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[bookmark: _Hlk95900687][bookmark: _Hlk95900747]Potassium-ion batteries (PIBs) are a favorable alternative to lithium-ion batteries (LIBs) for the large-scale electrochemical storage of renewable energy because of their cost-effectiveness that stems from the high natural abundance of potassium resources. However, conventional PIB electrodes usually exhibit actual capacities that are considerably lower than their theoretical capacities and poor cyclic stability due to the large radius of potassium ions (1.39 Å). These characteristics seriously inhibit the practical use of PIB electrodes. In addition, the high reactivity and low melting point (63.4 °C) of potassium metal raise serious safety concerns. Here, zinc phosphide composites with high actual specific capacities are rationally designed as new conversion-type PIB anodes for operation in a nonflammable triethyl phosphate (TEP) electrolyte to solve the above-mentioned issues. The optimized zinc phosphide composite with 20 wt% zinc phosphate (ZnP2@ZPO[20]) presented high actual specific capacity (571.1 mA h g−1 at 0.1 A g−1) and excellent cycling performance (484.9 mA h g−1 with the capacity retention of 94.5% after 1000 cycles at 0.5 A g−1) in KFSI-TEP electrolyte. XPS depth profile analysis showed that the improved cycling stability of the composite was closely related to the reversible dynamic evolutions and conversions of the sulfur-containing species in the solid electrolyte interphase (SEI) during the charge/discharge process. This dynamic reversible SEI concept may provide a new strategy for the design of superior electrodes for PIBs.

Introduction
Lithium-ion batteries (LIBs) are widely used in many aspects of our daily life. However, their development and application on a larger scale will be inevitably restricted by the scarcity and uneven global distribution of lithium resources.[1] By contrast, sodium and potassium resources are highly abundant and evenly distributed around the world and thus benefit the development of low-cost sodium-ion batteries (SIBs) and potassium-ion batteries (PIBs).[2] In addition, the standard redox potential of the potassium ion is closest to that of the lithium ion (−2.93 V for K+/K vs −3.04 V for Li+/Li) and is lower than that of the sodium ion (−2.70 V),In addition, the standard redox potential of K-ion is closest to Li-ion (−2.93 V for K+/K vs −3.04 V for Li+/Li) and lower than that of Na-ion (−2.70 V) , furthermoremoreover, and K+ K-ion showshas the smallest smaller Stoke radii in aqueous and organic solutions than that of Li+, Na+, and Mg2+, which all these features gives PIBs higher energy density and faster K-ion diffusion rate in the electrolyte than that those of sodium-ion batteries.[3] Graphite is commercially used in LIBs; however, when it is used as a PIB anode, its theoretical capacity is only 279 mA h g−1 after forming the KC8 phase, which is even lower than the theoretical capacity of LIBs (372 mA h g−1).[4] Therefore, exploring high-capacity PIB anodes is crucial for achieving high energy density of PIBs, thus far, numerous noncarbon anodes have been investigated, including metals and alloys[5], transition-metal chalcogenides[6], and organic materials[7]. In comparison, metal phosphides have attracted considerably more attention than other noncarbon anodes because of their high specific capacity and relatively low discharge platforms.[8] Our recent work is the first to provide an experimental report on the application of conversion-type zinc phosphides as PIB anodes with high theoretical capacity (1262 mA h g−1) but large volume expansion/contraction during the charge/discharge process.[9] Metal oxides have been proposed and used as the starting materials for the formation of in situ amorphous metal phosphate matrixes to buffer volume expansion and relieve the massive volume expansion of metal phosphides. Although such a strategy has been proven to be effective, it introduces large amounts of inactive components that inevitably reduce specific capacity. Therefore, controllably adjusting the proportion of inactive components is the key to obtaining high specific capacity while maintaining cycling stability.
[bookmark: _Hlk80728345][bookmark: _Hlk88567283]In addition to capacity, PIBs face the same or even more serious safety problems as LIBs that are based on routine organic carbonate ester or ether electrolyte systems because of the low melting point (63.4 °C) and high reactivity of potassium metal. Many strategies, including aqueous solution systems[10], nonflammable organic electrolytes[11], and all solid-state electrolytes[12], have been extensively implemented and studied to reduce the safety risk of metal-ion batteries. In sharp contrast to reports on all solid-state LIBs, reports on all solid-state PIBs are few in number because the poor solid–solid interface affinity and the large potassium-ion radius (1.39 Å) in PIBs increase interfacial impedance and severely reduce ionic conductivity in the solid electrolyte.[13] In addition, although aqueous solution systems offer low interfacial impedance, high ionic conductivity, and high safety, the low redox potential of aqueous solutions seriously reduces energy density.[14] High concentrations of “water-in-salt” electrolytes can improve the stability of electrodes and expand the electrochemical window but also significantly increase the cost of batteries.[15] Developing nonflammable organic solvents as electrolytes for safe PIBs appears to be a feasible strategy because the solvation effect of potassium ions is weaker than that of lithium and sodium ions. Specifically, a moderately concentrated organic phosphate-based electrolyte has shown excellent cycling stability for the graphite anode of PIBs.[16] Meanwhile, this electrolyte system has also demonstrated good electrochemical stability for a high-voltage potassium-ion cathode (K0.5MnO2).[17] Nonetheless, the research on nonflammable electrolyte for PIBs still remains in its infancy, especially for the system of conversion-type mechanism anodes with high specific capacity and huge volume expansion. An in-depth understanding of the corresponding evolution of the solid electrolyte interphase (SEI) in nonflammable organic solvents is important for designing favorable electrodes for safe PIBs. However, such an understanding remains unclear. 
Here, we report the development of superior zinc phosphide composites for operation in triethyl phosphate (TEP)-based nonflammable organic electrolytes that deliver outstanding reversible capacity and superior cycling stability. The reversible evolution of sulfur-containing species in the SEI during the charge/discharge process of the zinc phosphide composites when used as PIB anodes in the nonflammable TEP electrolyte was revealed. This phenomenon helped stabilize the electrode. Thus, excellent cycling stability in the TEP-based electrolyte was achieved. Meanwhile, the balance between high actual capacity and good cycling stability was reached by controlling the mass fraction of zinc phosphate on the basis of the ratios of the Zn, ZnO, and P raw materials. We believe that our present work is beneficial for deepening the understanding of stable SEIs and will advance the study and practical application of high-capacity and safe PIBs.

