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Abstract

:

Li-S batteries are ideal candidates to replace current lithium-ion batteries as next-generation energy storage systems thanks to their high specific capacity and theoretical energy density. Composite electrodes based on carbon microstructures are often used as a host for sulfur. However, sulfur lixiviation, insoluble species formation, and how to maximize the sulfur-carbon contact in looking for improved electrochemical performance are still major challenges. In this study, a nitrogen doped mesoporous carbon is used as a host for sulfur. The S/C composite electrodes are prepared by sulfur melting-diffusion process at 155 °C. The effect of the sulfur melting-diffusion time [sulfur infiltration time] (1–24 h) and sulfur content (10–70%) is investigated by using XRD, SEM, TEM and TGA analyses and correlated with the electrochemical performance in Li-S cells. S/C composite electrode with homogeneous sulfur distribution can be reached with 6 h of sulfur melting-diffusion and 10 wt.% of sulfur content. Li-S cell with this composite shows a high use of sulfur and sufficient electronic conductivity achieving an initial discharge capacity of 983 mA h g−1 and Coulombic efficiency of 99% after 100 cycles.
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1. Introduction


The development of batteries with high energy density has been a topic of great interest in recent years as they are widely used in numerous applications of daily life [1]. Li-S batteries are promising candidates for the next-generation energy storage devices because of the natural availability, low toxicity, low cost of sulfur, and also the high specific capacity and energy density reaching up to 1675 mA h g−1 and 2600 W h kg−1, respectively compared with conventional Li-ion batteries [2,3,4]. Despite the high theoretical capacity of the Li-S system, it is not currently at a commercial level. This is mainly due to the easy capacity fade produced by the solubility of the intermediate species of lithium polysulfide (Li2Sx, 4 ≤ x ≤ 8) in the electrolyte (shuttle effect) from initial charge and discharge processes, causing loss of the active material and increase of the electrolyte viscosity [5,6,7].



The preparation of composite electrodes containing carbonaceous materials with a wide variety of microstructures has been widely studied [8]. The main objective of carbonaceous materials is not only to obtain enough electronic conductivity with the insulating nature of sulfur, but also to strengthen the sulfur retention and prevent the subsequent deactivation of the battery [9]. However, maximizing the sulfur-carbon contact and therefore producing a better electrochemical performance is still a challenge. In this regard, different synthesis methodologies to enhance the interface contact between sulfur and carbon material have been studied [10,11]. Mechanical milling, gas-phase mixing, and melting-diffusion processes have been used to prepare sulfur/carbon composites; however, the melting-diffusion process can be carried out at lower temperatures (119–159 °C) than those employed in the gas phase by vapor infiltration (~445 °C) [12,13]. These sulfur encapsulation strategies have proven to be efficient to enhance the sulfur-carbon contact, showing results of high specific capacities and stable cycling performance (up to 500 cycles) in the tested batteries. However, the possibility of increasing the sulfur mass load on the electrode to generate the necessary energy density for the current technology requirements is still being investigated [8]. Synthesis parameters such as the sulfur inclusion time, temperature, sulfur content, strongly affect the electrochemical performance of these batteries. The correlation between the synthesis conditions and the electrochemical performance of the Li-S battery is still unclear [14,15].



In this research, we study the preparation of sulfur-carbon (S/C) composite electrodes based on a nitrogen-doped mesoporous carbon (CMK-3) and sulfur infiltration by its melt and diffusion at 155 °C. We focus on two main aspects: the effect of the sulfur infiltration or inclusion into carbonaceous structure understood as the time of sulfur melting-diffusion process (form here sulfur infiltration time) and the sulfur content effect in the composite. Mesoporous carbons have been proposed as promising materials to host sulfur since their high surface area and large pore diameter may allow the inclusion of a larger amount of sulfur within their structure. Particularly, CMK-3 mesoporous carbon has a well-defined interconnected nanostructure with highly ordered porosity obtained by the use of silicon oxide templates such as SBA-15 [16,17]. Furthermore, the structure of CMK-3 can be modified by nitrogen doping through an in-situ nitrogen inclusion methodology. This modification, in addition to promoting the adsorption of sulfur polysulfides, may improve the wettability of electrodes favoring the permeability of the electrolyte inside the material [18]. Figure 1 illustrates the synthesis of 2D mesoporous carbon and their further use as a sulfur host in. The sulfur is expected to fill the pores and to interact with the carbon material while giving enough space to allow contact with liquid electrolyte.




