et al., 2021), which can be roughly estimated by the following equations (Wang et al., 2020b; Yuan et al., 2020b).
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[image: Figure 7]FIGURE 7 | (A) The CV curves of the amorphous CoS-140 sample with different scan rates (B) The linear fitting of ln (IPeak) vs ln(ν). (C) Capacitive contribution at 1 mV/s. (D) Capacitive contributions at different scan rates.
IPeak represents the currents of the redox peaks at different scan rates marked by the arrows in Figure 7A, and ν denotes the corresponding scan rates. a and b are the variable parameters, and generally, the value of b is between 0.5 and one according to the different contribution ratios of the two parts. When b = 0.5, the electrochemical system is controlled by charge diffusion, while b = 1, the capacitive behavior is dominant (Wu et al., 2019; Wang et al., 2020b; Jiang et al., 2020; Duan et al., 2021; Wu et al., 2021). According to the linear fitting of ln (IPeak) vs ln(ν) shown in Figure 7B the values of b for the three redox reaction peaks are 0.68, 0.59, and 0.78, respectively, which indicates the mixed contribution of surface capacitive effect and diffusion-controlled process. The quantitative contribution of surface capacitive effect for the electrochemical system can be further analyzed by the following equations (Wu et al., 2019; Duan et al., 2021; Wu et al., 2021).
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k1v and k2v1/2 represent the surface capacitive contribution and the charge diffusion contribution, respectively (Wu et al., 2019; Duan et al., 2021). A series of k1 and k2 can be obtained by the slope and intercept of I/ν0.5 vs ν0.5 plots at different voltages. As shown in Figure 7C, the capacity contribution of the surface capacitive effect is 59.7% for the CV curves at the scan rate of 1 mV/s. The surface capacitive contributions for the capacities at different scan rates are shown in Figure 7D. The capacitive behavior contribution ratio gradually increases with the increase of the scan rates. The maximum contribution ratio of 79.8% is achieved at the scan rate of 3.0 mV/s, indicating the dominance of the capacitive behavior at a high scan rate, which is in agreement with the outstanding rate capability. The large contribution ratio of the capacitive behavior could result from the more surface defects and the inside void space of the amorphous structure for the CoS-140 sample, which is beneficial for the enhanced electrochemical performance (Lian et al., 2017; Li et al., 2020a; Liu et al., 2021b).
CONCLUSION
In summary, through controlling the reaction temperatures, a series of amorphous and crystalline cobalt sulfide nanomaterials were prepared by a facile solvothermal method. Compared to the crystalline cobalt sulfide, the amorphous cobalt sulfide exhibited superior electrochemical performance with the initial discharge and charge capacities of 2,132 mAh/g and 1,443 mAh/g at 200 mA/g. The reversible capacity of 1,245 mAh/g after 200 cycles was obtained. After discharge-charge cycles at different current densities, the specific capability increased to 1,047 mAh/g when back to 100 mA/g. The outstanding electrochemical performance of the amorphous cobalt sulfide nanomaterials could result from the special structural characteristics of amorphous materials. The amorphous cobalt sulfide nanomaterials could be used as anodes for LIBs in the future.
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Lithium-ion batteries (LIBs) are widely used in portable electronic devices, electric vehicles and large scale energy storage, due to their considerable energy density, low cost and long cycle life. However, traditional liquid batteries suffer from safety problems such as leakage, thermal runaway and even explosion. Part of the issues are caused by lithium dendrites puncturing the liquid electrolyte during cycling. In order to achieve the objective of higher safety and energy density, a rigid solid-state electrolyte (SSE) is proposed instead of liquid electrolyte (LE). Thereinto, sulfide SSEs have received of the most attention due to their high ionic conductivity. Among all the sulfide SSEs, argyrodite SSEs are considered to be one of the most promising solid-state electrolytes due to their high ionic conductivity, high thermal stability and good processablity. On the other hand, lithium metal is an ideal material for anode because of its high specific energy, low potential and large storage capacity. However, interfacial problems between argyrodite SSEs and the anode (interfacial reactions, lithium dendrites, etc.) are considered to be important factors affecting their availability. In this mini review, we summarize the behavior, properties and problems arising at the interface between argyrodite SSEs and anode. Strategies to solve interface problems and stabilize interfaces in recent years are also discussed. Finally, a brief outlook about argyrodite SSEs is presented.
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INTRODUCTION
With the large-scale use of electrification and the development of energy storage science and technology, there is an urgent demand for a new generation of energy storage materials with high energy density, high safety and long cycle life. Lithium metal has the advantages of high theoretical capacity, low potential and large reserves, has been attracting much attention. The advent of the liquid lithium-ion battery (LIB) has increased the utilization and storage of electrical energy as a result of its high energy density and long cycle life. However, traditional LIBs have safety issues such as leakage and thermal runaway caused by lithium dendrites piercing the liquid electrolyte. In order to solve the safety problem and improve the energy density of the battery, solid-state electrolyte (SSE) is proposed and researched intensively. Inorganic solid electrolytes can be divided into sulfide solid electrolytes, oxide solid electrolytes, halide solid electrolytes, and ect (Tang et al., 2018).
The sulfide solid electrolyte structure is derived from oxide by replacing the oxygen element by sulfur, which expands its original ion radius and thus making the lithium ion transport channel larger (Minami et al., 2000). Since the discovery of binary sulfide solid electrolyte systems Li2S-GeS5, Li2S-P2S5, Li2S-B2S3 has been reported, the most studied glassy sulfide solid electrolyte is the Li2S-P2S5 system (Mercier et al., 1981; Zhang and Kennedy, 1990; Kanno and Murayama, 2001; Zhang et al., 2019a; Zhang et al., 2020a). Glassy sulfide SSEs exhibits higher ionic conductivity than other sulfide SSEs because of the characteristics of intimate particle contact during the extrusion molding process and the eliminated grain boundary resistances (Janek and Zeier, 2016). In the xLi2S-(100-x)P2S5 system, Li3PS4 (75Li2S-25P2S5) (Tatsumisago et al., 2002), Li7PS6 (88 Li2S-P2S5) (Kong et al., 2010), Li7P3S11 (70Li2S-30P2S5) (Yamane et al., 2007), and Li4P2S6 (67Li2S-33P2S5) (Mercier et al., 1982), exhibit relatively high ionic conductivity. In 1976, Goodenough’s team (Goodenough et al., 1976) synthesized NASICON-type oxide solid-state electrolytes by high-temperature solid-phase development. On this basis, the researchers used lithium ions to replace sodium ions and introduced sulfur to synthesize Thio-lithium superionic conductor (Thio-LISICON). Among Thio-LISICONs, Kanno’s team (Kamaya et al., 2011) reported Li10GeP2S12 (LGPS) with the highest room temperature conductivity (12 mS cm−1). The high conductivity of Li10GeP2S12 can be attributed to the fact that the electrolyte has a two-dimensional lithium-ion transport channel in the ab plane of the cell and a one-dimensional fast lithium-ion transport channel in the c axis. Besides, a series of Thio-LISICON of Li10±1MP2S12 (M = Si, Ge, Sn, Ga, Sb or P) was also developed. Li10SnP2S12, as an isomer of LGPS, has gained widespread attention because of the high reserves of Sn elements and low cost (Bron et al., 2013), while ensuring its room temperature conductivity of 4 × 10–3 S cm−1. In Table 1 we have listed several sulfide solid electrolytes and described their properties.
TABLE 1 | Summary of the performance of sulphide solid electrolytes.
[image: Table 1]Although LGPS has an ionic conductivity that compares favorably with that of liquid, but is limited in practical applications by side reactions with the lithium metal anode and narrow electrochemical window. While the LPS system is compatible with mainstream cathode and anode, its low ionic conductivity limits its development prospects. In recent years, argyrodite SSEs have received a lot of attention from researchers due to their high ionic conductivity and relatively stable crystal structure (Zhang et al., 2018). Compared with LGPS and LPS electrolytes, argyrodite SSEs has both high ionic conductivity and good interfacial compatibility (Figure 1A). However, argyrodite SSEs still has many aspects that need to been improved. Problems such as interfacial reactions and disordered growth of lithium dendrites can still occur in argyrodite SSEs and Li-metal anode. To implement argyrodite SSEs for practical applications, the problem at the interface must be solved. In this review, various problems at the interface between argyrodite SSEs and Li anode are comprehensively described, and the research strategies proposed to improve the interface in recent years are summarized. Finally, strategies for these interfacial problems and outlooks are prospected.
[image: Figure 1]FIGURE 1 | (A) Crystal structures of argyrodite sulfide SSEs. (B) Conduction paths of lithium ions in argyrodite SSEs with different degrees of disorder. (C) Comparison of performance of three typical sulfide SSEs. (D) Schematic of lithium dendrite growth. (E) Schematic of interface reaction. (F) Schematic of alloy negative electrode. (G) Pressurization during battery cycling. (H) Schematic of doping using F instead of Cl element.
Inspired by the structure of argyrodite Ag8GeS6, Deiseroth’s team (Deiseroth et al., 2008) has developed a Li6PS5X (X = Cl, Br or I) sulfide solid-state electrolyte. Structural studies have shown that Li6PS5X represents a series of argyrodites whose chemical formulae are based on the known substitution of a halogen atom for an Ag or Cu atom. The structure of Li6PS5X is a cubic crystal structure in which the S2− anion is located in the tetrahedral gap at 16e, P at 4b, and the halogen group elements are located at the apex and face center of the cubic crystal structure. Besides, the structure has four individual S atoms at the 4C position surrounded by 18 Li+ (Figure 1B). These Li+ occupy these positions, and the other half are empty spaces through which Li+ may migrate in the structure (Kraft et al., 2017). In addition to the lithium-ion vacancies, the introduction of different halogen elements also has a great influence on the lithium-ion diffusion in argyrodite SSEs. The difference in conductivity among Li6PS5Cl (1.9 × 10–3 S cm−1), Li6PS5Br (6.8 × 10–4 S cm−1), and Li6PS5I (4.6 × 10–7 S cm−1) depends on the degree of S-X disorder. Since the ionic radii of halogens Cl−, Br− are similar to S2−, the introduction of Cl−, Br− has an obvious site-specific disorder. While I− exhibits an ordered distribution with S2− because of its larger ionic radius, which leads to the room temperature conductivity of Li6PS5I is not as high as the other. Baktash et al. (2020) found that increasing the S-Cl disorder can substantially increase the Li6PS5Cl ionic conductivity. Nazar et al. (Zhou et al., 2019a) further found that the activation energy barrier to reduce the mobility of lithium ions is the key to the disordered distribution of Li+. In addition, their work shows that the use of other elements (Ge, Si, etc.) in partial substitution of phosphorus in addition to halogen atoms can also cause Li+ site disorder. From the above research work, it can be found that anion disorder and the resulting lithium disorder is the key to achieve rapid diffusion of lithium ions (Figure 1C).
INTERFACES BETWEEN ARGYRODITE SOLID-STATE ELECTROLYTES AND LITHIUM-METAL ANODE
Although argyrodite SSEs have high ionic conductivity and relatively good stability at the interface with the anode. However, compared with conventional liquid electrolytes, argyrodite SSEs have ineligible interfacial problems with the anode. Interfacial problems are mainly divided into two aspects as following: one is the growth of lithium dendrites, and the other one is the interfacial reactions. In conventional liquid batteries, the lithium metal is well infiltrated by the liquid electrolyte, which helps to induce relatively smooth lithium deposition. The argyrodite SSEs will have a critical current density in the process of cycling with the lithium anode. When the current density is exceeded the critical current density during plating or stripping, dendritic lithium deposition will form and cause short circuit. When the current density of the stripped lithium exceeds its own rate of replenishment, the lithium metal forms voids at the interface and aggravate the uneven deposition of lithium. (Koerver et al., 2017; Manalastas et al., 2019) Bruce et al. (Kasemchainan et al., 2019) found that these voids will only be partially eliminated in the following cycles, and the remainder will gradually accumulate as the cycles increase. The accumulation of these voids reduces the contact area at the interface and increases the local current density, which eventually leads to the generation of lithium dendrites (Figure 1D). In further work, they also found a close relationship between the magnitude of the critical current density leading to lithium dendrite generation and pressure. When the applied pressure is greater than 0.81 MPa, the lithium metal is deformed plastically, and creep rather than diffusion of the lithium metal is the main mechanism for lithium transport to the interface. Ning et al. (2021) proposed that lithium dendrites are inextricably linked to cracks of SSEs generated during cycling. Studies using in situ X-ray computed tomography revealed that small cracks appear first at the edges of the electrolyte during lithium deposition. The current density is enhanced at the edges of these cracks, inducing the deposition of lithium (Tang et al., 2009). With more and more lithium depositions at the cracks, the original cracks show dendritic expansion. The formation of lithium dendrites has a great relationship with the local current density, so that the control of the local current density can inhibit the generation of lithium dendrites.
In addition to the lithium dendrite issue, the interfacial reactions induced by the thermodynamic instability between argyrodite SSEs and anode are also worth of attention. Juergen et al.(Wenzel et al., 2018) dopted X-ray photoelectron spectroscopy to confirm that Li6PS5X will decompose at interface due to the strong reduction of lithium. Some of the Li6PS5X decomposed on the surface of lithium metal to form solid electrolyte interphase (SEI) with the ingredient of decomposition products such as Li3P, Li2S and LiX (Figure 1E). The SEI leads to an increase in interfacial resistance and hinders the conduction of lithium ion. Further study by Wagemaker et al. (Schwietert et al., 2020) revealed that the thermodynamic decomposition reaction of argyrodite SSEs with the anode side is not instantaneous. Taking argyrodite Li6PS5Cl as an example, it was first reduced to the unstable Li11PS5Cl, and then Li11PS5Cl was further reduced to Li2S, LiCl and Li3P. In this process, the generated intermediate phases such as S, Li2S and LiCl not only produce a large volume expansion, but also leading to the destabilization of the kinetics. The continued decomposition of argyrodite SSEs at the interface as the cycle proceeds is the main reason for the increase in interfacial resistance. Our group (Zheng et al., 2021) used in situ Raman energy spectroscopy and in situ electrochemical impedance spectroscopy to find “self-healing” effect of Li6PS5Cl after decomposition. The Li6PS5Cl self-healing mechanism is mainly attributed to the reversible redox reaction that can be achieved by Li6PS5Cl and the consumption of the deposited lithium metal during the redox reaction. The discovery of the self-healing mechanism of argyrodite SSEs provides a new idea and theoretical basis to tackle interface problems.
STRATEGIES FOR THE INTERFACIAL ISSUES
Considering the complex interfacial problem between argyrodite SSEs and Li-metal anode, strategies were proposed from different perspectives. The researchers firstly proposed using an alloy to react with the lithium anode or building a suitable 3D collector to solve the interfacial problem of lithium dendrite. Secondly, the argyrodite SSEs are doped with different elements to artificially construct SEI during the contact with the lithium anode, or to make the argyrodite SSEs flexible or three-dimensional structure to suppress the interfacial reaction.
Alloyed Anode and 3D Current Collectors
Lithium metal has been a popular anode material because of its high specific capacity and the lowest redox potential. However, in practical applications, the generation of lithium dendrites at the interface has hindered its practical application and development. The method of synthesizing alloy anode by lithium and alloy can effectively regulate the growth of lithium dendrites and induce the uniform deposition of lithium during the cycling process. By studying the nucleation mechanism of lithium on different metals, Cui et al. (Yan et al., 2016) found that lithium is deposited on different metals with different overpotentials. The selection of different alloy substrates can be used to tune the lithium metal deposition. Wang et al. (Zhang et al., 2021) concluded from the binary phase diagram to explain that lithium exhibits good structural stability during alloying with silver and can form lithium-silver alloys in different ratios. After cycling to lithium stripping, the de-lithiumed porous silver particles can be used as a carrier material to induce the next lithium deposition. While gold and lithium form a lithium-saturated material with limited ability to retain lithium and cannot regulate the deposition of excess lithium, leading to structural instability. Based on the above study, silver is an excellent alloy conductor, which can form various types of lithium-silver solid solutions with lithium continuously and regulating the deposition of lithium. Therefore, Kim et al. (Choi et al., 2022) proposed a Ag-Li alloy anode could be made in large quantities by roll pressing (Figure 1F). In contrast to previous reports, in situ formation of silver-rich silver-lithium intermetallic compounds can induce uniform deposition of lithium after simple roll aging. The Ag-Li spacer can play a role in inducing a uniform deposition of lithium during the cycling process, rather than concentrating on one spot, thus maintaining a more stable SE/Ag-Li interface. By adding a layer of Ag-Li between the lithium anode and Li6PS5Cl, normal cycling at very high current density (12C) was achieved and the growth of lithium dendrites was well suppressed. In addition to the use of alloy anode, lithium-free graphite can also inhibit the growth of lithium dendrites due to its inherent 3D structure. Han et al. (Lee et al., 2020) designed an Ag-C anode that achieves 1000 cycles at high energy density with a Coulombic efficiency of more than 99.8%. Using Ag-C composite anode, the problems of low energy density and cycle life of conventional argyrodite batteries are well solved by the regulation of lithium dendrites of Ag and the 3D structure of graphite to accommodate the volume expansion. Li et al. (Ye and Li, 2021) constructed a sandwich structure of LPSCl-LGPS-LPSCl to overcome the instability between LGPS and Li. The “expansion screw effect” of the LGPS decomposition is used to fill the empty space created by the decomposition of the LPSCL. This property can inhibit the growth of lithium dendrites.
In addition to the widespread use of silver and lithium to form lithium-silver alloys to regulate the growth of lithium dendrites, other alloying elements also have their advantages in regulating lithium dendrites. Zhang et al. (Luo et al., 2021) took advantage of the inherent good deformability of the Li-In alloy to assemble the cell under high pressure to make a tighter fit between the electrolyte and the negative electrode of the alloy (Figure 1H). The close contact between the electrolyte and the anode eliminates the voids at the interface and suppresses the generation of lithium dendrites. Hayashi et al. (Kato et al., 2018) took advantage of the fact that Au can form a lithium-gold alloy with lithium to add a layer of gold foil between the electrolyte and the lithium anode, increasing the sites for lithium deposition, while the resulting lithium-gold alloy can fill the gap formed after the lithium is stripped well. Due to the greater binding energy with lithium than the electrolyte, alloying elements will preferentially combine with lithium metal to form Li-alloy anode, thereby leading to uniform deposition of lithium and avoiding lithium dendrite generation.
Modification of the Argyrodite Solid-State Electrolytes
In addition to the formation of lithium dendrites due to the inhomogeneous deposition of lithium, another serious interfacial problem between lithium metal anode and argyrodite SSEs is the interfacial reaction (Xu et al., 2018a; Zhang et al., 2019b). Due to the high reduction of lithium metal anode, argyrodite SSEs easily reduced by lithium metal at the interface and decomposed into intermediate phases such as Li2S, Li3P. The passivation layer composed of these intermediate phases will increase the interfacial impedance as the battery cycle progresses, resulting in degradation of the battery performance. It has been previously reported (Xu et al., 2018b), (Fan et al., 2018) that pretreatment of lithium metal surfaces with chemicals containing I or F can effectively reduce interfacial resistance and inhibit interfacial reactions (Zhang et al., 2020b). In order to improve the stability of the lithium metal anode/argyrodite interface, Sun et al. (Zhao et al., 2020) proposed the fluorination of Li6LP5Cl. The fluorinated LPSCl0.3F0.7 electrolyte was synthesized by introducing the element F into the Li6LP5Cl electrolyte using a solid-state synthesis method. During the cycling process, a dense and well-conducting LiF is in situ generated at the interface between LPSCl0.3F0.7 and lithium metal (Figure 1H). The sheet-like LiF prevents the contact between the electrolyte and the lithium metal, thus inhibiting the interfacial reactions. Tu et al. (Liu et al., 2021) synthesized LPSNCl by solid-phase method using partial substitution of N atoms for S atoms and discovered that the tetrahedral position occupied by N atoms in the crystal could make the crystal structure more stable. During the cycling process, the electrolyte generates a LiN-rich SEI layer in situ on the surface of the lithium anode, successfully curbing the continual occurrence of interfacial reactions. Apart from doping of other elements to induce the in situ generation of SEI to suppress the interfacial reaction, the construction of three-dimensional and flexible electrolytes can also contain the interfacial reaction. Zhu et al. (Cao et al., 2021) synthesized flexible and highly ion-conductive electrolyte films using ethylcellulose and LPSCl. The electrolyte film can fully contact with the lithium metal anode, inhibit the growth of lithium dendrites under high pressure, and its own excellent thermal stability can inhibit the decomposition of the electrolyte film during cycling. Cui et al. (Wang et al., 2021) synthesized a three-dimensional porous LPSCl skeleton using SeS2 as pore-forming agent, which reduced the problem of poor solid-solid contact between electrolyte and anode by means of in situ polymerization and greatly reduced the interfacial resistance.
SUMMARY AND OUTLOOK
Argyrodite SSEs are attracting more and more attention because of their high ionic conductivity and their self-healing mechanism when reacting with lithium metal anode. Nevertheless, the complex interface problems between argyrodite SSEs and lithium metal anode limit their practical use. Growth of lithium dendrites due to excessive local current density from voids created during lithium stripping/deposition when matched with argyrodite SSEs. Because of the strong reduction of lithium, the increasing interfacial resistance due to the continuous decomposition of argyrodite SSEs at the Li-metal anode interface is another interface problem which limits the practical application of argyrodite SSEs. In response to these obvious interface problems, a number of solutions have been proposed. The construction of the alloy anode can effectively guide the uniform deposition of lithium, thus reducing the growth of lithium dendrites due to uneven deposition during lithium stripping. Elemental doping of argyrodite SSEs allows the electrolyte to generate a dense SEI film in situ with the lithium metal anode during cycling, which can inhibit the continual occurrence of interfacial reactions. Although many interface issues still need to be resolved, the future of argyrodite batteries is still worthy of anticipation. We present our outlook on interface issues from the following perspectives.
1) Mechanism of interfacial lithium deposition need to be furtherly explored. Although a large amount of work has been done to summarize the mechanism of lithium ion transport at the interface. The issues such as the preferred sites for lithium deposition during deposition, the connection between the voids created by exfoliation and the deposition sites, still lack in-depth studies. We expect to use more three-dimensional and clearer characterization tools to characterize the whole process of lithium dendrite growth. Combining these characterization tools with the study of interfacial mechanisms will lead to more specific solutions.
2) Development of novel argyrodite SSEs. For argyrodite SSEs, the behavior of spontaneous decomposition during contact with lithium metal limits their use. The application of various elemental covalently generates a dense SEI layer in situ to suppress the interfacial reaction while maintaining the ionic conductivity.
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The pursuit of electrochemical energy storage has led to a pressing need on materials with high capacities and energy densities; however, further progress is plagued by the restrictive capacity (372 mAh g−1) of conventional graphite materials. Tungsten trioxide (WO3)-based anodes feature high theoretical capacity (693 mAh g−1), suitable potential, and affordable cost, arousing ever-increasing attention and intense efforts. Nonetheless, developing high-performance WO3 electrodes that accommodate lithium ions remains a daunting challenge on account of sluggish kinetics characteristics and large volume strain. Herein, the well-designed hierarchical WO3 agglomerates assembled with straight and parallel aligned nanoribbons are fabricated and evaluated as an anode of lithium-ion batteries (LIBs), which exhibits an ultra-high capacity and excellent rate capability. At a current density of 1,000 mA g−1, a reversible capacity as high as 522.7 mAh g−1 can be maintained after 800 cycles, corresponding to a high capacity retention of ∼80%, demonstrating an exceptional long-durability cyclic performance. Furthermore, the mechanistic studies on the lithium storage processes of WO3 are probed, providing a foundation for further optimizations and rational designs. These results indicate that the well-designed hierarchical WO3 agglomerates display great potential for applications in the field of high-performance LIBs.
Keywords: WO3, hierarchical structure, nanoribbons, lithium-ion batteries, high performances
INTRODUCTION
The commercialization of electrochemical energy storage (EES) systems, especially lithium-ion batteries (LIBs), has brought revolutionary changes in the industrial structure of energy storage (Abakumov et al., 2020; Liu L. et al., 2020; Eum et al., 2020; Gao et al., 2020). However, in spite of the mature technology of LIBs, which undergoes uncasting optimization for decades, the LIB systems are still seriously bottlenecked by conventional graphite materials on account of their low theoretical capacities, thus severely restricting the overall energy density of EES devices (Zhang and Qi, 2016; Qu et al., 2019). In this respect, considerable efforts were devoted to design and exploit novel alternative anode materials with larger reversible capacity and energy density (Li H. et al., 2021; Li Q. et al., 2021; Yue et al., 2022). As a renowned part of the potential electrode material family, tungsten trioxide (WO3) has attracted tremendous attention due to its excellent chemical stability, high theoretical capacity (693 mAh g−1), and low cost (Yao et al., 2017; Bekarevich et al., 2020).
Although WO3 has been widely investigated as hosts for energy storage, the applications of WO3 in LIBs are still hindered by its intrinsic inferior conductivity and large volume strain, resulting in poor rate capabilities, sluggish kinetics, and rapid capacity fading in practical applications, thus seriously inhibiting its further development (Sasidharan et al., 2012; Yoon et al., 2014; Bekarevich et al., 2020; Xiao Y. et al., 2021; Rastgoo-Deylami et al., 2021; Hou et al., 2022). To conquer the obstacles above, various strategies have been approached in recent reports, in which the well-known examples of one-dimension (1D) structure offered the natural starting point (Luo et al., 2021). 1D single crystal WO3 nanowires fabricated by Gu et al. delivered a discharge capacity of 218 mAh g−1 for the first cycle under a current of 50 mA g−1, and a capacity retention of 75.2% after 50 cycles, which can be largely attributed to the robust structural stability given by the 1D structure (Gu et al., 2007; Huang et al., 2020; Li et al., 2020). On the other hand, hierarchical structures have demonstrated their favorable Li-ion storage properties (Zhao et al., 2019; Liang et al., 2022). Duan et al. prepared biconical hexagonal (h-WO3) mesocrystals by an ionic liquid-assisted hydrothermal route; the specific capacity of h-WO3 mesocrystals can be maintained at 426 mAh g−1 at 50 mA g−1 after 50 cycles, benefiting from its inherent uniform porosity associated with well-defined nanoparticle orientation (Duan et al., 2015; Liu C. et al., 2020). However, noticeable capacity degradation was observed (1,379 mAh g−1 for initial discharge and 30.9% capacity retention on 50th cycle). Beyond these, vacancy engineering (Tu et al., 2018; Li et al., 2019) or developing hybridization of WO3 with conductive carbon-based materials (Yu et al., 2013; Di et al., 2019; Lee et al., 2021) have also been used to lower the bandgap and diffusion barriers, but the capacity retention is still limited during prolonged cycling. In this respect, despite these attempts, it remains an enormous challenge to improve the specific capacity and cyclic stability concurrently to satisfy future large-scale commercial applications (Xiao Z. et al., 2021; Du et al., 2021).
