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Abstract

:

Phosphorus-based materials are considered to be reliable anode materials for potassium ion batteries (PIBs) due to their high theoretical capacity but suffer from inferior cycling stability and an unstable Solid Electrolyte Interface (SEI) layer. Herein, optimized ball-milled parameters and concentrated electrolytes are introduced to enhance the electrochemical performance of Sn4P3/C anodes. Consequently, the electrodes synthesized under optimized ball milling parameters could deliver a reversible capacity of 307.8 mA h g−1 in diluted Potassium hexafluorophosphate (KPF6) electrolyte. Moreover, compared with diluted bis(fluorosulfonyl)imide (KFSI) electrolyte, a robust inorganic KF-rich SEI layer can be formed on the electrode’s surface by employing concentrated KFSI electrolyte and provides more rapid K ion conduction rates. Meanwhile, a large proportion of the FSI− anions participated in the K+ solvation shell when the KFSI concentration increased. As a result, high specific capacities (225.1 mA h g−1 at 50 mA g−1 after 200 cycles) and excellent Coulombic efficiency (97.24% at 500 mA g−1 after 200 cycles) can be achieved. This work may deepen our understanding of synthetic optimization in electrode material design and the role of concentrated electrolyte in tunning the solvation structure, and also offer an insightful clue to the design of high-capacity phosphorus-based anodes.
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1. Introduction


Our ever-increasing consumption of non-renewable fossil energy and demand for electricity has driven the development of numerous types of electrical energy storage (EES) for large-scale applications due to their ability to compensate for the intermittence of renewable energy [1,2]. Recently, potassium ions as charge carriers have been utilized as potential future batteries due to the abundant potassium resources in the Earth’s crust (0.0017 wt. % for lithium and 1.5 wt. % for potassium) [3,4] and the relatively low standard hydrogen electrode of K/K+ (−2.93 V versus E0) [5,6]. Although potassium has a relatively large ionic radius (1.38 Å) compared with other alkali metal ions, K+ has weak Lewis acidity and leads to small Stokers’ radii (i.e., 3.6 Å in propylene carbonate) in solvents, which shows higher carrier mobility in electrolyte [7,8]. Therefore, it is meaningful to explore the potential applications of PIBs “beyond Li-ion” [9,10,11].



Among all the anode candidates for PIBs, Carbon-based electrode materials have outstanding cycling performance. However, due to the limited theoretical capacity provided by the KC8 reaction, the development of carbon-based electrode materials is hindered [6]. Considering the non-carbon-based electrode materials, Sn4P3 as phosphorus-based anodes have attracted enough attention due to their high capacity and the metallic feature of Sn to improve electrical conductivity. Zhang and co-workers investigated Sn4P3/C composite as an anode material for PIBs, which was synthesized using the ball-milling method and showed 384.8 mA h g−1 at 50 mA g−1 after 30 cycles [12]. However, the large volume variations upon cycling and the uncontrollable side reactions that happen at the electrode/electrolyte interface still hinder further applications [13,14,15]. For the preparation process, ball-milling is a good strategy for mass production of electrode materials, benefiting from its high operation flexibility, and low cost. However, due to the specific physical/chemical properties of phosphorus [12,16,17], the ball-milled parameters need to be optimized to prepare the Sn4P3. In terms of severe side reactions, the formation of the solid electrolyte interphase (SEI) layer is critical for governing electrochemical performance [18,19,20]. Past research has demonstrated how concentrated electrolyte and salt chemistry can be employed to significantly suppress side reactions and dendritic growth [21,22,23,24]. However, recent research on the Sn4P3 anode in PIBs has been more focused on adjusting the types of electrolytes, salts and additives, ignoring the significant effect of concentration and leading to unsatisfactory electrochemical performance compared with the theoretical values.



