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High-energy-density batteries are actively sought after for next-generation electric vehicle (EV) applications, triggering the search for sulfur-based positive electrode materials with high capacity for extended driving range. One of the primary issues of sulfur cathodes is the rapid capacity decay caused by the dissolution of sulfur in the electrolyte and the resulting parasitic reactions. This can be prevented by incorporating a suitable amount of carbon material into the sulfur electrodes, because of its inherent properties; however, introducing a large amount of low-density carbon materials will lead to a decrease in the energy density of the battery. Therefore, an alternative method to suppress sulfur dissolution is required for commercial applications. Recently, we developed a Fe-containing Li2S-based material (Li8FeS5) as the sulfur cathode; it has a relatively high initial discharge capacity (>700 mAh·g−1) and electric conductivity. However, rapid capacity degradation was observed during the initial several cycles, due to some unknown reactions between the electrolyte and Li8FeS5. In this study we demonstrate an effective method to improve the cycle performance of Li8FeS5 by coating its surface with a stabilizing material. We selected titanium oxide as the coating material, based on its high stability toward liquid electrolytes and its strong interaction with sulfur. Hence, we obtained TiOx-coated Li8FeS5 particles (Li8FeS5-TiOx) by a liquid-phase reaction. The transmission electron microscopy observation revealed that the Li8FeS5 particles were coated with several tens of nanometers of TiOx layers. The Li8FeS5-TiOx cells exhibited improved cycling performance with a carbonate electrolyte. We also observed that the capacity originating from an iron redox was not affected by coating during the cycling test; in contrast, the degradation of the cell capacity corresponding to the sulfur redox was suppressed significantly after coating with the TiOx layer. Thus, the surface reaction of Li8FeS5 with the electrolyte, which could be the main reason for the cycling degradation, was effectively suppressed by coating with the TiOx layer.
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INTRODUCTION

High-energy-density batteries are required for next-generation electric vehicle (EV) applications. As a candidate for a positive electrode material, sulfur, in particular, is promising, owing to its high theoretical capacity of 1,670 mAh g−1. This has triggered the search for sulfur-based positive electrode materials with high capacity. One of the main limitations to utilizing a sulfur cathode is its electronically insulating nature, which requires compounding with a sufficient amount of electrically-conductive materials in the positive electrode (Obrovac and Dahn, 2002). Another issue is the poor electrochemical performance caused by polysulfide dissolution, which leads to the irreversible loss of active materials from the cathode, low coulombic efficiency, and rapid capacity fading. To offset these shortcomings, various methods have been explored, and most efforts have been devoted to developing conducting carbon with a porous matrix host structure (Schuster et al., 2012). The conducting porous hosts provide electronic conduction paths and effectively prevent rapid capacity decay by capturing kinetically formed polysulfides within the host pores. However, the introduction of porous carbon reduces the loading of active materials in the positive electrode because of the low specific gravity of carbon materials. Despite the potential of sulfur-based cathode materials, their practical use in EVs is still limited by the nature of sulfur chemistry.

Recently, Takeuchi et al. developed a low-crystalline metal polysulfide a Li2S-based material containing iron (Li8FeS5), via heat treatment and mechanical milling (Takeuchi et al., 2012, 2015, 2018). They found that Li8FeS5 had almost the same electron conductivity as a semiconductor and a high initial discharge capacity (>700 mAh g−1) at the first charge-discharge. Surprisingly, Li8FeS5 worked consistently as a positive active material even after several tens of cycles in a carbonate-based electrolyte, whereas conventional sulfur-based materials, like Li2S, were not a suitable active material in carbonate-based electrolytes. This is because typical sulfur-based materials are not stable and exhibit extremely low discharge capacity at the first cycle in a carbonate-based electrolyte (Gao et al., 2011). The low discharge capacity and poor cycle property appear to originate from the accumulation of sulfur-containing degradation products, which are formed by polysulfide attack as a nucleophilic agent against the carbonate-based electrolyte during the discharge. The sulfur in the degradation products is considered fully electrochemically inactive. This high reactivity of polysulfides against the electrolyte is considered the main reason for the poor cycling property. Thus, Fe-compounding can stabilize the Li2S framework for Li extraction/insertion reactions.

