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Abstract

:

Fiber-shaped batteries have attracted much interest in the last few years. However, a major challenge for this type of battery is their relatively low energy density. Here, we present a freestanding, flexible CNT fiber with high electrical conductivity and applied oxygen plasma-functionalization, which was successfully employed to serve as an effective cathode for Li-S batteries. The electrochemical results obtained from the conducted battery tests showed a decent rate capability and cyclic stability. The cathode delivered a capacity of 1019 mAh g−1 at 0.1 C. It accommodated a high sulfur loading of 73% and maintained 47% of the initial capacity after 300 cycles. The demonstrated performance of the fiber cathode provides new insights for the designing and fabrication of high energy density fiber-shaped batteries.
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1. Introduction


Recently, there has been an increasing interest in the development of flexible and wearable power sources due to the rise of wearable electronic devices, health monitoring, and epidermal sensors [1,2,3]. However, the flexibility of energy storage and conversion devices is limited by the electrodes, metal current collectors, and other rigid materials used [4]. The conventional fabrication of electrodes, using slurry casting on a metal current collector, lowers the mass loading of active materials and suffers from delamination, resulting in low energy density and poor cyclic ability [5]. Therefore, freestanding carbon materials such as graphene, carbon nanotube (CNT) sheets, and 3D graphene foam [6,7,8,9] are emerging as popular electrodes due to their flexibility and good electrical conductivity. Yet, because of the planar structure of these carbon electrodes, only limited bending directions are allowed, while they are still delicate when exposed to complex deformation in real-life handling. To overcome the geometrical restrictions of planar devices, 1D fiber-shaped devices have been proposed and attracted much attention [10,11,12,13]. These new generation energy storage devices exhibit unique advantages due to their excellent flexibility and the ability to be integrated with fabric, making them applicable as the power sources for wearable electronics.



Currently, traditional Li-ion batteries suffer from low energy density as they approach the theoretical limit of the active materials [14]. Lithium-sulfur (Li-S) batteries have become a promising candidate due to their high theoretical specific capacity of 1675 mAh g−1 and energy density of 2500 Wh kg−1 [15,16,17,18]. However, the development of Li-S batteries in a practical application has been hindered by poor cyclic performance, low Coulombic efficiency, and ineffective utilization of the active materials. One critical issue for Li-S batteries is the low utilization of the active materials because of the low conductivity of sulfur, polysulfide shuttling effect, and the formation of insoluble and insulating lithium sulfides, Li2S2/Li2S (LiS) on the cathode surface [19]. Carbon materials with excellent flexibility and electrical conductivity have been employed in the sulfur composite cathode to address this issue [17,20,21,22,23,24,25,26,27,28,29,30,31]. Despite the many efforts that have been devoted to developing fiber-shaped lithium-ion batteries and supercapacitors [32,33,34,35], only a few attempts have been made to create fiber-shaped Li-S batteries [36,37]. These efforts explored CNT composite materials to load sulfur for fiber-shaped Li-S batteries. Because they improve the utilization of sulfur and mitigate the polysulfide shuttling, these batteries exhibit stable cyclic ability. However, such strategies require a tedious process for synthesizing CNT composite, which also lowers the energy density due to the extra weight of the host materials. Conventional fabrication of cathodes for Li-S batteries requires pressing the slurry onto a metal current collector which involves active materials, binders, and conductive additives. Such a mixture unfavorably differentiates the mechanical property of the electrode in the different areas [27,38]. This limitation restricts their application in fiber-shaped batteries where the electrode will experience complex deformation. Our previous work has determined high porosity (~46%), decent electrical conductivity (~53 S cm−1), and good mechanical robustness with excellent flexibility of CNT fiber [39]. All these qualities make it a promising material for the fiber cathode. One of the critical issues for the sulfur cathode is the low utilization of sulfur active material due to its low electrical conductivity [40,41]. Our previous study successfully alleviated this situation by oxygen plasma functionalizing 3D graphene [20]. The plasma functionalization conducted on 3D graphene altered its surface chemistry and enhanced the distribution of sulfur. As a result, refined sulfur particles were obtained which improved the utilization of the sulfur active material. We concluded that these effects were attributed to the oxygen functional groups that were created by plasma treatment on 3D graphene [20]. The same functional groups were also found in CNT fibers after oxygen plasma functionalization which was proven by XPS in our previous publication [42]. This suggests a likely similar enhancement for CNT sulfur cathodes by oxygen plasma treatment, as proved here.