To address these issues, herein we prepared a Sn4P3/C composite via the scalable ball-milling method and further optimized the ball-milled parameters. The electrochemical performance of optimized ball-milled electrode materials was evaluated under various salt and concentrated electrolytes for PIBs. The cells in 2.5 M KFSI-Ethylene carbonate/Diethyl carbonate (EC/DEC) electrolyte delivered the best cycling performance among all the other electrolytes. For the K-metal symmetric electrodes, the cells in 2.5 M KFSI-EC/DEC showed relatively small hysteresis and overpotential, which indicated the small polarization in the electrolytes. Further investigation (e.g., X-ray Photoelectron Spectroscopy (XPS) and Fourier Transform Infrared Spectroscopy (FTIR)) revealed that an SEI layer with a high K–F content could be formed in highly concentrated KFSI electrolyte, which is more robust than those with less K–F content and organic ones. Moreover, a Density Functional Theory Molecular Dynamics (DFT-MD) simulation demonstrated that the FSI− anion, EC and DEC molecules have stronger coordination as well as solvation ability with K+ as the KFSI concentration increased to 2.5 M, which is beneficial to forming an inorganic KF-rich SEI layer and preventing a side reaction from occurring. In this work, the strategy of controlling ball-milling parameters and electrolyte concentration, which is simple to operate, and easy to realize and industrialize, is applied to Sn4P3/C anode potassium ion batteries. A solid and uniform SEI layer is formed on the electrode’s surface to control the electrode’s volume change, protect the electrode’s integrity, and finally, achieve long cycling stability.




2. Materials and Methods


2.1. Materials


Potassium (K, ≥99.9%), tin power (Sn, ≥99.5%), red phosphorus (P, ≥98.5%), carbon black (C, ≥99.5%), potassium hexafluorophosphate (KPF6, ≥99%), potassium bis(fluorosulfonyl)imide (KFSI, ≥95%), ethylene carbonate (EC, ≥98%) and diethyl carbonate (DEC, ≥99%) were purchased from Aladdin, China. The other chemicals were purchased from Aladdin, China. All of the storage and handling of the samples was performed in an argon (Ar) filled glove box (MBraun Unilab, Garching, Germany) with the content of oxygen and water less than 0.01 ppm.




2.2. Synthesis of Sn4P3/C


Sn4P3/C composites were prepared according to the reported method [18,19]. Sn4P3/C powder was synthesized using a ball-milling process using elemental tin, red phosphorus, and carbon black as the raw materials in the weight ratio of Sn:P:C = 73.1:14.4:12.5 (with Sn and P in the molar ratio of 4:3, respectively). In this paper, it was synthesized using a ball-milling process using a planetary QM-QX4L ball mill under different parameters, as shown in Table S1.




2.3. Preparation of Electrolytes


All electrolytes were prepared in a glove box filled with argon and with an oxygen and water content of less than 0.01 ppm. The concentrations in this work were all marked in terms of the molarity of the salt with respect to the whole electrolyte volume. All concentrations of KPF6-EC/DEC and KFSI-EC/DEC were prepared with potassium hexafluorophosphate or potassium bis(fluorosulfonyl)imide in EC and DEC (in a volume ratio of 1:1).




2.4. Characterization


The crystal structures of the as-prepared powder were characterized using powder X-ray diffraction (XRD) on a GBC MMA diffractometer with a Cu Kα source at a scanning rate of 1° min−1. X-ray photoelectron spectroscopy (XPS) was conducted on a Phoibos100 photoelectron spectrometer using monochromatic Al Kα radiation under the vacuum of 2 × 10−6 Pa and the bottom pressure <10−8 mbar. The morphology of the synthesized materials and the cell poles were characterized using a JSM-7500FA field-emission scanning electron microscope (SEM). The chemical structure was collected using Raman microscopy (Raman, WITec alpha300R, German) with an excitation laser of 633 nm. The surface topography was detected using atomic force microscopy (AFM, Bruker ICON, German).