To understand the stabilization mechanism of Li8FeS5, the low-crystallinity Li8FeS5 structure was analyzed by X-ray absorption fine structure (XAFS) analysis after the cycle test (Takeuchi et al., 2012). Result showed that a Fe-S chemical bond is formed in Li8FeS5 after the first charge-discharge cycle, which is retained even after several tens of cycles. The reversibility of the XAFS spectrum indicated that the bulk structure of Li8FeS5 is more stable than that of Li2S during cycling. It was deduced that the Fe-S bonding prevents polysulfide dissolution and the reaction with the carbonate-based electrolyte. Even though Li8FeS5 intrinsically showed rather reversible structural changes for Li extraction/insertion reactions, a rapid capacity degradation was observed during the initial several cycles of the Li8FeS5 cathode. Considering these XAFS results, it is likely that the relatively unstable surface of Li8FeS5 particles might react with the electrolyte, thereby leading to the initial decay.

During the past few years, some potentially effective coatings for sulfur-active materials have been proposed, such as metal sulfides (Seh et al., 2014), various structures of carbon (Wang et al., 2010; Jayaprakash et al., 2011; Zhou et al., 2014; Chen et al., 2017), organic materials such as polymers (Yang et al., 2011; Lia et al., 2013), and metal oxides (Wei Seh et al., 2013). Considering the need for chemical stability toward the electrolyte, coating the metal sulfide with a metal oxide material appears to be one of the most promising solutions.

Recent reports showed that titanium oxide (TiO2) can absorb a polysulfide on its surface and improve the cycle property of lithium-sulfur battery. Ding et al. encapsulated sulfur in a nanoporous TiO2 to trap polysulfide (Ding et al., 2013). Xiao et al. applied a graphene-TiO2 layer as a polysulfide absorbent interlayer in a lithium-sulfur battery (Xiao et al., 2015). Yan et al. incorporated TiO2 nanowires in the electrode, which effectively suppressed the dissolution of polysulfide (Yan et al., 2018). Li et al. used microporous/mesoporous TiO2 derived from metal organic frameworks (MOFs) precursors as a porous matrix host structure (Li et al., 2016). It was believed that TiO2 adsorb polysulfide dissolution from electrode and avoid redox shuttle reaction.

In this study, we focused on improving the cycle performance of Li8FeS5 by coating its surface with titanium oxide (TiOx). We then compared the electrochemical performances of the pristine Li8FeS5 and TiOx-coated Li8FeS5 (Li8FeS5-TiOx) cells.

MATERIALS AND METHODS

Li8FeS5 was prepared based on a previously reported method (Takeuchi et al., 2018). Because of the sensitivity of Li2S to moisture, all material synthesis procedures were carried out in an argon atmosphere. First, 0.5 g of Li8FeS5 and 0.157 g of commercially available titanium tetrachloride (TiCl4, special grade, Wako Pure Chemical Industries Ltd.) were mixed in 40 dm3 of heptane (super dehydrated, Wako Pure Chemical Industries Ltd.); the using a glass filter (Glass Microfiber filters, Grade GF/F) the solid was filtered after stirring for 1 h followed by washing with a copious amount of dimethyl carbonate (DMC, battery grade, Wako Pure Chemical Industries Ltd.) (Chianelli and Dines, 1978). This intermediate product was heated at 400°C for 10 h in an argon atmosphere, whereby the chlorides were removed, resulting in the formation of coated Li8FeS5 particles labeled as Li8FeS5-TiOx.

The elemental composition of Li8FeS5-TiOx was determined by inductively coupled plasma (ICP) atomic emission microscopy (IRIS Advantage, Nippon Jarrell-Ash Co. Ltd.).

The electrochemical impedance was potentiostatically measured with an oscillation of 10 mV amplitude over frequencies from 106 to 0.1 Hz using a Solartron analytical 1470E Cell test system, 1455A Multi-Channel analyzer, controlled by Zplot software.

Cross-section of the Li8FeS5-TiOx particles were prepared by milling the positive electrode with a focused ion beam (FIB, FB2200, Hitachi High-Technologies Corporation.) for analysis by scanning transmission electron microscopy (STEM, HD-2700, Hitachi High-Technologies Corporation).