In this work, we report a CNT fiber, enhanced by a facile oxygen plasma functionalization, as an effective host material for the sulfur cathode. The resulting fiber is a freestanding, flexible, and highly conductive material with implanted oxygen functional groups to accommodate and refine sulfur particles. These functional groups altered the surface of CNT, thus becoming hydrophilic and suitable for sulfur infiltrating. The porous host material also increases the sulfur loading, housing more than 70% of the sulfur. Eventually, these unique features improve the utilization of sulfur and suppress the polysulfide diffusion, enabling an excellent rate of cyclability and long cyclic stability in the test cells.




2. Materials and Methods


2.1. CNT Fiber Spinning and Oxygen Functionalization


Vertically aligned carbon nanotube arrays were synthesized in a modified commercial CVD reactor ET3000 from CVD Equipment Corporation. Oxidized single crystal silicon with aluminum oxide as a buffer layer and Fe-Co catalyst film on top was used as a substrate in the CVD process. The growth process parameters and the properties of the resulting array have already been published in our previous work [41]. A CNT ribbon was drawn from the end of the array and a continuous fiber was spun using a homemade spinning apparatus [42]. The “as-obtained” pristine CNT fiber is designated here as CNT fiber. The latter was then passed through a tubular plasma source (SurFx AtomFlo model 400-V2.0HE) operating at atmospheric pressure with the parameters: 100W power, 0.3 L/min flow of oxygen, and 15 L/min flow of helium. The functionalized fiber is assigned here as oxygen functionalized CNT (OCNT).




2.2. Fabrication of CNT-Sulfur (CNT-S) and Oxygen Functionalized CNT-Sulfur (OCNT-S) Composites


Both CNT-S and OCNT-S composites were prepared by a dry melting method. In brief, 20 cm of pristine or oxygen functionalized CNT fiber was coiled on a stainless-steel bobbin and was sealed in a 50 mL Teflon-lined stainless-steel autoclave filled with argon, together with 10 mg of sulfur. The autoclave was then heated at 156 °C for 12 h for sulfur to diffuse into the CNT fiber.




2.3. Materials Characterization


The morphology of the obtained materials was observed by scanning electron microscopy (SEM) (Philips FEI XL30, Eindhoven, Netherlands, 5–10 kV). Raman spectroscopy (Renishaw inVia, West Dundee, IL, USA) excited by a 514 nm Ar-ion laser with a laser spot size of ~1 μm2 was used to characterize the OCNT and OCNT-S. Thermogravimetric analysis (TGA) (Q50, TA instrument, New Castle, DE, USA) was performed in a nitrogen atmosphere from room temperature to 600 °C at a heating rate of 10 °C min−1. A Sartorius micro-analytical balance model ME5 with microgram resolution was utilized to precisely measure the mass of the CNT fibers and related composites.




2.4. Electrochemical Performance Measurements


OCNT-S and CNT-S fiber electrodes were evaluated in a coin cell setup with lithium foil as the counter and reference electrodes. In total, 10 cm of the fibers was cut and coiled into a pellet and used as a cathode without adding any conductive additives or binders. The sulfur loading determined by the TGA analysis was ~70%. All electrochemical tests were carried out in an electrolyte which was a mixture of 1 M lithium bis-trifluoromethanesulfonylimide in 1,3-dioxolane and 1,2-dimethoxyethane (1:1 by volume) with 1 wt% LiNO3 additive. The volume of electrolyte was 20 μL in all assembled cells. A polypropylene film (Celgard 2400) was used as a separator in the cell. A galvanostatic charge–discharge instrument (LANHE CT2001A, Wuhan, China) was employed to characterize the performance of the battery coin cell. The Li-S batteries were galvanostatically charge/discharge cycled between 1.5 and 2.8 V at 0.1 C to 2 C (1 C = 1675 mA g−1). The electrochemical impedance spectroscopy (EIS) of the cells were conducted using a Potentiostat (Gamry Interface 1000E, Warminster, PA, USA).