2.5. Electrochemical Measurements


Electrodes were fabricated using a slurry-coating method. All the synthesized materials (Sn4P3/C) were mixed with Super P carbon black and carboxymethyl cellulose (CMC) in the weight of 8:1:1, respectively. In addition, deionized water was used as the dispersing agent. All the materials were stirred for 12 h to form a slurry. After that, the slurry was coated with copper foil and dried in a vacuum oven at 90 degrees centigrade overnight. All batteries in this work were assembled with CR2036 type coin cases in an argon-purged glove box. A glass fiber membrane was used as the separator, while stainless steel shims and battery springs were introduced as supporters. Potassium metal was employed as the counter and reference electrode to assemble the half cells. The mass loading of the active materials (Sn4P3) was over 1.1 mg cm−2, corresponding to the total mass loading of 1.5 mg cm−2. The half cells were galvanostatic charged/discharged between 0.01 and 2.0 V versus K/K+ at various current densities on a Land battery tester. Symmetric K foil cells with the same area were tested in various electrolytes at the current density of 1 mA cm−2 with a stripping/plating capacity of 1 mA h cm−2. The specific capacity was calculated based on the weight of the Sn4P3.




2.6. Computational Method


Our calculations were performed by means of the density functional theory (DFT) using the Gaussian 09. The B3LYP (Becke, three-parameter, Lee-Yang-Parr) hybrid functional was used to calculate all molecular structures in GS and single states to describe the exchange correlation energy. The effective nuclear pseudo-potential was used to deal with the nuclear electrons. The basis set was used in the advanced B3LYP calculation of 6-311G++ (d, p) for the atoms including carbon, oxygen, nitrogen and hydrogen. To confirm that it was the energy minimum, a vibration analysis was performed at each rest point. The natural bond orbit method was also used for population analysis [25,26].



In the simulation, the solute and solvent composition were modeled and the COMPASS force field [27] was implemented to optimize the structure of interest. In general, the thermal vibration of the bulk atoms inside the solid is very small and can be ignored [28], so the bottom two glass atoms were fixed in their bulk positions. Electrostatic interactions were treated using the Ewald summation technique [29], and the Ewald accuracy was set to 4.184 × 10−4 kJ/mol. Van der Waals interactions are described using atom-based summation methods. The truncation distance, spline width, and buffer width were set to 15.5 Å, 1 Å, and 0.5 Å, respectively. The Andersen algorithm [30] was used to control the simulated temperatures at different levels. The MD simulations were performed under NVT integration with a time step of 1.0 fs and a total simulation time of 500 ps.





3. Results and Discussion


3.1. Optimization of Synthetic Parameters


Figure 1a–c showcases the X-ray diffraction (XRD) profiles of the Sn4P3/C materials. The representative peaks are indexed to the Sn4P3 phase (JCPDS no. 01-073-1820) and some residual metal tin phase (JCPDS no. 01-086-2265). The broad diffraction peak at approximately 25.4° indicates the presence of carbon black in the Sn4P3/C composites. In contrast, the XRD patterns show well-indexed peaks in the Sn4P3 phase when the sizes of the balls increased to 5 mm and 10 mm.



To optimize the synthetic parameters, the electrochemical performance of the Sn4P3/C composites as anodes were evaluated for PIBs using 2032-type coin cells. The cycling performances of the Sn4P3/C composite anode at 50 mA g−1 and 200 mA g−1 in 0.8 M KPF6 EC/DEC electrolyte are shown in Figure 1d–f and Figure S1. The specific capacity values of all the electrodes were determined based on the entire weight of the Sn4P3/C electrode. In general, the Sn4P3/C electrode exhibited a relatively stable specific capacity and maintained good cycle stability within 20–30 cycles. However, it suffered from severe capacity fading after 30 cycles, which may be due to the large volume expansion of the Sn4P3/C electrode material [31]. It is also worth mentioning that adjusting the ball-milling parameters can change the size and morphology of the milled products. In addition, a more uniform size and morphology can relieve the stress concentration caused by volume expansion and shorten the diffusion distance of the electron and potassium ion [32]. In Figure 1h, the SEM image shows the Sn4P3/C composites (10 mm, 30 h, 60:1, 400 rpm) are irregular agglomerated micrometer-sized particles, with an average particle size of 0.45 μm (Figure 1i). Figure 1h,i, Figure S2 and S3 reveal that the particle size and morphology of Sn4P3/C composites synthesized under the conditions of a 10 mm ball diameter, 30 h ball-milling time, 60:1 ball-to-powder ratio, and 400 rpm rotational speed are more uniform, and the purity is higher compared to other ball-milling parameters. The composites exhibit a relatively excellent discharge capacity of 307.8 mA h g−1 and a stable Coulombic efficiency (CE) of 94.68% over 30 cycles, as shown in Figure 1f. As shown in Figure 1g, Figure S4 and S5, the galvanostatic discharge/charge curves of the Sn4P3/C electrode for selected cycles in a potential range from 0.01 to 3.0 V vs. K+/K at 50 mA g−1 and 100 mA g−1. Figure 1g shows the initial CE of the electrode is 58.96% and the discharge capacity is 685.2 mA h g−1. The initial low CE and the large irreversible capacity may be caused by the incompletely reversible electrochemical process and the formation of the SEI layer.