2. Results and discussion
In our recent work, we demonstrated that metal phosphides prepared by using metal oxides exhibit enhanced cycling stability in ethylene carbonate/diethyl carbonate (EC/DEC)-based electrolyte.[9] Zinc phosphate is inactive to K-ion in nature, and pure ZnO, when used as the raw material at the molar ratio of ZnO to P of 2:3, introduced the maximum mass percentage of zinc phosphate of 37.7 wt%, which would reduce the theoretical specific capacities of the zinc phosphide composites. Therefore, we optimized the content of zinc phosphate by controlling the proportion of Zn, ZnO, and P raw materials to keep a balance between the cycling stability and high specific capacity of zinc phosphide. The schematic diagram of the preparation process is shown in the Figure 1a, . Theand two reactions involved are as follows:
Zn + 2P = ZnP2                                         (1)
8ZnO + 12P = 5ZnP2 + Zn3(PO4)2            (2)
[bookmark: _Hlk93309194]According to the above two reactions (1) and (2), tThe three zinc phosphide composites with zinc phosphate contents of 10 wt%, 20,  wt% and 30 wt% were , labelled as ZnP2@ZPO(10)without C, ZnP2@ZPO(20)without C, and ZnP2@ZPO(30)without C, respectively, and were designed and prepared by via one-step ball milling in accordance with reactions (1) and (2). The calculated mass fractions of zinc phosphate determined through by thermogravimetric analysis (TGA) are were 21.3, 31.3 and 43.1 wt.%, respectively. All the calculated values exceeded the theoretical values because of the volatilization of phosphorus oxide generated by heating ZnP2 during TGA (Figure S1a). And all the calculated vaules are more than their theoretical values, which are resulted by the volatilization of phosphorus oxide generated by heating ZnP2 during the TGA test (Figure S1a). To confirm this claim, tThe burned product of ZnP2@ZPO(20)without C was analyzed by XRD to confirm this claim, and the Zn2P2O7 phase was detected due to the sublimation of P2O5 was detected (Figure S1b). The Pure pure α-ZnP2 phase (JCPDS no. 72-1626) was detected for in all three samples (Figure 1b).[18] Meanwhile, as expected, no diffraction peaks belonging to amorphous zinc phosphate were detected, as expected, due to the amorphous states. In addition, to enhance the electronic conductivity of zinc phosphide composites for better improved battery performance, the zinc phosphide composites ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) with carbon were also prepared by directly adding Super P to the stoichiometric Zn, ZnO and P raw materials, labelled as ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30), respectively. The Added addition of carbon was confirmed qualitatively on the basis ofby Raman spectra (Figure S2) and quantified by TGA (Figure S1c). For ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) samples, tThe calculated mass fractions of carbon for ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) samples are were 31.9, 29.5 and 29.6 wt%, respectively, which all are close to their designed value of 30.0 wt%. After adding carbon, The XRD patterns showed that the diffraction peak intensity of zinc phosphide decreased monotonously with the increase of zinc phosphate after the addition of carbon (Figure 1c), ). These results indicating indicated that the amorphization of zinc phosphide increased with the increase in thed proportion of zinc phosphate and carbon , and were consistent with our previous findings, which were obtained by using pure ZnO to prepare completely amorphous zinc phosphidewhich is consistent with our previous findings using pure ZnO to prepare completely amorphous zinc phosphide.[9] As shown in Figure 1d–i, a high-resolution transmission electron microscope (HRTEM) was also employed to confirm the existence of zinc phosphide. To confirm the existence of zinc phosphide, high-resolution transmission electron microscope (HRTEM) was also employed, as shown in Figure 1d-i. In the ZnP2@ZPO(10) (Figure 1d), the measured interplanar spacings of 0.284 and 0.204 nm matched with the (114) and (214) lattice planes of ZnP2 phase, respectively. As forIn the ZnP2@ZPO(20) (Figure 1e) and ZnP2@ZPO(30) (Figure 1f) samples, the interatomic distances of 0.343 nm stand for the (104) facet of ZnP2 phase. All the results were confirmed by their corresponding fast Fourier-transform (FFT) patterns and were consistent with the ir XRD data. In addition, the presence of a large amount of amorphous components in the ZnP2@ZPO(30) sample was confirmed on the basis of HRTEM images as shown in Figure S3In addition, for the ZnP2@ZPO(30) sample, a large amount of amorphous composition was also confirmed by HRTEM, as shown in Figure S3. And the absence of polycrystalline diffraction rings and any diffraction spots in the electron diffraction (ED) pattern verified the amorphous composition of the composite.No polycrystalline diffraction rings and any diffraction spots in the electron diffraction (ED) pattern verified the amorphous composition in the composite. Although all samples showed an uneven size distribution that ranged from tens of nanometers to tens of micrometers due to the agglomeration of nanoparticles with high specific surface energy (Figure S4), the TEM elemental mappings illustratedranging from tens of nanometers to tens of micrometers due to the agglomeration of nanoparticles with high specific surface energy (Figure S4), however, the TEM elemental mappings displayed that all P, Zn, O, and C elements were evenly distributed in all three samples (Figure 1g, 1h and 1i).[19] The presence of amorphous phosphate in three samples was confirmed through Fourier-transform infrared spectroscopy (FTIR) as shown in Figure S5. As Amorphous phosphate was confirmed by Fourier-transform infrared spectroscopy (FTIR), as shown in Figure S5, for crystalline zinc phosphate (C-Zn3(PO4)2), some obviously splitting vibration peaks attributed to the phosphate group were found in the range of 900-1300 cm–1, whereason the contrary, a broad peak without any splitting was observed in this range for the amorphous zinc phosphate (A-Zn3(PO4)2).