In light of the above consideration, herein, the well-designed WO3 agglomerates assembled with straight and parallel aligned nanoribbons are prepared via a one-step hydrothermal method for high-performance LIBs. Benefiting from the unique hierarchical structure of WO3 agglomerates with high electrode–electrolyte contact area, short Li-ion pathway, and good strain accommodation, the electrode exhibits dramatically enhanced Li-ion storage properties in cyclic stability, specific capacity concurrently, along with a high capacity retention of ∼80% (661.5 mAh g−1 for initial discharge and 522.7 mAh g−1 after 800 cycles at 1,000 mA g−1), remarkably higher than those of the state-of-the-art WO3-based anodes. Moreover, kinetics analysis and Li-ion diffusion chemistry of the hierarchical WO3 agglomerates are investigated, providing a deeper insight into the mechanical origins of the improvement on Li-ion storage properties. These intriguing findings showcase the intrinsic desirable Li-ion storage performance of the hierarchical WO3 agglomerates and open new opportunities for the applications of high-performance LIBs by informing more rational designs.
EXPERIMENTAL SECTION
Synthesis of Hierarchical WO3 Agglomerates
All the chemicals were used as received without further purifications. In a typical synthesis of hierarchical WO3 agglomerates, 0.3 g of (NH4)10W12O41·xH2O and 0.2 g of C2H2O4·2H2O dispersed in 30 ml of deionized water. After stirring for 30 min, the homogeneous solution was transferred into a 60-ml Teflon-lined autoclave and hydrothermal reaction proceeded at 180°C for 8 h in an electric oven. After cooling to room temperature, the obtained products were washed sequentially with deionized water and ethanol for three times, and they were finally dried overnight at 60°C. For comparison, pure WO3 with different morphologies were synthesized via the same route except that the hydrothermal time was set as 4 and 12 h, respectively.
Material Characterization
The phase purity of the products was detected by powder X-ray diffraction (XRD, Bruker D8 Advance, Germany) with a Cu Kα radiation. X-ray photoelectron spectroscopy (XPS) measurements were performed by an ESCALAB250Xi system using a monochromatic Al Ka1 source. The surface morphology of materials was explored by field-emission scanning electron microscopy (FESEM, ZEISS, Sigma-300) and transmission electron microscopy (TEM, JEOL, JEM-2100F).
Electrochemical Measurement
The working electrode slurries were obtained by mixing the active materials, Super P, and carboxyl methyl cellulose (CMC) (weight ratio = 7:2:1) in deionized water. The obtained slurries were coated on the copper foil; 1 M solution of LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl carbonate (DEC) with a volume ratio of 1:1:1 was employed as the electrolyte, and the Celgard 2,250 film (Whatman) was selected as separator. The galvanostatic discharge–charge measurements were performed on a multichannel battery tester (LAND-CT2001A). The cyclic voltammetry (CV) and electrochemical impedance spectroscopic (EIS) curves were conducted on an electrochemical workstation (IVIUM technologies, Vertex).
RESULTS AND DISCUSSION
Figure 1A provides a schematic description of the synthesis strategy of the hierarchical WO3 agglomerates, which was prepared via a simple one-step hydrothermal method using (NH4)10W12O41·xH2O as the tungsten source (details are described in the Experimental section). Through regulating the hydrothermal time, the pure WO3 products with controllable morphology could be obtained. The XRD testing was first carried out to investigate the phase purity of the as-prepared products. As shown in Figure 1B, the green lines stand for the final products. The obvious sharp and strong diffraction peaks indicates high-crystallinity of WO3, which can be well indexed to typical hexagonal (JCPDS No. 85-2459) phase without any unknown impurity peaks (Pachfule et al., 2016). The XPS spectrum was also performed to analyze the elemental composition and surface chemical bonding state of the products (Tong et al., 2016). The survey spectrum shows that the prepared WO3 consists of C, O, and W elements (Supplementary Figure S1). The high-resolution XPS of W 4f (Figure 1C) exhibits two characteristic peaks located at 35.0 and 37.1 eV that correspond to the W 4f7/2 and W 4f5/2 levels (Grugeon et al., 2001). The O 1s XPS spectra in Figure 1D shows the peaks at 529.8 eV, which is ascribed to the W-O bonding mode of WO3 (Poizot et al., 2000). The XPS results further confirm the phase purity of WO3, in keeping with the above XRD analysis.
[image: Figure 1]FIGURE 1 | (A) Synthetic route of the prepared WO3 product. (B) The XRD patterns of the hierarchical WO3 agglomerates. (C) W 4f spectra and (D) O 1s spectra of the hierarchical WO3 agglomerates.
To study the morphologies and microstructures of the prepared WO3 products, FESEM and TEM were conducted (Figure 2). As displayed in Figures 2A–C, the structure of product consists of straight and parallel aligned nanoribbons with a periodic stacking. These secondary 1D nanoribbons have a diameter of approximately 20 nm, offering abundant active sites for lithium ions/electrons exchange between the electrode and the electrolyte, (Liu L. et al., 2020), which is conducive to achieving good electrochemical performances. Supplementary Figure S2 and Supplementary Figure S3 exhibit the FESEM images of the contrast samples synthesized under different hydrothermal time. Interestingly, with the decrease of the hydrothermal time, the product features a multilayer brick morphology (Supplementary Figure S2, denoted as WO3 bricks); however, when the hydrothermal time increases, a micro-sphere assembled with some irregular nanoribbons can be obtained (Supplementary Figure S3, denoted as WO3 micro-spheres). It can be seen that the hydrothermal time plays a key role in the formation of the different structures of the WO3 electrode. In addition, the XRD patterns of the above-mentioned WO3 bricks and WO3 micro-spheres were also tested, which can be found in Supplementary Figure S4 and Supplementary Figure S5, respectively. TEM and high-resolution TEM (HRTEM) images of the hierarchical WO3 agglomerates (shown in Figures 2D,E) further reveal the crystallographic orientation and unique stacking straight and parallel aligned nanoribbons structure (Chen et al., 2019). The lattice-resolved HRTEM image exhibits the clear lattice with a spacing of 0.385 nm for the (002) planes of WO3 (Figure 2E). Moreover, the corresponding fast Fourier transform (FFT) pattern (Figure 2F) also shows the existence of (002) facets, further confirming the high purity of the prepared WO3.
[image: Figure 2]FIGURE 2 | (A–C) FESEM, (D) TEM, and (E) HRTEM images of the hierarchical WO3 agglomerates assembled with straight and parallel aligned nanoribbons. (F) The corresponding FFT patterns.
To explore the potential of these as-prepared WO3 products for Li-ion storage, half-cells were assembled with Li metal as the counter and reference electrodes. The CV curves of the hierarchical WO3 agglomerates at a scan rate of 0.2 mV s−1 in the voltage window of 0.01–3.0 V (vs. Li/Li+) are presented in Figure 3A. Apparently, the reduction peaks between 0.3 and 2 V in the cathodic polarization process are observed in the first cycle, which can be ascribed to the decomposition of the electrolyte and the formation of the solid–electrolyte interface (SEI) (Dahbi et al., 2016; Wang et al., 2018; Yao et al., 2018; Huang et al., 2020). On the following cycles, the broad reduction peak at ∼1.0 V on the cathodic scan and the corresponding oxidation peak at ∼1.5 V on the reversible anodic scan are related to the Li+ intercalation–deintercalation processes (Yoon et al., 2014; Li B. et al., 2016; Pathak et al., 2018; Huang et al., 2020). Additionally, the reduction peak observed below 0.25 V can be associated with the conversion of W6+ to W0, which could cause the destruction of WO3 lattice structure to a certain extent (Rastgoo-Deylami et al., 2021). The CV curves of the pure WO3 bricks and WO3 micro-spheres are also shown in Figures 3B,C, which exhibits similar shapes to that of hierarchical WO3 agglomerates. For further comparison, Figures 3D–F illustrate the charge/discharge curves of hierarchical WO3 agglomerates, WO3 bricks, and WO3 micro-spheres under a stationary current density of 100 mA g−1 within the voltage range of 0.01–3.0 V (vs. Li/Li+). Note that, from all the three electrodes, the difference in discharge-specific capacity is quite obvious between the first two cycles, but achieves stability in the subsequent cycles, which can be possibly explained by the stable surface state and electrochemical reversibility after the initial activation process (Liang et al., 2021a; Wang et al., 2021). However, the hierarchical WO3 agglomerate electrode exhibits a higher discharge capacity of 487.6 mAh g−1 after the first cycle, much better than WO3 bricks (377.7 mAh g−1) and WO3 micro-spheres (393.6 mAh g−1). The superior performance of the hierarchical WO3 agglomerates was also observed in rate capability tests under various current densities, which is plotted in Figure 3G. A highly reversible capacity of 437.7 mAh g−1 at 100 mA g−1 is obtained, maintaining 121.4 mAh g−1 when the current density reaches as high as 5,000 mA g−1, demonstrating the best sustainable high current endurance of the hierarchical WO3 agglomerates among all the samples. Regarding the long-term cycling stability (Figure 3H), reversible capacities of 522.7, 325.9, and 272.3 mAh g−1 are retained for the hierarchical WO3 agglomerate, WO3 brick, and WO3 micro-sphere electrodes, respectively, after 800 cycles at a high current density of 1,000 mA g−1, indicating an outstanding long cycle life of the prepared hierarchical WO3 agglomerates. We further compared the performance parameter with state-of-the-art representatively reported congeneric LIBs, which are shown in Supplementary Figure S6 and Supplementary Table S1.
[image: Figure 3]FIGURE 3 | Electrochemical performance of the prepared WO3 products. (A–C) CV curves of the hierarchical WO3 agglomerates, WO3 bricks, and WO3 micro-spheres at a scan rate of 0.2 mV s−1, respectively. (D–F) Galvanostatic charge/discharge profiles of the hierarchical WO3 agglomerates, WO3 bricks, and WO3 micro-spheres at 100 mA g−1 during the first three cycles, respectively. (G) Rate performance of these prepared WO3 samples at various current densities from 100 to 5,000 mA g−1. (H) Cycling performances of these three prepared WO3 samples at 1,000 mA g−1.
To study the dynamic characteristics of the hierarchical WO3 agglomerate, WO3 brick, and WO3 micro-sphere electrodes, the EIS measurement was carried out (see Figure 4A). The depressed semicircle in high-frequency regions represents the charge transfer resistance at the interface of electrode/electrolyte, while the inclined line in low-frequency regions associated with the mass transfer process (Shaibani et al., 2020; Jiang et al., 2021). Obviously, the EIS result reveals that the hierarchical WO3 agglomerate electrode shows significant smaller charge transfer resistance compared to that of WO3 brick and WO3 micro-sphere electrodes, which could be ascribed to the larger specific surface area and structural integrity of the hierarchical WO3 agglomerate electrode. To seek an in-depth understanding of the electrode kinetics of the hierarchical WO3 agglomerate electrode materials, the galvanostatic intermittent titration technique (GITT) is conducted to analyze the Li-ion diffusion coefficient (DLi+) during lithiation and delithiation. Of note, the cell was given five cycles at 100 mA g−1 to reach its thermal equilibrium state (Chen et al., 2019). In addition, the batteries alternately discharged for 15 min, rested for 60 min, and then charged for 15 min in the same way. DLi+ can be calculated via
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where τ represents the relaxation time, and m, M, Vm, and A represent the active material mass, molar mass, molar volume, and the electrode geometric area, respectively. ΔEs denotes the voltage changes during the relaxation period, and ΔEτ is the variation during the current pulse. As shown in Figure 4B, the calculated DLi+ of Li+ is in the order of 10−11.5–10−13.1 cm2 s−1, which is highly comparable to those well-designed metal oxide-based electrode materials (Zhao et al., 2020). CV curves were also tested to explore the reaction kinetics of the hierarchical WO3 agglomerate electrode. Figure 4C demonstrates the CV curves of the hierarchical WO3 agglomerate electrode at various sweep rates from 0.2 to 5 mV s−1 within a voltage range of 0.01–3 V. As the scan rates increase, the CV profiles remain similar except that the cathodic and anodic peaks slightly shift and gradually broaden. A power-law (i = avb) can be used to describe the relationship between the peak current (i) and scan rate (v), where a and b are defined as adjustable parameters (He et al., 2014; Liu et al., 2021). In principle, a b value of 0.5 means that the current is controlled by semi-infinite diffusion, while 1.0 indicates a surface capacitive-controlled behavior (Wang et al., 2019; Fu et al., 2020). By fitting the profiles of log(i) as a function of log(v) (Figure 4D), the calculated b values of 0.71 and 0.51 are computed for the cathodic and anodic peaks, respectively, indicating that the charge storage of the hierarchical WO3 agglomerates is mainly dominated by the joint effect of diffusion and capacitive-controlled processes (Hwang et al., 2019; Liang et al., 2021b).
[image: Figure 4]FIGURE 4 | (A) Nyquist impedance plots for the hierarchical WO3 agglomerates, WO3 bricks, and WO3 micro-sphere electrodes, respectively. (B) GITT curves of the hierarchical WO3 agglomerates and the corresponding diffusion coefficients versus state of charge and discharge. (C) CV curves of the hierarchical WO3 agglomerate electrodes at different scan rates. (D) Corresponding plots of log(i) versus log(v) at cathodic and anodic peaks.
To reveal the charge storage mechanism of the hierarchical WO3 agglomerates, the ex situ XPS analyses are conducted at fully discharged/charged states to explore the valence state of tungsten and oxygen elements. The high-resolution XPS of W 4f presented in Figure 5A shows that two peaks appeared at binding energies of 35.1 and 37.1 eV at the fully discharged state, which can be ascribed to the W4f7/2 and W4f5/2 of W6+, respectively (Tong et al., 2016). In addition, two other small W 4f core level peaks centered at 32.1 and 33.5 eV also emerge in the XPS spectra, indicative of the formation of elemental tungsten as a result of Li+ intercalation (Tong et al., 2016). After being fully charged (Figure 5B), the doublet at 34.9 and 37.1 eV are detected in the high-resolution XPS of W 4f, which corresponds to the W4f7/2 and W4f5/2 of W6+. Figures 5C,D show the O 1s XPS spectra of the hierarchical WO3 agglomerates at fully discharged and charged stages. As demonstrated, the XPS measurement shows a stable typical peak located at 529.8 eV, which is attributed to the W-O bonding mode of WO3 (Li P. et al., 2016), indicating that oxygen does not participate in charge compensation during cycling. According to previous works (Kumagai et al., 1996; Gu et al., 2007; Huang et al., 2008), the energy storage in WO3 has been proved to be highly associated with lithium intercalation/de-intercalation during the cycling process. Combining with the XPS results, we further confirm that the charge storage mechanism of the prepared hierarchical WO3 agglomerates firstly occurs with Li+ intercalation and then the conversion of partial tungsten elements during the discharging process, which can also be found in other metal oxides (Poizot et al., 2000; Grugeon et al., 2001).
[image: Figure 5]FIGURE 5 | (A, B) Ex situ XPS spectra of the W 4f region of fully discharged and charged hierarchical WO3 agglomerate electrodes. (C, D) O 1s region of fully discharged and charged hierarchical WO3 agglomerate electrodes. (E) Schematic illustration of the proposed charge storage mechanism for WO3-based LIBs.
Based on the above analysis and discussions, the reaction mechanism of the hierarchical WO3 agglomerates in the charge/discharge processes can be schematically illustrated in Figure 5E, and the proposed mechanisms can be approximately expressed as follows (Wu and Yao, 2017; Wang et al., 2019):
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The Li+ insertion and extraction reaction are represented by Eq. 2, and x represents the ratio of lithium ion to tungsten oxide. Eq. 3 shows that the typical conversion reaction occurs at the electrode, where the zero-valent tungsten can be generated. The mechanistic insights into the energy storage processes in WO3-based materials are helpful to design and prepare advanced electrode structures in enhancing the Li storage performances for high-energy LIBs.
CONCLUSION
To summarize, hierarchical WO3 agglomerates assembled with straight and parallel aligned nanoribbons have been successfully prepared by a facile hydrothermal approach, and introduced as a novel promising anode material for LIBs. The unique hierarchical agglomerate structure building by secondary 1D nanoribbons with a large interior space can effectively increase the electrode/electrolyte contact area, provide sufficient accessible active sites, and enable rapid transport of both Li ions and electrons. Electrochemical tests demonstrate that the prepared hierarchical WO3 agglomerates show remarkable Li storage properties including high reversible specific capacity, outstanding rate capability, and excellent cycling stability, making it a very attractive anode for LIBs. This study paves the way to develop transition-metal-based electrode materials with well-designed architecture for applications in high-performance LIBs.
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Nickel sulfide has been widely studied as an anode material for lithium-ion batteries due to its environmental friendliness, low cost, high conductivity, and high theoretical capacity. A simple hydrothermal method was used to prepare NiS nanospheres materials with the size in the range of 100–500 nm. The NiS nanospheres electrodes exhibited a high reversible capacity of 1402.3 mAh g−1 at 200 mA g−1 after 280 cycles and a strong rate capability of 814.8 mAh g−1 at 0.8 A g−1 and 1130.5 mAh g−1 when back to 0.1 A g−1. Excellent electrochemical properties and the simple preparation method of the NiS nanospheres make it possible to prepare NiS on a large scale as the anode of lithium-ion batteries.
Keywords: anodes, lithium-ion batteries, hydrothermal method, NiS nanospheres, electrochemical performance
INTRODUCTION
With the gradual exhaustion of fossil energy and the resulting emission of carbon oxides, the development of new green and sustainable energy, such as wind energy and solar energy, presents a strong trend, which puts forward higher requirements for energy storage and conversion technology (Li S. et al., 2021). As new energy storage devices, lithium-ion batteries (LIBs) have been widely studied due to their long service life, no memory effect, high charging efficiency, and environmental friendliness (Hong and Song, 2018; Hou et al., 2020; Li W. et al., 2020; Teng et al., 2020; Zheng et al., 2020; Gao et al., 2021; Li H. et al., 2021; Li Z. et al., 2021; Wang L et al., 2021). Since LIBs were commercialized by Sony in 1991, graphite has been the main anode of LIBs for a long period (Park and Lee, 2019). Although graphite has high conductivity and good cycling stability, its poor rate performance and low theoretical capacity will limit its application and development in the future (Dong et al., 2019; Ren et al., 2021; Xia et al., 2021).
Nanomaterials have shown excellent physical and chemical properties in many fields due to their larger specific surface area and higher activity (Wang et al., 2014; Wang et al., 2017; Li H. et al., 2019; Zhou et al., 2019; Gu et al., 2021; Wang X et al., 2021; Zhao et al., 2021; Liang et al., 2022; Wang et al., 2022). Transition metal sulfide (TMS) nanomaterials have been extensively researched in the field of the anode materials of LIBs due to low redox potential, good conductivity, strong cycling stability, and high theoretical capacity (Zhao et al., 2018; Wang et al., 2020; Yang et al., 2021). Among them, NiS is an excellent choice to replace graphite anodes because of its good stability, high theoretical capacity (590 mAh g−1), and high conductivity (Ren et al., 2021). Recently, Lee et al. synthesized hierarchical carbon-coated NiS with a discharge capacity of 606 mAh g−1 after 100 cycles (Park and Lee, 2019). Gao et al. prepared porous NiS@NSC tubules using biological templates, which showed a discharge capacity of 715.9 mAh g−1 at the 200th cycle (Dong et al., 2019). Wang et al. prepared NiS/C nanomaterials with biomass biochar, exhibiting a reversible capacity of 411.6 mAh g−1 at the 100th cycle (Xia et al., 2021). However, most NiS nanomaterials have not shown the satisfying reversible capacity and cycle stability, and complex preparations restricted its mass production.
In this work, NiS nanospheres were prepared by a hydrothermal method and showed outstanding performance as anodes for LIBs. The initial discharge and charge capacities reached 1418.5 mAh g−1 and 778.3 mAh g−1 at 0.2 A g−1, respectively. The reversible capacity was up to 1402.3 mAh g−1 after 280 charging-discharging cycles. The discharge specific capacity of NiS nanospheres reached 814.8 mAh g−1 at 0.8 A g−1, and it increased to 1130.5 mAh g−1 when back to 0.1 A g−1, indicating an enhanced rate capability. The outstanding electrochemical performance indicated that the NiS nanosphere materials are more potential anodes for LIBs.
METHODS OF PREPARATION AND CHARACTERIZATION
Preparation of NiS Nanospheres
The schematic diagram of the preparation process of NiS nanospheres is shown in Figure 1. There were 244.85 mg (2 mmol) of L-cysteine and 475.38 mg (2 mmol) of NiCl2·6H2O added into ethylene glycol (35 ml) and stirred by a magnetic stirrer for more than 2 h. The mixture was transferred to a Teflon-sealed autoclave and thoroughly reacted for 24 h at 200°C. The black powder samples were acquired after alternately washing 6 times with deionized water and ethanol in a centrifuge (10,000 rpm for 10 min) and drying at 70°C in a vacuum for 12 h.
[image: Figure 1]FIGURE 1 | The schematic diagram of preparing NiS nanospheres.
Characterization of NiS Nanospheres
X-ray diffraction (XRD, SmartLab, Rigku Japan) and scanning electron microscope (SEM, GeminiSEM300, Zeiss, Germany) were used to characterize the composition, structure, and morphology of the black powder. The scan rate of the Cu Кα radiation is 5°/min in the range of 20°–80° for the XRD measurements.
Electrochemical Test of NiS Nanospheres
The anodes were made of carboxymethyl cellulose (CMC), carbon black, and NiS nanospheres powders (mass ratio 7:2:1). After coating the mixed paste on copper foil uniformly, the copper foil was dried for 12 h at 70°C under vacuum and cut into discs (113 mm2). The CR-2032 cells were assembled in argon with Celgard 2250 films used as the diaphragm, 1M LiPF6 solution with dimethyl ethyl carbonate and ethyl carbonate (v/v = 1:1) used as the electrolyte, and lithium disks used as counter-electrodes.
Land-CT3001A battery testing systems were used for the cycle performance test of NiS nanospheres at several different current densities. The electrochemical impedance spectroscopy (EIS, 10−2–105 Hz) and the cyclic voltammetry (CV, 0.1–1.5 mV s−1) curves were determined by a CHI660E electrochemical workstation. The electrochemical tests were realized at room temperature between 0.01 and 3.0 V.
RESULTS AND DISCUSSION
Structure and Morphology of NiS Nanospheres
The XRD patterns of the materials shown in Figure 2A have a high degree of matching with the standard card PDF No. 02-1280, which shows that the sample is pure NiS and no other components exist. The sharp diffraction peaks indicate that the samples are crystalline. In addition, the different peaks at 30.167°, 34.742°, 46.034°, 53.546°, and 73.327°, respectively, corresponded to the (100), (101), (102), (110), and (202) crystal planes of NiS. To further investigate the morphology, the NiS material was tested by SEM. The materials consisted of nanospheres with sizes between 100 and 500 nm as shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) XRD patterns and (B) the SEM image of the material.
Electrochemical Performance of NiS Nanospheres
The initial five CV curves were measured at 0.1 mV s−1, as is shown in Figure 3A. In CV curves, three reduction peaks existed near 0.94, 1.32, and 1.58 V during the first cathode sweep (lithiation). The peak at 0.94 V denotes the formation of the solid electrolyte interphase (SEI) layer, which can be seen from the fact that this peak no longer exists in the second circle (Duan et al., 2015; Fan et al., 2017; Jin et al., 2017; Dong et al., 2019). The reduction peaks at 1.58 and 1.32 V represent the reduction process from NiS to Ni, which corresponds to the two reactions of Equations 1 and 2, respectively (Wang et al., 2011; Dong et al., 2019; Xia et al., 2021).
[image: image]
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[image: Figure 3]FIGURE 3 | (A) Initial five CV curves. (B) Initial five discharge and charge curves.
In the second cycle, the two peaks shifted to 1.74 and 1.27 V, while in the third cycle, they shifted to 1.77 and 1.35 V, which was due to the activation of the materials (Ni et al., 2012). The two reduction peaks in subsequent cycles almost completely coincide with that in the third cycle, which indicates the stable reduction reaction process.
Two oxidation peaks can be observed near 1.46 and 2.17 V during the first anode sweep (delithiation). The peak at 1.46 V, which vanishes in following cycles, represents the decomposition of the SEI layer (Vadivazhagan et al., 2021; Xia et al., 2021), and the peak at 2.17 V relates to the reaction of Ni to NiS (Vadivazhagan et al., 2021), which corresponds to Equation 3 (Vadivazhagan et al., 2021).
[image: image]
The oxidation peak at 2.17 V split into three peaks at 1.99, 2.14, and 2.27 V in the second cycle, which also represents the production of NiS (Han et al., 2017; Ren et al., 2021; Xia et al., 2021). In the subsequent cycles, the peak positions of the oxidation processes almost completely coincide with that in the second cycle, which shows the stable oxidation reaction process and cycle stability.