3.2. Regulation of Electrolytes


To design a highly concentrated electrolyte for PIBs, EC and DEC were used as solvents, while KPF6 and KFSI were employed as salts. The use of EC/DEC, as the most studied solvent combination, is advantageous for battery application. The high polarity and dielectric constant of EC contribute to SEI formation, while the low viscosity of DEC benefits from the K-ion’s mobility [33,34]. In addition, the salt anions in electrolytes participate in SEI formation and electronegativity adjustment.



The cycling stability and rate performance of Sn4P3/C in various electrolytes are compared in Figure 2. The corresponding charge/discharge profiles at different current densities are shown in Figures S6 and S7. As shown in Figure 2a,b, Sn4P3/C in 2.5 M KFSI EC/DEC exhibits excellent cycling stability at 50 mA g−1 and 500 mA g−1, respectively. It shows that the Sn4P3/C in 0.5 M and 0.8 M KPF6-based electrolytes achieved a similar initial capacity with other concentrated electrolytes but experienced severe capacity degradation, with <100 mAh g−1 remaining after 100 cycles. The cycling stability of Sn4P3/C is superior in the KFSI-based electrolyte compared to that in the KPF6-based electrolyte. Furthermore, the electrochemical performance of Sn4P3/C can be enhanced with an increase in electrolyte concentration. When the concentration of KFSI increased to 2.5 M, the cells achieved the best cycling performance and rate capability among all of the concentrated electrolytes. In Figure 2a,b, it can be observed that Sn4P3/C in 2.5 M KFSI exhibits the specific capacity of 225.1 mA h g−1 and 187.8 mA h g−1 as well as a CE of 95.65% and 97.24% at 50 mA g−1 and 500 mA g−1 after 200 cycles, respectively. In addition, as observed in Figures S6 and S7, Sn4P3/C in 2.5 M KFSI exhibits an initial CE of 50.61% and a discharge capacity of 573.2 mA h g−1 at 50 mA g−1, as well as 51.26% and 540.3 mA h g−1 at 500 mA g−1. In Figure 2c,d, the Sn4P3/C in 2.5 M KFSI delivers an average reversible capacity of 284.3 mA h g−1, 252.8 mA h g−1, 229.5 mA h g−1, 168.8 mA h g−1, 94.2 mA h g−1, 12.9 mA h g−1, 297.9 mA h g−1 with the current densities changing from 50 mA g−1, 100 mA g−1, 200 mA g−1, 500 mA g−1, 1000 mA g−1, 2000 mA g−1, 50 mA g−1, respectively. It is obvious that the corresponding capacity can be returned to the original level as the current density returns to 50 mA g−1.



Moreover, the symmetric K/K cells in 2.5 M KFSI-EC/DEC electrolyte at a current density of 1 mA cm−2 and a cycling capacity of 1 mA h cm−2 show relatively stable hysteresis and overpotential, indicating that placing cells in a higher concentration of KFSI is beneficial to the continuous formation of a robust SEI layer. In terms of the cells in the KPF6-based electrolyte and low concentrated KFSI-based electrolyte, larger fluctuations in the voltage profile occurred, which indicates the effect of polarization on rapid dendrite growth caused by the continuous formation of SEI layers [17]. All the results above are schematically illustrated in Figure 2e.