[20] A non-split broad vibration peak that was similar to that for A-Zn3(PO4)2 indicated the existence of amorphous phosphates in the three samples. This result was consistent with the XRD and TEM data of the three samples. Similar to A-Zn3(PO4)2, a non-splitting broad vibration peak indicates the existence of amorphous phosphates in the three samples, and these results are consistent with their XRD and TEM data. The bonding information of all elements, including C, P, O, and Zn, had beenwas analyzed by X-ray photoelectron spectroscopy (XPS), as illustratedshown in the Figure 1j. The high resolution C1s spectra showed obvious sp2(C=C/C-C, 284.2-284.3 eV) and sp3(C-C, 285.1-285.3 eV) peaks belonging to the added Super P in all three samples.[21] For P 2p spectra, tThe P-Zn (2p3/2, 129.7 eV) and P-Zn (2p1/2, 130.7 eV) bonds in the P2p spectra confirmed the presence of ZnP2. The PO43– peaks (133.3 eV) assigned to zinc phosphate were also be observed, and correspondingly, O=P/P–O–P (533.2 eV) and P–O− (531.6 eV) bonds were found in the XPS spectra of O1s. Zn2p3/2 (1022.4 eV) and Zn2p1/2 (1045.5 eV) reflected the positive zinc ions in zinc phosphide and zinc phosphateIn addition, the PO42– peaks (133.3 eV) assigned to the zinc phosphate can also be observed, correspondingly, the O=P/P-O-P (533.2 eV) and P-O– (531.6 eV) bonds were found in the XPS spectra of O1s. Zn2p3/2 (1022.4 eV) and Zn2p1/2 (1045.5 eV) reveals the positive Zn ions in zinc phosphide and zinc phosphate.[22] 
[bookmark: _Hlk94036665][bookmark: _Hlk94037087][bookmark: OLE_LINK3][bookmark: _Hlk82372082][bookmark: _Hlk94036516][bookmark: _Hlk94037251]Potassium-ion half -cells had beenwere assembled to verify the potassium-ionK-ion storage performance for the optimized zinc phosphide compositesafter optimizing the proportion of zinc phosphate. Figure 2a shows the rate performance and subsequent cyclic stability at 0.1 A g–1 in EC/DEC (v:v =1:1) electrolytes (1.0 M KFSI). The results proved that the capacity and cycling stability of zinc phosphide composites are indeed varied with the zinc phosphate content. The specific capacities for all samples were calculated based on the total mass of ZnP2 and zinc phosphate, except for carbon (according to the experimental results, Super P contributes approximately 45 mA h g–1 as shown in Figure S6Super P contributes about 45 mAh g–1 by experimental results, as shown in Figure S6). As expected, the capacity decreased with the increase in d zinc phosphate content, and the ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes showed first reversible charge capacities of 595.0, 566.1, and 433.0 mA h g–1 with corresponding initial coulombic Coulombic efficiencies (ICEs) of 75, 74, and 71% , respectively, at a the current density of 0.05 A g–-1 (Figure S7), and delivered the highest capacities of 657.7, 608.9 and 469.3 mA h g–1, respectively, at a current density of 0.1 A g–1, in the EC/DEC-based electrolyte. The cycling performance of the electrodes, especially for ZnP2@ZPO(30) electrode, tends tended to stabilizebe more stable with the increase in the amount of zinc phosphate introducedof zinc phosphate introduced, especially for the ZnP2@ZPO(30) electrode, and their retained capacities are were 135.1, 364.4 and 457.6 mA h g–1 , respectively, after 300 cycles at 0.1 A g–1 (Figure S8), ). but However, the average CEs durinng cycling at 0.1 A g–1 are were below the 99.5% for all three electrodes in the EC/DEC-based electrolyte. The electrochemical performance of three electrodes were investigated in the TEP-based electrolyte (2.0 M KFSI in TEP) to verify the feasibility of applying the metal phosphide-based materials as the anodes of PIBs coupled with the noninflammable electrolyteTo verify the feasibility of the metal phosphide-based materials as anodes of PIBs for coupled with in the non-inflammable electrolyte, the electrochemical performance of three electrodes were investigated in the TEP-based electrolyte (2.0 M KFSI in TEP). In contrast toDifferent with those common combustible EC and DEC solvents, TEP solvent is naturally non-inflammable and could not be ignited even when exposed to an open fire , as shown in Figure 2b, . This characteristic can indubitably significantly improve battery safety. The doubtlessly, which can significantly improve the safety of battery. Rrate capability and followed by cycling performance (at 0.1 A g–1) of all the three electrodes in the TEP-based electrolyte are providedshown in Figure 2c, . similar Similar to that those in the EC/DEC-based electrolyte, the average specific capacities of the three electrodes in the TEP-based electrolyte decreased with the increase of in inactive zinc phosphate content at different current densities (Figure S9). Among the electrodesthem, the ZnP2@ZPO(10) electrode delivered the highest average reversible discharge capacities of 465.4, 432.8, 402.1, 274.9, 183.6 mA h g–1 at the current densities of 0.05, 0.1, 0.2, 0.5, 1.0 A g–1, respectively, . These values were which is even higher than the average reversible discharge capacities of pure ZnP2that of pure ZnP2. Relatively, the worse poorer rate performce in the TEP-based electrolyte than that in the EC/DEC-based electrolyte can be attributed to the lower ion conductivity (~ 3.0 mS cm-1) and higher viscosity of 2.0 M KFSI/TEP electrolyte used (Figure S10).[16a] Although the ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes presented low first charge/discharge capacities of 479.8/661.1, 450.5/656.1, and 442.0/706.7 mA h g−1, respectively, with the corresponding ICEs of 73%, 69%, and 63%, respectively, at the current density of 0.05 A g−1 (Figure 2d), the reversible discharge capacities of all of the three electrodes recovered to values that were even higher than their initial values at 0.1 A g–1 when the current density was returned to 0.1 A g−1.Although ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes presented not too high first charge/discharge capacities of 479.8/661.1, 450.5/656.1, and 442.0/706.7 mA h g–1 with corresponding ICEs of 73, 69, 63% at a current density of 0.05 A g-1, respectively (Figure 2d), it was found that the reversible discharge capacities of all the three electrodes were recovered when the current density returned to 0.1 A g–1, even higher than their initial values at 0.1 A g–1. The ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes had maximum specific capacities (Cmax) that reached 640.7, 571.1, and 451.9 mA h g−1, respectively, and the retained capacities of 586.7, 536.1, and 438.4 mA h g–1, respectively, after another 600 cycles at 0.1 A g−1 (Figure S11)The maximum specific capacities (Cmax) for the ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes reached to 640.7, 571.1, and 451.9 mA h g–1, respectively, and the retained capacities are 586.7, 536.1, and 438.4 mA h g–1, respectively, after another 600 cycles at 0.1 A g–1 (Figure S11). In contrast to those in the EC/DEC-based electrolyte, the average CEs of the three electrodes in the TEP-based electrolyte were all above 99.5% after 300 cycles at 0.1 A g–1. These results were suggestive of good cycling stability. And compared to the EC/DEC-based electrolyte, the average CEs are all above 99.5% after 300 cycles at 0.1 A g–1 for three electrodes in the TEP-based electrolyte, which suggests a better cycling stability. The analysis of differential capacity for of the ZnP2@ZPO(10) electrode can partly explain the increase in the capacity (Figure 2e). With the increase in cyclesAs the increase of cycles, potassiation/depotassiation peaks were shifted, the two most obvious oxidation peaks (O1 and O2, depotassiation) moved towards the low potential, and the corresponding depotassiation voltages declined from 0.32V (O1), 0.93V (O2) to 0.26 V (O1), 0.71 V (O2), and stabilized after approximatelyaround 100 cycles. Similarly, the cyclic voltammetry (CV) curves also showed the same trends whereinthat the anodic peaks shifted to the lower potential in the initial cycles (Figure S12). Obviously, all these results indicated a the remarkable polarization and activization effect of the electrodes.[23] As With the increase of in cycles, the utilization rate of the active materials increased due to the activization effect, resulting in the improvement of capacity. The polarization and activation effect of the electrodes appeared seems to be highlymore obvious under at a high current density, as shown in Figure 2f. At 0.5 A g–1, the capacities of the ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes three electrodes increased from initial 267.7, 224.4 and 194.3 mA h g–1 to the maximum capacities (Cmax) values of 543.6, 513.2 and 379.4 mA h g–1, respectively, and after 1000 cycles, the remained remaining capacities (C1000th) were 437.9, 484.9, 379.4 mA h g–1 with the capacity retentions of 80.6%, 94.5%, and 100% for ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30) electrodes, respectively,  (calculated by on the basis of ([C1000th/Cmax)*]*100%). In particular, the CE of the ZnP2@ZPO(10) electrode declined obviously after over 400 cycles at 0.5 A g–1Especially, for the ZnP2@ZPO(10) electrode, its CE declined obviously after over 400 cylces at 0.5 A g–1. By comparison, the ZnP2@ZPO(20) electrode exhibited both high capacity and acceptable cycling stability (Figure 2g). Our composites showed higher capacity and cycling stability than the recently reported noncarbon anodes for PIBs (Figure 2h).Compared with the recently reported non-carbon anodes for PIBs, our results show higher capacity and cycling stability (Figure 2h). 
[bookmark: _Hlk93673592][bookmark: _Hlk93824405]Potassium metal and the target electrodes (zinc phosphide composites) were analyzed To to disclose the source of the activation process and the enhancement inenhanced cycling performance, both K metal and target electrodes were analyzed. Firstly, as shown in Figure 2i, the symmetric K/K cells were assembled and tested in the TEP electrolyte, as shown in Figure 2i, at the current density of 0.5 mA cm–2. Similar to those in a previous report, the symmetric K/K cells in this study exhibited an excellent long-term stability for potassium metal K metal plating and stripping in the TEP electrolyte.[16a] However, during the 3000 h of the deposition and dissolution of the potassium metalK metal electrodes, the overpotential decreased from the initial ~0.34 V (10 h) to ~0.14 V. Meanwhile, AC impedance analysis also confirmed the activation of potassium metalK metal electrodes, and the corresponding impedance decreased with the plating/stripping cycles (Figure S13). In By contrast, such a phenomenon was not obvious in the EC/DEC-based electrolyte, and the corresponding symmetric cell was short-circuited in less than 400 h. The results demonstratedshow that the potassium metal K metal electrode can also be activated in the TEP electrolyte. For the target electrode, the The AC impedance analysis of the target ZnP2@ZPO(20) electrode indicates indicated that the its charge transfer impedance (Rct) decreased from 1131 Ω (5th fifth cycle) to 348.6 Ω (100th cycle), and the impedance caused by formed SEI (RSEI) also decreased from 38.5 Ω (fifth cycle5th cycle) to 12.3 Ω (100th cycle100th cycle) (Figure 2j and S14). In addition, to confirm the activation process of electrode after cycling, the potassium-ionK-ion diffusion coefficient of ZnP2@ZPO(20) electrode after different cycles (5th fifth , 35th , and 80th) was analyzed by using Galvanostatic galvanostatic intermittent titration technique (GITT, )Figure S15) to confirm the activation process of electrode after cycling (Figure S15).  The potassium-ion diffusion coefficient of the ZnP2@ZPO(20) electrode was found to have increased with the cycling. It was found that the K-ion diffusion coefficient of ZnP2@ZPO(20) electrode increased with the cycling. When an electrode is activated during cycling, as often occurs on the electrode surface due to the activation of the interface, the activation energy of ion diffusion is reduced and results in a high ion diffusion rate. When an electrode activated during cycling, especially often occurred on the eletrode surface due to the activation of interface, activation energy of ion diffusion will be reduced and result in higher ion diffusion rate. Obviously, the activation of the electrode results in the increase in the utilization rate of the active materials. This increase is intuitively embodied by the increase in capacity and ion diffusion rate as observed in this work. Therefore, the increased potassium-ion diffusion coefficient of the ZnP2@ZPO(20) electrode with cycles can suggest the activation of the electrodeObviously, the activation of the electrode results in the increase of utilization rate of the active materials, which will be intuitively embodied in the increase of capacity and ion diffusion rate as observed in this work. Therefore, the increased K-ion diffusion coefficient of ZnP2@ZPO(20) electrode with cycles can suggest the activation of the electrode.[4] Therefore, all of the above results verify that the increase in capacity is due to the activation of electrodes during the charging/discharging process. Therefore, all above results verify that the increased capacity is due to the activation of electrodes during the charging/discharging process. 