3. Results and Discussion


The SEM images of CNT-sulfur (CNT-S) and oxygen functionalized CNT-sulfur (OCNT-S) composites in Figure 1a–d provided thorough information on the uniformity and size distribution of the active sulfur material. Compared with CNT-S, the uniform color and brightness of the OCNT-S indicates a homogeneous sulfur distribution. Another noticeable difference is that the sulfur loading on the CNT fiber results in big particles which may not contribute to the sulfur utilization. The diameter of such big particles is more than 10 μm. These differences could be attributed to the effect of oxygen functionalization that alters the surface energy of CNT and enhances the sulfur infusion and its uniform distribution. The oxygen functionalization of CNT was proven by XPS in our previous work [42]. The peaks for hydroxyl (C-OH), carbonyl (C = O), and carboxyl (-C = O-O-) were observed. The EDS analysis (Figure S1) proved the existence of sulfur in these CNT fiber composites. Further, the sulfur content distinctly varies at different spots on CNT-S, while it remains similar on OCNT-S. This is in line with the SEM observation. The EDS mapping (Figure S2) further confirmed the uniform distribution of elemental sulfur on the fiber.



Despite the difference in sulfur morphology, the TGA analysis (Figure 1g) revealed similar sulfur weight content of ~70% in these composites. The high sulfur content is crucial to increase the energy density of a Li-S battery if the high utilization of sulfur could also be achieved.



Another noticeable difference in Figure 1a,b is the diameter of the fibers, where the 83 μm diameter of OCNT-S fiber is shown to be greater than that of the CNT-S (70 μm). The observed increase in diameter of OCNT-S could be attributed to the in-depth infusion of sulfur, which is confirmed by the X-ray CT images in Figure 1e,f. These images show a layer with light gray color which is likely because of sulfur infiltration. The depth of this layer is 20 μm, which is corresponds to half of the fiber radius. This result is in agreement with our previous findings on the oxygen plasma depth penetration [42], which further proves the correlation between the distribution of sulfur and oxygen plasma functionalization. The Brunauer–Emmett–Teller (BET) surface area of oxygen functionalized CNT was found to be 208.015 m2/g, which is 23% higher than that of pristine CNT [42]. Although the high porosity of OCNT did not increase the sulfur loading much, it helped to load the sulfur deeper into the fiber which improved the utilization of sulfur active material.



In addition, Figure 1h shows the Raman spectra of CNT, OCNT, and OCNT-S samples, respectively. The ID/IG ratio of the samples increased after oxygen plasma functionalization, which could be attributed to the introduction of oxygen-based functional groups. Moreover, the in-depth sulfur loading in OCNT-S likely induced more defeats, resulting in an increased D peak. The OCNT-S also revealed three characteristic sulfur Raman peaks in the range of 100–600 cm−1 [21], indicating a successful integration of sulfur into OCNT. The results from the tensile strength test of pristine CNT fiber and after loading it with sulfur are displayed in Figure 1i. The tensile strength of the CNT fiber after loading with sulfur increased from 82 MPa to 102 MPa, which may be due to the consolidating effect of sulfur on the CNT bundles within the fiber.



The findings from these studies suggest that oxygen functionalization can influence the uniformity of sulfur distribution not only on the CNT fiber surface but also in its depth thus fully enhancing the sulfur utilization.



The electrochemical performance of CNT-S and OCNT-S fiber electrodes measured at different current densities (0.1 C to 2 C) is shown in Figure 2. The capacities were calculated based on the mass of sulfur in the composite fibers.