The initial five constant current discharge-charge curves of NiS nanospheres were measured at 100 mA g−1, as shown in Figure 3B. There is a small platform between 1.6 and 1.7 V and a large platform between 1.0 and 1.5 V during the first discharge process. The small platform corresponds to the reduction process of NiS to Ni3S2, while the large platform signifies the formation of the SEI layer as well as the reduction process of Ni3S2 to Ni, which completely corresponds to the CV curves. There is a small platform near 1.4 V and a large platform near 2.0 V in the first charge process, which corresponds very well to the oxidation peaks in the CV curves. As shown in Figure 3B, the discharge and charge capacities of the first cycle are 1949 mAh g−1 and 1257 mAh g−1 respectively. The discharge and charge capacities can be stable around 1200 mAh g−1 in the following four cycles, which are much higher than the theoretical capacity of NiS (Li Q. et al., 2020; Kim et al., 2020). The phenomenon could originate from the reversible formation of polymeric gel-like films around the transition metal particles (Laruelle et al., 2002), the interface lithium storage (Zhukovskii et al., 2006), and the surface conversion of LiOH to Li2O and LiH (Hu et al., 2013). It is worth noting that the discharge-charge curves almost completely coincide after the first circle, which shows the great electrochemical stability and reversibility.
The cycle performance and the rate capabilities of NiS nanospheres were measured, as shown in Figure 4. The initial discharge and charge capacities at 200 mA g−1 are up to 1418.5 mAh g−1 and 778.3 mAh g−1, respectively. The initial Coulomb efficiency is 54.9% and increases rapidly to more than 90% in the second cycle, and then remains near 100% to the 280th cycle. The cycle curve has two upward trends. The first upward trend during the initial 20 cycles could be ascribed to the active process of NiS nanospheres in the first few redox reaction cycles (Li L. et al., 2019; Li S. et al., 2019), and the second upward trend during the 160th to 280th cycle could be due to the increase of active sites caused by the rupture of the NiS nanospheres during cycles (Duan et al., 2015; Wang et al., 2020, Wang L et al., 2021) and/or the reversible growth of a polymeric gel-like film resulting from the kinetically activated electrolyte degradation (Feng et al., 2013; Rui et al., 2014; Duan et al., 2015). After 280 discharge-charge cycles, the high specific capacity of 1402.3 mAh g−1 is obtained, which shows that the NiS nanosphere materials have good reversibility and stability as the anode of LIBs. The comparison of electrochemical properties between this work and other NiS-based electrode materials is shown in Table 1, which shows the outstanding electrochemical performance of the NiS nanospheres materials.
[image: Figure 4]FIGURE 4 | (A) Cycle performance of NiS nanospheres. (B) Rate capabilities of NiS nanospheres.
TABLE 1 | Comparison of electrochemical properties between NiS2 nanospheres and other reported NiS-based materials.
[image: Table 1]It can be seen from Figure 4B that the specific capacities are 1224.3 mAh g−1, 1157.1 mAh g−1, 1003.6 mAh g−1, and 814.8 mAh g−1 at 0.1 A g−1, 0.2 A g−1, 0.5 A g−1, and 0.8 A g−1, respectively. The specific capacity returns to 1130.5 mAh g−1 when back to 0.1 A g−1, which shows that the NiS nanosphere electrodes have good reversibility and stability.
Kinetics Characterizations of NiS Nanospheres
To study the kinetic characteristics of NiS nanospheres as anodes of LIBs, the EIS of NiS nanospheres electrodes was measured before and after the cycle test, as shown in Figure 5A. The Nyquist curves are both made up of a straight line and two semicircles. The intercept denotes the resistance of the electrolyte and the electrode (Rs), the diameters of the small and large semicircles denote the resistance of the SEI layer to lithium-ions migration (Rcf) and the charge transfer resistance (Rct), respectively. It is obvious from Figure 5A that both the diameters before the cycle test are much larger than those after the cycle test, which shows that electrons and lithium-ions can move more easily and the NiS nanospheres electrodes have good conductivity during cycles. The insert of Figure 5A shows the equivalent circuit of the EIS curves, and all the parameters can be quantitatively fitted by it. The fitted values of Rs, Rcf, and Rct are shown in Table 2. Rs changes a little before and after the cycle test, but Rcf and Rct decrease significantly after the cycle test, which is more conducive to improving reversible capacity and cycle stability (Teng et al., 2020; Ren et al., 2021).
[image: Figure 5]FIGURE 5 | (A) EIS of NiS nanosphere electrodes before and after cycles; the inset is the equivalent circuit. (B) [image: image] plots in the low-frequency range of the NiS nanosphere electrodes before and after the cycling performance test.
TABLE 2 | Kinetics parameters of NiS nanosphere electrodes.
[image: Table 2]The diffusion coefficient of lithium-ions can be obtained by the following equations (Chen et al., 2018; Teng et al., 2020):
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where R represents the gas constant, T represents the thermodynamic temperature, here is the room temperature, A represents the surface area of the electrode, n stands for the number of electrons transferred in the oxidation or reduction reaction per molecule, f represents the Faraday constant, C represents the concentration of lithium-ions, and [image: image] represents the slopes of [image: image] plots in Figure 5B. By calculation, the diffusion coefficients of lithium-ions before and after the cyclic test are 2.05 × 10−16 cm2 s−1 and 3.04 × 10–14 cm2 s−1, respectively. With the increase of ion activity, the diffusion rate of lithium-ions and electrons is faster after the cycle test, which may also be one of the reasons for the increase of reversible capacity of NiS nanospheres electrodes during cycling.
To further study the dynamic characteristics of the NiS nanospheres, CV curves at different sweep rates were measured. The shapes of CV curves in Figure 6A are very similar, only the intensities of the peaks increase with the increase of sweep rates, which shows that NiS nanosphere electrodes have good cyclic reversibility in the process of lithium and delithium (Ren et al., 2021). The contribution proportions of ion diffusion and capacitance effect in the cycles at different sweep rates can be roughly estimated by the following two equations (Ge et al., 2018; Li W. et al., 2020).
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where i represents the peak current, and v represents the sweep rate. It indicates that the charge-discharge process is dominated by ion diffusion when b approaches 0.5, while when b approaches 1, the charge-discharge process mainly depends on the capacitance effect. The b values corresponding to the three peaks of redox reactions are 0.82, 0.71, and 0.75, respectively, as shown in Figure 6B, which shows that the current is the result of the joint action of ion diffusion and capacitance effect in these three reaction processes.
[image: Figure 6]FIGURE 6 | (A) CV curves at different sweep rates. (B) The corresponding plots of log(i) vs. log(v) at three redox peaks. (C) The CV curves and the voltage distribution (shaded part) at the sweep rate of 0.6 mV s−1. (D) Contribution ratio of capacitive at various sweep rates.
To further research the role of capacitance effect in NiS nanospheres electrodes, the following equation can be used to quantitatively calculate the current contribution proportion of capacitance effect (Wang et al., 2007; Ge et al., 2018).
[image: image]
where [image: image] represents the current contribution of capacitance effect and [image: image] represents the current contribution of the ion diffusion. Figure 6C shows the voltage distribution (shaded part) of capacitive current at 0.6 mV s−1. The proportion of capacitive current is great at 0.6 mV s−1, reaching 71.3%. Figure 6D shows the proportions of capacitance effect and ion diffusion in current contribution at different sweep rates. The current contribution proportion of capacitance effect increases from 59.4 to 85.2% with the increases of sweep rate from 0.1 mV s−1 to 1.5 mV s−1. The large current contribution of the capacitance effect also shows that NiS nanosphere electrodes have good rate capability. Two cells in series were used to light up the LED lamps of “NiS”, as shown in Figure 7, which indicates the potential application of NiS nanosphere material as anode for LIBs.
[image: Figure 7]FIGURE 7 | The LED lamps of “NiS” illuminated by two cells in series.
CONCLUSION
In this paper, NiS nanospheres were successfully synthesized by a simple hydrothermal method. The NiS nanosphere materials used as the anode of LIBs are not only simple to manufacture but also show outstanding electrochemical performance. After 280 charging-discharging circles, a high reversible specific capacity of 1402.3 mAh g−1 at 200 mA g−1 was obtained. In addition, the NiS nanosphere electrodes display a good rate capability. The reversible capacity still reaches 814.8 mAh g−1 even at 0.8 A g−1. In addition, the reversible capacity can still reach 1130.5 mAh g−1 when back to 0.1 A g−1. Furthermore, the conductivity after the cycle test is higher than that before the cycle test, which may be one of the reasons why the reversible capacity of NiS nanosphere electrodes increases during cycling. The proportion of capacitance contribution reaches 85.2% at 1.5 mV s−1, showing a strong rate capability of NiS nanospheres electrodes. The outstanding cycling stability and rate capability indicated that the NiS nanosphere materials are more promising anodes for LIBs.
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Lithium sulfur (Li-S) battery has exhibited great application potential in next-generation high-density secondary battery systems due to their excellent energy density and high specific capacity. However, the practical industrialization of Li-S battery is still affected by the low conductivity of sulfur and its discharge product (Li2S2/Li2S), the shuttle effect of lithium polysulfide (Li2Sn, 4 ≤ n ≤ 8) during charging/discharging process and so on. Here, cobalt disulfide/reduced graphene oxide (CoS2/rGO) composites were easily and efficiently prepared through an energy-saving microwave-assisted hydrothermal method and employed as functional interlayer on commercial polypropylene separator to enhance the electrochemical performance of Li-S battery. As a physical barrier and second current collector, the porous conductive rGO can relieve the shuttle effect of polysulfides and ensure fast electron/ion transfer. Polar CoS2 nanoparticles uniformly distributed on rGO provide strong chemical adsorption to capture polysulfides. Benefitting from the synergy of physical and chemical constraints on polysulfides, the Li-S battery with CoS2/rGO functional separator exhibits enhanced conversion kinetics and excellent electrochemical performance with a high cycling initial capacity of 1,122.3 mAh g−1 at 0.2 C, good rate capabilities with 583.9 mAh g−1 at 2 C, and long-term cycle stability (decay rate of 0.08% per cycle at 0.5 C). This work provides an efficient and energy/time-saving microwave hydrothermal method for the synthesis of functional materials in stable Li-S battery.
Keywords: cobalt disulfide, microwave hydrothermal, conversion kinetics, shuttle effect, lithium-sulfur battery
INTRODUCTION
Lithium-ion batteries systems have played a crucial role in the field of energy storage over the past two decades (Lu, et al., 2013; Manthiram, 2017; Ma, et al., 2021a). However, traditional lithium-ion battery electrode materials (LiCoO2, LiMn2O4, LiFePO4, etc.) cannot satisfy the requirement for high energy density in practical applications due to their limited energy density (Wang et al., 2015; Liu et al., 2020b; Zhang F. et al., 2021). With the development of energy technology in electronic devices and new energy vehicles, energy storage systems with low prices, that are environment friendly, and with excellent energy density have attracted great attention (Manthiram, et al., 2014; Bhargav, et al., 2020; Guo, et al., 2022). Lithium-sulfur (Li-S) battery has exhibited great application potential in next-generation high-density battery systems due to its high specific capacity (1,672 mAh g−1) and gratifying theoretical energy density (2,567 Wh kg−1) (Pang et al., 2016; Li Y. et al., 2018). However, the commercial viability of high-efficiency Li-S battery is limited by a series of shortcomings. Due to the low conductivity of sulfur and Li2S2/Li2S (Chung and Manthiram, 2018; Zhao Z. et al., 2020), the serious shuttle effect of polysulfides soluble in electrolyte (LiPSs) (Li2Sn, 4 ≤ n ≤ 8) during charging/discharging, and inevitable growth of lithium dendrites (Zhou et al., 2021), the cycle stability of Li-S battery is unsatisfactory, which seriously hinders the development of Li-S battery (Xu et al., 2018; Hu et al., 2020). So far, numerous methods have been developed to solve these problems, including designing suitable cathode materials (Chen et al., 2017; You et al., 2019; Yan et al., 2020), modifying separators (Bai et al., 2016; Guo et al., 2019; Hu et al., 2021), and optimizing electrolytes (Agostini et al., 2015; Wang et al., 2016; Wan, et al., 2021). Among them, the simplest and most direct strategy is to modify the separator by constructing a reasonable functional interlayer to limit the severe shuttle effect (Rana et al., 2019; Wei et al., 2020).
As a key component of Li-S battery, the separator mainly prevents internal short circuits and provides a transmission path for ions (Ghazi et al., 2017). However, the conventional separator cannot suppress the shuttle effect of polysulfides owing to its highly micron-scale pore structure. In this case, coating a thin functional interlayer separator on the cathode side has proven to be a rational method, which can significantly immobilize polysulfides, improve the utilization of sulfur, and prevent the growth of lithium dendrite on the anode side (Li et al., 2017; Zhao et al., 2021). The functional separator facing the cathode electrode is the first barrier to limit the polysulfide, greatly increasing the utilization rate of sulfur species, and has attracted widespread attention in recent years (Zhang et al., 2015; Song et al., 2016; Liu et al., 2021). A variety of materials have been studied as functional interlayers for preventing the shuttle of polysulfides (LiPSs). First, one-dimensional (1D) (Chung and Manthiram, 2014; Gu, et al., 2020; Lin, et al., 2021) or two-dimensional (2D) (Wu et al., 2016; Lei et al., 2018; Zhang et al., 2018; Song et al., 2019) materials are introduced as the physical function coating to functionalize the conventional separator. Considering that polar materials can lead to chemical bonding with polysulfides, some polar transition metal compounds (CeO2, MnO2, CoS2, Co9S8, MoS2, Ni2P, etc.) were subsequently studied (Zhou et al., 2016; Li G. et al., 2018; Song et al., 2018; Tan et al., 2018; Li et al., 2020; Zhang H. et al., 2021), which can not only provide strong chemical interaction with soluble polysulfides but also play a role in electrochemical catalysis to promote redox reaction kinetics and reduce electrochemical polarization.
In this work, for the first time, we report an energy-saving synthesis of 3D porous CoS2/rGO composites as functional interlayer through an efficient microwave-assisted hydrothermal method to improve the electrochemical performance of Li-S battery. The microwave hydrothermal method has the advantages of fast nucleation speed, short reaction time, and energy conservation, and thus it is beneficial to improve the synthesis efficiency of composite materials (Kim et al., 2016; Yuan et al., 2016). The porous conductive graphene can serve as both the first barrier to physically block LiPSs and a second current collector to reduce electrochemical resistance, promoting electron/ion transfer (Zhang et al., 2020). Meanwhile, CoS2 particles which are in situ grown in the network of reduced graphene oxide (rGO) could not only improve adsorption ability for LiPSs but also act as catalytic centers to ensure the fast electrochemical redox conversion kinetics, further minimizing the loss of active materials (Abdul Razzaq et al., 2020). Therefore, as illustrated in Scheme 1, due to the double blocking of physical barrier and chemical interaction, compared with the traditional polypropylene (PP) separators, the functional CoS2/rGO modified separator effectively eases the shuttle effect of LiPSs, accelerates the redox reaction kinetics, and thus improves the cycle stability and rate performance of the Li-S battery.
[image: Scheme 1]SCHEME 1 | Schematic diagram of the cells without (A) and with (B) functional CoS2/rGO interlayer.
EXPERIMENTAL SECTION
Preparation of CoS2/rGO Composite
Graphene oxide (GO) was synthesized by a modified Hummers method. Disperse 30 mg GO into 40 ml solution and sonicate for 1 h. Add 40 mg CoCl2·6H2O and 80 mg CH4N2S into the above dispersion and stir for 10 min. Then, pour it into a digestion tank and allow to react for 5 min under microwave hydrothermal process. After the reaction, the product was repeatedly washed several times and then freeze-dried for 24 h to obtain CoS2/rGO composites. In addition, the rGO was also synthesized according to the same route without the addition of CoCl2·6H2O and CH4N2S.
Preparation of Cathode
Sulfur and carbon black (sulfur:carbon black = 7:3) are mixed and ground uniformly and then transferred to a polytetrafluoroethylene container for reaction at 155°C for 12 h to obtain sulfur and carbon black (S/C) composites. The S/C cathode slurry was prepared by uniformly mixing 80% S/C, 10% carbon black additive, and 10% polyvinylidene difluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) and then was evenly coated on the aluminum foil and dried under vacuum at 60°C for 12 h. The dried aluminum foil electrode is cut into a disc with a diameter of 12 mm, and the S loading of the cathode is 1 mg cm−2.
Preparation of CoS2/rGO or rGO Modified Separator
The CoS2/rGO composite or rGO prepared by the microwave hydrothermal method was mixed with PVDF with a mass ratio of 9:1 in NMP. The slurry was ground uniformly then coated on one side of the commercial PP separator and dried under vacuum at 60°C for 12 h. The modified separators are cut into 19 mm discs, and the mass loading of CoS2/rGO or rGO is only about 0.19 mg cm−2.
Electrochemical Measurements
Li-S batteries (CR 2032) are assembled in a glovebox filled with inert gas (H2O, O2 < 0.1 ppm). Lithium foil as the anode, S/C composites as cathode, and 1.0 M LiTFSI dissolved in a DOL/DME (volume ratio is 1:1) mixed solvent with 0.1 M LiNO3 additive as electrolyte. The amount of electrolyte used in each cell is 15 µl. For high sulfur loading of 3.1 mg cm−2, a low electrolyte/sulfur (E/S) ratio of ∼5 µl mg−1 was used.
Materials Characterization and Electrochemical Analysis
The crystal phase, morphologies, and microstructure of the different samples were characterized with X-ray diffraction (XRD, Ultima IV, CuKα radiation), scanning electron microscope (SEM, Sigma500), and transmission electron microscope (TEM, JSM-2100 Plus), respectively. X-ray photoelectron spectrometer (XPS, PHI 5000) was used to survey the composition of elements and chemical state. Thermogravimetric analysis (TGA, TG 209 F3) was used to estimate the S content of the S/KB cathode. Electrochemical workstation (CHI 760E) was used to measure the original date of cyclic voltammetry (CV, the voltage range is 1.7–2.8 V with 0.1 mV S−1 scan rate) and electrochemical impedance spectroscopy (EIS, the AC voltage amplitude is 5 mV and the frequency range is 0.01 Hz–100 kHz). The electrochemical performance and constant current charge/discharge curve were gauged by Land CT 2001A battery test system in the 1.7–2.8 V voltage range.
RESULTS AND DISCUSSION
Figures 1A, B show the morphologies and microstructure of rGO and CoS2/rGO composites investigated by SEM; CoS2/rGO composites present a highly 3D porous structure, ensuring enough space to store LiPSs and accelerate ion diffusion (Zhao M. et al., 2020). CoS2 particles were evenly distributed on rGO sheet without any agglomeration, which is conducive to chemical adsorption of LiPSs. Supplementary Figures S1A,B show the rGO has a similar porous structure to CoS2/rGO composites. The high conductivity porous rGO framework forms the second current collector and ensures the rapid supply of electrons for electrochemical reactions (Chong et al., 2018). The TEM images of the CoS2/rGO composites in Figures 1C, D clearly show that the CoS2 particles with a diameter of about 50 nm were uniformly attached to the rGO sheet, matching well with the SEM images results. The high-resolution TEM (HRTEM) images in Figures 1E, F exhibit that the parallel lattice fringe is 0.32 nm, which can be indexed to the (111) crystal plane of CoS2 particle.
[image: Figure 1]FIGURE 1 | (A,B) SEM, (C,D) TEM, and (E,F) HRTEM images of the CoS2/rGO.
The phase of CoS2/rGO was studied via XRD, as shown in Figure 2A; the sharp diffraction peaks in the CoS2/rGO matched well with the characteristic peak of cubic CoS2 (PDF#41-1,471). No other impurity phases exist except for the characteristic peak of rGO at ∼25°. For confirming the chemical valence and element of GO and CoS2/rGO composites, XPS test result is shown in Figure 2B; the fitting curves present the presence of Co, S, and C components in CoS2/rGO materials, consistent with the XRD results. In particular, Figure 2C exhibits the C 1s HR-XPS spectrum of GO, four peaks at 289.1, 287.2, 286.8, and 284.6 eV, representing O-C=O, C=O, C-O, and C=C, respectively (Yuan, et al., 2015). As expected, the peak intensity ratio of these oxygen-containing functional groups in the CoS2/rGO is much lower than the peak intensity ratio in the GO sample (Figure 2D); this comparison demonstrated that GO can be effectively reduced to rGO during the microwave hydrothermal process. As shown in Figure 2E, the Co 2p1/2 and Co 2p3/2 characteristic peaks of CoS2 were located at 794.4 and 779.4 eV in the HR-XPS of Co 2p, respectively. (Xu, et al., 2021). The satellite peak signal is 781.8, 786.1, 797.5, and 803.4 eV (Wang, et al., 2018). The fitting results of Figure 2F for the HR-XPS of S 2p of the characteristic peak of S 2p1/2 and S 2p3/2 are shown at 164.4 and 163.2 eV, which corresponds to S 2p1/2 and S 2p3/2 of CoS2. The HR-XPS of S 2p detected peaks at 168.1 and 169.3 eV indicating the presence of sulfur oxides (Liu et al., 2020c). Therefore, the results demonstrate the successful preparation of CoS2/rGO material by the microwave hydrothermal method.
[image: Figure 2]FIGURE 2 | (A) XRD patterns of rGO and CoS2/rGO; (B) full XPS spectrum of GO and CoS2/rGO; high-resolution XPS (HR-XPS) spectra of C 1s (C) for GO; C 1s (D), Co 2p (E), and S 2p (F) for CoS2/rGO.
Figure 3A shows a uniform coating surface and good mechanical flexibility of the CoS2/rGO modified separator. The cross-sectional image indicates that the coating thickness of CoS2/rGO functional interlayer is about 4.8 µm (Figure 3B). Figure 3C shows the top view SEM morphology of PP separator, and it can be seen that the PP separator possesses abundant pores with a size of 100–200 nm in width and micron scale in length, which is conducive to the rapid transmission of ions in electrolyte, while inevitably allowing the shuttle of soluble LiPSs in the pores, resulting in the existence of side reactions and irreversible loss of sulfur active substances. (Balach, et al., 2015; Xiong, et al., 2021). However, the top view SEM image of CoS2/rGO modified separator in Figure 3D indicates that the CoS2/rGO functional interlayer is evenly covered on the surface of PP separator to form a compact physical layer to block the migration of LiPSs and retains abundant pores to ensure fast ion transfer, which is similar with the surface of rGO layer (Supplementary Figure S2B).
[image: Figure 3]FIGURE 3 | (A) Digital images of the CoS2/rGO modified separator; (B) cross-sectional SEM image of the CoS2/rGO modified separator; (C,D) top-view SEM image of the PP separator and CoS2/rGO modified separator, respectively.
The Li-S batteries with PP separator, rGO, and CoS2/rGO modified separators were subjected to the corresponding electrochemical tests for proving the superiority of CoS2/rGO modified separator in electrochemical performance. The S/C compound is used as the cathode electrode. TGA confirms the content of S in the S/C precursor is 70% (Figure 4A). Figure 4B shows the CV curves of the Li-S batteries with a PP separator, rGO modified separator, and CoS2/rGO modified separator between the voltages of 1.7 and 2.8 V at the scanning rate of 0.1 mV S−1. Two typical cathodic peaks were located at 2.33 and 2.02 V, which corresponds to the reduction process from solid S8 to soluble LiPSs and then further to solid-phase Li2S2/Li2S (Fan et al., 2019), while the continuous anodic peak at 2.36–2.40 V was attributed to the reversible oxidation of sulfur species to S8 (Zhuang et al., 2020). It can be seen from Figure 4B that, compared with PP separator and rGO modified separator, the Li-S battery with CoS2/rGO modified separator shows sharper redox peaks and higher peak current responses, which can be owing to the robust interaction for LiPSs and the accelerated redox kinetics by the electrochemical catalytic ability of CoS2 (Li et al., 2021; Yuan et al., 2017). At the same time, Figure 4C shows the CV curves of a Li-S battery with a CoS2/rGO modified separator for four cycles. The well-overlapped curves with each other further proved the good reversibility and the strong immobilization ability of LiPSs (Liu, et al., 2019). EIS of the Li-S batteries with PP separator, rGO, and CoS2/rGO modified separators before cycling and after 50 cycles was conducted and shown in Figure 4D; the diameter of the semicircle in the low-frequency region represents the charge transfer resistance (Rct) (Deng et al., 2013; Cui et al., 2021). It can be seen that fresh cells with CoS2/rGO modified separator exhibited the smallest Rct value when compared with PP separator and rGO modified separator, which indicates that CoS2 uniformly attached in rGO could effectively ensure fast transmission for Li+ migration and reduce the charge transfer resistance. After cycling at 1 C for 50 cycles, the values of Rct show an increase, which can be ascribed to the redistribution of S and the accumulation of Li2S and Li2S2 in porous structure. Li-S battery with CoS2/rGO modified separator still shows the smallest Rct value. change than that of the other two cells after cycling, suggesting that CoS2/rGO modified separator could effectively ease the accumulation of LiPSs and improve the utilization of sulfur active materials (Liu et al., 2020a; Ma et al., 2021b).
[image: Figure 4]FIGURE 4 | (A) TGA curves of S/C; (B) CV curves of the Li-S cells with different separators under 0.1 mV S−1; (C) CV curves of Li-S cell with CoS2/rGO modified separator for four cycles at the scan rate of 0.1 mV S−1; (D) Nyquist plots of Li-S cells with different separators before and after cycling.
Figure 5A appraises the cycle stability of the Li-S batteries with different separators for 100 cycles at 0.2 C. The cells with CoS2/rGO modified separator show the highest first discharge capacity of 1,122.3 mAh g−1. It is worth noting that the specific capacity remains at 897.8 mAh g−1 with a capacity retention rate of 80% after 100 cycles. In contrast, the initial discharge capacity of the batteries with rGO and PP separator are 970.7 and 646.9 mAh g−1 at 0.2 C; after 100 cycles, the capacity only remains at 631.2 and 275.9 mAh g−1, respectively (the capacity retention rates are 65% and 42%). In addition, the Li-S battery with CoS2/rGO modified separator also exhibits excellent rate performance. As shown in Figure 5B. The discharge capacity of Li-S battery with CoS2/rGO modified separator at 0.1–1 C is 1,218.3, 1,093, 930.2, and 760.1 mAh g−1, respectively. Even at a high current density of 2 C, the corresponding capacity is still 583.9 mAh g−1. When the current density is converted back to 0.1 C, the reversible discharge capacity is 1,110.5 mAh g−1, indicating its high reversibility. Furthermore, the charge/discharge profiles of batteries with different separators at 0.1–2 C current density are also investigated; the Li-S battery with CoS2/rGO modified separator shows a more stable and flatter potential platform than Li-S batteries and other separators at different current densities (Figure 5C) at different current rates of charge and discharge, and the platform reflects its better electrochemical accessibility. Besides, the degree of electrochemical polarization gradually intensifies with the increases of current density; as shown in Figures 5C–E, the Li-S battery using CoS2/rGO modified separator shows the lowest potential plateau gaps between different charge/discharge profiles than others, with platform potential difference of 168, 187, 248, 303, and 410 mV at 0.1–2 C, suggesting the excellent electrocatalysis of polar CoS2 nanoparticles could alleviate electrochemical polarization. The above results demonstrate that the CoS2/rGO modified separator could effectively capture LiPSs and catalyze its conversion to Li2S2/Li2S, thus achieving fast redox reaction kinetics and suppressed shuttle effect.