The electrochemical lithium insertion/extraction reaction was carried out using lithium coin-type cells. The working electrode consisted of a mixture of 5.5 mg Li8FeS5 or Li8FeS5-TiOx as an active material, 2.0 mg ketjen black (EC-300J, LION Corporation) as a conductive material, and 0.3 mg polytetrafluoroethylene (PTFE) as a binder. All materials were mixed in a mortar and pressed to achieve uniform thickness by using a roller. Then, a positive electrode was punched into a 10 mm-diameter disk. The thickness of the electrodes was controlled to contain 3 mg of active material. The negative electrode was a 15 mm-diameter and 200 nm-thick disk of lithium foil, and the separator was a microporous polyolefin sheet.

The electrochemical charge/discharge tests were performed with 1 mol dm−3 lithium hexafluorophosphate (LiPF6, Kishida Chemical Co., Ltd.) in 10: 90 (v/v) ethylene carbonate (EC, Kishida Chemical Co., Ltd.) and propylene carbonate (PC, Kishida Chemical Co., Ltd.) electrolyte at a current density of 98.6 mA g−1 (corresponding to 0.1 C) and a voltage between 2.6 and 1.0 V vs. Li/Li+.

RESULT AND DISCUSSION

Figure 1 shows the TEM Energy dispersive spectrometry (EDS) images of the cross-sections of the positive electrode surface containing Li8FeS5-TiOx particles. The dotted square indicates a Li8FeS5-TiOx particle in Figure 1A. Figure 1B shows the EDS mapping results, in which sulfur and iron are detected in the core of the particle, whereas titanium and oxygen are detected mainly on the edge of the particle. Therefore, the Li8FeS5 particle is covered with a titanium oxide surface layer which is several tens to hundreds of nanometers thick.
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FIGURE 1. Cross-sectional TEM images of the composite positive electrode containing Li8FeS5-TiOx particles (A) High-angle annular dark field image, (B) STEM-EDS mappings for sulfur K-edge, iron K-edge, titanium K-edge, and oxygen K-edge. Scale bars: 100 nm.



Figure 2 shows an electron energy loss spectroscopy (EELS) spectrum of the titanium L edge. The EELS spectrum was acquired at the dotted square indicated in Figure 1A. Characteristic peaks related to titanium oxide are observed around 460 and 465 eV. In a previous study, these peaks were assigned as Ti2O3 or TiO (Akita et al., 2005).
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FIGURE 2. Titanium L-edge STEM-EELS spectrum of coating layer on the Li8FeS5-TiOx particle.



Figure 3 shows the charge-discharge curves of the Li/Li8FeS5 (Figure 3A) and Li/Li8FeS5-TiOx cells (Figure 3B). Figure 3C compares the initial charge-discharge curves of the Li/Li8FeS5 cell and Li/Li8FeS5-TiOx cells. Both cells shown two plateaus around 2.0 V vs. Li/Li+ and 1.4 V vs. Li/Li+ for the discharge process. In a previous study, it was concluded that the higher plateau around 2.0 V vs. Li/Li+ corresponds to sulfur redox, and the lower plateau around 1.4 V vs. Li/Li+ is related to the redox of the Fe-S component (Takeuchi et al., 2015). Figure 3D shows the capacity retention of the Li/Li8FeS5 and Li/Li8FeS5-TiOx cells. The coating layer has effectively suppressed capacity fading for 100 cycles. However, the Li/Li8FeS5-TiOx cell exhibits a relatively lower capacity than the Li/Li8FeS5 cell at the first discharge. Particularly, the plateau corresponding to sulfur redox during the discharge shrinks after coating and rapidly decreases at the beginning of the initial cycles.
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FIGURE 3. Charge-discharge curves measured at 30°C, (A) Li/Li8FeS5 cell, (B) Li/Li8FeS5-Tix cell, (C) initial charge-discharge curves of the Li/Li8FeS5 cell and Li/Li8FeS5-TiOx cell, (D) cycle performance of the Li/Li8FeS5 cell and Li/Li8FeS5-TiOx cell.



