A Comprehensive Cognition for the Capacity Fading Mechanism of FeS2 in Argyrodite-based All-solid-state Lithium Battery
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[bookmark: _GoBack][bookmark: OLE_LINK98][bookmark: _Hlk117015185][bookmark: _Hlk117015527][bookmark: _Hlk117015547]Abstract: Sulfide solid state electrolyte (SSE) possesses high ionic conductivity and great processability but suffers from narrow electrochemical window. Conversion sulfide cathode FeS2 has higher specific capacity and moderate redox potential, making it appropriate towards sulfide SSE. However, the complex reaction pathway and capacity fading mechanism in FeS2 are rarely studied, especially in all-solid-state lithium battery (ASSLB). Herein, argyrodite sulfide SSE is paired with FeS2 to investigate the electrochemical reaction pathways and the capacity fade mechanism. Instead of single conversion reaction, an anionic redox driven reaction of FeS2 is revealed. The oxidization of Li2S vanishes and large quantity of inactive Li2S accumulates to cause the interfacial deterioration, along with the stress concentration during cycling, which leads to the rapid capacity fade of FeS2. Finally, a simple strategy of slurry-coated composite electrode with highly conductive network is proposed to direct the uniform deposition of Li2S and alleviate the stress concentration.

1. Introduction
In the context of carbon neutrality, the urgent demand for clean energy is ever-increasing. Over the past few decades, lithium-ion battery has been widely applicated in the fields of electrified traffic and energy storage. Nevertheless, the energy density of conventional lithium-ion battery has reached the limit and the potential safety hazard brought by flammable liquid electrolyte should not be ignored. Replacing organic liquid electrolyte in lithium-ion battery with solid-state electrolyte (SSE) to achieve all-solid-state lithium battery (ASSLB) is hopeful to meet the goals of improved safety and potential higher energy density.[1] Among various SSEs, sulfide SSE stand out for the advantages of high ionic conductivity, easy processability and high thermostability.[2] But when sulfide SSE is paired with common layered transition metal oxide cathode materials, undesirable interfacial trouble happens, including space charge layer effect and interfacial side reaction.[3] In addition, the high operation voltage is contradictory to the narrow electrochemical window of sulfide SSE, which hinders its practical application.[4] On the other hand, the energy density of lithium-ion battery is decided by the capacity of electrode material. Sulfide cathode material delivers higher specific capacity than layer oxide cathode due to the multi-electron conversion reaction. Also, the low cost and environmental friendliness of sulfide cathode enable them the next promising cathode material.[5] Most importantly, the homogeneity effect of sulfide cathode and sulfide SSE avoid many interfacial issues mentioned before.
Iron disulfide (FeS2) is a sulfide cathode material with low cost and high theoretical capacity (894 mA h g-1), which exists in the form of pyrite abundantly in nature. In early research, the FeS2 is used as cathode for commercial lithium battery.[6] However, the unsatisfactory electrochemical performance caused by the low reaction efficiency and huge volume expansion during the lithiation process hindered the further development of FeS2 cathode. Meanwhile, the electrochemical reaction of FeS2 is a very complex and ambiguous process. In the mass, the reaction can be expressed as:
		(1)
However, the observation of various intermediate products prove that the reaction mechanism is not simple conversion reaction. Fong et al.[7] first found the presence of elemental sulfur, nonstoichiometric FeSy and intercalation of lithium ion in the layer structure of iron sulfide in 1989. And the Fe nanoparticles is also observed to be the oxidation products by operando Magnetometry.[8] More specifically, researchers proposed that mackinawite FeS is formed in the first discharge process and elemental sulfur is generated in the first charge process. [9] Due to simultaneous existence of FeS and elemental sulfur, the FeS2 suffers from the harm of both FeS and S, leading to the rapid degradation. Therefore, the capacity fade mechanism of FeS2 gains extensive attention over the past few years. By analyzing the dissolution of polysulfide in 1,3-dioxolane, Whang et al.[10] demonstrated that the sulfur loss caused by shuttle effect accounts for the rapid capacity fade of FeS2. Ashby et al.[11] pointed out that volume expansion and causing degradation of the conductive matrix is another important factor for the capacity fade. In addition, based on the understanding of reaction mechanism, the function of stabilized Li–S system was emphasized to enhance the electrochemical performance of FeS2.[12] However, the above researches are conducted in conventional organic electrolyte system. The application of iron disulfide in ASSLB system and the related mechanisms still need to be explored.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk112229851][bookmark: OLE_LINK3][bookmark: OLE_LINK5]Recently, the scholars are committed to matching FeS2 with sulfide SSE to improve energy density and avoid shuttle effect. The fabrication of pyrite-sulfur composite cathode is an effective method to improve the capacity, but cycling performance cannot reach the level for practice use.[13] In term of electrochemical performance optimization, Coating Li7P3S11 SSE on the surface of FeS2 by liquid method is proven to guarantee the lithium-ion transport and alleviate volume expansion.[14] Doping cobalt element into FeS2 can catalyze its electrochemical reaction activity.[15] Dewald et al.[16] proposed that reducing the average particle size of FeS2 is beneficial for the capacity utilization and long-term cycling. However, these works focused more on the performance optimization and the complex reaction pathway and capacity fade mechanism of FeS2 in ASSLB remain to be unclear. On the other hand, in the previous researches, the understanding of the electrochemical mechanism of FeS2 is achieved by determining the reaction products via ex situ methods (XRD, FIB, HR-TEM) at a certain voltage.[17] There is no doubt that these methods are complex and time-consuming. Also, the confirmation for amorphous product (elemental sulfur), real-time reaction pathway and kinetic is inadequate. Focusing on this situation, we investigated the electrochemical reaction pathway and the arch-criminal for capacity fade in FeS2/Li5.5PS4.5Cl1.5(LPSC) /Li ASSLB by a series of in situ and ex situ characterizations. In situ Raman results suggest that the Li–FeS2 system turns into the hybrid of Li–S/Li–FeS system after first cycle and the reaction of FeS2 belongs to an anionic driven redox with the redox of both iron and sulfur. Galvanostatic intermittent titration technique (GITT) and in situ electrochemical impedance spectrum (EIS) indicates the kinetic of conversion is sluggish, especially for the generation of sulfur. The most obvious sign for capacity fade is the vanish of Li2S oxidization plateau and the irreversible accumulation of inactive Li2S leads to the severe interfacial deterioration and poor cycling stability of FeS2. At last, we highlighted the importance of retaining the redox of S/S2− for improve the cycle performance and fabricated FeS2@MWCNT cathode to optimize the electrochemical performance via simple one-step hydrothermal method and SSE slurry coating process. The optimization is because MWCNT dispersed on the surface of FeS2 particles can induce the uniform deposition of Li2S and alleviate the stress concentration caused by volume expansion.
[bookmark: _Hlk111376670]
2. Result and Discussion
2.1. Fundamental Characterization
The FeS2 and FeS2@MWCNT were synthesized by one-step solvothermal method according to Figure 1a. The difference is whether MWCNT was added or not. The crystalline configuration of samples was characterized by X-ray diffraction (XRD), the powder XRD patterns of FeS2 and FeS2@MWCNT are shown in Figure 1b. Cu-Kα XRD analysis of synthetically prepared FeS2 exhibits diffraction peaks that match well with the FeS2 phase (JCPDS card No. 42-1340). The broad peak locating at around 21° in FeS2@MWCNT is attributed to the MWCNT. The morphology of samples characterized was characterized by scanning electron microscopy (SEM). As shown in Figure 1c, the FeS2 microspheres have uniform diameters of ~300 nm. For FeS2@MWCNT-(4:1), the FeS2 microspheres can be found to grow on the surface of MWCNT, but the FeS2 cannot be wrapped by MWCNT (Figure 1d). With the increasing amount of MWCNT, the FeS2 microspheres evenly disperse in the network of MWCNT in FeS2@MWCNT-(2:1) (Figure 1e). 
[bookmark: _Hlk117009218]2.2. Electrochemical Reaction Pathway of FeS2
For a long time, the lithiation and de-lithiation mechanism of FeS2 cathode is ambiguous in conventional organic electrolyte system. To investigate the electrochemical reaction behavior of FeS2 in sulfide-based ASSLB, in situ Raman spectroscopy measurement was conducted at the interface between FeS2 and LPSC in a home-made spectro-electrochemical cell. The in situ monitor point was set at the FeS2/LPSC interface as shown in optical microscopy image (Figure S3). Considering the first different discharge behavior of FeS2 compared to subsequent cycles, the change in Raman spectra during the first discharge, first charge and second discharge was monitored at a current density of 100 mA g−1 between 1.0 – 3.1 V (sequentially recorded spectra for 0.05 V interval). Figure 2a and 2b display the discharge curve and in situ Raman spectra of the first discharge stage. In the initial state, the Raman shift at 420 cm−1 and 378 cm−1 corresponds the stretching vibration of PS43− in LPSC and the stretching vibrations of the S—S bond in FeS2, respectively.[18] When discharging to 1.55 V, the peaks for FeS2 disappeared and a new peak at 320 cm−1 is observed, corresponding to the Fe(Ⅲ)-containing mackinawite with chemical formula of Fe2S3.[19] As the discharge process proceeds further, the signal of Fe2S3 enhances and then disappears, subsequently the peak for mackinawite FeS at 275 cm−1 begins to appear.[20] The above-mentioned phenomenon proves the reaction pathway of FeS2 during the first discharge.