[image: Figure 5]FIGURE 5 | (A,B) Cycling and rate performance of the Li-S batteries with CoS2/rGO, rGO, and PP separator at 0.2 C; discharge/charge profiles of cells with PP (C), rGO (D), and CoS2/rGO (E) separators at different rates.
The long-term cyclabilities of the Li-S battery with CoS2/rGO modified separator were further evaluated in Figure 6A. At a discharge current density of 0.5 C, the first discharge capacity of the Li-S battery with the CoS2/rGO modified separator is 963.2 mAh g−1. After 400 cycles, the discharge capacity remains at 640.8 mAh g−1, and the average capacity decay rate per cycle is only 0.08%; meanwhile, the average Coulombic efficiency of 98.3% was achieved. The stable Coulombic efficiency indicates that the CoS2/rGO interlayer effectively inhibits the shuttle effect and the irreversible wastage of lithium metal. More satisfyingly, after four cycles activated at 0.02 C, the battery can deliver reliable stability under high S loading of 3.1 mg cm−2; the capacity reaches 725.1 mAh g−1 at 0.1 C and remains at 583.4 mAh g−1 after 100 cycles with a high capacity retention ratio of about 80% (Figure 6B). This shows that the Li-S battery with CoS2/rGO modified separator has great potential for practical applications. Meanwhile, a plain visual Li2S6 adsorption test was used to measure the capability of the CoS2/rGO to capture LiPSs. With the same mass of CoS2/rGO and rGO immersed in equal volume brown Li2S6 solution, in Figure 6C, after static holding for 6 h, the color of the solution in the bottle containing rGO retains pale yellow, indicating that rGO only has poor physical adsorption to LiPSs. In sharp contrast, the color of the solution for CoS2/rGO changed from brown to nearly transparent, which clearly confirms the effective chemical interaction of CoS2/rGO with LiPSs.
[image: Figure 6]FIGURE 6 | (A) The long cycling performance of the Li-S battery with CoS2/rGO separator at 0.5 C for 400 cycles; (B) cycle stability of the Li-S battery with CoS2/rGO separator of high S loading at 0.1 C; (C) digital images of Li2S6 adsorption test for 0 and 6 h, respectively.
CONCLUSION
In summary, we report a simple and energy-saving synthesis of CoS2/rGO composites via a facile microwave hydrothermal method and applied it as an efficient mediator to trap LiPSs and accelerate its reaction kinetics to reinforce the electrochemical performance of Li-S battery. In this structure, high conductivity rGO network can shorten the path of ion migration and therefore reduce the internal resistance of cells. The porous structure of rGO combining the polar sites of CoS2 nanoparticles could fix the soluble LiPSs on the cathode side through physical and chemical adsorption and enhance redox kinetics as an efficient electrochemical catalyst, thereby efficiently alleviating the shuttle effect of the LiPSs through the separator. Therefore, the Li-S battery with CoS2/rGO modified separator exhibits excellent rate performance and stable cycling performance under high sulfur loading of 3.1 mg cm−2.
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Flexible zinc batteries have great potential in wearable electronic devices due to their high safety, low cost, and environmental friendliness. In the past few years, a great deal of work on flexible zinc batteries has been reported, with exciting results. Therefore, many solutions have been proposed in electrode design and electrolyte preparation to ensure the desired flexibility without sacrificing the capacity. This paper reviews the recent progress of flexible zinc batteries. We discuss the differences between various anode materials, cathode materials, and electrolytes, introduce the differences of electrode preparation methods of active materials on flexible substrates and their influence on the performance of the battery. Finally, the challenges and future research trends of flexible zinc batteries in capacity and mechanical properties are pointed out.
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INTRODUCTION
With the development of miniaturization of electronic chips, it is possible to integrate electric devices, such as implantable medical devices, wearable health monitoring systems, flexible displays, and intelligent clothing, which have attracted the attention of researchers all over the world. (Yu et al., 2017; Liu et al., 2018; Sumboja et al., 2018; Zhang et al., 2018; Dong et al., 2021).As an indispensable part of the flexible electronic equipment, the battery needs to have good cycling and safety performance to meet the requirements. Especially when the flexible battery follows the deformation of the flexible electronic devices, the mechanical and electrochemical properties are required to be higher.
As an electrode material, zinc has the advantages of lower cost, more content in the crust and lower redox equilibrium potential than lithium. Moreover, using environmentally insensitive zinc makes zinc-based batteries manufacture easier and package cheaper than lithium-based batteries. (Fang et al., 2018). At present, conventional zinc-based batteries such as Zn-MnO2, Zn-Ni and Zn-Air have already been commercialized, but they are mainly rigid and used in non-flexible electronic devices. Many researches have been done to make these batteries flexible. In addition, Zinc ion batteries (ZIBs) because of its high energy density, low cost, environmental friendliness, safety and other advantages are gradually coming into people’s horizons, have good prospects in portable devices. ZIB, as a promising alternative to lithium ion battery, has attracted widespread attention. (Tan et al., 2017; Li et al., 2019a; Yu et al., 2019; Zhang et al., 2020a).
At present, great progresses have been made in electrode materials selection, flexible electrode preparation and electrolyte design of flexible zinc ion batteries. (Li et al., 2019a). In this review, the latest research progresses in electrode materials, electrolytes, and adhesion methods of active material are reviewed. Lastly, some concluding remarks were prospected to outline the challenges and future research trends for flexible zinc batteries.
COMMON MATERIALS FOR FLEXIBLE ZINC BATTERIES
Anode Materials
Zinc metal anodes are of particular interest to the flexible battery market due to their low material cost, high theoretical capacity (820 mA h/g, 5,854 mA h/cm3), (Kaveevivitchai and Manthiram, 2016), good rechargeability and safe chemistry. The most common anode in flexible zinc ion battery is zinc foil, because of its good mechanical properties. However, the stiffness of heavy metal zinc foil anodes reduces the energy density, making it impossible to apply to industrial flexible, wearable energy storage systems. (Pan et al., 2016). In addition, the main challenges faced by zinc metal anodes are the mechanical stability of the electrode during long-term deformation and uncontrollable dendrite growth during cycling, resulting in poor cycle performance and coulomb efficiency of the battery, which severely limits the service life of flexible zinc ion batteries and hinders their practical application. (Lao-atiman et al., 2017; Han et al., 2018a; Li et al., 2018a; Ma et al., 2018; Tang et al., 2019; Zeng et al., 2019; Li et al., 2020a; Nguyen et al., 2020). In order to solve these problems of Zn anode, there are several strategies, including:
a) Method for constructing composite zinc anode.
Chen and his colleagues proposed a heterogeneous metal seed-mediated strategy. (Chen et al., 2021a). The basic idea is through the inkjet printing on the main chain of the three dimensional conductive printing silver nanoparticles, in order to induce the homogeneous nucleation of zinc, and avoid initial electroplating phase of the dendrite growth. Therefore, AgNPs@CC/Zn anode has excellent performance at a high current density of 10 mA/cm2, with cycle performance exceeding 480 h. (Figures 1A,B)
b) Deposition of zinc materials on a highly conductive substrate.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of Zn deposition on bare CC and AgNPs@CC scaffolds. (B) The capacity is 5 mA h/cm2 at 10 mA h/cm2 current density. Inset: SEM images of CC/Zn and AgNPs@CC/Zn electrodes after circulation. (C) Flexible AgNPs@CC/Zn electrode under bending.Copyright 2021 Wiley-VCH GmbH. (D) CV curves of the CC-CF@120ZnO at different cycles. SEM images of (E) CC-CF@ZnO and (F) CC-ZnO after cycling test, showing the importance of CFs for preventing the Zn dendrite growth. (G–I) Discharge curves and EIS results of solid-state batteries under different bending conditions. Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Zinc oxide nanoparticles are deposited on a three-dimensional layered carbon cloth-carbon nanofiber (CC-CF) substrate as an anode (CC-CF@ZnO). (Figures 1D,E) The device exhibits excellent stability, maintaining up to 91.45% initial capacity after 1,000 cycles and 72.90% initial capacity after 2,400 cycles. The significant increase in cyclic capacity is due to the uniform deposition of nano particles on the three-dimensional highly conductive nano-carbon fibers, which alleviates the shape change during the electrochemical reaction. In particular, it avoids the uneven distribution of current and zinc deposition, thus preventing the formation of zinc dendrite. (Liu et al., 2016).
Pang (Guo et al., 2021) prepared zinc nanosheets/CC (Zn/CC) by electrodeposition, and Zn nanosheets were uniformly deposited on the surface of CC fiber. Form a three-dimensional network interconnected with recent nano piece, insert for the ion-extraction process provides a rich active site. Compared with the same amount of conventional metal zinc anode foil, nanostructures zinc and CC skeleton integration enhances the flexibility of the anode, the formation of the surface of the more active, which helps the development of high performance flexible device.
c) Coating inert material on zinc anode.
For example, (Alfaruqi et al., 2018), constructed a Sn-doped NaTi2(PO4)3 (NTP/Sn) protective layer on the surface of zinc anode (Zn@NTP/Sn) to improve the cyclic stability of zinc anode. Using Sn doping NaTi2 (PO4) 3 through the structure design and high performance of zinc anode interface features, is helpful to accelerate the transfer of Zn2+, increase the interface performance. At the current density of 0.4 mA/cm2, the average voltage lag of Zn@NTP/Sn symmetric cells is only 17.4 mV, which is much lower than that of exposed Zn symmetric cells (75.8 mV) and Zn@NTP symmetric cells (43.7 mV). In addition, it has been reported that the zinc electrode surface was coated with Al2O3 coating (Lee et al., 2013) and Bi alloying (Jo et al., 2017) to improve HER overpotential and reduce self-discharge caused by hydrogen release, thus improving the cycle performance of the battery.
d) Use appropriate electrolytes.
For example, ionic liquid based zinc salt electrolyte is an effective way to solve the hydrogen evolution reaction (HER) and zinc dendrite growth of zinc ion batteries. (Ma et al., 2020) developed polyvinylidene fluoride hexafluoropropylene (PVDF-HFP)+5% poly (ethylene oxide) (PEO)+ILZE electrolyte (1-ethyl-3-methylimidazolium tetrafluoroboric acid ([EMIM]BF4) ionic liquid) using 2 M zinc tetrafluoroborate (Zn(BF4)2) as carrier. The final product is represented as PHP-ILZE. The electrolyte developed can achieve hydrogen-free, dendrite-free galvanizing/stripping in 1,500 h (3,000 cycles) at 2 mA/cm2 with a Coulomb efficiency of nearly 100%. At the same time, oxygen-induced corrosion and passivation were effectively inhibited. This is the first demonstration of an all-solid-state zinc-ion battery based on a newly developed electrolyte, which simultaneously solves the problems of deep hydrogen evolution and dendrite growth of conventional zinc-ion batteries.
Li and his colleagues have developed a polyethylene glycol 600 (PEG 600) and polysorbate 20 (Tween 20) compound additive, as the organic inhibitors in alkaline electrolyte, mainly by inhibiting the hydrogen evolution reaction to a certain extent, inhibit the corrosion of zinc. Because Tween 20 is more polar than PEG 600, it absorbs zinc better. Because of Tween 20 highly branched structure, zinc cannot be Tween 20 complete coverage, and linear polyethylene glycol (peg) can be adsorbed on the rest of the active site, thus two kind of corrosion inhibitor for zinc corrosion synergy effect, the corrosion of the composite inhibitor is better than single corrosion inhibitor. (Liang et al., 2011).
The combination of these methods enables advanced flexible zinc anodes to be better designed with less dendrite growth, higher corrosion and passivation resistance, and less hydrogen evolution, suitable for quasi-solid zinc-based aqueous batteries.
Cathode Materials
The cathode materials commonly used in flexible zinc ion battery include various transition metal compounds, such as manganese (Qiu et al., 2017; Huang et al., 2019; Zu et al., 2019; Zhang et al., 2020b; Zhang et al., 2020c), cobalt, nickel (Liu et al., 2016; Wan et al., 2018) or molybdenum-based oxides/sulfides, Prussian blue analogues and conducting polymers (Eftekhari et al., 2017; Yao et al., 2020; Cong et al., 2021). (Table 1) Here, we will focus on the last 5 years of research.
TABLE 1 | Comparison of electrochemical properties of different cathode materials.
[image: Table 1]Manganese Based Materials
Manganese based compounds have been widely used as cathode materials for ZIB due to their advantages of abundant resources, low cost and non-toxicity. (Pan et al., 2016; Zhang et al., 2016). MnO2 is considered as the most promising cathode material among many manganese based compounds. MnO2 is a material with a polymorphic crystal shape. Under different preparation conditions, the crystal shape, morphology, particle size, porosity, specific surface area are different, and then show different capacity and charge-discharge characteristics. (Xu et al., 2012; Alfaruqi et al., 2018). Huang and his colleagues have provided new insights into the energy storage mechanism of Waterborne zinc-manganese battery with the participation of Mn2+. (Huang et al., 2019). In the first discharge process, the combination of Zn2+ and H+ insert promoted the MnO2 to ZnxMnO4, MnOOH and Mn2O3 transformation, at the same time, raised the pH of the electrolyte, formation of ZnSO4⋅3Zn(OH)2⋅5H2O (noted as “BZSP”). Later in the charging process, ZnxMnO4, MnOOH and Mn2O3 by extracting Zn2+ and H+ reduction for alpha MnO2, BZSP and Mn2+ reacts ZnMn3O7 ⋅3H2O. Besides the electrochemical reaction, Zn2+ can also be in alpha MnO2, ZnxMnO4 and ZnMn3O7⋅3H2O in the reversible insert and extract, under the participation of Mn2 +, BZSP, Zn2Mn3O8 and ZnMn2O4 reciprocal transformation (Figure 2B).
[image: Figure 2]FIGURE 2 | Phase evolution of cathode during the first discharge process (A) and charge process (B). Copyright 2019 Springer. (C)SEM images of the N-CC@MnO2; inset is the corresponding magnifed SEM image. (D) N-CC@MnO2//N-CC@Zn and CC@MnO2//N-CC@Zn the specific capacity and capacity retention rate of the battery as a function of current density (E) Cycling performance of the N-CC@MnO2//N-CC@Zn and CC@MnO2//N-CC@Zn batteries collected at 1 A/g for 1,000 cycles. (F) Capacity retention rate of the battery after 1,000 cycles at the current density of 1 A/g N-CC@MnO2//N-CC@Zn. The CV curves of the first and 1000th cycles are illustrated. (G) At different bending conditions N-CC@MnO2//N-CC@Zn battery capacity retention rate.Copyright 2017 Journal of Materials Chemistry A. (H) For the synthesis of MnO2-x @ VMG shell/core array. (HT, hydrothermal method; PP, phosphorization process). (I) Discharge curves of the device under flat, bending and twisting conditions at 3 A/g current density. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
On the other hand, the slow kinetics and rapid capacity decay caused by the strong electrostatic repulsion between the divalent zinc ions and the manganese based host crystal structure is one of the important challenges for the practical application of zinc ion batteries. Li’s team proposed in-situ growth of manganese dioxide nanorods arrays on three-dimensional porous surface nitrogen-doped carbon cloth (N-CC) (Figure 2C). It is not only better than the other nanostructures has higher specific surface area, more active site and better permeability, and can maintain the stability of the structure and electrochemical significantly improve the conductivity at the same time. In addition, it allows a strong covalent coupling based on the nanoscale active material and N-CC, leading to a fast electron transfer from the active material to the collector. Thus, Under the current density of 0.5 g/A, flexible-CC@ MnO2/N-CC@Zn battery can produce a high capacity of 353 mA h/g (Figures 2D,E). In addition, the CV curve of our assembled state N -CC@MnO2//N-CC@Zn battery hardly changes after 1,000 cycles, which also proves that the cell has good cycle stability. Further, the prepared devices can be bent and twisted in different states without affecting their electrochemical performance (Figures 2F,G). (Qiu et al., 2017)
In addition, many researchers believe that the oxygen vacancy generation and ion intercalation are another effective method to improve the electrochemical performance of Zn/MnO2 battery. There are two main reasons: On the one hand, as shallow bodies, oxygen vacancies can fundamentally improve the electrical conductivity of manganese-based materials, influence the embedding and de-embedding of metal ions in material layers, reduce the stress and electrostatic repulsion between adjacent layers, directly overcome migration and diffusion barriers, and promote the diffusion and charge transfer of ions during the embedding of metal ions; on the other hand, the electrode material with oxygen vacancy can also generate more electrochemically active sites, increase the surface energy of the system, promote the electrochemical phase transition, and thus possess better charge storage capacity. (Zu et al., 2019; Zhang et al., 2020b).
Zhang’s team reported a simple phosphorylation process that introduces oxygen vacancies into phosphate ion intercalated manganese dioxide/vertical multilayer graphene (VMG) arrays to form complete P-MnO2-x@VMG cathodes (Figure 2H). By phosphorylation, the oxygen vacancy and phosphorus ion intercalation are realized simultaneously, which improves the electrical conductivity of MnO2 and expands its layer spacing to accelerate ion transfer. In addition, the flexible VMG conductive network provides good peripheral charge transfer and imparts good mechanical strength to the cathode. Thanks to these advantages, at the current density of 0.5 A/g, P-MnO2-x@VMG cathodes shows a high capacity of 302.8 mA h/g in aqueous electrolytes, and the capacity retention rate is more than 90% after 1,000 cycles at the current density of 2 A/g, which proves its long-term cycling stability. In addition, by comparing the 3 A/g discharge curves of the battery under flat, bent and twisted conditions, it can be seen that the difference between the three curves is negligible, which proves that the battery has great potential in flexible wearable electronic devices. (Figure 2I). (Zhang et al., 2020c) Mai et al. reported the generation of oxygen vacancies in tunnel α -MnO2 via surface gradient Ti doping using defect engineering for long-life Zn-MnO2 batteries. (Lian et al., 2019). Interestingly, the introduction of surface gradient Ti doping leads to the contraction of the interlayer, but at the same time, the reduction of Mn valence state leads to the formation of oxygen vacancies compensated by electrons. In addition, Ti substitution and the resulting oxygen vacancy open the [MnO6] octahedral wall, resulting in an unbalanced charge distribution and local electric fields in the crystal structure, accelerating ion/electron migration rates. Therefore, the diffusion coefficients of Zn2+ and H+ in Ti-MnO2 nanowires are improved. Therefore, Ti-MnO2 nanowires show improved H+ and Zn2+ storage capacities in Zn/MnO2 batteries, and achieve excellent high rate capacity and ultra-long cycle stability.
Also, in ZnSO4 electrolytes widely studied, MnO2 usually suffers volume loss due to Mn3+ disambiguation dissolving Mn2+ 39. Mn2+ is added to the electrolyte to inhibit the disproportionation of Mn3+, which can effectively inhibit the dissolution of manganese base materials and improve the stability of cathode materials (Pan et al., 2016; Chamoun et al., 2018), but the mechanism is still unclear. For example, in a Zn-MnO2 cell, dissolution of α -MnO2 is alleviated when MnSO4 is added to a ZnSO4 electrolyte because it can alter the dissolution balance of Mn2+ from the α-MnO2 electrode. (Lian et al., 2019). Zhang and his colleagues reported MnO2 based anode and cathode, zinc added Mn(CF3SO3)2 additives of Zn(CF3SO3)2 electrolytic Zn-MnO2 water of high performance rechargeable batteries. It is found that Mn(CF3SO3)2 can inhibit the dissolution of Mn2+ and form uniform porous MnOx nanosheets on the cathode surface, which helps to maintain the integrity of the electrode. It is important to note that beta MnO2 has the high irreversible capacity, stable high rate capability and cycle performance. (Zhang et al., 2017). In addition, coating can also be used to alleviate the dissolution of mangan-based materials. For example, Yang et al. prepared an independent flexible film (Designated as CNT/MnO2-PPY) composed of carbon nanotubes and polypyrrole coated manganese dioxide nanowire through in-situ reactive self-assembly and vacuum filtration. The Polypyrrole (PPy) coating improves the conductivity of MnO2 NWs, alleviates the dissolution of cathode materials and provides a strong buffer to accommodate large volume changes during repeated cycles. (Zhang et al., 2020d).
Silver-Based Materials
Zinc-silver batteries have the following advantages: high specific energy (theoretical specific capacity: 432 mAh/g), high discharge efficiency, moderate charging efficiency, smooth discharge voltage, small self-discharge rate, long dry storage life and good mechanical properties. (Kumar et al., 2019; Tan et al., 2018). At the same time, zinc-silver batteries also have obvious shortcomings, which are as follows: very high cost, short life, poor low-temperature performance and not resistant to overcharging. The silver oxide button battery has widely used in electronic watches, calculators, small instruments and other micro electrical appliances as power supply because of their above-mentioned advantages. In recent years, a lot of research has been done to make these batteries flexible. In addition, Wang’s team has developed a printable, polymer-based zinc-silver oxide (AgO-Zn) battery with flexibility, rechargeability, high area capacity and low impedance. The redox reactiondepends on the zinc ions (Zn2+) and silver ions dissolved in alkaline electrolyte (Ag) and the supersaturated induced precipitation. In addition, due to the high oxidation state, make full use of line printing batteries can realize >54 mA h/cm2 area of high capacity (Figure 3A) while maintaining a low internal resistance (Figure 3B). The battery can still charge and discharge normally without multiple deformations affecting its rechargeability (Figures 3C,D). Overall, printed thin film AgO-Zn thin film batteries combine superior electrochemical and mechanical properties and prove to be well suited for reliably and sustainably powering a wide variety of wearable and flexible electronic devices. In addition, Meng and his colleagues used polystyrene block polyisoprene block polystyrene (SIS) as a hyperelastic adhesive for printing inks to print a Zn-Ag2O battery with high ductility and a reversible capacity density of 2.5 mA h/cm2 even after repeated 100% stretching.Two stretchable battery with “NANO” design printed directly on the seal on the spandex thermoplastic polyurethane (PU) the top of the head (Figure 3E). On the “NANO” current collector, electrodes are printed separately to form two “NA” and “NO” batteries designed to be connected in series to power the 3V wearable LED (Figure 3F). Regardless of the serious torsional strain (Figure 3G), indentation (Figure 3H), 100% uniaxial tensile (Figure 3I) and biaxial stretching, stretching “NANO” to the battery can keep constant LED brightness (Figure 3J). The battery energy provided so far reported the highest reversible capacity of the inherent scalability battery size and discharge current density. New stress wear-resisting printing inks for the wide application of flexible paved the way to the further development of the electronic products. The new printed battery based on SIS can withstand severe bending caused by the wearer’s movement. (Kumar et al., 2016).
[image: Figure 3]FIGURE 3 | (A) Electrochemical performance of AgO-Zn batteries as galvanic cells. The active material load is the capacity of the 2 × 2 cm2 battery with 1-8 layers. (B) Bode plot reflecting the corresponding impedance of the 2 × 2 cm2 cells with different areal loading. (C) Diagram of a cell controlled by a linear stage at a speed of 15 s/cycle under repeated 180° bending cycles, and (D) corresponding volt-time curves for charging (red) and discharging (blue) of the cell during approximately ∼2,500 repeated bending cycles. Copyright 2020 ResearchGate. (E) Screen printing steps for Zn-Ag2O cells on stretchable fabric using SIS adhesive. Illustration: REDOX charging-discharging reaction. Photographs of the sealed cell during (F) horizontal stretching, (G) distortion, (H) indentation strain, (I) 100% stretching and (J) biaxial stretching. Copyright 2016 Advanced Energy Materials.
Conductive Polymers
Compared with metal oxides, conductive polymers exhibit higher conductivity due to their long π -electron conjugated system (Shi et al., 2018), and also has the advantages of low cost, easy synthesis, and excellent mechanical properties (Cong et al., 2021), are excellent cathode materials for Zn batteries, and show promising energy storage behavior. Therefore, conductive polymers have attracted wide attention in the field of electric energy storage, especially in wearable electronic devices. Polyaniline (PANI) is one of the most common type of conductive polymers. Polyaniline is easy to synthesize and has high electrical conductivity and electrochemical activity. (Eftekhari et al., 2017). It as a stream of zinc ion battery cathode material has been widely studied. However, it suffers from rapid deactivation and consequent performance deterioration due to spontaneous deprotonation during charging/discharging, and has the disadvantage of poor cycling stability in high pH solutions, which limits its further application in polyaniline zinc batteries. Therefore, Yang’s group reported a strategy to introduce [Fe (CN)6]4-, in which the nitrogen atoms on the polyaniline chain may also interact with [Fe(CN)6]3-/[Fe(CN)6]4- to affect the electrochemical stability of polyaniline. Considering these factors, [Fe(CN)6]3-/[Fe(CN)6]4- and polyaniline chain between the REDOX reaction and hydrogen bonding may be beneficial to the electrochemical properties of polyaniline, which can greatly improve the cycle stability of the polyaniline electrode, at the same time maintain its initial high specific capacity (Figure 4A). After 1,000 times charging and discharging cycle, CC–PANI–FeCN capacity retention rate of about 71%, and the capacity of the CC–PANI retention rate is only 17% (Figures 4B,C). Assembly of quasi solid flexible zinc ion battery under the condition of different bending the specific capacity and coulomb efficiency is close to 100%, suggest that the potential of as flexible energy storage device (Figure 4D). (Yao et al., 2020)
[image: Figure 4]FIGURE 4 | (A) REDOX mechanism of CC-PANI-FeCN. Illustration[Fe(CN)6]4− Schematic diagram of interaction with PANI. Cyclic properties of CC-PANI (B) and CC-PANI-FeCN (C) at current density 5 A/g. (D) The optical images ofquasi-solid-stateflexible batteries in different bending states. Copyright 2020 Chemical Engineering Journal. (E) Cycling performance of t-CNT-PA-PE cathode in ZIBs at current density of 10 A/g. Capacity retention of solid ZIBs under different destructive tests, including (F) bending test and (G) hammer testCopyright 2019 ACS Appl Mater Interfaces.