[bookmark: _Hlk88417687][bookmark: OLE_LINK4]We focused on the formation and evolution of SEI by charging/discharging ZnP2@ZPO(20) electrodes to different states (Figure 3a) and investigated the SEI through etching XPS analysis to understand further the improvement in the cycling performance of electrodes in the TEP-based electrolyte over that in the EC/DEC-based electrolyteTo better understand the improved cycling performance of electrodes in the TEP-based electrolyte than that of the EC/DEC-based electrolyte, we focused on the formation and evolution of SEI by charging/discharging ZnP2@ZPO(20) electrodes to different states (Figure 3a), and investigated the SEI by etching XPS analysis. All XPS samples were prepared in a glove box and transferred into a special chamber under an argon atmosphere without exposure to the air to reduce contamination (Figure S16)It is worth mentioning that to reduce the contamination of the electrodes, all XPS samples were prepared in the glove box and transferred by a special chamber under the Ar atmosphere without exposing to the air (Figure S16). XPS spectra were collected after different etching different time (0s, 30s, 60s, 1200s, 360s, 600s, 1200s, and 3600 s). As shown in Figure 3b, the significant changes in the C 1s spectra of the electrode surface after the first discharge (potassiation) from the open-circuit voltage to 0.01 V in the TEP-based electrolyte indicated that some carbon-based species with high oxidation states, including C–O (~286.3 eV), C=O (~288.2 eV), CO32− (~289.8 eV), and C–F (~291.2 eV), were formed likely through the oxidation and decomposition of the electrolyteafter first discharging (potassiation) from the open-circuit voltage (OCV) to 0.01V in the TEP-based electrolyte, C 1s spectra on the electrode surface changed significantly, indicating some carbon-based species with high oxidation states, including C–O (~286.3 eV), C=O (~288.2 eV), CO32– (~289.8 eV), and C-F (~291.2 eV), were formed, which could attribute to the oxidation and decomposition of electrolyte.[24] During electrode charging, the oxidized carbon-based species on the surface decreased gradually (Figure 3c)When charging the electrode, oxidized carbon-based species on the surface decreased gradually (Figure 3c). Almost the same process of the repeated formation and degradation of the SEI of the carbon-based species was observed during the second discharge/charge process (Figure S17), showing that the SEI of the carbon-based species was unstable as had been confirmed in previous reportsAlmost the same process of repeated formation and degradation of carbon-based species’ SEI was observed when carrying out the second discharge/charge process (Figure S17), showing the instability of carbon-based species SEI, which had been confirmed in previous reports.[25] As shown in Figure 3d, the highly obvious CO32– (~289.8 eV) peaks even after 3600 s of etching were indicative of the considerably higher number of oxidized carbon-based species in the EC/DEC-based electrolyte system than in the TEP-based electrolyte system during discharging to 0.01 VFor the EC/DEC-based electrolyte system, as shown in Figure 3d, much more oxidized carbon-based species than that of TEP-based electrolyte were observed when discharging to 0.01V, because of the more obvious CO32– (~289.8 eV) peaks even after etching 3600s. These findings can be ascribed to the more serious decomposition of EC and DEC than that of TEP. The lower LUMO energy levels of EC and DEC than those of the TEP solvent facilitated reduction for SEI formation during dischargingCompared to TEP solvent, EC and DEC have lower LUMO energy levels, suggesting easier to be reduced to form SEI when discharging.[16a, 24c, 26] Obviously, the excessive consumption of electrolytes was not conducive to the long-term cycle of the battery; this effect can partly explain the poor cycling stability of the half cell and symmetric cells in the EC/DEC electrolyte. In addition to the carbon-based species in the SEI, F1s spectra showed the presence of high amounts of inorganic fluorides (~684.5 eV) that were produced through KFSI decomposition in the EC/DEC and TEP-based electrolytes when discharging to 0.01V (Figure 3e, S18). The inorganic fluorides obviously showed better stability than the carbon-based compounds; moreover, considerable amounts of fluorides were also detected in the SEI of the EC/DEC and TEP-based electrolytes even after charging to 3.0 V (Figure 3f, S19)Obviously, too much consumption of electrolytes is not conducive to a long-term cycle of the battery, which can partly explain the worse cycling stability of the half-cell and symmetric cells in the EC/DEC electrolyte. Besides the carbon-based species in the SEI, F1s spectra also showed lots of inorganic fluorides (~684.5 eV) produced by KFSI decomposition in both the EC/DEC and TEP-based electrolytes when discharging to 0.01V (Figure 3e, S18). Obviously, relative to the carbon-based compounds, inorganic fluorides showed better stability, and significant fluorides were also detected in the SEI for both the EC/DEC and TEP-based electrolytes even charging to 3.0 V (Figure 3f, S19).[25c] In contrast to the other elements detected in the SEI, including K2p, O1s, Zn2p, and P2p (Figure S20–27), which showed little differences in TEP and EC/DEC electrolytes, the S2p spectra presented a significant differenceCompared with other elements detected in the SEI , including K2p, O1s, Zn2p, P2p, (Figure S20-27), which showed little differences to distinguish at both TEP and EC/DEC electrolytes, what is worth mentioning is that S2p spectra present a significant difference. In the TEP-based electrolyte, several sulfur-containing species with different valence states, including SON– (2p1/2/2p3/2: ~171.9/170.7 eV), SO42– (2p1/2/2p3/2: ~170.8/169.6 eV), SO32– (2p1/2/2p3/2: ~168.2/167.0 eV), S0 (2p1/2/2p3/2: ~165.8/164.6 eV), S– (2p1/2/2p3/2: ~163.7/162.5 eV), and S2– (2p1/2/2p3/2: ~161.2/160.0 eV), were detected during discharging, these species distinctly, which waswere completely generated by the decomposing decomposition of KFSI (Figure 4a, S28).