[bookmark: OLE_LINK96]		(2)
		(3)
[bookmark: _Hlk111464717]Wherein the Fe2S3 is as an intermediate product. However, the discharge product Li2S is not detected (372 cm −1), which may due to the its weak vibration intensity or the low content at monitor point. The similar situation is also happened to other in situ Raman experiments of lithium-sulfur batteries.[21] Anyway, the Li2S is a commonly accepted discharge product and is not the focus of our study. 
Figure 2c and 2d display the charge curve and in situ Raman spectra of the first charge stage. In the process of charging to 2.10 V, the signal FeS2 becomes slightly stronger, indicating that the reaction happened at the 1.85 V plateau. 
[bookmark: OLE_LINK97]		(4)
In the voltage range from 2.15 V to 2.40 V, there is almost no change in Raman spectrum, corresponding to the de-intercalation of Li2xFeS. Noteworthy, a tiny peak at 365 cm−1 may be attributed to the greigite Fe3S4, originated from the following reaction.[19]
		(5)
As the charging process further, the Li2S is oxidized and large amount of sulfur is observed and accumulates continuously at interface (152 cm−1, 218 cm−1 and 470 cm−1).[22]
		(6)
Figure 2e and 2f display the discharge curve and in situ Raman spectra of the second discharge stage. Compared with the first discharge process, a new discharge plateau appears at 2.10 V during the second discharge. At this time, the sulfur is reduced to Li2S corresponding to the weakened intensity in in situ Raman spectrum. When discharging to 1.75 V, the peak for FeS appears again and intensity becomes first stronger and then weaker. Therefore, it can be concluded that the second discharge process contains two plateaus for conversion reaction and a slope between them for intercalation reaction.
		(7)
		(8)
It is worth noting that the peak of PS43− has also undergone reversible change, which is associated with the intrinsic electrochemical activity of LPSC and interfacial evolution of sulfur species. Briefly, when iron sulfide on surface consumes at discharge stage, more PS43− in LPSC is exposed and leads to the increasing intensity. While the change at charge stage attributes to LPSC being first oxidized to Li3PS4 and then decomposed by further oxidation.[23] Besides, the minor peak at 388 cm−1 is assigned to the vibration of P2S62−, also confirming the redox reactions of LPSC.[24] Although LPSC doesn’t suffer from the severe degradation in the voltage window of FeS2, its intrinsic electrochemical activity and influence cannot be ignored. Thus, the electrochemical reaction of FeS2 in sulfide-based ASSLB belongs to an anionic redox driven reaction, including the redox of both iron and sulfur. And after the first discharge and charge, the Li–FeS2 system becomes a hybrid Li–FeS and Li–S system (Figure S4). Generally, the FeS2 cathode in sulfide-based ASSLB follows the same reaction pathway as it in liquid organic electrolyte system. The main controversial point of various mechanisms lies in that the generation of elemental sulfur is from the disproportionation of FeS2 (Li2xFeS2)[7] or the oxidization of Li2S[9]. In term of our results, the generation of sulfur is more likely to come from the oxidization of Li2S because FeS2 has already been reduced to FeS in the first discharge process and the signal of FeS2 is no longer detected.
2.3. Kinetic Analysis of FeS2
Based on a preliminary knowledge of electrochemical reaction mechanism of FeS2, GITT and in situ EIS technics were conducted to evaluate the kinetics. The GITT curves and diffusion coefficient of lithium ion (DLi+) at corresponding state are given in Figure 3a. As the reaction proceeds to the conversion reaction plateau, a local minimum DLi+ is observed. While the DLi+ is relatively higher when lithium ion is (de-)intercalating between the layers of iron sulfide. That is because both the conversion reaction products, Li2S and S, are highly ionically and electronically insulting, which is not conducive to sustained reactions. Importantly, DLi+ suddenly decreases by about an order of magnitude at the end stage of charge, which might be the rate-determining step and will be further discussed in the following analysis. 
[bookmark: _Hlk111551525]To monitor the evolution of interfacial resistance in Li–FeS2 ASSLB, in situ EIS test was conducted every equidistant capacity of 30 mA h g−1 at a constant current density of 100 mA g−1. The discharge-charge curves and test points are displayed in Figure 3b. EIS spectra are presented in the form of Nyquist plots, in which a typical semicircle in the high-frequency region and slash in the low-frequency region can be observed. In light of the great compatibility of argyrodite SSE against Li-metal anode, it’s worth pointing out that anode/SSE interface evolution has a limited effect of impedance, especially at the early stage of battery cycling.[25] Thus, the change in impedance is mainly attributed to the cathode/SSE interface. Figure 3c shows the in situ EIS spectrum of the first discharge stage. In the early stage of discharge, both charge transfer resistance (Rct) in the high-frequency region and Warburg diffusion resistance decrease, which is originated from the lithiation of FeS2. After discharging to 1.59 V, the charge transfer resistance increases gradually, causing from the insulting discharging products Li2S and the volume expansion of cathode active material. As for the first charge stage, the in situ EIS spectrum is shown in Figure 3d. A partial of Li2S is consumed to generate Li2xFeS, leading to the decreasing resistance at the 1.85 V charging plateau. The subsequent de-intercalation reaction doesn’t cause obvious change in resistance in the voltage range from 1.89 V to 2.39 V. According to the results of in situ Raman testing, elemental sulfur with very low ionic and electronic conductivity generates and accumulates at interface with the increasing voltage to 2.50 V, causing severe interface deterioration. The charge transfer resistance is observed to increase substantially accompanied by a decrease in the slope of the low-frequency diffusion region. It’s a remarkable fact that a surge in Rct happens at 2.89 V (local zoom in Figure S5), which fits with the plunge of DLi+ measured by GITT at the end of charge. This phenomenon ascribes to the following two aspects: accumulation of elemental sulfur and oxidation decomposition of LPSC. Figure 3e shows the in situ EIS of second discharge stage. At the discharge plateau of sulfur reduction (2.10 V), the Rct reduces to original order of magnitude due to the depletion of sulfur. The change of resistance in reduction plateau of Li2xFeS (1.40 V) exhibits the same trend as the first discharge stage. As a whole, the varieties of GITT and in situ EIS exhibit consistency. When the reaction proceeds to the plateau of conversion reaction, low diffusion coefficient of lithium ion, large charge transfer resistance and Warburg diffusion resistance is found. 
[bookmark: _Hlk111549268]Further, in situ EIS was analyzed using a semiquantitative distribution of relaxation times (DRT) method. Two obvious peaks appear in the DRT results correspond to the cathode/SSE interfacial resistance (0.1 s) and diffusion resistance inside cathode (3.2 s) (Figure 3f). During the operation, the peak with large time constant changes drastically, indicating that the intrinsic evolution of FeS2 cathode is the culprit that hinders the conduction of lithium ion. The enlargement of interfacial resistance is associated with ion transport across the cathode interface.[26] In the impedance surge region during the first charge stage, the peak at the time constant of 0.1 s increases from 100 Ω to 320 Ω, while the peak at the time constant of 3.2 s increases from 300 Ω to 1030 Ω (Figure 3g). Therefore, it can be concluded that the accumulation of sulfur and the decomposition of SSEs near the cut-off voltage become the rate-determining step of the whole reaction, which is kinetically limited. Afterward, two minor new peaks at the time constant of 10−6 s and 10−2 s appear in the second discharge stage, attributed to the electronic contact loss with current collector and ion transport across the anode interface, respectively (Figure 3h). In the Nyquist plot, a tiny semicircle in ultra-high frequency region is represented (Figure 3e).
[bookmark: _Hlk114836743][bookmark: _Hlk114836787][bookmark: _Hlk114837041]According to the above kinetic analysis, although conversion reaction provides high specific capacity for FeS2, the generation of electronically and ionically insulting products (Li2S and S) limits its kinetic severely. Impressively, the effect of elemental sulfur accumulation and SSE oxidization decomposition are particularly severe to the interfacial deterioration. Considering the low electronic and ionic conductivity of FeS2, certain amounts of conductive carbon and SSE are necessary to exert capacity, which create the risk of the redox decomposition of SSE. In spite of the limited capacity contribution of LPSC, the decomposed LPSC at active material/conductive carbon/SSE three-phase interface still causes significant impact on the overall impedance, which should also be taken into consideration. The discharge belongs to lithiation process, leading to the formation of Li+-enriched products with certain ionic conductivity, so the increment of impedance at discharge stage is finite. While the de-lithiation (charge) process outputs the Li+-depleted products and increase the impedance, especially when the voltage exceeds the electrochemical window of LPSC. As a whole, the impedance surge at the end stage of charge is caused by both accumulation of elemental sulfur and intrinsic redox of LPSC (Figure S6).
2.4. Capacity Fading Mechanism of FeS2