In addition, Huang’s team reported a method to improve the electrochemical reactivity and stability of the polyaniline cathode by constructing a pile-electron conjugate system between PEDOT: PSS on polyaniline and carbon nanotubes. The cathode can provide a high capacity of 238 mA h/g at a current density of 0.2 A/g, with good rate performance and good cycle stability (Figure 4E). Zinc ion batteries based on post-treated CNT PANI PEDOT: PSS (t-CNTs-PA-PE)showed good cycle stability and almost 100% cycle efficiency in 1,500 cycles. Moreover, Solid ZIBs in the bending and hammering process, the capacity loss is not obvious, keep in more than 90% of the original capacity (Figures 4F,G). This work demonstrates that conductive polymer cathodes can be used in high-performance ZIBs to meet the needs of flexible electronics. (Liu et al., 2019a).
Prussian Blue Materials
PBA with the formula of AxMy [B(CN)6]zmH2O (x, y, z, m = sto-ichiometric numbers; A, B = alkaline metal; M = Zn2+, Ni2+, Cu2+, etc.) is constructed by a 3D network of zeolitic struc-ture. (Xu et al., 2017). It has open skeleton structure, sufficient REDOX active center and relatively strong structural stability (Jia et al., 2015; Zhang et al., 2015; Song et al., 2018). The open framework endows PBA to be promising candidate for Zn2+ storage. However, Prussian blue analogues have a low capacity (less than 100 mAh/g) because the active sites are underutilized and in most cases are single-atom REDOX (Ma et al., 2019a). It is still challenging to further improve the specific capacity and cycling stability of PBA cathodes.
Lu and his colleagues prepared manganese oxide coated zinc ferrite (ZnHCF) nanocubes (ZnHCF@MnO2) by in situ coprecipidation method (Lu et al., 2017). The composite has a unique structure that has a synergistic effect by combining the capacitive and intercalated properties of the two components with the REDOX reaction, thus regulating the storage of Zn ions. Therefore, ZnHCF nanocubes encapsulated by MnO2 nanocubes have a high capacity of Zn ion storage and discharge, and their working voltage can reach ∼1.7V. In order to demonstrate the practical application of zinc ion battery in the field of flexible wearable electronics, a flexible quasi-solid-state battery was prepared by coupling ZnHCF@MnO2 with Zn thin foil in ZnSO4/PVA gel electrolyte. At different bending angles, the battery’s current changes are negligible, showing excellent flexibility (Figure 5A). In addition, the discharge capacities of the flexible device at 100, 200, 400, 500 and 800 mA/g are 89, 78, 67, 58, and 53 mAh/g, respectively (Figure 5B). In addition to higher discharge capacity, quasi-solid state batteries also have higher rate capacity (Figure 5C). When the current density increases from 100 mA/g to 800 mA/g, the discharge capacity can still exceed 49 mA h/g, and the capacity retention rate is 55%. At the same time, flexible battery can be stable cycle more than 500 times, can maintain about 71 percent of the capacity. Even flexible battery folding can power LED bulbs (drive voltage is 1.8V). (Figure 5D).
[image: Figure 5]FIGURE 5 | Performance of flexible solid-state rechargeable zinc ion battery with ZnHCF@MnO2 nickel foil as cathode (A) CV curves under different bending conditions at 1 mV/s; (B) Charge-discharge curves under different current densities; (C) Multiplier performance of flexible cells; (D) Photographs of the flexible zinc batteries powering the LED bulbs in their original and cut state respectively Copyright 2017 J. Mater. Chem. A. Electrochemical performance of Zn/CoFe(CN)6 cells with 4 m Zn(OTf)2 electrolyte (E) constant current charge-discharge curves under different current densities; (F) Solid-state cable battery: constant current charge-discharge curve and torsional deformation of battery at different bending angles of 60° and 150° when the fixed device length is 10 cm and bending radius is 1 cm.
Zhi and his colleagues incorporated Co(II)/Co(III) and Fe(II)/Fe(III) REDOX reactions into cobalt hexocyanate (CoFe(CN)6), which is a breakthrough to realize the combination of high capacity and high voltage water-bearing zinc ion batteries. (Ma et al., 2019a). The Zn/CoFe(CN)6 battery utilizes two pairs of Co(II)/Co(III) and Fe(II)/Fe(III) REDOX reactions to provide a high operating voltage platform of 1.75 V and a high capacity of 173.4 mA h/g at 0.3 A/g. The 3D open structure of the battery provides A sufficiently high discharge capacity of 109.5 mA h/g, even at an extremely fast charge/discharge rate of 6 A/g. (Figure 5E). In addition, the Zn/CoFe(CN)6 battery achieved excellent cycle performance of 2,200 times and coulomb efficiency of nearly 100%. Furthermore, sol-gel of hydrogel electrolyte has been developed to prepare high-performance flexible cable batteries. The battery has excellent electrochemical performance, uniform torsional deformation and excellent mechanical properties at bending degrees of 60° and 150°. (Figure 5F). This strategy enables the active material to fully contact the electrolyte, thus improving the electrochemical performance (capacity increase of ≈18.73%) and mechanical stability of the solid-state device.
Vanadium Base Material
Vanadium cathode because of its excellent REDOX chemistry, can promote the open of insert/take off layer response the main structure and high specific capacity and aroused people’s great interest. (Wang et al., 2017; Guo et al., 2018). Among various vanadium based oxides, V2O5 has good potential as ZB cathode material due to its high theoretical capacity (589 mA h/g) based on double electron transfer. The main challenge facing V2O5 cathode is that the V2O5 cathode synthesized by traditional methods has insufficient active sites, low conductivity, making its ultra-fast charging performance and high rate performance far below expectations.
Mai and colleagues designed a novel cathode material by growing two-dimensional V2O5 nanosheets directly on a flexible titanium (Ti) substrate. (Javed et al., 2020). The resistance of 2D V2O5 nanosheets is greatly reduced and provides more active sites to facilitate electrochemical reactions in zinc ion batteries. Meanwhile, the improvement of the electrochemical performance of V2O5-Ti cathode is due to the unique structure of vertically arranged ultra-thin nanosheets (Figure 6A) which ensures that Zn2+ has a larger embedding space and a shorter diffusion length, thus improving the electrochemical performance and providing ultra-fast charging performance. An ultra-fast and flexible quasi - solid F-V2O5-Ti//Zn battery was developed. The capacity, power density and energy density parameters are better than those of the previously reported water-based/flexible zinc ion battery. (Figures 6B,C).
[image: Figure 6]FIGURE 6 | (A) High power FESEM images of V2O5 nanosheets grown directly on titanium substrates, (B) Charge-discharge curves of at various current densities in potential window of 0.3–1.6 V, (C) Charge-discharge profiles during different bending states at constant current density of 12 A/g. Copyright 2020 Elsevier Ltd. (D) Discharge GITT curves at a current density of 0.05 A/g,(E) Cycling stability and Coulombic efficiency at 1 A/g. Inset in (E) shows the blue LED light up by two flat or bending state flexible quasi-solid-state Zn/E-VO batteries. Copyright 2019 NANOEN 3724. (F) Charge/discharge curves of the DVOC sample at different current densities. (G) Charge/discharge curves of the DVOC sample during the initial thirty cycles. (H) High-rate long-term cycling properties of the DVOC sample at 10 A/g. Copyright 2020 ChemSusChem.
Yan and colleagues propose a simple in situ method that simultaneously introduces polyvalence to increase the interlayer water content and enlarge the interlayer distance of hydrated V2O5. (Zhao et al., 2019). These structural adjustment makes the layered expansion V2O5 2.2 H2O (E-VO) nano piece has faster charge transfer kinetics, Zn2+storage space and more than precursor V2O5 higher structural stability. (Figure 6D). As cathode of water-based ZIB, E-VO has the high irreversible capacity (450 mA h/g at 0.1 A/g), good ability of ratio (222 mA h/g at 10 A/g) and long term stability (72% of the capacity to keep 3,000 cycle, at 5 A/g). (Figure 6E).
In addition, the structure crushing and chemical dissolution during the charge-discharge cycle are the main reasons for the electrochemical instability of vanadium oxide. (Yu et al., 2015; Song et al., 2016). In order to solve these problems, regulating the V4+ and the ratio of the V5+ to enhance the electrochemical reaction of reversibility, effectively improve the capacity and stability of the vanadium oxide. An oxygen defect modulated unbonded V2O5 nanorods (PVO@C) for water/quasi-solid zinc ion batteries were constructed. (Liang et al., 2021). The structure of PVO@C electrode is stable due to oxygen deficiency and phosphorus doping, and the diffusion rate and electronic conductivity of Zn2+ ions are improved. Aqueous PVO@C//Zn cells have significantly increased capacity (362.01 mA h/g at 0.13 A/g1) and have remarkable long-term durability (86.7% capacity after 5,000 cycles and nearly 100% Coulomb efficiency) compared to the original VO//Zn or PVO//Zn cells. In addition, a stable flexible quasi-solid PVO@C//Zn cell (SS ZIB) was proposed based on flexible PVO@C cathode, elastic Zn anode and PAM gel electrolyte. This SS ZIB device achieves an impressive energy density of 10.5 mWh/cm3 at a high power density of 33.4 W/cm3, exceeding most solid-state batteries previously recorded. After 600 cycles, it has a capacity retention capacity of 81.9%.
Vanadate based materials have the advantages of various element valence states, large theoretical capacity, stable structure and abundant resources, so they are the most widely studied. (Li et al., 2020b; Liao et al., 2020). However, due to strong electrostatic interaction with divalent zinc ion the vanadate cathode has slow kinetics and poor cyclic stability. Deng and colleagues (Lin et al., 2020) constructed a novel vanadate oxide structure and successfully designed a defection-rich (V6O13-δ)/C nanovortex to prepare a fibrous flexible DVOC/SWNT@CNTF electrode (SWNT: single-walled carbon nanotube; Carbon nanotube fiber CNTF was prepared). Based on SWNT network and substrate are provided based on CNTF bicontinuous electronic path, promoted the fast dynamics and excellence rate capability (Figures 6F–H).
In addition, the pre-insertion strategy is also an effective method to improve the cycling performance of vanadium-based zinc ion batteries. Linda F. Nazar and colleagues report a vanadium oxide bronze supported by interlaminar Zn2+ ions and water (Zn0.25V2O5•nH2O) as the positive electrode of a zinc battery. (vKundu et al., 2016). A reversible Zn2+ ion (de) intercalation storage process with high speed and more than one Zn2+ per formula unit (capacity up to 300 mAh/g). The zinc battery has an energy density of 450 W/L and a capacity retention rate of more than 80 percent in 1,000 cycles. No dendrites form on the zinc electrode. In order to solve the problem, the preintercalated ions can easily lose the combination with the skeleton and deintercalated into the electrolyte, leading to the collapse of the structure again.Xu reported that the cyclic stability of a zinc ion cell can be improved by preintercalation of tetrapalent tin ions into Pyrovanadate Sn1.5V2O7(OH)2•3.3H2O (denoted as SnVO). (Xu et al., 2021). Compared with Pure vanadium pentoxide, the tetradvalent tin in SnVO can strongly bind to V2O74− layer, supporting high mechanical stability during zinc ion intercalation. In addition, the tin oxide tetrahedron in the V4O10 layer can further expand the size of the cavity between Pyrovanadate V2O74−, promoting the rapid kinetics of zinc ion diffusion, thus improving the rate performance of ZIB.
Electrolytes
Electrolyte is another important component of flexible zinc ion battery, which is the “blood” of flexible zinc ion battery and plays an important role in determining its performance in terms of discharge operating time, cycling performance and shelf life. There are two types of electrolytes, one is liquid electrolyte (Hilder et al., 2009), which has a certain disadvantage compared with gel electrolyte because of its fluidity and is prone to side leakage when encapsulating flexible batteries. Next is the solid electrolyte, which contains three main types: hydrogel, ionic conductive inorganic solid and organic polymer. Gel polymer electrolyte is a kind of intermediate state between liquid and solid, which is composed of polymer object and liquid electrolyte. Due to its relatively high ionic conductivity, flexibility and good interfacial contact with electrodes, it has been widely used in flexible zinc ion batteries. In general, the performance of gel electrolytes depends largely on the choice of gelatin and the ratio of each element. The gelatins used to build electrolytes are generally polyvinyl alcohol (PVA), polyethylene oxide (PEO), and polyacrylic acid (PAA) (Li et al., 2019a). Polyvinyl alcohol (PVA) is a commonly used polymer matrix with good water retention capacity, which has the characteristics of high hydrophilicity and good film forming ability, excellent chemical stability, electrochemical inertness, durability, non-toxicity and ease of manufacture. (Li et al., 2019b; Fan et al., 2019).
As the evaporation of water, the electrolyte becomes more and more concentrated and the performance of battery deteriorates. To reduce water loss of the electrolyte, thereby improving the ionic conductivity of the electrolyte and the cycle life of battery, Zhong’s team has proposed a polymer electrolyte for the body that uses tetraethylammonium hydroxide (TEAOH) as an ionic conductor and polyvinyl alcohol (PVA) as a polymer, with good water retention (Figures 7A,B). The prepared polymer electrolyte maintained a high ionic conductivity of 30 mS/cm after 2 weeks. In addition, with the commonly used KOH-PVA electrolytic liquid ratio, TEAOH - PVA assembly zinc air battery has excellent discharge properties and cycle life, found no significant degradation in 2 weeks. (Li et al., 2019b).
[image: Figure 7]FIGURE 7 | Optical photos of (A) freshly prepared electrolytes and (B) electrolytes stored in the open ambient environment (RH = 30%, 20°C) for 72 h.Copyright 2019 Nano Energy. (C) Photographs of PHEs with polymer concentration ranging from 30% (w/w) to 50% (w/w) at varied temperatures, showing the thermoreversible gelation behavior. Copyright 2017 Angewandte Chemie International Edition. (D) Rate performance, (E) GCD curves at 0.2 A/g. Copyright 2021 Wiley-VCH GmbH.
In addition, the internal pores of the gel electrolyte play a key role in the absorption of electrolytes, electrolytes can be retained in the porous gel electrolytes, and polyethylene glycol as a pore-forming agent improves the doping ability and obtain high ionic conductivity. The prepared porous photovoltaic nanocomposite GPE has high ionic conductivity of 57.3 mS/cm, excellent water retention performance and good thermal and mechanical properties under environmental conditions, while the assembled flexible ZAB has excellent cycle stability, discharge performance and power density. (Fan et al., 2019).
In addition to the ionic conductivity and mechanical strength of the hydrogel, certain properties of the polymer electrolyte may have a particular impact on the performance of flexible zinc ion batteries. (Li et al., 2018b). For example, Cui’s team reported a novel strategy using thermally reversible polymer hydrogels as functional electrolytes, i.e., using poly (ethylene oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO), with significant structural polymorphism in polar solvents, to provide intelligent cooling recovery for flexible zinc ion batteries. When the cell system is exposed to extreme deformation, a simple cooling process can repair the fractured electrode-electrolyte interface, resulting in in-situ recovery of electrochemical performance compared to conventional flexible cells (Figure 7C). This process can be repeated even after multiple strong folding events, and this cooling-recovery strategy requires only external temperature stimulation without any side effects involving phase transitions. (Zhao et al., 2017).
Soorathep Kheawhom’s group also reported a transparent alkaline GPE film, which is polymerized by polyacrylic acid, potassium hydroxide and water as a quasi-solid electrolyteused in zinc-manganese dioxide batteries. The GPE film has high ionic conductivity, improveing the cycle life and performance of the battery. (Gaikwad et al., 2011; Lao-atiman et al., 2017).
The application of organic electrolytes in zinc ion batteries is still the least explored field in stable zinc anodes. Due to the higher thermodynamic stability of Zn to organic solvents, the application of organic solvents may reduce side reactions that may solve the lower Coulombic efficiency (CE) problem by simplifying electrochemistry at the Anode and reducing electrode passivation, thereby reducing dendrite problems.
Wang and colleagues reported that a highly stable and dendrite-free zinc anode was obtained by using triethyl phosphate (TEP) as a cosolvent in aqueous solution. In more than 3,000 h stable galvanized iron/zinc, CE value of 99.68%. The electrolyte and zinc ion battery of zinc anode and six iron acid potassium cyanide copper (KCuHCf) positive electrode showed a good compatibility. The full battery has longer cycle stability and higher rate performance. (Naveed et al., 2019).
However, compared with stream electrolytes, organic electrolytes are less safe, so stream electrolytes are the most widely studied. The flexible zinc ion battery also requires that the electrolyte can withstand the test of bending and folding, and has a certain self-healing ability.
Wong and colleagues developed a simple and economical method to construct a versatile hydrogel electrolyte using cotton as raw material, tetraethyl orthosilicate as crosslinking agent, and glycerin as antifreeze agent (Chen et al., 2021b). The resulting hydrogel electrolyte has high ionic conductivity, excellent mechanical properties (such as high tensile strength and elasticity), ultra-low freezing point, good self-healing ability, high adhesion and good heat resistance. It is worth noting that this water gel electrolyte under - 40°C can provide a record of 19.4 mS/cm high ionic conductivity. Secondly, the hydrogel electrolyte can significantly inhibit zinc dendrite growth and hydrogen evolution side reactions at -40–60°C (Figures 7D,E). Using this hydrogel electrolyte, a flexible quasi-solid Zn-MnO2 cell was assembled, which showed significant energy density in the -40–60°C range. The battery also shows excellent cycle durability, with high durability in a wide range of harsh conditions. In addition, it can be in >60% of compression deformation restored to its initial state, shows that it has good elasticity. Zhi’s team reported cathodes based on nanofibrillated cellulose (NFC)/polyacrylamide (PAM) hydrogels, electrodeposited Zinc nanoplate anodes, and carbon nanotube (CNT)/α-MnO2 sewable Zn-MnO2 cells (Wang et al., 2018a). The designed NFC/PAM hydrogel has high mechanical strength and great tensile properties. The prefabricated NFC bone network stabilizes the large pore as a channel for electrolyte diffusion. In addition, the influence of sewing on improving shear resistance of solid battery was analyzed. The sutured Zn-MnO2 battery retains 88.5% capacity after 120 stitches and can withstand a large shear force of 43 N.
In order to effectively solve the disadvantage of rapid water loss of hydrogel electrolyte, Liu and colleagues report a solid-state battery based on a self-standing gelatin-based hydrogel electrolyte (GHE) (Han et al., 2018b), whose high ionic conductivity, strong mechanical strength, and tight contact with the electrode enable reversible and stable circulation of Zn metal anodes and LiMn2O4 cathodes. Benefiting from superior stability to water, GHE’s flexibility and a carefully designed battery structure, the Zn/GHE/LiMn2O4 solid state full battery delivers a high specific capacity of 110.2 mA h/g and is resistant to cutting, flooding, bending, twisting and crimping. These characteristics of gelatin electrolyte proved beneficial to the battery components and battery performance. When heated, gelatine powder dissolved in AE, which promoted in-situ coating of GHE on the electrode. Using the fast cooling technology after cooling, gelatin solidifies into a solid layer of thin film, to provide mechanical strength to suppress the formation of zinc dendrite.
In a word, the research of flexible zinc ion battery electrolyte mainly focuses on how to alleviate the problem of zinc negative dendrite, hydrogen evolution and solve the problem of hydrogel electrolyte water loss. High performance electrolytes have great influence on the cycle stability, rate performance and energy storage capacity of batteries. (Liu et al., 2019b; Ma et al., 2019b). Therefore, it is of great significance to study electrolytes of flexible Zn-ion batteries.
METHOD OF COMBINING ACTIVE MATERIALS WITH FLEXIBLE SUBSTRATES
In order to improve the mechanical flexibility of electrodes for wearable electronic devices so that the active material can better adhere to the flexible substrates, flexible electrodes are usually prepared by two ways: one method is to grow the active material directly on the flexible substrate, which is typically carbon cloth, polymer elastomers or textiles. Direct growth of active materials without using any binder, such as catalytic in-situ growth, electrodeposition (Liu et al., 2020; Yza et al., 2022), etc. Another method is to load active material with the help of instrument. This includes loading of electrically active material onto flexible substrates by screen printing with the help of adhesives, or loading the active material by inkjet printing, 3D printing, or laser etching with a pre-designed electrode pattern.
In situ Growth Method
In the preparation of zinc ion batteries, the use of polymer binders and conductive additives results in high contact resistance, which reduces the specific capacity and diversity performance of the battery. An effective strategy to solve this problem is to directly grow the active material in-situ on flexible substrates or collectors as binder-free electrodes. (Wan et al., 2018). This strategy not only ensures fast charge transfer between the active material and the collector, but also enables a uniform distribution of the active material over the collector fluid. Therefore, the prepared flexible electrodes will provide better electrochemical performance, including high capacity, good rate performance and high capacity under deformation conditions.
Yao’s team constructed a planar flexible quasi-solid aqueous rechargeable silver-zinc battery using silver nanowires made from a metal-organic framework (MOF) as an unbonded cathode on a carbon cloth. The results show that the ag-Zn battery has a significant energy density of 1.87 mWh/cm2 due to the abundant reaction sites and short electron and ion diffusion paths provided by the MOF Silver nanowires (Figure 8A). After bending 135° and cycling 100 times, its capacity remained above 93% (Figure 8B), which further demonstrates the superb mechanical properties of the prepared devices (Figure 8C). (Li et al., 2018c) In addition, Cai and colleagues prepared three-dimensional (3D) integrated binder-free dual-functional oxygen electrodes composed of NiCo2O4@NiCoFe-hydroxide (NiCo2O4@NiCoFe-OH) nanoarrays supported by carbon cloth (Figure 8D). The three-dimensional porous structure and good hydrophilicity of the nitrate-treated carbon cloth substrate facilitated the directional growth of NiCo2O4 nanocrystals. Therefore, the nickel-iron-hydroxide can randomly anchore and cover on the NiFe surface. Using this controllable and cost-effective in-situ synthesis strategy, the core/shell structure of NiCo2O4@NiCoFe-OH nanoarrays is tightly attached to the 3D interconnected carbon microfibers. (Figure 8E).The manufactured monolithic binderless oxygen electrode is freestanding and highly flexible/bendable, inheriting a high mechanical strength carbon skeleton. (Li et al., 2020c).
[image: Figure 8]FIGURE 8 | (A) SEM of MOF derived Ag nanowires/CC at Ar/NH3. (B) Normalized capacity of the quasi-solid-state Ag-Zn battery bent 135°for 100 cycles. (C) The photographs of bent quasi-solid-state Ag-Zn battery.Copyright 2018 American Chemical Society. (D) Scheme of the synthetic process of NiCo2O4@NiCoFe-OH. SEM images of NiCo2O4 NWs (E) grown on CC. Copyright 2020 Journal of Materials Chemistry A.
Screen Printing Method
Many flexible batteries rely on complex, low-production and high-cost manufacturing processes that hinder their transition from the lab to the marketplace, so printed high-performance batteries offer ideas for mass production of flexible batteries. Screen printing is considered to be a cost-effective, easy-to-operate and mass-productable method for the rapid construction of flexible zinc ion cells with precise control performance, flexibility and integration with printed microelectronics. (Guo et al., 2018). Screen printing allows active design control and can potentially combine deterministic and stochastic composites. In order to meet the need for flexibility and scalability while maintaining low cost and using low-cost thick film manufacturing techniques, flexible cell modules can be printed sheet by sheet or roll by roll using traditional and low-maintenance screen printing or scraper casting equipment, thus achieving low-cost mass production of flexible batteries (Figures 9A,B). (Kumar et al., 2016; Yin et al., 2021)
[image: Figure 9]FIGURE 9 | (A) The process of assembling the flexible, rechargeable, and high-capacity AGO-Zn battery is silkscreen printed layer by layer and vacuum sealed. Copyright 2019 ResearchGate. (B) Zn//MnO2 planar MBs was prepared by printing. Schematic diagram of printing zinc//MNO2MB by screen printing method: Blank PETsubstrate, printing graphene collector electrode, printing MnO2 cathode and Zn anode. Electrochemical performance of printed Zn//MnO2 planar MBs (C) cycling stabilities of printed Zn//MnO2 MBs with planar and sandwich-like stacked geometries, measured at a rate of 1 C; (D) long-term cycle stability of Zn//MnO2 planar MBs, with a high rate of 5C over 1,300 cycles. Copyright 2020 Natl Sci Rev.
Wu’s team reports on a cost-effective and industrially applicable screen printing strategy for the rapid and scalable production of rechargeable zinc-manganese dioxide planar batteries with high performance, superior flexibility, scalable applicability and high safety. With zinc ink as anode (6.4 μm thick) and MnO2 ink as cathode (9.8 μm thick), high-quality graphene ink was used as metal-free collector in neutral electrolyte (2 M ZnSO4 and 0.5 m MnSO4). Planar unbaffled Zn//MnO2 MBs, tested in neutral aqueous solution, has a high capacity of 19.3 mA h/cm3 (corresponding to 393 mA h/g) at a current density of 7.5 mA/cm3, and a significant volume energy density of 17.3 mWh/cm3, superior to lithium film battery (≤10 mWh/cm3). In addition, the battery has stable cycling performance, with a capacity retention rate of 83.9% after 1,300 cycles under 5C, which is better than the previously reported stacked Zn//MnO2 battery (Figures 9C,D). (Wang et al., 2020)
Screen printing solves the requirement of high volume production of flexible electrodes at low cost, but faces another difficulty, which is to select or develop the ink formulation and choose the mesh size, as well as the thickness of each layer of ink film forming the anode and cathode, according to the requirements of the amount of active material, electrical properties, electrode stability and electrolyte permeability. (Tehrani et al., 2015). The selection of the mesh is based on the particle size of the mass of active material to be printed. A mesh with too large an aperture loses the significance of screen printing, while a mesh with too small aperture leads to uneven printing of the active material, which in turn affects the electrochemical properties. The right printing template will allow the active substance to be printed more evenly and firmly and to meet the required amount of active substance.