[16a, 27] Those These sulfur-containing compounds varied with charging/discharging states and etching depths. In particular, during the first discharging process, S2– species were gradually formed and were detected, and then these S2– species decreased until it they disappeared completely when during charging to 3.0 V due to the oxidation. When During the second discharge/charge process, the S2– species reappeared re-generated and disappeared, ; these phenomena were accompanied by the variation of S0 and S– species, which have yet to been found and reported.[24c, 28] By contrastIn contrast to the TEP-based electrolyte, for the EC/DEC-based system, when first discharging to 0.01V, the contents of sulfur-containing compounds in the EC/DEC-based system is were obviously much low when first discharging to 0.01V (Figure 4b), on the contrary,whereas much more sulfur-containing compounds were can be detected when charging to 3.0V, and these content of sulfur-containing speciescompounds reduced again at second discharging to 0.01V, . Such changes indicated that some evolving sulfur-containing species in the EC/DEC system were unstable during dischargingindicating that some evolutive sulfur-containing species were unstable when discharging in the EC/DEC system. Therefore, by comparison, sulfur-containing species showed higher stability in the TEP-based electrolyte than in the EC/DEC system. Moreover, some reversible conversions of sulfur-containing species, especially S0, S– and S2– species, occurred at different charging/discharging states and etching depths in the TEP-based electrolyte (Figure 4c). sulfur-containing species showed higher stability in the TEP-based electrolyte and some reversible conversions of sulfur-containing species in the SEI, especially for S0, S– and S2– species, occurred at different charging/discharging states and etching depths (Figure 4c). The reversible transformation of sulfur-containing species in the TEP-based electrolyte is more beneficial to stabilizing SEI and decreasing electrolyte consumption than the repeated formation and degradation processes in the EC/DEC-based electrolyteSuch a reversible transformation of sulfur-containing species in the TEP-based electrolyte rather than a repeated formation and degradation in the EC/DEC-based electrolyte is more beneficial to stabilizing SEI and decreasing the consumption of electrolyte.[29] The sulfur-containing species in the SEI were detected and analyzed after 1000 cycles (0.5 A g−1) to confirm the stability of the SEI.To confirm the stability of SEI based on the sulfur-containing species, the SEI was detected and analyzed after 1000 cycles (0.5 A g–1) . The results showed that a large number of sulfur-containing species continued to existwere still existed (Figure 5a). In addition, relative to the fresh electrode, the electrode that had undergone 1000 cycles exhibited obvious surface coating, which confirmed the existence of SEI (Figure 5b–e)obvious coating feature was observed on the electrode surface after 1000 cycles, confirming the existence of SEI (Figure 5b-e). TEM analysis showed that the average thickness of the SEI exceeded 20 nm (Figure 5f), indicating that the thick SEI showed excellent ionic conductivity, and the ED pattern showed that the SEI film was dominated by amorphous components (Figure 5g); these characteristics can partially account for the excellent potassium-ion conductivity of the electrodeMeantime, the average thickness of the SEI is over 20 nm by TEM analysis (Figure 5f), indicating its excellent ionic conductivity for such a thick SEI, and its ED pattern shows the SEI film was dominated by amorphous components (Figure 5g), which can partially explain its excellent K-ion conductivity.[30] Although the sulfur-containing species formed by the TEP-based electrolyte showed conversion or change during charging and discharging as illustrated in Figure 5h, the battery still showed excellent cycling performance; this result differed from the routine viewpoint that an unchangeable SEI should be designed to improve cyclic stability.Although the sulfur-containing species formed by the TEP-based electrolyte showed a conversion or change during charging and discharging process, as an illustration shown in the Figure 5h, the battery still showed excellent cycling performance, which is different from the routine viewpoint that a unchangeable SEI should be designed for improving the cyclic stability.[31] Our results indicated that a dynamic reversible SEI could also play a critical role to in enhance enhancing the cycling performance of an electrode. 
[bookmark: _Hlk82002099][bookmark: _Hlk87954418]Full cells were then assembled to demonstrate the feasibility of ZnP2@ZPO(20) electrode in practical devices, and organic perylenetetracarboxylic dianhydride (PTCDA) was selected as the cathode, as shown in Figure 6a. PTCDA was commercially purchased, and its XRD pattern and electrochemical performance in the PIB half cell were analyzed before it was used in the full cell (Figure S29).for PIB half-cell had also been analyzed before it was used for the full-cell (Figure S29). By contrast, tThe PTCDA without any pre-treatment showed a good cycling stability for in the PIB half -cells in the TEP-based electrolyte and, delivered a the reversible specific capacity of 73.6 mA h g−1 (100 mA h g−1) after 200 cycles (Figure S29d).