The poor cycling stability is the primary fact for the practical application of FeS2 cathode material. A long-term galvanostatic charge-discharge test for FeS2/LPSC/Li ASSLB was conducted at a current density of 50 mA g−1 in the voltage range from 1.0 V to 3.1 V. A prominent capacity fade is found in the long-term cycle as shown in Figure 4a, the capacity retention is only 45.6% after 100 cycles. To unravel the capacity fade mechanism of FeS2 in sulfide-based ASSLB system, differential capacity curve was presented in Figure 4b. At the first cycle, there are four sharp peaks enabling the high initial capacity. Afterwards, the peak at 2.50 V weakens rapidly and the corresponding charge plateau shorten rapidly. Even at the 25th cycle, this peak almost disappears completely and the plateau of Li2S oxidization can no longer be observed in discharge-charge curve. In contrast, the intensity of other peaks decreases with the number of cycles to some extent, but won’t disappear. Therefore, we assumed that the rapid vanishment of Li2S oxidization plateau accounts for the poor cycling stability. In addition, the peak at 1.46 V also weakens obviously, indicating that the accumulation of Li2S deteriorates the interface and hinders the following reaction.
To prove this opinion, the FeS2/LPSC/Li ASSLBs after different cycles were disassembled to tear off the current collector for ex situ Raman. Figure 4c shows the ex situ Raman results of FeS2 cathode. At pristine state, the signal of FeS2 (378 cm−1) and PS43− (420 cm−1) are detected. After first charge, a strong signal of elemental sulfur can be detected, indicating that the most of Li2S can be oxidized into S. When fifty cycles have been performed, the signal of sulfur no longer appear at charge state and instead the signal of Li2S (372 cm−1) is observed.[27] The interfacial deterioration caused by the accumulation of insulting products leads to the absence of sulfur at charge state, so the capacity contribution of S/S2- redox reduces. Meanwhile, the reduction of sulfur always exists according to the differential capacity curve, although the peak intensity continues to decay. As a consequence, Li2S is preferentially deposited on ionic-electronic conductive network and eventually blocks the active site to reduce reaction activity. XPS characterization at cathode/SSE interface also supports this view. Figure 4d shows the S 2p spectrum of FeS2/LPSC interface at pristine state. Due to the monitor point was set on the LPSC at FeS2/LPSC interface, a major doublet with the S 2p3/2 at the binding energy of 161.7 eV can be assigned to the S atoms (in P-S-Li) of argyrodite and a small amount of component with the S 2p3/2 at 163.3 eV can be assigned to the long-chain —Sn— in elemental sulfur.[28] After first charge, stronger signal of elemental sulfur appears. Trace amounts of sulfate and sulfite is also detected due to the inevitable oxidation. In comparison, the signal of sulfur is weak after fifty cycles and a new doublet at the binding energy of 160.5 eV is attributed to Li2S, indicating that the accumulation of Li2S which is no longer oxidization to the sulfur.[28a] The changes in Li2S and S contents (Table S1) fit well with the ex situ Raman results, confirming the presence of Li2S at interface. 
Thus, it can be concluded that the rapid capacity fade is strongly related to the sulfur loss, accompanied by the volume expansion of active particle and degradation of SSE. Although the generation of elemental sulfur contributes greatly to the capacity, its own kinetic is sluggish, which has already been confirmed by GITT and in situ EIS. In the long-term cycle, it reflects in the disappeared plateau only after 25 cycles. With regard to the discharge process, the reduction of sulfur is sustained, leading to the deposition of Li2S on ionic-electronic conductive network and lose the reaction activity eventually. This conclusion conforms to the point of view proposed by Wolfgang G. Zeier that the reaction of Li2S to S is the bottleneck for long-term cycling in all-solid-state Li–S battery.[28b] Previous works have proposed that the sulfur loss of FeS2 cathode accounts for the capacity fade in conventional organic electrolyte system, which is caused by the shuttle effect of polysulfide.[10] Obviously, there is no shuttle effect in ASSLB. Hence, we proposed a new insight that the sulfur loss of FeS2 cathode in ASSLB manifests as accumulation in the form of inactive Li2S. 
2.5. Electrochemical Performance
[bookmark: _Hlk111716542]In order to improve the cycling stability of FeS2/LPSC/Li ASSBLB, the FeS2@MWCNT is synthesized by adding moderate MWCNT during the solvothermal of FeS2. The FeS2 particles can in situ grow on the network of MWCNT. Combined with slurry coating technique, the LPSC can cover on the network of MWCNT uniformly, enabling the adequate ion and electron transport in cathode. Apart from these, the excellent electronic conductivity of MWCNT contribute to retain the redox reaction of S/S2− by inducing uniform deposition of Li2S. Galvanostatic discharge/charge tests were performed to evaluate the electrochemical performance of FeS2, FeS2@MWCNT-(4:1) and FeS2@MWCNT-(2:1) in ASSLBs. The capacity contribution of LPSC is also considered and evaluated at the same current density and voltage range as shown in Figure S8, indicating the limited contribution to capacity and slight degradation of LPSC. For bare FeS2, it delivers an initial discharge specific capacity of 765.2 mA h g−1. After 100 cycles, the specific capacity decays to 281.1 mA h g−1 rapidly, along with severe polarization and curve deformation (Figure 5a). FeS2@MWCNT-(2:1). In sharp contrast, the FeS2@MWCNT-(2:1) delivers a reversible specific capacity of 502.0 mA h g−1 after 100 cycles and the overall shape of discharge-charge curve is completely preserved, indicating the significantly enhanced cycling performance (Figure 5b). FeS2@MWCNT-(4:1) possessed the moderate electrochemical performance between bare FeS2 and FeS2@MWCNT-(2:1) as shown in Figure S9. The rate performance was tested at incremental current densities from 50 mA g−1 to 1000 mA g−1 (Figure 5c). The FeS2 only delivered the capacity of 508.6, 412.8, 226.5, and 120.2 mA h g−1 at 50, 100, 500, and 1000 mA g−1, respectively. While FeS2@MWCNT-(2:1) has highest reversible capacity at each current density. Impressively, it still delivers a specific capacity of 379.7 even at an ultra-high current density of 1000 mA g−1 (Figure 5d). When the current density recovered to 50 mA g−1, the specific capacity restores to near initial level. As supplements, the discharge-charge curves of FeS2 and FeS2@MWCNT-(4:1) in rate test were given in Figure S10 and Figure S11. Finally, the long-term cycle performance of each type of ASSLB is measured (Figure 5d). After 200 cycles, the FeS2@MWCNT-(2:1) delivered the reversible specific capacity of 418.9 mA h g−1, which greatly exceeds that of bare FeS2 and FeS2@MWCNT-(4:1). With the addition of MWCNT, the cycle and rate performance of FeS2 can be significantly improved. Combined with the morphologic characterization mentioned previously, the FeS2 microspheres grow on the surface of MWCNT in FeS2@MWCNT-(4:1), so the electrochemical performance is still unsatisfactory. For FeS2@MWCNT-(2:1), the FeS2 microspheres can be anchored on the network of MWCNT uniformly, enabling the outstanding electrochemical performance. 
2.6. Origin of Enhanced Cycling Performance
The specific reasons for the enhanced electrochemical performance of FeS2@MWCNT were investigated. The reasons mainly lie in the following two aspects: MWCNT can induce the uniform deposition of Li2S, which is beneficial for retain the redox activity of S/S2−. The volume expansion of FeS2 and resulting stress concentration, which leads to the electronic and ionic contact loss in ASSLB, can be alleviated to a certain extent. Firstly, the ex situ EIS of FeS2 and FeS2@MWCNT was conducted to evaluate the overall situation of interface before and after 50 cycles (Figure 6a). Both FeS2 and FeS2@MWCNT-(2:1) present small and similar interfacial impedance at pristine state. However, a huge extra semi-circle is observed for bare FeS2 after 50 cycles, indicating the severe interface deterioration caused by accumulation of inactive Li2S and volume expansion of FeS2. While the interfacial impedance for FeS2@MWCNT-(2:1) after 50 cycles only increase slightly due to the optimized effect to the overall interface. Besides, the interfacial impedance for FeS2@MWCNT-(4:1) after cycling doesn’t show a dramatic increase like bare FeS2 (Figure S12). During the long-term cycle, the differential capacity curves of FeS2@MWCNT-(2:1) overlaps well with each other (Figure 6b). In particular, the peak of Li2S oxidization is well retained after 100 cycles due to the uniform deposition of Li2S on electronic-ionic conductive network formed by MWCNT. On the other hand, the huge volume expansion of FeS2 and stress concentration lead to the loss of connection between SSEs and active materials. According to the SEM characterization of cathode with exfoliated current collector before and after 50 cycles, FeS2@MWCNT-(2:1) also exhibits suppression for this condition. As shown the Figure 6c and Figure 6h, the cathode exhibits a compact morphology at pristine and a few fine cracks are formed during the exfoliation of current collector. For FeS2 cathode after 50 cycles, the overall morphology becomes broken with large number of pores and cracks (Figure 6d). And the disconnection between cathode and LPSC can be clearly observed in the cross section (Figure 6i). The morphological change for FeS2@MWCNT-(4:1) is no such serious after cycling (Figure 6e and Figure 6j). Importantly, the FeS2@MWCNT-(2:1) cathode keeps the initial morphology well and is very dense, still enabling the sufficient transport for electrons and ions (Figure 6f and Figure 6k). Furtherly, the kinetic of FeS2@MWCNT was also confirmed to be better than that of bare FeS2 by GITT and in situ EIS as shown in Figure S13 and S14. So far, the optimization effect of FeS2@MWCNT on cycling stability is understood and confirmed.