The rheology of the ink is controlled by a complex formulation of reactive materials, binders and specific solvents. The role of the binder is to bond the ink components and the collector fluid together and to influence whether the active substance will come off. Ink with different ratios of the same active material can also have a great impact on the battery performance. Somenath Mitra’s team reported the preparation of printable composite electrodes embedded with multi-walled carbon nanotubes (CNTs) for flexible Ni-Zn batteries. (Wang et al., 2018b). Carbon nanotubes function for electron transport pathways, resulting in better performance than physical mixing of active materials. However, excessive amounts of carbon nanotubes can lead to cracking of the active material. Therefore, it is extremely important to test a suitable ink formulation, which is an inevitable requirement for the preparation of cells with excellent electrochemical properties.
Inkjet Printing Method
Inkjet printing, as an environmentally friendly and low-cost method for direct deposition of functional nanomaterials, has received widespread attention. Non-contact printing can be achieved on various substrates by programming the print pattern to be printed and then controlling the movement of the print nozzle. The modes of operation for inkjet printing are (i) drop-on-demand (DoD) printing, which delivers droplets caused by thermal bubbles or piezoelectric actuators, and (ii) continuous inkjet (CIJ) printing, which produces a continuous stream of ink through the nozzle by means of an electrostatic field or magnetic field. (Zhang et al., 2020e; Yan et al., 2020).
Ink-jet printing provides the advantage of flexible and wearable electronics manufacturing, such as design of high-throughput, large-scale, good performance, biocompatibility, and on the infinite basal precision deposition. In addition, due to droplet deposition and programmable pattern design, inkjet printing methods greatly reduce the waste of expensive ink materials (Figure 10A).
[image: Figure 10]FIGURE 10 | (A) Schematic of inkjet-printed MnO2/GO-based flexible supercapacitors on A4 paper substrates using an EPSON L130 printer. Left: CV curves of the flexible supercapacitors under various bending angles. Reproduced with permission from P. Copyright 2017 American Chemical Society. (B) Use the CC/zinc and AgNPs @ CC/zinc anode NVO lots zinc battery cycle stability under the condition of 50°C.Copyright 2021 Advanced Functional Materials.
Chen and his colleagues proposed a heterogeneous metal seed-mediated strategy. The basic idea is to print silver nanoparticles on a three-dimensional conductive backbone by inkjet printing and use them as heterogeneous metal seeds to induce uniform nucleation of zinc and avoid dendrite growth during the initial electroplating stage.At the same time, the reaction of Ag with Zn produces a zinc-friendly AgZn3 alloy as a Zn resource to compensate for the irreversible loss of active Zn during the recycling process. In the first 15 cycles, the capacity of the AgNPs@CC/Zn anode cell increased from 182 mA/g to 237 mA/g and maintained a reversible capacity of 218 mA/g, corresponding to a capacity retention rate of 92% (Figure 10B). (Chen et al., 2021a)
However, at present, there are still many challenges that the technology is relatively bad. These challenges include preventing nozzle clogging, inhibiting coffee ring effect, and enhancing ink dispersion,etc. (Yan et al., 2020)
Other Methods
Those climb from claiming 3D printing (3DP) innovation Concerning illustration An revolutionary manufacturing system has created a great attraction for the fabrication of functional electrodes in the field of energy storage and conversion. The printing process usually combines digital programming and manufacturing procedures to rationally design a 3D functional structural model of the object, followed by the use of special software to obtain sliced layers of the model, which are printed using digital technology material printers, i.e. by adding each two-dimensional (2D) layer to the previous one, enabling the construction of a 3D structure, thus enabling precise control of the spatial geometry and architecture of the device from the macro to the nano scale (Figure 11A). (Pang et al., 2019) Yang’s team has demonstrated a 3D printing system for those development of practical electrodes for zinc-air batteries. The printed anode comprises for large portions minor zinc balls. to enhance the utilization of zinc. The self-supporting air cathode made by 3D printing has a hierarchical porous structure with high specific surface area, which allows the electrode to have high electrocatalytic activity and fast reaction diffusion channels (Figure 11B). Thanks to these advantages, the assembled zinc-air battery achieves a high releasing capacity of 670 mA h/g at a current density of 5 mA/cm2 and a long period cycle stability of at least 350 cycles. (Zhang et al., 2020f).
[image: Figure 11]FIGURE 11 | (A) Schematic of the 3D “drop-on-demand” ink jet printer.Copyright 2019, Elsevier. (B) Schematic illustration of 3DP-Zn-E. Copyright 2019, Advanced Functional Materials.
Laser engraving processing is based on the use of CNC technology and laser as the processing medium. The physical denaturation of the electrode material by instantaneous melting and vaporization under laser engraving irradiation enables laser engraving to achieve the processing purpose, which in turn completes the preparation of flexible electrodes.Wang’s team used a high-precision, simple and low-cost laser engraving technique to prepare finger-shaped cathodes and anodes for ZIMB. Suspended finger-like multi-walled carbon nanotube MnO2 (MWCNTs-MnO2) cathodes were prepared by laser engraving machine (JL-K3020) and MWCNTs-Zn anodes based on zinc nanosheets were prepared by laser etching with further acknowledge the full adaptability from claiming ZIMB. The flexible conductive substrate prepared by laser engraving allows ZIMB to exhibit excellent flexibility, resulting in high reliability and stability of ZIMB. The concept proves that the capacity maintenance of ZIMB is up to 96.5% of the beginning capacity at 120° bending angle, and even after the 5th self-healing cycle, the capacity retention is still up to 90.2%. This worth of effort gives new plans for outlining another era of high-efficiency, high-reliability and high-stability micro-energy storage devices. (Du et al., 2020).
SUMMARY AND OUTLOOK
In the era of electronic information technology, electronic devices are developing towards miniaturization and flexibility. Those ever-growing enthusiasm from both academic Group What’s more shopper showcase will be activating those fast advancement of new helter skelter execution adaptable vitality stockpiling gadgets. In the research of flexible power supply, flexible zinc ion batteries have been noticed by researchers and have achieved some promising results. In this paper, the research progress of flexible zinc batteries in recent years is reviewed from the following aspects: the differences between different anode, cathode materials and electrolytes in flexible zinc batteries; the method of loading active materials on flexible electrodes are discussed and compared. Although many progresses have been made in this area, it is still highly desirable to solve the following challenges and problems in time to promote the application of flexible zinc batteries.
First of all, the performance of the active materials has a critical impact on the cycling performance and flexibility of the battery. The research of zinc anodes mainly focuses on the material of metal zinc anodes. The primary goal is to reduce the generation of zinc dendrites during long-term cycling, so as to improve the lifetime and electrochemical performance of the battery. Most studies have used zinc foil directly, and some studies have cast zinc and zinc oxide particles on flexible substrates or grow zinc in situ instead of zinc foil in order to obtain better mechanical properties and stability. The research of cathodes is mainly to try to obtain materials with high capacity, high cycling performance, low cost and good mechanical properties, including ion embedding and oxygen vacancy generation for some cathode materials to improve the battery performance. Moreover, the research on the electrolyte of flexible zinc ion battery mainly focuses on the gel electrolyte. It consists of polymer body and liquid electrolyte, which has relatively excellent flexibility performance and can basically meet the needs of flexible zinc ion battery, and also has relatively good ionic conductivity to improve the multiplication performance of flexible zinc ion battery, as well as can make good interfacial contact with electrode.
Secondly, the main technologies for loading active materials onto flexible electrodes include in-situ growth method, screen printing, and inkjet printing and so on. Among them, the in-situ growth of active materials does not require binder, which ensures rapid charge transfer between active materials and collectors, makes the active material evenly distributed on the collector, so that the prepared flexible electrodes have better electrochemical performance. Screen printing is a sheet-by-sheet or roll-by-roll printing method for flexible cell, which is considered to be a cost-effective, easy-to-handle and mass-producible process. Inkjet printing can programmed according to the pattern to be printed, enabling non-contact printing on a variety of substrates, resulting in low-cost, high-precision, high-efficiency electrode printing, which can be used for artificial intelligence equipment, special-shaped battery and private customization.
With the innovation of technology, flexible zinc ion battery has a wide application prospect in flexible electronic devices due to its excellent performance. The development of wearable/implantable electronic devices such as flexible display devices, health monitors and electronic sensors has attracted more and more attention from academia and industry. One of the biggest challenges in the development of flexible electronic devices is to develop flexible, light, thin and safe portable energy storage devices. Flexible water zinc ion batteries are safe, can meet safety performance, and can be designed to fit into clothing and other wearable devices. The batteries must better fit the shape of wearable devices to avoid being bulky. Therefore, the development prospect of flexible zinc ion battery is broad.
Despite the advantages of flexible zinc batteries, there are still many problems for researchers to continue to study: (1) compared with the high theoretical capacity of the zinc metal anode, the cathode active material with higher capacity need to be explored; (2) the stability of the zinc negative electrode at high current and high capacity needs to improved; (3) in flexible batteries, with movements such as bending, the loaded active material usually cracks or flakes off, leading to a rapid decline in electrochemical performance. Therefore, it is necessary to design the ideal electrode material structure or improve the process method of loaded active material, and then further improve the mechanical properties of the electrode; (4) to further increase the actual capacity of flexible zinc batteries while improving the mechanical properties of electrodes. How to encourage the capacity of zinc ion batteries by increasing the amount of loaded active substance, which in turn has wider practicality.
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Big progress has been made in batteries based on an intercalation mechanism in the last 20 years, but limited capacity in batteries hinders their further increase in energy density. The demand for more energy intensity makes research communities turn to conversion-type batteries. Thermal batteries are a special kind of conversion-type battery, which are thermally activated primary batteries composed mainly of cathode, anode, separator (electrolyte), and heating mass. Such kinds of battery employ an internal pyrotechnic source to make the battery stack reach its operating temperature. Thermal batteries have a long history of research and usage in military fields because of their high specific capacity, high specific energy, high thermal stability, long shelf life, and fast activation. These experiences and knowledge are of vital importance for the development of conversion-type batteries. This review provides a comprehensive account of recent studies on cathode materials. The paper covers the preparation, characterization of various cathode materials, and the performance test of thermal batteries. These advances have significant implications for the development of high-performance, low-cost, and mass production conversion-type batteries in the near future.
Keywords: thermal batteries, cathode materials, metal chlorides, metal fluorides, metal sulfides
INTRODUCTION
Thermal batteries are a special kind of primary batteries that can be stored in an inactive state for a long time and then activated generally at 350–550°C when energy is required (Guidotti and Masset, 2006; Choi et al., 2015). It was first invented and developed in the 1940s to power German weapons (Guidotti and Masset, 2006). The activation time and power density greatly affect the response speed of thermal batteries. Reserved thermal batteries with large capacity, high power, high thermal stability, long shelf lives, and fast activation are an attractive high-temperature battery system, which can be used as an effective power source for the actuator of guided weapons and the propulsion device of underwater and space vehicles (Cho et al., 2020).
From the development history, thermal battery can be divided into three stages as shown in Figure 1. The first-generation calcium/chromate thermal battery had a low energy density, complex reaction mechanism, dendrite formation, and unpredictable performance, which is replaced by the second-generation lithium/sulfides batteries. Currently, the Li/FeS2 thermal battery with better power and discharging time compared with calcium/chromate counterpart, is widely used in various military weapons and environment. However, with the evolution of military action into an intelligence era and the thriving of space exploration, there are new challenges faced by batteries: energy/power density, discharging time, and activation time. Thus, the Li/FeS2 battery cannot meet the requirement and new battery technologies are essential to fulfill these needs. In terms of anodes, Ca, Mg, and Li or corresponding alloys all have been used as anode materials (Guidotti and Masset, 2008). However, only Li or Li-alloy is used at present, so this review only focuses on cathode materials related to Li chemistry. Higher voltage is more practical for a battery with a high-power output. Furthermore, obtaining the same voltage requires fewer single cells with high-voltage, which is beneficial to improve the overall energy density of the battery. Due to the stronger electronegativity of halide elements, halide compounds usually show higher voltages. Thus, metal halide materials are ideal replacement of metal sulfides as cathode materials for thermal batteries. This review highlights the reported metal sulfides and halides, and finally gives a generalization for the future research direction for cathode of thermal batteries.
[image: Figure 1]FIGURE 1 | Historic development of thermal battery.
TRANSITION METAL SULFIDES
FeS2
Pyrite is a relatively abundant and cheap natural mineral used as cathode material for thermal batteries (Guidotti et al., 2002). FeS2 has a capacity of 893 mAh/g with an open circuit voltage (OCV) of 2.0 V (Ko et al., 2019). It is a typical semiconductor with a bandgap of 0.95 eV (Ennaoui et al., 1993) and begins to decompose at 550°C. The synthesis of high-purity pyrite powder from natural mineral for thermal battery requires a complex ground, sizing, and purification process with high cost. The detailed preparation, characterization, and performance tests of FeS2 cathode are shown in Supplementary Figures S1–S5.
Guidotti used the plasma spraying (PS) method (Guidotti et al., 2006) to synthesize FeS2 with LiCl-KCl eutectic electrolyte to make the composite cathode, which showed low impedance and was almost 3.5 times (Guidotti et al., 2006) that of the discrete pressed-powder. The performance of batteries with PS cathode had a linear relationship with the number of cells, and the reduced battery components facilitate the battery design by reduced chance of assembly errors. Wang et al. synthesized pyrite films to solve mechanical integrity issues of thin pellets, and the prepared pyrite thin films with several superior physical properties than that of micron pyrite pellets (Au, 2003; Wang et al., 2013). Ko prepared thin-film cathodes with good homogeneity and a reproducible thickness via a tape-casting process (Ko et al., 2017), which can produce a thin sheet with a thickness of 0.01 to 1.2 mm, as well as the possibility of controlling density, surface condition, and the flexibility of synthesis sheets (Park et al., 2016). Such method can be easily scaled up, but increases the internal resistance of the battery due to the presence of different polymer binders (Masset et al., 2005; Cha et al., 2018). Various studies shows the phase transformations of FeS2 discharging process as follows (Tomczuk et al., 1982; Choi et al., 2014; Chen et al., 2017; Cha et al., 2018; Zhang and Tran, 2018; Kim et al., 2020; Zou et al., 2020; Thu et al., 2021): FeS2→Li3Fe2S4→Li2+xFe1-xS2→Fe.
CoS2
In special high-power and long discharging time applications, FeS2 is replaced by CoS2 due to its excellent thermal stability (650°C), metal-like electrical conductivity, and discharge performance (Preto et al., 1983; Guidotti et al., 2002; Guidotti and Masset, 2006). The capacity of CoS2 is 871 mAh/g, and OCV is 1.99 V23. The detailed preparation, characterization, and performance tests of CoS2 cathode are shown in Supplementary Figures S6–S8.
Guidotti prepared CoS2 cathode via an aqueous process (Guidotti et al., 2002) with improved thermal stability after heat treatment at 550°C. The performance can be enhanced by increasing the CoS2 particle size. Guidotti also showed that thermal spraying catholyte mixtures have distinct advantages for fabrication of thin electrodes for short-life thermal batteries (Guidotti et al., 2006). Xie prepared CoS2 and carbon nanotubes (CNTs) composite cathode using hydrothermal growth method (Xie et al., 2016). The pulse discharge performance of the CoS2/CNTs cathode was superior to that of conventional CoS2 due to the enhanced conductivity. Hu used the screening-printing method to prepare a film cathode (Hu et al., 2018) with a thickness of 50 μm that showed twice the capacity and active material utilization ratio. Xie prepared a novel carbon-coated CoS2 (C@CoS2) cathode material via a facile one-pot hydrothermal method (Xie et al., 2017) to prevent the CoS2 oxidation when exposing to air (Masset and Guidotti, 2008a; Masset and Guidotti, 2008b). The decomposition temperature of C@CoS2 was 610°C, which was 200°C higher than that of CoS2 nanocrystal (Masset and Guidotti, 2008a). Xie used carbon-coated CoS2 as the cathode to inhibit the higher self-discharge rate in the Li-B/CoS2 system (Xie et al., 2018).
There are many phases in the Co-S phase diagram, such as CoS2 (space group Pa-3), Co3S4 (space group Fd-3m), Co9S8 (Fm-3m), and CoS (P63/mmc) (Masset and Guidotti, 2008b). Although the electrochemical performances of CoS2-based thermal batteries have been studied for many years, little is known about the phase evolution of CoS2 in the discharge process of thermal batteries. Previous studies showed that the phase transformation during the discharge process of CoS2 followed the CoS2→Co3S4→Co9S8→Co pathway (Masset, 2008). Payne’s powder neutron diffraction study showed that the phase transformations of the CoS2 discharging process followed the CoS2-CoS-Co9S8-Co pathway (Payne et al., 2019).
NiS2
The low-cost NiS2 was regarded as one of the promising cathode material candidates because the thermal stability and discharge performance of NiS2 were between FeS2 and CoS227. However, NiS2 cathode cannot fully react at high current density, which becomes a key problem for thermal batteries (Jin et al., 2018).
Nanocrystallization is an effective method to improve the specific capacity of cathode (Xu et al., 2014; Yu et al., 2016; Liu et al., 2017a; Yu et al., 2017). Moreover, the intermediate phase evolution and reaction speed could benefit from the merit of nanostructured cathode materials (Sen and Mitra, 2013). The more discharge steps appeared in the discharge curve, the more complete the NiS2 cathode reaction. Jin prepared nanostructured NiS2 using nickel carbonyl and sulfur powder as precursors by ball milling, which resulted in a double increase in specific capacity (Jin et al., 2017a).
Although nanocrystallizaiton can be used to improve the intermediate reaction rate and utilization rate of NiS2, it decreases the decomposition temperature (Ji et al., 2014; Yang et al., 2014; Xie et al., 2016), which makes it suitable only for thermal batteries with short life time (discharge temperature ≤500°C). Jin employed hierarchical carbon modification to enhance the thermal stability and conductivity of nanostructured NiS2 with significantly higher discharge performance than the pristine NiS2 with much higher resistance (Jin et al., 2018). Hierarchical carbon modification not only increased the initial decomposition temperature but also prevented the further decomposition of residual NiS2. The characterization and performance tests of the nanostructured NiS2 powder are shown in detail in Supplementary Figure S9.
The Ni-S phase diagram exhibits various NiXSY (X ≤ 7, Y ≤ 6) polymorphism structures (Payne et al., 2017). However, despite years of studies, little is known about how the crystalline phases in batteries evolve at high temperatures (Payne et al., 2017).
The HRTEM measurement confirms that the phase transformations of the NiS2 discharging process followed the NiS2→NiS→Ni7S6→Ni3S2→Ni pathway (Jin et al., 2017a). Payne’s in situ powder neutron diffraction study (Payne et al., 2017) showed that the phase transformations of NiS2 the discharging process followed the NiS2→NiS→Ni2S3→Ni pathway.
In recent years, transition metal dichalcogenides (TMDs) have received considerable attention due to their novel layer structure (Zhang et al., 2018) with unique properties, which endow great potential in catalysis (Liang et al., 2020; Sarma et al., 2020; Xu et al., 2020; Zeng et al., 2020; Wang et al., 2021), energy storage, and conversion (Gao et al., 2016; Li et al., 2019). Various TMDs have been reported as thermal battery cathode material with high decomposition temperature and capacity, such as MoS2 (Zheng et al., 2018), WS2 (Guo et al., 2019a), NiMoSs (Yusong Choi, 2019), and ZrS3 (Giagloglou et al., 2016). These materials show various advantage over traditional FeS2, which deserve detailed study in the future.
TRANSITION METAL CHLORIDE
It is urgent to develop new cathode materials for thermal batteries with high power and energy output capability, miniaturization, and micromation to adapt to the rapid development of weapon and space exploration system (Tian et al., 2021), which is difficult for these traditional cathode materials (Liu et al., 2017b). The detailed synthesis, characterization, and performance tests of NiCl2 are exhibited in Supplementary Figures S10–S12.
NiCl2 is considered an ideal substitute cathode material for FeS2 and matches the excellent performance of Li alloy anode due to its relative high potential (2.5–3 V vs Li), high discharge current, high specific energy, and low cost (Guidotti et al., 2006; Ying et al., 2016; Liu et al., 2017b). However, the high solubility of NiCl2 in molten salt electrolyte can cause short circuit. Due to the low conductivity and poor electrochemical activity of NiCl2, the activation time is longer, so a certain amount of conductive additives must be added to improve its conductivity (Jai Prakash, 2000; Jin et al., 2017b; Gui et al., 2020; Tian et al., 2021).
The thermal stability of NiCl2 was primarily affected by the crystal water and oxide impurities during low-temperature pre-dehydration. Thus, surface and sublimation treatment of hydrate NiCl2 are necessary to modify the microstructure and make large specific surface area to boost the electrochemical performance. Jin prepared pure NiCl2 by vacuum sintering after sublimation and synthesized the carbon-coated NiCl2 via a simple solid-state reaction (Jin et al., 2017b). The carbon-coated NiCl2 cathode showed drastic improvement in capacity, specific energy, and discharging time. The electrochemical mechanism was shown as follows:
[image: image]
The carbon coating enhanced the electronic conductivity and led to the reduced activation time. At the same time, the carbon coating increased the structure stability and reduced the solubility of NiCl2 by protecting the NiCl2 from directly contacting the electrolyte. However, it also resulted in a greater voltage delay during the initial discharge process. Hu filled sublimated NiCl2 into Ni foam instead of compact stainless steel screen printing (Hu et al., 2017). The discharge voltage of the NiCl2-based single cell with Ni foam substrate was 2.55 V. Compared with NiCl2 cathode with stainless steel substrate, the electrochemical test showed that the NiCl2/Ni foam cathode had more than twice the capacity, had almost one-third of the internal resistance, and had a power density of 10.866 kW/kg, which outweighed the sulfide batteries. Ni foam substrate can enhance the electronic conductivity, causing the fast electron transfer and reaction (Xie et al., 2017). Liu proposed a novel two-step variable temperature solid-state method to remove the crystal water from NiCl2 hexahydrate (Liu et al., 2017b). The study showed that the sintering temperatures influenced the morphology of materials, which induced the reduction in discharging time and specific capacity. The two-step variable-temperature preparation method was an effective method to enhance the thermal stability of NiCl2 cathode materials. The 600°C-treated cathode exhibited better specific capacities of 210.42 and 242.84 mAh/g at 0.5 and 2.0 A. Giagloglou prepared NiCl2 by solid-state reaction in sealed evacuated quartz tubes, which showed enhanced performance (Giagloglou et al., 2018) and whose specific capacity was achieved at 360 mAh/g under 500°C. By using a simple hydrogen etching technique, Gui successfully modified the Ni content and surface roughness (Gui et al., 2020). At different etching conditions, the prepared NiCl2 showed higher discharge voltage and significantly shorter activation time than those of the pure NiCl2 cathode. The discharge voltage and specific power of the prepared NiCl2 via hydrogen etching technique were 2.43 V and 7.59 kW/kg. The fabricated the Ni-NiCl2 composite cathode material via hydrogen reduction by Tian et al. (2021) showed higher voltage and much shorter activation time, and half of the internal resistance and the power density was up to 11.4 kW/kg.
Additionally, PbCl2 was reported as cathode material (Chen et al., 2021). Although PbCl2 had a relatively low theoretical specific capacity (193 mAh/g), due to the high utilization rate, it still may increase the energy density of the battery. Giagloglou synthesized KNiCl3, Li2MnCl4, and Li6VCl8 via solid-state reaction and used them in the thermal battery (Giagloglou et al., 2018). Compared with well-known metal disulfide, these transition metal chlorides provided greater specific power and exhibited higher voltage, which can be considered as promising alternative materials for Li thermal battery applications.
TRANSITION METAL FLUORIDES
Transition metal fluorides (TMFs) have attracted much attention because of their high voltage, specific energy, and excellent thermal stability (Yamakawa et al., 2009; Kim et al., 2010; Chun et al., 2016; Sheng Nan Guo and Wang, 2019; Chang et al., 2020). The ionic bond property of TMFs results in a high working potential (Li et al., 2012). The theoretical potential of the most attractive cathode material, CuF2, is up to 3.55 V with a specific capacity as high as 528 mAh/g and a specific energy of 1.87 kW h/kg (Yamakawa et al., 2009). The theoretical potential of NiF2 is 2.96 V, and the specific capacity is 554 mAh/g. Chang prepared pure NiF2 via a direct and simple two-step dehydration method from commercial NiF2.4H2O (Chang et al., 2020). The discharge mechanism was as follows:
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Their electrochemical tests of NiF2 cathode showed that there was a voltage platform approximately 2.4 V at 0.1 A/cm2 under 520°C. The maximum voltage plateau can reach 2.5 V when the temperature is raised up to 580°C, and the corresponding specific power was 3.7 kW/kg, making it possible to apply in high specific power thermal batteries. The voltage plateaus dropped in succession when the current density is increased due to the enhanced concentration polarization. The discharge time decreased from 295 to 88 s when the current density is increased from 0.1 A/cm2 to 0.5 A/cm2, which induced a lower specific capacity. The specific power reached up to 16.2 kW/kg at a high current density of 0.5 A/cm2, which proved that NiF2 can be used as the cathode material with high specific power and energy. Compared to the cathode material NiCl2 with long activation time and severe infiltration, the NiF2 exhibited better electrochemical performance. The average resistance was 0.56 Ω, which was equivalent to the total polarization. Carbon coating was an effective means to further improve the thermal stability and electrochemical performance of NiF2. The detailed synthesis, characterization, and performance tests of NiF2 are shown in Supplementary Figures S13, S14.