The rate performances of the CNT-S and OCNT-S were evaluated by increasing the charge/discharge current density stepwise from 0.1 C to 2 C every 5 cycles. As displayed in Figure 2a, when the cell is charged and discharged at 0.1 C, OCNT-S shows a discharge capacity of 1031 mAh g−1. In Li-S energy storage system, the capacity decreases at a high current density due to increasing the polarization caused by insufficient ion transportation and high resistance of the electrode. At a higher rate of 0.5 C, the battery can still maintain a capacity of 580 mAh g−1. Moreover, a capacity of approximately 800 mAh g−1, about 78% of the original capacity, can be recovered when the current density is returned from 2 to 0.1 C. The flexibility and robustness of the fibrous electrode also contribute to the decent electrochemical performance under deformations. Compared with CNT-S, the capacity decays continuously from 938 to 671 mAh g−1 during the first 5 cycles at 0.1 C. A capacity of 490 mAh g−1 was recovered when the cell was re-discharged at 0.1 C after a series of high rates tests, which is only 52% of the capacity of the first cycle. This is suggesting a loss of active materials after the cycling test due to deformation. In addition, the Coulombic efficiency of OCNT-S cells was much more stable and closer to 100% compared to CNT-S cells.



The galvanostatic charge/discharge behavior of the CNT-S and OCNT-S was assessed at a current density of 0.2 C between 2.8 and 1.5 V versus Li/Li+, as shown in Figure 2b. These two discharge profiles exhibit two plateaus typical for Li-S batteries, which correspond to the reduction of elemental sulfur (S8) to long-chain LiPSs at 2.3–2.4 V along with the formation of short-chain Li2S2 and Li2S at 2.0–2.1 V [43]. The OCNT-S exhibits a long voltage platform and small polarization compared to CNT-S, indicating a high utilization of sulfur and fast transportation of electrons and ions thanks to the oxygen functional groups, which exhibit a relatively high binding energy to polysulfide, as reported by others [18,20]. The short plateau near 1.7 V could be attributed to the discharge of sulfur loaded deeply inside the fiber. The plateau shifts due to less accessibility to the electrolyte.



Further, the cycling performance of CNT-S and OCNT-S cells was investigated at 0.1 C for up to 300 cycles. Figure 3a displays the long-term cycling performance of the two fibers at 0.1 C for 300 cycles. After 300 cycles, CNT-S delivered a capacity of 269 mAh g−1, which is only 29.6% retention from the initial capacity of 909 mAh g−1. In comparison, an initial capacity of 1019 mAh g−1 was delivered by OCNT-S cells and retained 474 mAh g−1 (near 47%) after running for 300 cycles. It was noted that especially for CNT-S, the capacity decay mainly took place within the first 30 cycles where the capacity of the cell was decreased by 38%. In the following 270 cycles, only a 32% decrease in capacity was observed. The capacity loss in the beginning may be attributed to the irreversible active material loss from the big sulfur particle caused by the electrode deformation, and by the free diffusion of polysulfides since oxygen functional groups were not present to trap them on the CNT fiber. Furthermore, the Coulombic efficiency of the OCNT-S cell was very stable after the first 10 cycles, with an average efficiency of 99.7% over the entire 300 cycles. Meanwhile, the Coulombic efficiency of the CNT-S cell was above 99% for the first 100 cycles, however, it gradually decreased below 99%, with an average efficiency of 98.9% over the complete 300 cycles. A possible explanation for the improvement in the OCNT-S cell is the effective polysulfide trapping due to the increased materials’ porosity caused by the plasma functionalization [20,42] and the presence of oxygen functional groups.