3. Conclusion
[bookmark: _Hlk117015490][bookmark: OLE_LINK4]In summary, the reaction mechanism and capacity fade of FeS2 cathode in sulfide-based ASSLB were systematically studied by in situ and ex situ characterization. The reaction mechanism of FeS2 in sulfide-based ASSLB is proved to be anionic redox driven reaction with the redox of both iron and sulfur, instead of single conversion reaction. After the first discharge and charge process, the Li–FeS2 ASSLB transforms to the Li–S/Li–FeS hybrid ASSLB. Kinetic analysis indicates that the oxidization from Li2S to elemental sulfur is kinetical sluggish because of the high insulation nature of elemental sulfur, which is also considered as the rate-determining step. Due to the overlap of operation voltage window of FeS2 and redox voltage range of LPSC, the degradation of LPSC at active material/conductive carbon/SSE three-phase interface is also found to be an indispensable factor, which needs to be further explored. During the long-term operation of FeS2/LPSC/Li ASSLB, the charge plateau at 2.45V (Li2S → S + 2Li+) were observed to vanish quickly after several cycles. Simultaneously, the Li2S is generated continuously during the discharge progress. The synergism of these two actions causes the massive accumulation inactive Li2S and serious deterioration at FeS2/LPSC interface, which accounts for the rapid capacity fade of FeS2. Finally, we highlighted importance of retain the redox of S/S2−. The in situ preparation of FeS2@MWCNT by one-step solvothermal method is confirmed to be a feasible and effective optimization for the electrochemical performance of FeS2. The FeS2@MWCNT delivered a high reversible specific capacity of 418.9 mA h g−1 after 200 cycles, which is much higher than that of bare FeS2. Even at an ultra-high current density of 1000 mA g−1, a specific capacity of 379.7 mA h g−1 can be obtained. The addition of moderate MWCNT combined with SSE slurry coating process induces of uniform deposition of Li2S to retain the redox of S/S2− and alleviates of stress concentration caused by volume expansion, enabling excellent performance. We believe that this work provides the new insight for comprehensive understand and rational design of conversion sulfide cathodes in ASSLBs.