FeF3 is another investigated cathode material (Hua et al., 2021). During the lithiation process, two characteristic discharge voltages of FeF3 were exhibited at about 3 V and below 2 V, and the corresponding capacities were 237 and 175 mAh/g, respectively. The electrochemical mechanism of FeF3 follows a three-electron-transfer reaction (Badway et al., 2003):
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Guo synthesized the anhydrous FeF3 by a liquid-phase method combined with a thermal treatment process of the FeF3.3H2O/MWCNTs composite (Guo et al., 2019b). During heat treatment, the FeF3.3H2O crystal smooth surface became rough due to the release of crystal water and phase transformation, and more particles were broken into small nanoparticles. However, MWCNT fibers can still be evenly distributed among FeF3 particles by this simple and convenient method. The large bandgap of pristine FeF3 can hinder the transfer electrons, inducing more self-discharge reaction than electrode reaction. The electrochemical test showed that conductive MWCNTs can facilitate electron transfer, and the electrode reaction prioritized the self-discharge reaction. The additive MWCNTs led to a decrease of the total polarization of FeF3 from 45 to 10 mΩ, proving that the MWCNTs can form a conductive network among FeF3 particles and greatly improve the conductivity. Wang used a scalable and low-cost strategy to prepare a CoF2/CNTs cathode nanocomposite, and the capacity was achieved at 550 mAh/g with excellent mechanical properties (Wang et al., 2015). Other TMFs, such as FeF2 (Wang et al., 2011), TiF3 (Kitajou et al., 2017; Kitajou et al., 2019), and MnF3 (Read, 2012), have been successfully synthesized and exhibited excellent performance. The summary of the cathode type, size/thickness, phase, and performance of cathode materials in recent studies is shown in Supplementary Table S1.
SUMMARY AND OUTLOOK
Theoretic calculation is another tool for the design of high-performance cathode materials as shown in Figures 2A–D; many new materials have been designed to be potential candidates (Wu and Yushin, 2017). The strength and weakness of metal sulfides, chlorides, and fluorides are summarized and compared as shown in Figure 2E. Currently, sulfides are most studied and widely used as cathode materials for thermal batteries, but they do not meet the new challenge with the development of military weapons and space exploration in the future. Chlorides and fluorides have relatively high voltage and decomposition temperature, which make them suitable for the high-energy-density and long-discharging-time battery. However, they are still at the infancy stage; more detailed studies need to be carried out for the real application.
[image: Figure 2]FIGURE 2 | Theoretical gravimetric and volumetric capacities and theoretical potential of selected conversion cathode materials: (A,B) chalcogens and chalcogenides; (C,D) halogens and metal halides (reproduced from Wu and Yushin, 2017, Copyright 2017 Royal Society of Chemistry). (E) Comparison for the various properties of thermal batteries using sulfides, chlorides, and fluorides as the cathode material. (F) The future development directions for the high-performance cathode material of thermal battery.
For the future development of cathode materials for thermal batteries, they can be improved mainly from the following four aspects, as shown in Figure 2F:
1) High voltage Vocv: this is the most important factor that influences the power and energy density of the thermal battery. More importantly, a higher-voltage cell will use fewer series cells to achieve the demanding output voltage and a simpler battery management system. Thus, the higher effective mass ratio of active material is also helpful for further enhancement of energy density. In this respect, the metal fluoride has overall advantage over chloride, sulfide, or oxides, because of the higher electronegativity difference between fluorine and alkali metal.
2) High capacity Cc: transition metal compound with multiple valency metal and nonmetal element will have multiple electron transfer reaction with a relative higher n/M ratio, which leads to a higher capacity. Transition metals with high valency state compounds are potential materials
3) High decomposition temperature Tdecom: thermal battery discharging time depends on the lower and upper temperature limit of the working temperature window, Tdw and Tup, which are usually determined by the melting point of electrolyte and the decomposition temperature of cathode, respectively. Usually, electrolyte is a mixture of halide salts with very high boiling temperature and decomposition temperature. So, the cathode decomposition temperature is usually Tup. The larger the Tup − Tdw difference, the longer the discharging time. Nanostructure materials often show lower Tdecom, but surface modification has shown increased Tdecom.
4) High electron conductivity σe: the cathode that has higher electron conductivity will facilitate the ion/electron transfer and thus has low internal resistance and higher output voltage. More importantly, it can yield larger current and thus has a large output power. However, almost all these metal compounds are insulators; thus, proper surface or doping engineering is necessary to improve the conductivity.
Coating, doping, and tailoring the microstructure are effective methods to improve the discharge performance of cathode (Tan et al., 2016). Carbon modification is an effective method to improve the stability and conductivity of electrode materials (Oh et al., 2010; Chinnappan et al., 2016; Jiang et al., 2016; Li et al., 2016; Shan et al., 2016; Zhang et al., 2016; Liu et al., 2017c; Li et al., 2017). In real application, simultaneously improving these factors without hindering other factors is impossible. Optimizing the cell design or electrode designs, such as tape-casting and screening-printing, to increase the mass ratio of active material is another useful way to upgrade the energy density of batteries (Ko et al., 2017).
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Alkali ion (Li, Na, and K) batteries as a new generation of energy storage devices are widely applied in portable electronic devices and large-scale energy storage equipment. The recent focus has been devoted to develop universal anodes for these alkali ion batteries with superior performance. Transition metal sulfides can accommodate alkaline ions with large radius to travel freely between layers due to its large interlayer spacing. Moreover, the composite with carbon material can further improve electrical conductivity of transition metal sulfides and reduce the electron transfer resistance, which is beneficial for the transport of alkali ions. Herein, we designed zeolitic imidazolate framework (ZIF)–derived hollow structures CoS/C for excellent alkali ion (Li, Na, and K) battery anodes. The porous carbon framework can improve the conductivity and effectively buffer the stress-induced structural damage. The ZIF-derived CoS/C anodes maintain a reversible capacity of 648.9, and 373.2, 224.8 mAh g−1 for Li, Na, and K ion batteries after 100 cycles, respectively. Its outstanding electrochemical performance is considered as a universal anode material for Li, Na, and K ion batteries.
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INTRODUCTION
Energy storage devices such as rechargeable batteries are the cornerstone of sustainable energy. With the rapid demand for large industrial devices, such as aerospace, national grid, electric vehicles, and so on, novel rechargeable batteries with high density and long cycle need to meet the supply comprehensively (Tarascon and Armand, 2001; Armand and Tarascon, 2008; Huang et al., 2020; Hongsen Li et al., 2021; Qiang Li et al., 2021; Zhang et al., 2021). Among them, lithium ion batteries (LIBs) are used as the source of hybrid electric vehicles at the earliest stage (Hosaka et al., 2020). The long-term use of lithium has made it expensive and scarce in the earth’s crust (Vaalma et al., 2018). Therefore, sodium ion batteries (SIBs) and potassium ion batteries (PIBs) have gradually developed into high-quality alternatives to novel rechargeable batteries (Geng et al., 2018; Loaiza et al., 2019; Zhaohui Li et al., 2021). Sodium and potassium ions are abundant and inexpensive, and the lower standard electrode potentials of Na/Na+ and K/K+ can reduce the cutoff potential of the available negative electrode in the absence of metal sodium or potassium deposition (Mao et al., 2018; Liu et al., 2021).
However, the commercial graphite anode cannot ensure high density because of its low theoretical capacity, which cannot meet the application of LIBs in large-scale energy storage devices. Moreover, the large radius and heavier weight of sodium ions and potassium ions also make it impossible to shuttle freely and reversibly in the graphite lattice (Xu et al., 2017; Mao et al., 2018; Hongkang Wang et al., 2020). Therefore, the current exploration of potential anode materials with superior reversible capacity and excellent cycle/rate performances is an urgent need for rechargeable batteries including LIBs, SIBs and PIBs. Transition metal sulfides have attracted numerous attentions as anode materials in electrochemical energy storage due to the high specific capacities (Peng et al., 2016; Geng et al., 2018). Among them, cobalt sulfide has been widely studied in catalysis, capacitors, and LIBs by virtue of its unique physical, chemical, and electronic properties (Xie et al., 2013; Peng et al., 2014; Chen et al., 2016; Xu et al., 2018; Song and Yao, 2020), but the application of this electrode material to the negative electrode of SIBs and PIBs is rarely reported. In order to meet the large-scale application of high-performance alkaline ion batteries, it is necessary to design the structure of cobalt sulfide to avoid the structural damage in the cycle process. As an excellent precursor for constructing nanostructures and hollow structures, zeolitic imidazolate framework (ZIF-67) has adjustable physical and chemical properties and large specific surface area (Wang et al., 2016; Zhao et al., 2017; Lu et al., 2020; Yi et al., 2020). ZIF-derived cobalt sulfide hollow structure can effectively alleviate the structural damage caused by stress. The carbon layer framework greatly improves the conductivity of the electrode, and this structure has a huge cavity and porous carbon wall, which makes electrolyte and ions easy to enter, reduces the electron transfer resistance, and shortens the ion diffusion path (Xia et al., 2015; Liu et al., 2017).
Combined with the advantages of the above structural design, we designed a hollow ZIF-derived cobalt sulfide anode material. CoS was uniformly dispersed in the carbon layer of the ZIF framework in the form of nanocrystals. This kind of anode material has excellent electrochemical performance in LIBs, SIBs, and PIBs. The long-term cycling stability and rate capability are benefited from the integrated favorable structural characteristics of electrode. The carbon framework ensures the full penetration of electrolyte and shortens the diffusion path of ions. The porous hollow structure can also be well maintained upon the insertion/extraction of ions with large radius, which lays an effective foundation for the design of anode materials for the next generation of high-performance rechargeable batteries.
EXPERIMENTAL DETAILS
Synthesis Procedure of ZIF-67 Template
In a typical process, 0.873 g of cobalt nitrate hexahydrate (Co(NO3)2·6H2O) was first dissolved in 30 mL methanol to form homogeneous solution. And another transparent solution can be obtained through dissolving 0.984 g of 2-methylimidazole into 10 mL of methanol. Afterward, these two solutions were mixed and shaken vigorously for 3 min, and the resulted mixed solutions were aged for 12 h at room temperature. After precipitation, centrifugation, and carefully washing with methanol, the corresponding precipitates were finally collected and dried overnight in an oven at 80°C.
Preparation of Hollow CoS/C Nanoparticles
In order to obtain hollow CoS/C nanoparticles, 25 mg ZIF-67 powder was first dispersed in 6 mL of ethanol with ultrasonication for 30 min to form a homogenous suspension. Then, 0.1875 mM of thioacetamide (dissolved in 2 mL ethanol) was added into the suspension and stirring in an oil bath for 1 h at 90°C. After that, the suspension was cooled down to room temperature and purified with deionized (DI) water and ethanol for several purification cycles. Finally, black products can be obtained under 50°C drying condition.
Preparation of CoS Nanoparticles
The pure CoS was prepared to compare with CoS/C; 190.4 mg of cobaltous chloride hexahydrate (CoCl2⋅6H2O) and 134.4 mg of sulfourea (CS(NH2)2) were dissolved in 40 mL of ethylene glycol. The obtained solution was then transformed into a Teflon-lined autoclave and kept at 180°C for 12 h. The precipitation was collected by centrifugation and washed with water and then dried in the vacuum oven at 70°C for 12 h.
Material Characterizations
The crystal structure was determined through X-ray diffraction (XRD) measurement with a high-intensity Cu Kα radiation (λ = 1.5406 Å). Scanning electron microscopy (SEM) images were used to observe the surface morphology through JSM-6700F microscope. High-resolution transmission electron microscopy (HR-TEM) and selected area electron diffraction (SAED) results were obtained through JEOL 100 CX microscope. X-ray photoelectron spectroscopy (XPS; Thermo ESCALAB 250XI) was used to analyze the chemical bonding of hollow CoS/C nanoparticles, and the corresponding spectrum was collected by a Kratos-Axis spectrometer under monochromatic Al Kα (1,486.6 eV) x-ray radiation (15 kV, 10 mA) with an energy resolution of 0.45 eV/(Ag 3d5/2) and C 1 s (284.5 eV) band correction. Thermogravimetric analysis (TGA; Pyris Diamond6000 TG/DTA; PerkinElmer Co., USA) can analyze the thermal properties of samples in air over a temperature range of 20°C–700°C with a heating rate of 10°C min−1. N2 adsorption/desorption isotherms were performed on a Micromeritics ASAP 2020 instrument to test the Brunauer–Emmett–Teller (BET) surface areas and porosity for as-prepared sample. The Raman test was performed on a LabRAM HR Evolution spectrograph (form France; Horiba Scientific, Longjumeau, France) with a laser at λ = 532 nm (He/Ne laser, <10 mW) at the range of 600–1,800 cm−1.
Electrochemical Measurements
The electrochemical performance of the CoS/C nanoparticles was measured by assembled LIBs. The electrode can be obtained by homogenously mixing the active material, super-p, and sodium carboxymethyl-cellulose in DI with a mass ratio of 7:2:1; the prepared slurry was uniformly coated onto a copper foil and then dried under vacuum at 60°C for 12 h. For half-cell, lithium metal was used as the counter and reference electrode; the electrolyte was 1 M LiPF6 in 1:1 vol/vol mixture of ethylene carbonate and diethyl carbonate. Celgard 2,250 film was utilized as the separator (Whatman). All electrochemical measurements were carried out at room temperature. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy were performed on a CHI660E electrochemical workstation. Galvanostatic charge–discharge measurements were performed under a LAND-CT2001A instrument.
RESULTS AND DISCUSSION
After natural nucleation of the mixed homogeneous solution, the formed ZIF-67 precursor shows a uniform nanocrystalline polyhedron structure. Hollow CoS/C nanocomposites with the same polyhedron structure can be obtained accompanied with the sulfidation process (Figure 1). The powder XRD results are shown in Figure 2A; it can be seen that there are obvious diffraction peaks in the diffraction patterns of ZIF-67 precursor (Zhou et al., 2017). By contrast, no obvious peaks can be observed in diffraction curves of CoS/C obtained by precursor after sulfidation, which is consistent with the previous reported results (Hu et al., 2016; Xu et al., 2018). This kind of phenomenon can be attributed to the amorphous nature of CoS/C materials; in other words, CoS/C nanoparticles exhibit small crystalline grains and poor crystallinity. And then, the chemical composition of CoS/C was analyzed through energy-dispersive X-ray spectroscopy (EDS), and the corresponding results are exhibited in Figure 2B. The EDS results show that the atomic ratio of Co and S is approximately ∼1:1, suggesting the successful preparation of ZIF-derived hollow CoS/C samples. And the Si element comes from the Si substrate used for SEM characterizations. The surface morphology of CoS/C was characterized through SEM measurement; as can be seen from Figure 2C, the CoS/C samples show well-defined polyhedron structure with hollow core. In addition, the existence of Co, C, and S elements can be observed in the elemental mappings of as-prepared CoS/C sample shown in Figure 2D, demonstrating that all these elements are uniformly distributed in the hollow CoS/C sample.
[image: Figure 1]FIGURE 1 | Illustrations of the fabrication processes of ZIF-derived hollow CoS/C sample.
[image: Figure 2]FIGURE 2 | (A) X-ray patterns of as-prepared ZIF-67 precursor and ZIF-derived hollow CoS/C. (B) EDS spectrum of ZIF-derived CoS/C. The Si element comes from the Si substrate used for SEM characterizations. (C) SEM images and (D) EDS mapping of ZIF-derived CoS/C, confirming the presence of Co, C, and S without any impurities.
The TEM image in Figure 3A further reveals that the ZIF-derived CoS/C sample is a hollow hexagonal structure. Moreover, from the HR-TEM as shown in Figure 3B, the lattice fringes of 0.168 and 0.254 nm can be assigned to the (110) and (101) plane of CoS, respectively (Peng et al., 2016; Pan et al., 2021). The HR-TEM results further confirmed the existence of CoS in the hollow hexagonal framework. Besides, the SAED was performed to characterize the crystallinity of obtained ZIF-derived CoS/C materials. As shown in Figure 3C, no diffraction spots or diffraction rings can be observed in SAED patterns, indicating the obtained CoS/C featured in amorphous nature; this might be caused by the small particles and poor crystallinity (Cui et al., 2013).
[image: Figure 3]FIGURE 3 | TEM images (A,B) and SAED pattern (C) of CoS/C. (D–F) XPS results of CoS/C. (G) Raman spectrum, (H) TGA curve, and (I) N2 absorption/desorption isotherms of CoS/C (inset: corresponding pore size distribution).
Furthermore, the chemical composition of CoS/C and chemical valence states of Co, C, and S were analyzed by XPS measurements. Figure 3D presents the Co 2p XPS spectrum of the hollow CoS/C nanocomposite. Two main peaks at 778.7 and 793.7 eV can be assigned to the Co-S bond, whereas the peaks located at 780.0 and 795.7 eV can be attributed to the Co2+ 2p3/2 and Co2+ 2p1/2, respectively. In addition, peaks at 782.9 and 801.3 eV can be detected, indicating the existence of satellite peaks. The C 1s XPS spectrum is given in Figure 3E, where carboxylate carbon O–C=O, carbonyl carbon C=O, and C–O locates at 288.1, 286.2, and 285.2 eV, respectively, and the peak at 284.4 eV can be ascribed to C–C bonds. Peaks in XPS spectrum of S 2p shown in Figure 3F are located at approximately 162.1 and 163.2 eV, corresponding to S 2p3/2 and S 2p1/2, respectively. And the peak with 165.3 eV binging energy is assigned to S–S bond. Moreover, another peak at the 169.0 eV position is attributed to the surface sulfur in the high oxidation state (SO42-/SO32-) (Yu et al., 2019; Yun-Kai Wang et al., 2020). And then, Raman spectrum measurement was also carried out to investigate the nature of carbon. As shown in Figure 3G, two distinguished carbon bands can be identified from the Raman spectroscopy, which are related to the D and G bands. The D band can be attributed to the sp2 hybridization of carbon, whereas the G band is related to the degree of graphitization. The peak intensity ratio of D/G band is 0.85; the disorder of carbon is beneficial to the alkali metal ion storage (Hu et al., 2020; Ruan et al., 2020).
The TGA result of CoS/C is displayed in Figure 3H. The carbon component will be burned out, and the CoS will be converted to Co3O4 through chemical reaction 3CoS (s) + 2O2 (g) = Co3O4 (s) + 3S (g). The calculated carbon content in ZIF-derived CoS/C is approximately 30 wt%, which is consistent with the above EDS spectrum. The BET-specific surface area of CoS/C was measured by N2 adsorption–desorption measurement, and the pore size distribution was determined through quenched solid density functional theory. As can be seen from Figure 3I, the BET surface area is ∼21.60 m2 g−1 with micropore peaks at 3.5 nm. The porous structure containing a large number of mesopores in ZIF-derived CoS/C is beneficial to the ionic adsorption, buffering the volume expansion during the electrochemical process and supporting high rate performance (Ruan et al., 2020).
The electrochemical performance of CoS/C was investigated in LIBs, SIBs, and PIBs for comparison. The CV measurements of CoS/C electrode in LIBs, SIBs, and PIBs for the first three cycles are presented in Figures 4A–C, respectively. The redox peaks in CV curves of all three batteries can well correspond to the platforms of discharge/charge curves (Supplementary Figure S1). For CoS/C–LIBs, a cathodic peak locates at 1.7 V in the first sweep cycle can be attributed to the initial insertion of lithium to form LixCoS2 (Wu et al., 2015), whereas the peaks at approximately 1.1 V in the first cycle and then decreased in the following scans are due to the conversion reaction of CoS to metallic Co and the formation of Li2S (Chen et al., 2016). Following the charging process, the oxidation peak at approximately 2.4 V can be attributed to the sulfidation of reduced Co nanoparticles. As for the CoS/C–SIBs, the peak at approximately 1.25 V in the first cathodic scan represents the initial insertion of sodium process, and the peak at 0.7 V is attributed to the formation of SEI film (Chen et al., 2016). For CoS/C–PIBs, the peak related to the initial insertion of potassium locates at 1.1 V and the peak attributed to SEI film formation are located at 0.4 V. For all three kinds of batteries, the peak intensity of the SEI film decreases with the increasing number of cycles, indicating that the side reactions such as electrolyte decomposition weaken gradually, which is consistent with the increase in Coulombic efficiency. Owing to different charge–discharge mode, the changes of Coulombic efficiency reflected by CV peak intensity variations are not as obvious as that under the galvanostatic charge–discharge mode (Ge et al., 2020). Besides, the intensity of redox peaks in LIBs is stronger than that in SIBs and PIBs, indicating that LIBs, SIBs, and PIBs show different reaction degrees based on different alkali metal ions. The storage behaviors of K and Na ions have lower absolute value changes of Gibbs energy, and the kinetics of charging and discharging process in PIBs are more sluggish than those in LIBs and SIBs, which can be ascribed to the larger ionic radius of K+ than Na+ and Li+ (Loaiza et al., 2019).
[image: Figure 4]FIGURE 4 | CV measurement of ZIF-derived CoS/C electrode in (A) LIBs, (B) SIBs, and (C) PIBs for the first three cycles at a scan rate of 0.2 mV · s−1. Rate performance of CoS/C electrode in (D) LIBs, (E) SIBs, and (F) PIBs. (G) Cycling capabilities for CoS/C–LIBs, CoS/C–SIBs, and CoS/C–PIBs at a current density of 0.2 A g−1.
Figure 4D shows the rate performance of the ZIF-CoS/C electrode in LIBs, which delivers discharge specific capacities of 834.9, 798.4, 734.6, 644.9, and 553.8 mAh g−1 at 0.1, 0.2, 0.5, 1 and 2 A g−1 current density, respectively. When the current density recovers to 0.1 A g−1, the discharge capacity of 890.0 mAh g−1 can still be maintained, suggesting a superior rate capability. Moreover, the rate performance of ZIF-CoS/C electrode in SIBs and PIBs are also investigated, and the results are shown in Figures 4E, F, respectively. Compared with LIBs, specific capacity of CoS/C electrode in SIBs and PIBs decays rapidly, which is related to the larger radius of Na+/K+ than Li+, and the result is consistent with the CV curves. Although the capacity is not as high as LIBs, the capacity still recovers well when the current density returns to 0.1 A g−1 in SIBs and PIBs. This phenomenon suggests that the unique structure of CoS/C nanoparticles and uniform hollow carbon framework ensure its excellent structural stability, which can well accommodate large radius ions to shuttle inside and buffer volume changes. Furthermore, the comparison of long-term cycling performance of ZIF-derived CoS/C electrode in corresponding ion batteries with the voltage range of 0.01–3 V is presented in Figure 4G. After 100 cycles, CoS/C anode can obtain a discharge capacity of 648.9, 373.2, and 224.8 mAh g−1 for LIBs, SIBs, and PIBs, respectively. The lower capacity of PIBs and SIBs compared with that in LIBs can be attributed to large alkali metal ions radius and incomplete conversion reaction of CoS/C nanoparticles. More importantly, after 100 cycles, the capacity remained stable without obvious attenuation. The superior cycling stability of both three kinds of alkali metal ion batteries further proved the robust structure stability of the electrode upon cycling as shown in Supplementary Figure S2. Compared with pure CoS (Supplementary Figure S3), CoS/C exhibits better cycling stability and higher capacity, which proves that the unique ZIF structure is beneficial to the structural stability of the electrode materials, and the introduction of carbon can increase the electrical conductivity, thus improving the capacity.
In order to investigate the reaction kinetics of the alkali metal ion storage, the CV curves of CoS/C-LIBs, CoS/C-SIBs and CoS/C-PIBs with different sweep rates ranging from 0.2 mV s−1–1.2 mV s−1 were examined, and the corresponding results were provided in Figures 5A–C, respectively. It can be seen from the results that they displayed similar CV scan shape except that the peaks grow broader with increasing sweep rates. The electrochemical reaction kinetics can be further analyzed by the following equation:
[image: image]
where i is the peak current density, a and b are adjustable parameters, v is the scan rate, b = 0.5 implies the diffusion-controlled behavior, and b = 1 indicates surface-controlled capacitive behavior. As a consequence, the value of b obtained by the relation between log(v) and log(i) can be used to investigate the reaction kinetic behavior. For CoS/C-LIBs, the fitted b values of cathodic and anodic peaks were 0.88 and 0.92 (Figure 5D), respectively, which indicates the electrochemical reaction kinetics of CoS/C-LIBs is diffusion-controlled and surface-controlled capacitive behavior together. In the case of CoS/C-SIBs and CoS/C-PIBs (Figures 5E, F), the fitted b values from cathodic/anodic peaks are 0.89, 0.84, and 0.67, 0.83, respectively. These results indicate the electrochemical reaction kinetics of CoS/C-SIBs and CoS/C-PIBs is similar to CoS/C-LIBs, which dominated through diffusion-limited and surface-controlled capacitive behavior together. To further quantify the specific contribution of capacitive capacity and diffusion capacity, we conducted calculations through the following equation:
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where i is the current at a fixed potential V, and v is the scan rate in the CV tests, whereas k1v and k2v1/2 indicate the surface capacitive and diffusion-controlled process, respectively. The k1 and k2 can be facilely obtained via plotting i(V)/v1/2 (details are shown in Supplementary Material S1). The corresponding results are presented in Figures 5G–I. The capacitive contribution ratio is 24.7% at 0.5 mV s−1 for CoS/C-LIBs, the ratio increases with the increase in scan rates and finally reaches 35.1% at 1.2 mV s−1. In the case of CoS/C-SIBs and CoS/C-PIBs, the capacitive contribution ratio also increases with the increase of scan rates. The corresponding capacitive ratio in CoS/C-SIBs ascends from 53.5% at 0.2 mV s−1 to 65.8% at 1.2 mV s−1, whereas in CoS/C–PIBs, the capacitive contribution rises from 28.7% at 0.2 mV s−1 to 51.2% at 1.2 mV s−1. Obviously, the capacity percentage of capacitive contribution generally shows a high value in SIBs. This phenomenon may be due to the unique pore size distribution of ZIF-derived CoS/C, which is beneficial to the surface adsorption of Na+ and the insertion of Li+ and K+ to varying degrees. Besides, from the capacity comparison of LIBs and PIBs, the insertion of K+ is limited to the surface of electrodes owning to its larger ionic radius, so the capacity caused by incomplete conversion reaction is lower than that of LIBs (Hosaka et al., 2020).