There are several plausible reasons for the decrease in the discharge capacity of the Li8FeS5-TiOx sample cell. The first is the loss of sulfur during the coating process. In order to examine this quantitatively, we carried out ICP measurements for the Li8FeS5-TiOx sample powder; the measured atomic ratio was Li: Fe: S: Ti = 57: 7.0: 32: 4.1. Assuming that the coating layer consisted of only Ti and O, the core component was Li8.1Fe1.0S4.6. The slight loss of sulfur (ca. 8 at%) compared to its initial content (Li8FeS5) corresponds to a capacity loss of ca. 4% (corresponding to ca. 36 mAh·g−1 based on the theoretical capacity value). In addition, the weight of the coating layer (TiOx) might also decrease the apparent gravimetric capacity value. From the above result, the Li8FeS5-TiOx sample was considered to be 7Li8FeS5 · 2Ti2O3, assuming that the coating layer was Ti2O3. This corresponds to a weight ratio of Li8FeS5: Ti2O3 = 87: 13, and would decrease the capacity value by ca. 13% (corresponding to ca. 130 mAh·g−1 based on the theoretical capacity value), assuming that the capacity of coating Ti2O3 negligible in the present voltage range.

Moreover, an increase in the interfacial resistance at the electrode/electrolyte due to the TiOx coating might decrease the capacity value. Hence, we carried out AC impedance measurements for the Li8FeS5-TiOx sample cell to determine the influence of the coating layer on the cell resistance. Figure 4 shows the Nyquist plots of the Li/Li8FeS5 and Li/Li8FeS5-TiOx cells. The semi-circle for the Li/Li8FeS5-TiOx cell after the first cycle is relatively larger than that of the uncoated cell; the larger semi-circle at the low frequency region is related to surface reactions, such as the side reaction between lithium or sulfur and the surface layer. A high surface resistance would limit the utilization of the active material, and hence is responsible for the relatively lower initial capacity. However, the semi-circle for both cells exhibited a similar gradual reduction of size with the cycle number. Therefore, the effect of high interfacial resistance originating from the surface coating will be negligibly small after several cycles. Actually, the measured capacity loss after the TiOx coating was ca. 13% (ca. 100 mAh·g−1), as shown in Figure 3C. This may be explained by the above effects; primarily, the presence of the TiOx layer would be responsible for the loss of the initial gravimetric capacity value. After prolonged cycling, we have observed local-structure change of Li8FeS5 by XAFS analysis (Takeuchi et al., 2012) and tentatively conclude that the decrease in semi-circles after several cycles might correlate with the structural change of Li8FeS5.
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FIGURE 4. Nyquist plots before charge, and after 1st, 10th, 30th, and 50th discharge, (A) Li/Li8FeS5 cell, (B) Li/Li8FeS5-TiOx cell.



Further detailed analysis of the charge-discharge curves was conducted to clarify the reason for the improvement in the cycle property by coating. The capacity values corresponding to each plateau are plotted against the cycle number in Figure 5. The capacity values corresponding to a lower plateau (Q2) which related to redox capacity of the Fe-S component decrease with cycling for both sample cells; in particular, the capacity decreases more rapidly during the first 5 cycles. Figure 1 indicates that iron is only present in bulk particles. Therefore, the continuous capacity fading indicated that the fine structure around iron changed drastically during the initial cycles. In contrast, the degradation of the capacity values corresponding to the higher plateau (Q1) which correspond to sulfur redox was suppressed significantly after the surface coating. Specifically, excellent cycle stability was observed after the second cycle. Therefore, we can conclude that the surface reaction of Li8FeS5 with the electrolyte, which could be the main reason for cycle degradation related to sulfur deactivation, may have been suppressed by coating with the TiOx layer.
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FIGURE 5. Cycle performance of Q1 corresponding to the sulfur redox capacity and Q2 which related to redox capacity of the Fe-S component. The black line represents the Li/Li8FeS5 cell and the blue line represents the Li/Li8FeS5-TiOx cell.



CONCLUSION

In conclusion, Li8FeS5 was successfully surface-coated with titanium oxide by a liquid-phase reaction to prevent rapid capacity fading as a cathode material. By coating with TiOx, the Li/Li8FeS5-TiOx cells demonstrated considerable improvement in the cycle performance for a 100-cycle test. In addition, analysis of the charge-discharge curves indicated that the surface degradation related to sulfur deactivation was effectively suppressed by the TiOx coating.
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