4. Experimental Section
Synthesis of FeS2 and FeS2@MWCNT: The FeS2 and FeS2@MWCNT were prepared by one-step solvothermal method.[29] Firstly, a certain amount of carboxylic multi-walled carbon nanotube (MWCNT, 95%, Macklin) was homogeneously dispersed into the mixture solution of 30 mL N,N-Dimethylformamide (DMF, 99.5%, Aladdin) and 40 mL ethylene glycol (EG, 99.5%, Meryer) by ultrasonication. Subsequently, 2 mmol FeSO4·7H2O (99.95%, Aladdin), 12.5 mmol sublimed sulfur (99.95%, Aladdin) and 10 mmol urea were added into the suspension in sequence and stirred for 2 h. Then, the mixture was transferred to a Teflon-lined sealed autoclave and heated at 180 °C for 12 h. Lastly, the precipitates were cooled to room temperature naturally, and washed with deionized (DI) water, absolute ethanol and carbon disulfide repeatedly for several times to remove the impurities. By drying the collected samples at 80 °C for 12 h in the oven, the final products can be obtained. Based on the mass ratio of FeS2 and MWCNT, the samples were denoted as FeS2@MWCNT-(2:1) and FeS2@MWCNT-(4:1). The FeS2 were prepared by the same method without the addition of MWCNT.
Material characterization: X-ray diffraction (XRD) measurements of FeS2 and FeS2@MWCNT samples were carried out by an X-ray diffractometer (Rigaku Ultima IV) with Cu Kα radiation (λ = 0.15418 nm). Measurements were implemented in the 2θ range between 10° with 80°. Scanning electron microscopy (SEM) was performed using Regulus 8230 to observe the morphology of the samples. X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Scientific K-Alpha+ system to explore the chemical state of the elements via a monochromatic Al Kα X-ray source.
Fabrication of All-Solid-State Battery: The Li5.5PS4.5Cl1.5 solid state electrolyte was prepared using the method by described in a previous work.[30] In brief, stoichiometric mixture of laboratory-grade Li2S, P2S5 (99%, Aladdin) and LiCl (99.99%, Aladdin) was milled at 500 rpm for 24 h. Subsequently, the mixture was sealed in a stainless-steel tube and annealed at 500 °C for 2 h to obtain argyrodite Li5.5PS4.5Cl1.5 with high ionic conductivity (Figure S1). The composite cathodes were prepared by slurry coating method according to our previous work.[31] FeS2@MWCNT (or FeS2), Li5.5PS4.5Cl1.5, Super P and ethyl cellulose were dispersed with anhydrous ethanol (<0.003% H2O, Sigma-Aldrich) in a mass ratio of 50 : 40 : 7 : 3. After stirring for 6 h, the slurry was coated onto carbon-coated aluminum foil and dried at 80 °C for 12 h (Figure S2). For the assembly of FeS2@MWCNT/Li5.5PS4.5Cl1.5/Li and FeS2/Li5.5PS4.5Cl1.5/Li cells, the cathode was covered with 110 mg electrolyte powder and pressed together under 350 MPa in a stainless-steel tank with a diameter of 12 mm. After that, lithium as the counter electrode was attached on the other side of SSE layer. At last, three-layered pellet was assembled with a 2032 coin-type cell. All the procedures were carried out in an Ar-filled glove box (H2O and O2 < 0.5 ppm).
[bookmark: _Hlk114832907]Electrochemical Test: Galvanostatic discharge-charge tests of FeS2@MWCNT/LPSC /Li and FeS2/LPSC/Li cells were performed in a potential range from 1.0 to 3.1 V (vs Li+/Li) at various current densities using a Neware battery test system (Neware, Shenzhen). EIS was obtained using Zennium electrochemical workstation (ZAHNER, Germany), in which the frequency range from 100 mHz to 1 MHz with an amplitude of 10 mV. GITT was performed by using a current density of 50 mA g−1 for 0.5 h followed by a 2 h relaxation. The diffusion coefficient of lithium ion was calculated based on the following formula.
		(9)
In situ Raman Spectroscopy: The Raman spectra were obtained by using a home-made spectro-electrochemical cell, which designed for in situ Raman spectroscopy measurement at FeS2/Li5.5PS4.5Cl1.5 interface. The cell was sealed by injecting high-vacuum silicone grease into gaps between the optical window and cell body and assembled in an Ar-filled glove box before measurement. The galvanostatic discharge-charge test for the home-made spectro-electrochemical cell was conducted on a CHI-660D electrochemical workstation (Chenhua, Shanghai) in the voltage range from 1.0 - 3.1 V at the current density of 100 mA g−1. The Raman spectra in a range of 100-2500 cm−1 were collected using a DXR Raman microscope (Renishaw InVia Raman spectrometer) with He-Ne 532 nm laser excitation and a 50× objective. The laser beam with a laser spot size of ≈ 1 μm was focused on each sample and the acquisition time for each spectrum was 50 s. The corresponding optical images were recorded by Raman microscope. The Raman spectra date was recorded with a voltage interval of 0.05 V.
In situ Electrochemical Impedance Spectroscopy: The in situ EIS was measured using a script application of the Zennium electrochemical workstation. The FeS2/Li5.5PS4.5Cl1.5/Li cell was cycled in the voltage range from 1.0 V to 3.1 V at 50 mA g−1, during which EIS was recorded on the charge-discharge phases with an equidistant capacity of 30 mA h g−1. The frequency range was from 100 mHz to 1 MHz with an amplitude of 10 mV. The distribution of relaxation time (DRT) was conducted to distribute the specialized relaxation time in EIS spectra by the DRTtools developed by Wan et al.[32]
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Figure 1. (a) Schematic of sample preparation process. (b) XRD patterns of FeS2 and FeS2@MWCNT. SEM imagines of FeS2 (c), FeS2@MWCNT-(4:1) (d) and FeS2@MWCNT-(2:1) (e).
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Figure 2. Discharge-charge curves during the in situ Raman test for first discharge. (a), first charge (c) and second discharge (e). In situ Raman spectrum for first discharge (b), first charge (d) and second discharge (f).