[7b, 32] The Activated activated ZnP2@ZPO(20) electrodes were used to assemble the full cells with the fresh PTCDA electrodes. Figure 6b compares the The galvanostatic discharge–charge curves of the half -cell and full -cell are compared in Figure 6b, which showed an average discharge platform of ~1.5 V for the full cellindicating a ~1.5V average discharge platform for the full-cell. In addition, the specific capacity of the full cell was controlled and calculated on the basis of the PTCDA.In addition, the specific capacity of the full-cell was controlled and calculated based on PTCDA. The CV curves of the full -cell showed multiple cathodic and anodic peaks withinin a the voltage range of 0.5– - 3.2 V at a the scan rate of 0.2 mV s−1, which reflected the different potassiation depths of PTCDA (Figure 6c). Figure 6d shows the rate performance of the full -cell, it which delivered the average discharge capacities of 124.8, 84.6, 61.1, 49.9 mA h g−1 at the current densities of 20, 50, 100, 200 mA g−1, respectively. In addition, the full cell presented a good cycling stability, specifically, it retaining retained a discharge capacity of 65.6 mA h g−1 after 200 cycles (0.1 mA g−1) (Figure 6e). The full -cell can power an electric fan (1.0 W) (Figure 6f), ). This results confirming confirmed the practicability of this the ZnP2 composite in the non-flammable TEP electrolytes.
Conclusion
Zinc phosphide composites with both high capacity and good cycling stability were optimized and prepared by controlling the ratio of the Zn, ZnO and P raw materials and used in non-inflammable TEP-based electrolyte. All the zinc phosphide composites showed better electrochemical performance in the non-inflammable TEP-based electrolyte than the conventional EC/DEC-based electrolytecompared to the conventional EC/DEC-based electrolyte. In particular, Especially, the ZnP2@ZPO(20) composite demonstrated high actual specific capacity (571.1 mA h g−1 at 0.1 A g−1) and excellent cycling stability (capacity retention of 94.5% after 1000 cycles at 0.5 A g−1). After iInvestigating the SEI through XPS depth profile analysis revealed, a large number of sulfur-containing species in the SEI that were found due to the decomposition of KFSI, . and tThese sulfur-containing species evolved and transformed reversibly in the TEP-based electrolyte with the charge/discharge process in the TEP-based electrolyte instead of undergoing repeated formation and degradation in the EC/DEC-based electrolyterather than the repeated formation and degradation in the EC/DEC-based electrolyte. Such a reversible SEI contributed to the improved cyclic stability of the electrode. Obviously, our Our results provide an experimental reference for understanding and designing a next generation SEI or solid electrolyte with a dynamic stability that, which can broaden our horizons to hunting for finding a reliable SEI or solid-state electrolyte.
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Figure 1. a) Synthesis of optimized ZnP2 composites with different mass fractions of zinc phosphate obtained by controlling the ratio of raw materials. b, c) XRD patterns of ZnP2 composites without adding carbon and after addingwith carbon. TEM images, HRTEM, FFT and corresponding EDS element mappings of (d, g) ZnP2@ZPO(10)(d, e), (e, h) ZnP2@ZPO(20)(f, g), and (f, i) ZnP2@ZPO(30)(h, i). j) High-resolution XPS spectra of ZnP2@ZPO(10), ZnP2@ZPO(20), and ZnP2@ZPO(30).
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[bookmark: _Hlk89935129][bookmark: _Hlk88586690]Figure 2. a) Rate capabilities and cycling performance at 0.1 A g−-1 in KFSI-EC/DEC electrolytes. b) Digital photos of igniting glass fiber separators soaked with EC/DEC and TEP solvents. c) Rate and cycling performance at 0.1 A g−-1 in KFSI-TEP electrolytes. d) First discharge-charge curves of the three electrodes at 0.05 A g−-1 in KFSI-TEP electrolyte. e) Differential capacity (dQ/dV vs V) curves of ZnP2@ZPO(10) at different cycles, . the The inset shows the first cycle. f) Long-term cycle performances in KFSI-TEP electrolyte at 0.5 A g−-1. g) Analysis of retained capacity and capacity retention after 600 and 1000 cycles at the current densities of 0.1 and 0.5 A g−-1, respectively. h) Comparison with reported metal phosphides and other noncarbon anodes for PIBs in terms of cycling performances and capacity retentionComparison of cycling performances and capacity retention with reported metal phosphides and other non-carbon anodes for PIBs. i) Voltage-Time curves of symmetric K/K cells in EC/DEC and TEP-based electrolytes at a the current density of 0.5 mA cm−-2, . insets Insets are the enlargements of the indicated area. j) Nyquist plots of ZnP2@ZPO(20) electrode after different cycles, . the The inset is an enlargement.
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[bookmark: _Hlk89936176]Figure 3. a) First two galvanostatic profiles for XPS analysis of the ZnP2@ZPO(20) electrode for XPS analysis. b, c) High-resolution C1s XPS spectra of C1s withat different etching times after first discharge discharging and charge charging to different states in TEP-based electrolyte. d) High-resolution C1s XPS spectra of C1s withat different etching time after first discharging and charging to different states in EC/DEC-based electrolyte. e, f) High-resolution XPS spectra of F1s XPS spectra. 
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[bookmark: _Hlk89936912]Figure 4. High-resolution S2p XPS spectra of S2p withat different etching times after discharging and charging to different states in TEP-based electrolyte (a) and in EC/DEC-based electrolyte (b). c) Area percentage variation of various sulfur-containing species with etch time and charge/discharge states in TEP-based electrolyte.
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[bookmark: _Hlk89937102]Figure 5. a) S2p XPS spectra of S2p forthe ZnP2@ZPO(20) electrode at 1.0 V after 1000 cycles. b-e) SEM images of the fresh ZnP2@ZPO(20) electrode when fresh and after 1000 cycles. f, g) TEM image and corresponding ED pattern of ZnP2@ZPO(20) electrode after 1000 cycles. h) Illustration of the distribution of sulfur-containing species distribution in the SEI with charge/discharge states.
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[bookmark: _Hlk89937446]Figure 6. a) Schematic of the PTCDA//ZnP2@ZPO(20) full -cell in KFSI-TEP electrode. b) Galvanostatic discharge–charge curves of the half -cell and full -cell. c) First 5 five cycles of CV measurements of the full -cell. d) Rate capabilities of the full -cell. e) Cycle performance of the full -cell at a the current density of 100 mA g–1. f) Optical photos of the full -cell powering an electric fan.