3.3. Analysis of SEI Layer Composition and Morphology


To explore the effect of electrolyte concentration on the stability of SEI layer, the cells were further characterized after five cycles. XPS was employed to understand the chemical composition of the SEI layers formed in the different electrolytes, and the results are presented in Figure 3a–c, the C 1s peak could be deconvoluted into four peaks corresponding to sp2 C (283.6 eV), sp3 C (284.8 eV), C-O-C (286.3 eV) and C=O (288.3 eV) species [35,36], indicating that the decomposition of solvent EC and DEC is one of the main sources of the derived SEI layer. Meanwhile, a new O 1s peak appeared, approximately in the range of 529 eV~531 eV, which can be attributed to K-O [37,38]. Figure 3c shows the F 1s signal could be detected at around 684.4 eV and 688.0 eV, corresponding to the inorganic K-F and organic C-F bonds, respectively [39]. By comparing peak intensities, it was observed that the intensity of the C-F bond on the surface of Sn4P3/C with 0.8 M KPF6-EC/DEC electrolyte was higher than that of the K-F bond. This indicates the formation of an organic-rich solid electrolyte interphase (SEI) layer in 0.8 M KPF6-EC/DEC electrolyte, which is likely due to solvent-induced reduction [40]. Conversely, the intensity of the K-F bond on the electrode surface in the KFSI electrolyte was higher than that in the KPF6 electrolyte, indicating a higher inorganic content in the SEI layer formed in the KFSI electrolyte. According to the XPS data, the ratios of inorganic K-F to organic C-F for the 0.8 M KPF6 in EC/DEC and the 1 M KFSI in EC/DEC electrolyte were as high as 1.389 and 2.381, respectively. In contrast, for the concentrated 2 M KFSI in EC/DEC and 2.5 M KFSI in EC/DEC electrolyte, the SEI layer possesses a ratio of inorganic K-F to organic C-F as high as 5.556 and 6.250, respectively. These results suggest that the solid electrolyte interphase (SEI) layer formed by concentrated electrolytes contains a higher proportion of inorganic components. Moreover, an increase in the concentration of the electrolyte salt results in a corresponding increase in the proportion of inorganic components present in the SEI layer. In particular, the Sn4P3/C with 2.5 M KFSI-EC/DEC showed the highest K-F intensities among the KFSI-based electrolytes, indicating that the SEI layer generated on the electrode’s surface in 2.5 M KFSI-EC/DEC electrolyte was more inclined to be an inorganic-rich layer. The inorganic SEI layer can contribute to the improvement of cycling stability, as it is well established that inorganic components have better mechanical strength than organic ones [41,42].



As shown in Figure 3e, the uniformity of the concentrated electrolyte-derived SEI was further verified using the ex situ SEM images. The cracks caused by using the tender SEI layer and irreversible volume expansion were observed on the electrode’s surface in 0.8 M KPF6 and 1.0 M KFSI electrolyte. On the contrary, there are barely any cracks on the electrode’s surface with the 2.5 M KFSI electrolyte, as observed in Figure 3e, probably because of the robust and uniform SEI layer that formed on the surface, which can protect the electrode and prevent excessive side reactions from occurring [43]. Meanwhile, the roughness and thickness of the SEI layers were examined using atomic force microscopy (AFM) synchronously. The brightness of the colors in the 3D images represent the height of the position. From the 3D images and roughness data, the electrode’s surface with an SEI derived from the concentrated 2.5 M KFSI in EC/DEC electrolyte is more uniform in comparison with the dilute 0.8 M KPF6 in EC/DEC and 1 M KFSI in EC/DEC electrolyte derived SEI layers, which are rougher. As we all know, an SEI layer with lower roughness is more stable and uniform, which helps to restrain excessive electrolyte decomposition and side reactions, and better protect the electrode [39].