[image: Figure 3]
Figure 3. (a) GITT and calculated diffusion efficiency of the FeS2/LPSC/Li ASSLB. (b) Discharge-charge curves and test points during in situ EIS test. Nyquist plot obtained from in situ EIS results during the first discharge (c), first charge (d) and second discharge (e). DRT curves obtained from in situ EIS results during the first discharge (f), first charge (g) and second discharge (h).
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[bookmark: _Hlk115351382]Figure 4. (a) Capacity fade of FeS2/LPSC/Li ASSBLB at a current density of 50 mA g-1. (b) Differential capacity curves of FeS2/LPSC/Li ASSBLB. (c) Ex situ Raman spectrum of FeS2 cathode after different cycles. XPS spectrum of FeS2/LPSC interface at pristine (d), after the 1st charge (e) and the 50th charge (f).
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Figure 5. (a) Galvanostatic discharge-charge curves of FeS2/LPSC/Li ASSLB at 50 mA g−1. (b) Galvanostatic discharge-charge curves of FeS2@MWCNT-(2:1)/LPSC/Li ASSLB at 50 mA g−1. (c) Rate performance of FeS2, FeS2@MWCNT-(4:1) and FeS2@MWCNT-(2:1) ASSLBs. (d) Discharge-charge curves of FeS2@MWCNT-(2:1)/LPSC/Li ASSLB at different current densities in rate performance test. (e) Cycle performance of FeS2, FeS2@MWCNT-(4:1) and FeS2@MWCNT-(2:1) ASSBLBs at 50 mA g−1.