Electrochemical impedance spectroscopy (EIS) was conducted after the first 3 cycles and after 300 cycles at 0.1 C, and the Nyquist plots of CNT-S and OCNT-S are displayed in Figure 3b. In general, the semicircle in the high-frequency region corresponds to the charge transfer resistance (Rct) at the interface between the sulfur cathode and electrolyte. The internal resistance (Rs) is representing the electronic resistance of the cathode and the ionic resistance of the electrolyte [21]. In the early stage of the cyclic test, the OCNT-S electrode exhibits lower values of both Rs (9.8 vs. 16.4 Ω) and Rct (29.5 vs. 43.6 Ω). A possible explanation for this difference is related to the CNT fiber electrode morphology and refined particle size of sulfur thanks to the presence of oxygen functional groups. After 300 cycles, OCNT-S reveals a small increase in Rs from 9.8 Ω to 22 Ω. Similarly, CNT-S shows an increase in Rs from 16.4 Ω to 26.7 Ω. The moderate rise in Rs could be a result of accumulating soluble polysulfides and deposition of insulating LiS on the electrodes during cycling, causing an increase in viscosity and resistance of the electrolyte and the electrode. Furthermore, the Rct of CNT-S increased significantly after 300 cycles from 43.6 Ω to 69.5 Ω, which could be attributed to the free diffusion of polysulfide in the electrolyte along with deposition of insulating LiS on electrodes that decelerates the kinetics of the electrochemical reaction and raises the resistance. Meanwhile, OCNT-S reveals a slight decrease in Rct from 29.5 Ω to 26.5 Ω. This reduction in the charge transfer resistance of OCNT-S could be a result of well-controlled polysulfide diffusion within the cathode which maintains the viscosity and ionic conductivity of the electrolyte. As a result, the formation of LiS on the anode due to polysulfides shuttling is suppressed. In addition, the redistribution of active materials on the cathode during cycling could improve the contact with the electrolyte. The described here outcomes revealed the positive effect of oxygen functional groups, created by plasma treatment of the CNT electrodes, in mitigating the diffusion of polysulfides from the cathode to the lithium anode thus enabling long-term stability of cycling.




4. Conclusions


We have demonstrated a freestanding and flexible CNT-S composite as a fiber-shaped electrode for Li-S batteries. The unique design of this electrode is featured by the oxygen plasma functionalization to accommodate a high content of sulfur, refine the sulfur particle size, and form uniform sulfur deposition. All these advantages benefit the batteries enabling effective utilization of the sulfur active material and mitigating the polysulfide shuttling effect. As a result, the OCNT-S electrode exhibits an improved rate capability and cycling stability. Particularly, the OCNT-S cathode, with a 73% high sulfur loading, retained 78% of the initial capacity at the originally applied current density of 0.1 C, after being cycled under various high current densities. In addition, the same cathode was able to deliver a capacity of 1019 mAh g−1 at 0.1 C loading and maintain 47% of the initial capacity after 300 cycles. We believe that the plasma-enhanced CNT fiber-cathode described and studied here is very promising for Li-S batteries which require lightweight, mechanical flexibility and the ability to be integrated into fabrics to support wearable electronic devices.
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Figure 1. Low magnification SEM images of (a) OCNT-S, (b) CNT-S. High magnification SEM images of (c) OCNT-S, (d) CNT-S. The scale bars in the SEM images for (a,b) are 20 µm, and for (c,d) are 5 µm. (e) X-ray CT images of OCNT-S in XY slice. (f) X-ray CT images of OCNT-S in YZ slice. Scare bars for both (e,f) are 10 µm. (g) TGA curves for OCNT-S and CNT-S. (h) Raman spectra of CNT, OCNT, and OCNT-S, where characteristic peaks of sulfur were observed for CNT-S. The ID/IG ratios in all these samples are indicated. (i) Tensile stress vs. strain plot of pristine CNT and OCNT-S, respectively. 
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Figure 2. (a) Rate capability of Li-S cells with CNT-S and OCNT-S cathodes up to 2 C. (b) Discharge/charge profiles in the second cycle of Li-S cells with CNT-S and OCNT-S cathodes at a current density of 0.2 C. 
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Figure 3. (a) Cycling performance of Li-S cells assembled with CNT-S and OCNT-S as cathodes at a current density of 0.1 C. (b) EIS spectra of the CNT-S and OCNT-S after 3 cycles and after 300 cycles. 
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