[image: Figure 5]FIGURE 5 | CV measurements of CoS/C electrode in (A) LIBs, (B) SIBs, and (C) PIBs with various sweep rates. Log (current, mA)–log (sweep rate, mV s−1) curves of CoS/C electrode in (D) LIBs, (E) SIBs, and (F) PIBs at the typical peaks. Normalized contribution ratio of diffusion-controlled and capacitive capacities for (G) CoS/C–LIBs, (H) CoS/C–SIBs, and (I) CoS/C–PIBs with various scan rates.
CONCLUSION
In this work, we successfully prepared ZIF-derived CoS/C electrodes and realized unprecedented performance for LIBs, SIBs, and PIBs. The CoS/C nanocomposite with hollow hexagon structure can be obtained through synthesis with ZIF-67 template. The large interlayer spacing in CoS/C is conducive to the migration of alkali metal ions, especially for Na+ and K+ with large ionic radius. The hollow structures provide a large number of active sites and thus improve the storage capability of alkali metal ions. Furthermore, the porous carbon framework improves the conductivity of electrodes and effectively buffers the volume expansion produced in electrochemical cycling. Therefore, for alkali ion batteries, the CoS/C electrodes exhibit superior electrochemical performance, including high specific capacity, long-cycle life, and fast rate ability. The electrochemical performance of designed CoS/C anode indicates that it has great application potential in advanced energy storage devices such as ion batteries or ion capacitors.
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Solid-state electrolyte (SSE), as the core component of solid-state batteries, plays a critical role in the performance of the batteries. Currently, the development of SSE is still hindered by its high price, low ionic conductivity, and poor interface stability. In this work, we report the tailored synthesis of a high ionic conductive and low cost sulfide SSE for all-solid-state lithium batteries. The Li10.35Si1.35P1.65S12 with favorable tetragonal structure was synthesis by increasing the concentration of Si4+, which shows an ionic conductivity of 4.28 × 10−3 S cm−1 and a wide electrochemical stability window of up to 5 V. By further modifying the composition of the electrolyte via ionic doping, the ionic conductivity of Li10.35Si1.35P1.65S12 can be further enhanced. Among them, the 1% Co4+-doped Li10.35Si1.35P1.65S12 shows the highest ionic conductivity of 6.91 × 10−3 S cm−1, 40% higher than the undoped one. This can be attributed to the broadened MS4− tetrahedrons and increased Li+ concentration. As a demonstration, an all-solid-state Li metal battery was assembled using TiS2 as the cathode and 1% Co4+-doped Li10.35Si1.35P1.65S12 as the electrolyte, showing capacity retention of 72% at the 110th cycle. This strategy is simple and can be easily extended for the construction of other high-performance sulfide SSEs.
Keywords: sulfide solid-state electrolyte, solid-state battery, Li10.35Si1.35P1.65S12, ionic conductivity, cation substitution
INTRODUCTION
With the gradual popularity of electric vehicles, the safety issues of lithium-ion batteries and mileage anxiety have become the biggest obstacles that hinder their further development (Chen et al., 2021). Regarding these, solid-state batteries are considered as one of the most promising solutions. On the one hand, by using solid-state electrolyte (SSE), batteries can reduce or even completely avoid the use of flammable organic liquid electrolyte, which can effectively avoid the spontaneous combustion of batteries in special circumstances (Bates et al., 1992; Dudney et al., 1992; Manthiram et al., 2017); on the other hand, solid-state batteries can use lithium metal and high-voltage cathode materials as electrode materials, which increases the energy density of batteries and reduces mileage anxiety (De Luna et al., 2021). At present, the SSE still cannot meet the requirements of commercial applications. The major problems are low ion conductivity, high production cost, and poor stability with electrodes (Porz et al., 2017; Kim et al., 2021).
Since the discovery of 2011, Li10GeP2S12 (LGPS) SSE has attracted increasing attention due to its extremely high ionic conductivity, which is comparable to commercial liquid electrolyte (Kanno and Murayama, 2001; Kamaya et al., 2011). However, its high production cost and poor stability with lithium metal restrict its large-scale applications (Wenzel et al., 2016; Chen et al., 2017; Madsen et al., 2020). As the same main group of Ge, Si is the second rich element in the Earth’s crust. The replacement of Si to Ge will significantly reduce the cost of the electrolyte. More importantly, it is predicted that Si-substituted electrolyte (LiSiPS) has the same body-centered cubic-like anion framework as LGPS, which allows fast Li+ hops along the c-axis (Wang et al., 2015; Harm et al., 2019). However, the preparation of phase-pure LGPS-type Li10SiP2S12 was not successful due to the small ionic radius of Si4+ (Ong et al., 2013; Kuhn et al., 2014; Zhang et al., 2019). The ionic conductivity of LiSiPS is far lower than expected and needs to be further enhanced for battery applications (Kato et al., 2014; Kuhn et al., 2014; Kato et al., 2016; Sun et al., 2017; Chen et al., 2018; Wu et al., 2018).
In the LGPS-type electrolyte, the MS4 tetrahedron center is occupied by metal cations and P5+ (De Luna et al., 2021). The radii of cations directly affect the size of the tetrahedron and the crystal structure stability. Because of the smaller radius of Si4+ (0.026 nm) compared to Ge4+ (0.039 nm), the structure of Li10SiP2S12 changes to orthorhombic, which is less favorable for Li+ transport (Shannon, 1976). On one hand, increasing the concentration of Si4+ can partially compensate the volume loss [P5+ (0.017 nm) is replaced by Si4+ (0.026 nm)] and is believed to enhance the stability of LiSiPS (Kondo et al., 1992; Murayama et al., 2002; Whiteley et al., 2014). The non-equivalent substitution can also increase the concentration of Li+ due to charge compensation, which is beneficial for Li+ transport. On the other, the introduction of other metal ions with ionic radius close to Ge4+ will largely expand the size of the tetrahedrons and reduce the Li+ transport resistance. By further modifying the composition of the ionic framework, the interaction between Li+ and the host may be even weakened (Adams and Rao, 2012; Bron et al., 2016; Kim and Martin, 2019).
On the basis of the above assumption, in this work, a low-cost and high ionic conductive LGPS-type LiSiPS was prepared through composition regulation and doping. The Li10.35Si1.35P1.65S12 obtained shows high ionic conductivity of 4.28 × 10−3 S cm−1 at room temperature and good electrochemical stability up to 5 V. Doping Li10.35Si1.35P1.65S12 with Co4+, which is equivalent to Si4+ but has a larger radius than Si4+, broadens the MS4 tetrahedrons and reduces the Li+ transmission resistance. The 1% Co4+-doped Li10.35Si1.35P1.65S12 shows the best electrochemical performances. It has an ionic conductivity of 6.91 × 10−3 S cm−1 and a Li+ migration number as high as 0.97. The ion conductivity is about 40% higher than that of undoped sample. The assembled Li/SSE/TiS2 all-solid-state lithium battery shows stable lifespan of more than 100 cycles with a specific discharge capacity of 70 mAh g−1 (Li et al., 2016). Finally, to verify the effect of anion doping on the performance of the SSE, Se2−, which has a larger radius than S2−, was introduced and a CoSe2-doped LiSiPS sulfide SSE was prepared. The enhanced ionic conductivity can be attributed to the large ion radius of Se2−, which widens the migration channel for Li+, and the larger polarization characteristics of Se2− that effectively reduce the affinity to Li+.
EXPERIMENTAL SECTION
Materials Synthesis
The LiSiPS SSEs were synthesized by high-energy ball milling process followed by thermal annealing. Stoichiometric proportion of Li2S, SiS2 and P2S5 and 10 zirconia balls (10 mm in diameter) were added to the ball mill tank in an Ar-filled glove box. The mixture was ball milled for 40 h at 500 rpm. A 15-min rest was set after 15-min ball milling to avoid overheat of the machine. The ground powder was put into a quartz tube and sealed under vacuum. The LiSiPS SSEs were finally obtained by heat treatment at 400°C–500°C for 3 days and naturally cooled to room temperature. The modification of the LiSiPS SSEs was carried out under the same conditions except the addition of a certain amount of CoS2, TiS2, and CoSe2. The doping ratio (0%, 0.5%, 1%, 2%, and 3%) refers to the proportion of M4+:Si4+ (M = Si4+, Ti4+).
Materials Characterization
The crystal structure was characterized by X-ray diffraction (XRD; D8ADVANCE) with a Cu Kα source between 10° and 80°. The morphology and microstructure of the samples were characterized by scanning electron microscope (SEM; JSM-7800F) with acceleration voltage of 30 kV. The molecular vibrations and rotations were characterized by Raman spectra with a wavelength of 532 nm in range of 200–4,000 cm−1. The surface elements and chemical states of the samples were characterized by X-ray photoelectron spectroscopy (XPS; K-Alpha+).
Electrochemical Measurement
The ionic conductivity was measured by sandwiching the electrolyte pellets between two stainless steel sheets after hot-pressed at 380 MPa at 250°C. Electrochemical impedance spectroscopy (EIS) at frequencies from 1 MHz to 10 Hz was performed on the blocking cells with amplitude of 10 mV. The Li+ migration number (tLi+) was measured by Li/SSE/Li symmetric cell based on the following equation:
[image: image]
where V is the voltage applied; I0 is the initial current; Rb0 is the initial bulk resistance of SSE; Ri0 is the initial resistance of the passivation layer; and Iss, Rbss, and Riss are the current, bulk resistance of SSE, and the resistance of the passivation layer at steady state, respectively. The chemical stability to Li metal was measured using the same symmetric cell. The current density and duration time were set as 0.05 mA cm−2 and 1 h, respectively. The electrochemical window of electrolyte was estimated by Cyclic Voltammetry (CV) with stainless steel sheet and Li foil as the electrodes. The sample was scanned between −0.5 and 5 V with a scan rate of 1 mV s−1.
Electrode Preparation and All-Solid-State Battery Assembly
To avoid the direct contact between the sulfide SSE and lithium metal, a fluorination of lithium metal was conducted (Fan et al., 2018). A certain amount of Lithiumbis (fluorosulfonyl)imide was added to anhydrous DME to get a 6 mol L−1 LiFSI-DME solution. The solution was then dropped on both sides of the lithium metal. The 10-mm lithium foil was then placed on the surface of the SSE pellets and dried overnight in a vacuum oven at 120°C. The cathode was prepared by mixing TiS2, acetylene black, and SSE with a mass ratio of 5:1:4. They were first manually mixed in a mortar for 10 min and then ball-milled for 6 h at 500 rpm. The powder sample after ball milling was used as composite cathode material for all-solid-state lithium battery.
For the battery assembly, 60-mg SSE was added into a custom mold and pressed into pellets at 250 MPa. Then, the composite cathode material was added to the upper side of the electrolyte and pressed under a pressure of 375 MPa for 5 min. The areal density of TiS2 was ca. 4 mg cm−2. After compaction, the fluorinated lithium metal was put onto the other side of the SSE. The battery was cycled between 1.5 and 3 V at 0.1 C.
RESULTS AND DISCUSSION
Structure and Property of the Li10.35Si1.35P1.65S12 SSE
The structure of the synthesized Li10.35Si1.35P1.65S12 SSE was first analyzed by XRD and Raman. The normalized XRD patterns are shown in Figure 1A. All the diffraction peaks are in good consistent with LGPS, indicating the successful synthesis of phase-pure tetragonal Li10.35Si1.35P1.65S12 with a space group of P42/nmc (137). Compared to LGPS, the Li10.35Si1.35P1.65S12 has higher content of tetravalent center ions, which enhances the stability of the body-centered cubic-like anion framework (Kuhn et al., 2014). The sample synthesized between 400°C and 500°C exhibits identical XRD patterns. Among them, the sample at 470°C shows the highest crystallinity. The Raman spectrum of the Li10.35Si1.35P1.65S12 (470°C) is shown in Figure 1B. The peaks at 275, 420, 550, and 575 cm−1 are attributed to the characteristic signals of PS43−, whereas the peak at 390 cm−1 comes from the stretching vibration of Si-S− bond in SiS44-(Pradel and Ribes, 1989). The above results confirmed the successful synthesis of the desirable LGPS-type Li10.35Si1.35P1.65S12 SSE.
[image: Figure 1]FIGURE 1 | XRD patterns of Li10.35Si1.35P1.65S12 synthesized at different temperatures (A) and typical Raman spectrum of the Li10.35Si1.35P1.65S12 (B).
The morphologies of Li10.35Si1.35P1.65S12 synthesized at different temperatures are shown in Figure 2. All the electrolyte powders are composed of micron-sized granules with irregular shape. From the high-resolution view, it can be seen that the electrolyte synthesized at 470°C has higher degree of particle agglomerations. This is beneficial to reduce the interface impedance of the electrolyte and promote Li+ transfer across the grain boundaries. The ionic conductivity of Li10.35Si1.35P1.65S12 was then measured by EIS. To lower the interface impedance inside the electrolyte, the samples were hot presses to make the power more compact and denser. The impedances of Li10.35Si1.35P1.65S12 synthesized at 470°C were tested under different temperature and pressure, and the results are shown in Supplementary Figure S8. As shown in Supplementary Figure S8, the sample treated at 375 MPa and 250°C shows the lowest resistance. Therefore, they are chosen as the optimized hot pressing parameters unless otherwise specified. Figure 3A shows the Nyquist plots of the samples.
[image: Figure 2]FIGURE 2 | SEM images of Li10.35Si1.35P1.65S12 synthesized at 400°C (A,B), 450°C (C,D), 470°C (E,F), 480°C (G,H), and 500°C (I,J).
[image: Figure 3]FIGURE 3 | Nyquist plots of Li10.35Si1.35P1.65S12 synthesized at different temperatures (A), the corresponding ionic conductivities (B), CV test of Li10.35Si1.35P1.65S12 with pristine lithium metal (C) and modified lithium metal (D) as electrodes, XPS of lithium metal before (E) and after (F) polarization test.
The detailed information is shown in Supplementary Table S1. As shown in Figure 3A, all the plots show the diagonal characteristics, indicating the ionic conductor nature of the electrolytes. The negligible semicircles at high-frequency region signify small grain boundary impedance of the electrolytes. The ionic conductivity of Li10.35Si1.35P1.65S12 increases first with the annealing temperature due to the enhanced crystallinity and reaches 4.28 × 10−3 S cm−1 at 470°C (Figure 3B). However, the ionic conductivity decreases with the further increase of the temperature. This may be attributed to the slight decomposition of Li10.35Si1.35P1.65S12, as indicated by the reduced peak intensity in XRD.
The electrochemical window of Li10.35Si1.35P1.65S12 (470°C) was investigated by CV. An asymmetric configuration was adopted using stainless steel and lithium metal as electrodes. As shown in Figure 3C, the sharp peak started at 0 V can be attributed to the Li+ deposition on the lithium metal surface. Its dissolution is found at 0.5 V during the anodic scan. However, the anodic current lasts throughout the test window, indicating a continuous interface reaction between Li and Li10.35Si1.35P1.65S12. To avoid this, a thin layer of LiF was in situ deposited to prevent the direct contact between them (details seen in the experimental section) (Porz et al., 2017). The XPS spectrum of the modified lithium is shown in Figure 3E. The characteristic peak at 685 eV is assigned to LiF, confirming the successful formation of LiF protection layer. The peak that appears at 687.8 eV corresponds to S-F bonds of LiFSI precursor, which further reacts with Li and converts to LiF during the following electrochemical reaction (Figure 3F). As a result, the interface side reaction is largely suppressed. As shown in Figure 3D, only one pair of redox peaks corresponding to [image: image] is observed. The Li10.35Si1.35P1.65S12 is stable up to 5 V, showing potential to match with high voltage cathodes. In the following text, the Li metals are all modified using the same method unless otherwise specified.
The ionic migration number of Li10.35Si1.35P1.65S12 (470°C) was then measured to confirm the proportion of Li+ transport in the electrolyte. As shown in Figures 4A,B, the total impedance increases from 363.4 to 384.2 Ω due to the space charge separation at the interface. The polarization current decreases from initial 1.69 × 10−5 A to steady state 1.42 × 10−5 A. The ionic migration number was calculated to be 0.83 according to Eq. 1. The high ionic migration number explains the high ionic conductivity of Li10.35Si1.35P1.65S12, especially compared with polymer and oxide SSEs. The ability of Li10.35Si1.35P1.65S12 to inhibit the growth of Li dendrites was evaluated using Li/SSE/Li symmetrical cell. As shown in Figure 4C, with the increase of current density from 0.1 mA cm−2 to 2 mA cm−2, the overpotential increases from 0.3 to 13.3 mV without short circuit. This result indicates that the limiting current density of Li10.35Si1.35P1.65S12 is higher than 2 mA cm−2. Figure 4D shows the constant-current polarization curve at an areal capacity of 0.05 mAh cm−2. The cell is stable up to 432 h, showing good resistance to the growth of lithium dendrites.
[image: Figure 4]FIGURE 4 | The time-current curve of Li/SSE/Li symmetric cell under 10 mV (A), the Nyquist plots of the cell at initial and steady states (B), and polarization curves of the Li/SSE/Li symmetric cell under different current densities (C,D).
Modification of the Li10.35Si1.35P1.65S12 SSE via Cation Doping
To further enhance the ionic conductivity of Li10.35Si1.35P1.65S12, Ti4+ (0.042 nm) and Co4+ (0.04 nm) were introduced into the lattice of Li10.35Si1.35P1.65S12 because of their comparable ionic radii with Ge4+ but much lower price. The XRD patterns of the synthesized CoS2 and TiS2 are shown in Supplementary Figure S1. After ball milling and thermal annealing, Co4+ and Ti4+-doped Li10.35Si1.35P1.65S12 SSE were obtained.
Figure 5A shows the normalized XRD patterns of Co4+-doped Li10.35Si1.35P1.65S12. The position of the peaks match well with Li10.35Si1.35P1.65S12, indicating that the doping of Co4+ does not change the initial tetragonal structure. The crystallinity decreases with the increase of Co4+ content, showing more defects are introduced which can promote the transport of Li+. Unknown impurity appears (15.5°, 25.3°, and 32.3°) when the doping ratio of Co4+ is higher than 2%. The higher content of Co4+ exceeds the limit of the solid solution and leads to the emergence of new phase. It worth to note that peak shifts to higher angles are observed (14.4°, 17.4°, and 20.2°) at relatively low doping ratios (0.5% and 1%). This indicates a constriction of crystal lattice and contradicts with the previous prediction. To explore the crystal parameters after doping, the Rietveld refinement for 1% Co4+-doped Li10.35Si1.35P1.65S12 was carried out. The results are shown in Supplementary Table S2 and Supplementary Figure S2. The 1% Co4+-doped Li10.35Si1.35P1.65S12 shows a P42/nmc space group with lattice constants of a = 8.6731 Å and c = 12.5331 Å. Compared to original Li10.35Si1.35P1.65S12 (a = 8.6708 Å and c = 12.5396 Å), the unit cell expands along the a-direction but shrinks slightly in the c-direction due to the Co4+ doping, resulting in an expansion of the cell volume. This broadens the channels of Li+ transport, which further enhances the ionic conductivity of electrolytes. The XRD patterns of Ti4+-doped Li10.35Si1.35P1.65S12 show similarly characteristics (Supplementary Figure S3). The Raman spectrum of 1% Co-doped Li10.35Si1.35P1.65S124 is shown in Figure 5B. Compared to Li10.35Si1.35P1.65S12, two new peaks emerge at 950 and 2,550 cm−1, which are related to (Co./P)S44− structure. The morphology of the 1% Co4+-doped Li10.35Si1.35P1.65S12 is shown in Figure 5C. It can be seen that most of the electrolyte granules melt together during the thermal treatment, and some are clearly visible on the surface. All the elements are uniformly distributed within the electrolyte, again confirming the successful doping of Co4+.
[image: Figure 5]FIGURE 5 | XRD patterns of Li10.35Si1.35-xCoxP1.65S12 with different Co4+ doping ratios (A), Raman Spectra of pristine and 1% Co4+-doped electrolytes (B), and SEM and EDS images of 1% Co4+-doped Li10.35Si1.35-xCoxP1.65S12 (C).
The ionic conductivity of Co4+-doped Li10.35Si1.35P1.65S12 was measured by blocking cell. The testing parameters are summarized in Supplementary Table S3. As shown in Figures 6A,B, the ionic conductivity of Li10.35Si1.35P1.65S12 is effectively enhanced by Co4+ doping, and 1% Co4+-doped sample shows the highest ionic conductivity of 6.91 mS cm−1, 40% higher than the undoped one. The enhanced ionic conductivity could be attributed to the LGPS-type anion packing, the higher concentration of Li+ induced by M4+ substitution, and the broadened Li+ transport path. Compared to Co4+, the doping of Ti4+ can also enhance the ionic conductivity of Li10.35Si1.35P1.65S12 by 15% (5.69 mS cm−1) when 0.5% TiS2 was added, showing the effectiveness of the doping strategy (Suplementary Figure S4). The slightly difference may be attributed to the limited doping ratio of Ti4+. The electrochemical windows of the Co4+-doped samples were studied using asymmetrical cell. Figure 6C and Suplementary Figure S5 show the CV curves of 0.5%, 1%, and 2% Co4+-doped Li10.35Si1.35P1.65S12. Only one pair of redox peak at around 0 V is observed for all the samples, indicating that they are electrochemically stable between 0 and 5 V. The ionic migration number of 1% Co4+-doped Li10.35Si1.35P1.65S12 is calculated to be 0.97. The much increased value shows that Co4+ doping can promote the migration of Li+. As a demonstration, a solid-state Li battery was assembled using the 1% Co4+-doped Li10.35Si1.35P1.65S12 as electrolyte and TiS2 as the active material. As shown in Figure 6D, the specific charge capacity of the first cycle is 95.2 mAh g−1, and 72% of the initial capacity can be retained after 110 cycles, showing stable performance in practical use. The low Coulombic efficiency of the first cycle can be attributed to the decomposition of LiFSI precursor, as shown in Figure 3F.
[image: Figure 6]FIGURE 6 | Ionic conductivity of Co4+-doped Li10.35Si1.35P1.65S12 (A,B), CV curve of 1% Co4+-doped electrolyte (C), and cycling stability of the all-solid-state lithium battery (D).
Further Attempt for the Performance Improvement of Li10.35Si1.35P1.65S12
The above results have inspired us to further improve the ionic conductivity of Li10.35Si1.35P1.65S12 through dual doping. The Se2− (0.198 nm) has a large ionic radius than S2− (0.184 nm). Similar to Co4+, the proper Se2− anion substitution may also enlarge the diffusion channel of Li+. What is more, the higher polarizability of Se2− can further weaken the binding between Li+ and the anion framework, thus improving the ionic conductivity of Li10.35Si1.35P1.65S12.
CoSe2 was first synthesized by solid-phase reaction. The CoSe2 consists of cubic-shaped particles with size of ca. 1 µm (Supplementary Figure S6), and its XRD is shown in Supplementary Figure S7. After ball milling and thermal treatment, sintered irregular particles are obtained. The normalized XRD patterns of CoSe2-doped Li10.35Si1.35P1.65S12 SSEs are shown in Figure 7A. All the samples exhibit the same LGPS-type structure. With the increase of doping ratio, the peak intensity decreases gradually and some peaks shift to lower angles, similar to the case of CoS2. When the doping ratio of CoSe2 exceeds 1%, the saturation of CoSe2 is reached and impurity phase appears at 26°. The cell parameters of the 1% CoSe2-doped Li10.35Si1.35P1.65S12 were analyzed by Rietveld refinement. The results are shown in Figure 7B and Supplementary Table S4. The dual-doped sample maintains the same tetragonal structure. The lattice parameters are a = 8.677 Å and c = 12.535 Å with a cell volume of 943.835 Å3. These values are larger than that of 1% Co4+-doped sample, indicating the successful doping of Co4+ and Se2− into the lattice of Li10.35Si1.35P1.65S12. The incorporation of Co4+ and Se2− mainly induces the lattice expansion along the a-axis.
[image: Figure 7]FIGURE 7 | XRD pattern of the CoSe2 doping Li10.35Si1.35P1.65S12 (A) and the Rietveld refinement of 1% CoSe2-doped sample (B).
The ionic conductivities of the CoSe2-doped samples were measured by EIS. As shown in Figure 8A, all the samples show negligible grain boundary resistances. With the increase of CoSe2 doping ratio, the impedance first decreases and then increases, and 1% CoSe2-doped sample has the highest ionic conductivity of 6.07 × 10−3 S cm−1, slight lower than that of 1% Co4+-doped one. The electronic conductivity of the 1% CoSe2-doped sample was added in Supplementary Figure S9. The electronic conductivity of 1% CoSe2-doped electrolyte was measured to be 1.89 × 10−7 S cm−1, four orders of magnitude lower than its ionic conductivity. The results show that the doping of Co and Se in the LSiPS system can greatly enhance the ionic conductivity. The ionic conductivity obtained in this work is comparable or even better than the previous reports as shown in Supplementary Table S5.
[image: Figure 8]FIGURE 8 | (A) Nyquist plots of CoSe2-doped Li10.35Si1.35P1.65S12 (B) Cycling stability of the all-solid-state lithium battery assembled with 1% CoSe2 doped SSE.
An all-solid-state Li battery was then assembled using the 1% CoSe2-doped sample as SSE. The cell shows an initial specific charge capacity 160 mAh g−1 and the reversible specific capacity decreases gradually to 65 mAh g−1 at the end of 100th (Figure 8B). This result shows that, although the incorporation of Se2+ can enlarge the MS4-x2−/Sex2− tetrahedrons, the conductivity of doped Li10.35Si1.35P1.65S12 strongly related to its purity and composition. Further research is still underway and will be reported elsewhere.
CONCLUSION
In summary, a low-cost and high-quality sulfide SSE Li10.35Si1.35P1.65S12 with favorable tetrahedron structure was synthesized, which was further modified by elemental doping. The 1% Co4+-doped Li10.35Si1.35P1.65S12 maintained body-centered cubic-like anion framework and shows a high ionic conductivity of 6.91 × 10−3 S cm−1 due to easy Li+ transport between enlarged tetrahedral sites. A high Li+ transport number of 0.97 and wide electrochemical stability window of up to 5 V are also reached. These interesting characteristics endow the sample with good electrochemical performance when assembled into all-solid-state Li batteries.
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