[image: Figure 6]
Figure 6. (a) Ex situ EIS spectrum of FeS2/LPSC/Li ASSLB and FeS2@MWCNT/LPSC/Li ASSLB before and after 50 cycles. (b) Differential capacity curves of FeS2@MWCNT/LPSC/Li ASSLB. SEM images of FeS2 cathode at pristine (c) and after 50 cycles (d). SEM images of FeS2@MWCNT-(4:1) cathode (e) and FeS2@MWCNT-(2:1) cathode (f) after 50 cycles. Cross-section morphologies of FeS2 cathode at pristine (h) and after 50 cycles (i). Cross-section morphologies of FeS2@MWCNT-(4:1) cathode (i) and FeS2@MWCNT-(2:1) cathode (k) after 50 cycles.

14

image2.jpeg
(a) 10-

1.1

—
(\®]

=

~
AW

Voltage (V)

—

1.6

1.7

N

0

200 400 600

(b)

Intensity (a.u.)

100

Specific Capacity (mAh g™)

(C) 2.8

2.6

Voltage (V)
b
N

e
o

1.6

0

200 400 600

(d)

200

300

400 S00

Raman Shift (cm™)

600

Intensity (a.u.)

100

Specific Capacity (mAh g™)

(e) 1.0

1.2

Voltage (V)
S S
= N

-
0

0

200 400 600

()

200

300

400 S00

Raman Shift (cm™)

600

Intensity (a.u.)

PS,*|

r
rF

100

Specific Capacity (mAh g™)

200

300

400 S00

Raman Shift (cm™)

600

1.00V

1.05V

1.10V

LISV

1.20V

1.25V

1.30V

— 1.35V

— 1.40V

— 1.45V

— 1.50V

1.55V

1.60V

1.65V

1.70V

ocCv

2.75V
2.70V
2.65V
2.60V
2.55V
2.50V
2.45V
2.40V
2.35V
2.30V

225V

— 2.20V
— 2.15V
— 2.10V
— 2.05V
— 2.00V
1.95V
1.90V
1.85V
1.80V
1.73Y
1.70V
ocv

1.00V
1.05V
1.10V
1.15V
1.20V
1.25V
1.30V
135V
1.40V
1.45V
1.50V

155V
— 1.60V

— 1.65V
— 1.70V
— 1.75V
— 1.80V
— 1.85V

1.90V
195V
2.00V
2.05V
2.10V
2.15V
2.20V
oCv




image3.jpeg
~_~
o
-’
_
-
-’
w
=
|

3.0 12
22.54 \ [ o

vV

S
N
N

--13 >
S = < /
1.0- _15 pomt 1.5 hh“\“\\ \\\
0 20 40 60 30 100 120 140 1.0 — T ' - - -