3.4. Analysis of Solvation Structure


The solution structure of the KFSI-EC/DEC electrolytes at different concentrations was characterized by Raman spectroscopy. The large right-tailing peak representing the S-N-S stretching vibration mode of the FSI− anion (780–700 cm−1) is very sensitive to the difference in the K+ coordination [44]. As shown in Figure 4c, the percentage of free solvent EC molecules existed and became weaker with the increase in electrolyte concentration. Conversely, bound EC [45] and FSI− existed in associated states, such as the contact ion pair (CIP) and ion aggregate (AGG) [46,47], becoming more evident with increasing KFSI concentration. Thus, the Raman results indicate that the coordination of K+ with both FSI- and EC becomes stronger at higher concentrations, and free solvent molecules are greatly reduced when the concentration reaches 2.5 M. This solvation structure can not only generate anion-derived inorganic-rich SEI protection, but also efficiently protect the electrolyte from the continuous reaction on the electrode surface.



MD simulation and DFT calculation were carried out to probe the solvation structure of the KFSI electrolytes. The radical distribution function (RDF) and corresponding coordination numbers of 1.0 M and 2.5 M KFSI-EC/DEC electrolyte further revealed the solvation shell structure and coordination ability of the central K+ with solvent molecules and the FSI− anion under various concentrations of KSFI-EC/DEC electrolyte. It can be seen that the position of the first peaks corresponding to K+-EC, K+-DEC and K+-FSI− were centered at about 1.11 Å, 1.11 Å and 1.55 Å, respectively. All the electrolytes possessed sharp peaks at 1.11 Å, indicating that their primary solvation shell of K+ contain EC and DEC. In addition, it is worth mentioning that there was another sharp peak at 1.55 Å (Figure 4f), demonstrating the presence of FSI− near the solvated K+ ions to generate the denser anion-derived SEI layer protection and efficiently protect the electrolyte from continual reaction on the electrode’s surface. Compared with 1.0 M KSFI-EC/DEC, the corresponding coordination number in the 2.5 M KSFI-EC/DEC electrolyte is higher, which indicates that more DEC and EC molecules participated in the primary solvation with the K ions, while the FSI− anion still “sticked” to the K+ ions and participated in the solvation shell (Figure 4g) [24]. As evidenced by the simulation of the projected density of states, in dilute concentration of KFSI (1.0 M), the energy level of the lowest occupied molecular orbital (LUMO), which is closely related to the electron-induced reduction, is located at around 1.0 eV and involves both the FSI- anions and the EC/DEC(Figure 4h). In contrast, the energy level of the LUMO in 2.5 M KFSI-EC/DEC electrolyte is located at around 1.5 eV, which is totally occupied by FSI- (Figure 4i). Meanwhile, the Gibbs free energy of K+-EC and K+-FSI− (Figure S9) demonstrated that K+ prefers to coordinate with an FSI− anion, which means there is a higher content of FSI− than that of EC/DEC molecules in a K+ solvation structure. The theoretical results suggest that the SEI that forms in the dilute 1.0 M KFSI in EC/DEC electrolyte is mainly derived from the decomposition of both FSI− anions and EC/DEC molecules, resulting in a non-uniform and non-stable SEI layer. In contrast, the SEI that forms in the concentrated 2.5 M KFSI in EC/DEC electrolyte is mainly derived from FSI- decomposition, leading to a uniform and stable SEI that could effectively suppress solvent decomposition and allow long cyclability [48,49].




3.5. Effect of Synthesis Parameters and Electrolyte Concentration


The above results indicate that both the synthesis parameters of the Sn4P3/C anode materials and the concentration of the electrolyte influence the cycling performance, as illustrated in Figure 5. Firstly, we screened the Sn4P3/C (10 mm, 30 h, 60:1, 500 rpm) composite with the best electrochemical performance by optimizing the synthesis parameters of ball-milling. Then, the combined theoretical and further experimental results suggested that, in a concentrated 2.5 M KFSI-EC/DEC system, the free solvent molecules reduced and the associated state FSI− increased. This means that more FSI− anions participate in the solvation shell with K+ and anion reduction is favored, leading to a robust and stable inorganic KF-rich SEI layer. This layer helps maintain the integrity of the electrode and significantly reduces electrolyte consumption. In addition, as shown in the MSD data (Figure S8), the K ion conduction in 2.5 M KFSI-EC/DEC electrolyte is faster than that of diluted KFSI-EC/DEC electrolyte during the cycling process. These results suggest that the presence of abundant K-containing inorganic compounds within the SEI layer can promote K ion migration, leading to enhanced electrochemical performance of the 2.5 M KFSI-EC/DEC electrolyte.