2

image1.png
,,,,, M

12)

ZnP,@ZPO(10)|
without C

o)

8

ZnP,@2PO(20)

without C
ZnP,@2PO(30)

without C
ZnP, JCPDS No. 721625

Intensity (a.u.)

—_
(3)
-~

Intensity (a.u.)

2Z0P @ZPO(30)

Z0P, JCPDS No. 72-1625

10 20 30 40 50 60 70 80
2 Theta (deg.)

10 20 30 40 50 60 70 80
2 Theta (deg.)

Binding energy (V) Binding energy (eV)

138 132 128 536 534 532

530
Binding energy (eV)

1044 1038 1032 1028

Binding energy (sV)

528 1020




image2.tiff
(

Capacity (mAh g“)g

—_—
(2]
et
°
S
=1

Capacity (mAh g}

(h)

1000 100
800+
600
400
10MKFSIinEGDEC ~ ® 2nP,@ZPO(10)
200 Gurrent density: Ag* ~ * Z0P,@ZPO0) Loo
v zP,@ZPO(30)
0
0 50 100 150 200 250 300
Cycle number
% 100

Coulombic efficiency (%)

Q.

—
~—

= ZnP,@ZPO(10)
& —~ ZnP,@ZPO(20)
800 Ll:>)~ é ZnP,@ZPO(30)
3 5 Z
" Puezip, s g
2.0 M KFSIin TEP * 2P @ZPO(10) 20 £ 3
Curtent density: Ag"  * Z0P@ZPOE0) 2 >
+ zoP,@2PO(E0) 2 —
o
100 200 300 400 500 600 0 200 400 600 800
Cycle number Specific capacity (mAh g)
f) 1000 ( ) -
100 < 800
( ) o N & g = 105
e : & 9
o T ey A m lan < goo =
= ol 595 % s 3 £ w5
é 600 Ly ) o 3 e Len O = g
£ £ S 400 £
= 400 40 9 8 15 5
o 2 o E
& 200 20P,@2PO(10) 20 B g 200 e 800" (01AGY o0 &
8 Z0P,@2P0(20) S = LA 100" (05A Q") 8
. 2P, @7PO(30) o 3 8
o o ) o
I3 1 I3 3 0 200 400 600 800 1000 @ﬂo\ P
Voltage (V) Cycle number € g ®r e
P e L (i)
g] mpm il | wd
g o 0 g Mmwn 5000 o
bl sEee T @0 €
g“w g Sao - S o
0 eler w0 2 e \ - i
| . 100.0 -3 il 2 o ook £ 2
£ ’ H R
0.000 s j i s
o e ; 5 Sookz
0 500 1000 1500 2000 2500 3000 ° 2000; 1119000 . 6000, 8000
zZ ()

Time (h)




image3.tiff
J

SPC-CYCH
0
=0
co

F

DisH-0.01V  KF

36005

[ N ]
_ﬁw,./kegoj

Cha'#-3.0V KF

3600 s|
L 12008

M
80 s|

305|
0|

688 684
Binding energy (eV)

680 692

688 684 680

Binding energy (eV)




image4.tiff
= g 05|
(a) pist-o.01v Cha'-3.0V Dis?4-0.01V chanizov - (€) § . . .
E s/ . 9 s .
A son /4 “ st
Qm, e y s i 2
0 AT\, o V\_/k4 - - -
i 3
/ g . i
\,,A_g_ﬁ,sus ¥ 8
e g & A s
AN SN \/\/f‘\ L : - . e
= : i T
T L v Moo S SE Ui, oo PO Y
& 60 s|
600, 5 sw0s /,«“v\/ jeo
g o
12005 S \ S 42\ £ 40— . o
52
D808, o ge00 B s = 008 o - g . e T
172 168 184 180 172166 164 16D 72 188 184 180 172168 164 160 8 120
Rinding energy (eV) Binding energy (sV) Binding energy (V) Binding energy (ev) = §|
v a2 ; 60-
(b) pist-0.01v St Y L a1 oy :
A = i . .
A \ £ o e s -
bse :M_V as ?i/L._,, g 20]
i T %, < - s - FES e S e
A A :
. il e » -
a S Z eV X e §E 300 5|
B
we o o o = H
= i B B e o
208 e i 4205 e, 1208, e PL DR N N 5 20| | amen
< - - o
008 s g e 0 B0 e . .
A ® -
£
0 — L . e Bol — -
JBE s 05 . e e i
7 - ~ 8 =] L i i e S
38005 3005 0005 > 35005 o — >
T s W T2 i 4 M0 me e & % 12 0

188 64
Binding energy (&V) Binding energy (eV) Binding eneray (eV) Binding eneray (eV)





image5.tiff
500 1inm





image6.tiff
(d) 250

200

@
1=

Capacity (mAh g™)
o 2
g 8

=3

electrolyte

~ o
= Ch .
. Disacrhg:rge : 80
Current density: mA g™
4,20 60
) . 5,20 o
29 ] [-4
5 400 o 200
it e Bemmamsmnann o
FO
0 10 20 30 40

Cycle number

Voltage (V vs. K/IK") ?
-

40 80

(c)

w

N

=)

2

=l
ol —7 Anodic peaks
—_ i Pl .
£ e
g 00
5
o
ZnP,@ZPO(20) half cell Saoliion
0 200 400 600 7 T

Capacity (mAh g™)

504/

=}

100 mAg!

= Charge
© Discharge

2.0 MKFSIin TEP

=t

5 100
Cycle number

150

80 3
c
leo -2
g
r40 °
a
F20 €
9
Lo §
200





image7.jpeg
WILEY-VCH