0 200 40 600 800 1000 1200 1400

Time (h Specific Capacity (mAh ¢!
(¢) (h) (d) (e) S pacity (mAh g)
N\
N
e N
> i \\
? - 9 I o ? \Q\ \\
& ’ o ’ ° \
i
1.25V / ;0""1 ? )o - g \\ \ \
Ly /;jw' el N 200 _
144V /” el \ N G
R4V ’y“" AT N =
N 1.59V /.w’ )),J 3 N \ 2 N .N
~<1.77V /y‘ ),J o Q\ 9 \ 9 . [
£ 190V /' i ol - - 100
1.98V /’ o~ 7
203V X\ &J’ o N L F
2.07V e
’ \
. . . 2'122.:/9v l / . | . 0
100 200 300 400 0 500 1000 1500 2000 2500 0 100 200 300
7' () 7' (Q) 7' (Q)
(i) 400 e 1,84V 1.45V (g)lzoo — ) 8OV ( ) 250 e 2 19V
| 1,64V 141V e )OSV i =2.12V
e 1,60V - 1.38V
e 1,589V o 1.35V
300 - e 1.58V = 1.31V
1.57V ——1.26V 8004
— 1.55V = 1.20V F o
E 1.52V ——1.13V E
2200 - 1.48V ——1.06V S
O O
- ~ 400
100 -
0_ AL LLL | AL ALL | LY | '——'d""-"'lﬁ' LR | LY | L """lnb L 0_ LLELELLLLL | AL LLL | LELELELLLLL | LI ALL | LAY | V' I7-":V'>'."| LR | L L | LA | LY | L | L | ALY | AL | et
1E-6 1E-5 1E-4 0.001 0.01 0.1 1 10 1E-6 1E-5 1E-4 0.001 0.01 0.1 1 10 1E-6 1E-5 1E-4 0.001 0.01 0.1 1 10

T () T (S) T (S)




image4.jpeg
(2)
3.0 -
2.5+
E/ \ — 2nd
v
o — 10th
g20 \.:‘ — 25th
S f N — 50th
f — 100th
1.5
1.0 | ' | ' | ' |
0 200 400 600
(d) Specific Capacity (mAh g™)
Pristine

Intensity (a.u.)

172 170 168 166 164 162 160

Binding Energy (eV)

~_
&
-’

(b)1500
1000 -
Z 500-
=Y |
>
g "
E -500 - —2nd
% = 10th
-1000 - :gztﬂ
'1500 | ! I | ' | T I
1.0 1.5 2.0 25 3.0

Voltage (V)

1st Charged

Intensity (a.u.)

Sulfite&Sulfate

o
((((((

w{ ). O
...........

Intensity (a.u.)

172 170 168

166 164 162 160

Binding Energy (eV)

Li,S

S50th Charged

1st Charged

Pristine

Intensity (a.u.)

100 200 300 400 500 600

(f) Raman Shift (cm™)

S0th Charged

172 170 168 166 164 162 160
Binding Energy (eV)




image5.jpeg
(a) (b)

3.0 3.0 -
2.5 - 2.5
§ -
3 . BN -
Yy on = 2nd
S 2.0 — 2nd 2.0- 3
E }/"‘,‘ — 50th S P4 — igzl;h
‘\ — 100th - \
1.5 ’ 1.5 -
1.0 ———— L L 10—
0 100 200 300 400 3500 600 700 800 0 100 200 300 400 500 600 700 800
(C) Specific Capacity (mAh g™) (d) Specific Capacity (mAh g™)
3.0 1000 —
? SOmA/g  100mA/g 500 mA/g 1000 mA/g 50 mA/g
v:n 300 | —- FeS,@MWCNT-(2:1)
2.5 = ? —- FeS,@MWCNT-(4:1)
; é =o-FeS,
= \ — 50mA g! = 600
N — 100mA g’ =
29 () - N/ g S
%' "/’/ — 500mA g’ %
> \ — 1000mA ¢! | © 400
>
151 S 200
£,
N
1.0 | ' I ' | ' | ' I ' | ' | ' 0 T I T I T I T I T I
0 100 200 300 400 500 600 700 0 S 10 13 20 25
( ) Specific Capacity (mAh g™) Cyeieiumhcr
C
~1200 -
o 1o R R R R S R g SRS FetsgRssrrsrrragrmrEsgesd- 100 2
K ~ ol
> 1000 _ o FeS, o0 .
g 800 o FeS,@MWCNT-(4:1) 3
A o FeS,@MWCNT-2:1) L ¢g &
g 600 | O, S
=
— i &
= -40 - =
O 400 - =
S —— s
oa 200 _ R M2y, . . — 20 '_=‘
Q _ P =
= ®
2 0 ' | ' | ' ! ' | ; — 0

0 20 40 60 80 100 120 140 160 180 200
Cycle Number




image6.jpeg
(a) 2000 (b) 1500
' 1 —2nd
1600 - Pritstine FeS, — 1000__ ig:)ltlh /\
| Z 500- [\ A
~12001 & - / ~— T\
e : o] — _
= = . _ —
N = | K=
800 - FeS, after S0 cycles E -500 - \ /
- @) -
= 7
400 - -1000 -
' 1500
0 N — 1.0 1.5 2.0 2.5 3.0

0 400 300 1200 1600 2000 Voltage (V)

“Pristine

FeSZ@MWCET-(Z :1)
after 50 cycles ;





image1.jpeg
“ V) pd oy _roman
Q§§§> ‘l'i | Co—

FeSO, 7TH,0  Sulfur Adding

MWCNT  Urea FeS,@MWCNT -————-—A~ S MWCNT
FeS, PDF#42-1340

/ One-step

Solvothermal
 ——

FeS,@MWCNT-(4:1)

Stlrrlng

Intensity (a.u.)

10 20 30 40 50 60 70 80

(©) (d)
FeS,@MWCNT

FeS,@MWGNT
-(4:1) ‘

{(2:1)