4. Conclusions


In summary, ball-milling and concentrated electrolyte were applied to a theoretical high specific capacity Sn4P3/C anode with the aim of addressing the volume variation caused by metal phosphides. In this work, the electrolyte solvation structure and the formation of the SEI layer were systematically studied under the various concentrated electrolytes. As a result, excellent cycling stability and high specific capacity were both achieved in the concentrated 2.5 M KFSI-EC/DEC electrolyte system. Concentrated KFSI-EC/DEC contributed to K ion solvation and an inorganic KF-rich SEI formation. The enhanced electrochemical performance mainly originated from the reduced volume variation and robust SEI layer derived from the manipulation of the ball-milling parameters and the concentration of electrolyte, which is good for protecting the integrity of the electrode and reducing electrolyte consumption. It is expected that the manipulation of both electrode preparation technology and concentrated electrolyte will shed light upon the multifunctionality of PIBs and will be appealing for low-cost and large-scale energy storage application.
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Figure 1. (a–c) Ex situ XRD patterns of Sn4P3/C composites under different ball-milling parameters. The description of the legend concerning the Sn4P3/C composites is referred to in Table S1, including the ball size (mm), speed (rpm), time (h) and ratio (ball: materials). (d–f) Cycling performance of the Sn4P3/C composites under different ball-milling parameters in PIBs at the current density of 50 mA g−1. (g) The first, second and third discharge/charge profiles of PIBs with Sn4P3/C (10 mm, 30 h, 60:1, 400 rpm) at the current density of 50 mA g−1. (h) SEM image of Sn4P3/C composites (10 mm, 30 h, 60:1, 400 rpm). (i) Particle size distribution of Sn4P3/C composites (10 mm, 30 h, 60:1, 400 rpm). 
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Figure 2. Cycling performance of cells with various electrolytes in PIBs (a) at 50 mA g−1 and (b) at 500 mA g−1. (c,d) Rate performance of cells with different electrolytes in PIBs at various current densities from 50 to 1000 mA g−1. (e) Galvanostatic cycling of a symmetric K foil cells with various electrolytes at a current density of 1 mA cm−2 with a stripping/plating capacity of 1 mA h cm−2. 
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Figure 3. XPS spectra of (a) C 1s, (b) O 1s, and (c) F 1s for the cells containing various electrolytes after 5 cycles at 50 mA g−1. (d) FTIR spectra of the electrode’s surfaces in various electrolytes after 5 cycles at 50 mA g−1. (e) SEM images and (f) AFM images of the electrodes in various electrolytes after 5 cycles at 50 mA g−1. 
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Figure 4. Raman spectra of (a) various electrolytes of KFSI electrolyte from 700 cm−1 to 1250 cm−1. (b) Different concentrations of KFSI electrolyte from 1175 cm−1 to 1275 cm−1. (c) Deconvoluted Raman spectra of different concentrations of KFSI electrolyte from 690 cm−1 to 770 cm−1: The red, pink, purple, blue and green lines correspond to the free EC, bound EC (interacting with K+), free FSI−, contact ion pair (CIP) and ion aggregate (AGG). Radial distribution function of K+ to solvents or anions in different electrolytes (d) K+-DEC, (e) K+-EC, (f) K+-FSI−. (g) Coordination number of K+ to solvents or anions in different electrolytes. Simulation of the projected density of states for (h) 1.0 M KFSI and (i) 2.5 M KFSI electrolytes. 
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Figure 5. Schematic diagram of the influence of the synthesis parameters and concentrated electrolyte on an Sn4P3/C anode’s cycling performance. 
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