2. Results and Discussion


2.1. Sulfur Infiltration Time Effect


Nitrogen quantification for the carbonaceous material without sulfur infiltration was carried out using elemental analysis and XPS to determine its total nitrogen content and identify different functionalities generated in the carbonization process given that the pyridinic-N and pyrrolic-N increase the pseudo-capacitance, while the graphitization is due to the graphitic-N and this functionalities have influence in the electrochemical behavior of the studied cells [19,20]. Figure S1 present the high-resolution XPS spectra for N1s. The high-resolution XPS for nitrogen shows a splitting of N1s into four peaks with binding energies of 398.06, 399.13, 400.85, and 402.95 eV corresponding to pyridinic nitrogen, pyrrolic nitrogen, graphitic nitrogen, and oxidized nitrogen respectively. Table 1 present the relevant results focus on nitrogen content and functionalities according to the high-resolution XPS spectra result presented in Figure S1.



Figure 2 shows physicochemical characterization of the MC and S/C composites at different sulfur infiltration time. Figure 2a displays the nitrogen adsorption/desorption isotherms and pore size distribution for the MC and S/C composites. The MC profile reveals the typical behavior for mesoporous materials with type IV isotherm [21], the hysteresis loop is observed between 0.4–0.8 of relative pressure P/P0 attributed to capillary condensation of nitrogen inside the pores being indicative of mesopores presence in the carbonaceous structure with cylindrical pores channels [2,3]. The S/C composites reveal a different isotherm behavior which is not necessarily related to a change in the type of porosity or with the collapse of the carbonaceous material structure during the infiltration. The non-infiltrated sulfur could form layer deposits outside the pores that is supposed to be the reason for this profile. The MC achieves a surface area of 872.8 m2 g−1 and pore volume of 1.04 cm3 g−1 by BET analysis. Two types of mesoporous are observed for MC and S/C composites (inset of Figure 2a) with the diameters centered about 37 Å and 89 Å. After the infiltration with 70 wt.% of sulfur, a considerable decrease in the pore volume suggests that sulfur is infiltrated in the MC structure [16]. Figure 2b shows the XRD patterns of the S/C composites at different sulfur infiltration times. XRD patterns of elemental sulfur and the MC are included as references. The XRD pattern of elemental sulfur presents sharp-peaks corresponding to crystalline orthorhombic phase with the space group Fddd (ICSD 98-041-2326) [3,22,23]. The XRD pattern of MC shows a mainly amorphous structure with two broad peaks at 2θ = 30° and 51° corresponding to (002) and (011) planes of ordered hexagonal structure respectively (ICSD 98-061-7290) [24,25]. The XRD patterns of the S/C composites correspond with the peaks attributed to the orthorhombic phase of sulfur. The intensity of these peaks seems to decrease with the increase of infiltration time, in which an infiltration time of 6 h shows a visible change of the tendency with a broad background (amorphization) in the region of 2θ = 25–35°, similar to the XRD pattern of the mesoporous carbon. At longer infiltration times of 12 h and 24 h, the peaks corresponding to the orthorhombic phase of sulfur are again observed. The orthorhombic sulfur phase present in the S/C composites is associated with a not fully efficient sulfur infiltration [26,27,28,29,30,31]. At 6 h, the infiltration of the sulfur into the MC structure (mesopore filling) is evidenced by the broad reflection peak between 26–35° indicating an enhanced dispersion of sulfur; however, the presence of low-intensity peaks of sulfur also suggests that a portion of this still remains un-infiltrated) [32,33,34].



Figure 2c shows the differential thermogravimetric analysis curves (dW/dT, DTG) of sulfur and S/C composites at different sulfur infiltration times. Figure S2 shows thermogravimetric analyses (TGA) used to obtain Figure 2c. The sulfur and S/C composites show a clear weight loss approximately between 200 °C and 450 °C (Figure S2) corresponding to the sulfur melting and sublimation processes [35,36]. The sulfur content, considering this weight loss, resulted in ca. 69 wt.% which confirms a negligible loss of sulfur during the melting-diffusion process. The DTG curve of sulfur shows a single peak at 300 °C corresponding to its melting-sublimation process. However, DTG profiles of S/C composites show a broad multi-peak revealing that the sulfur weight loss takes place in more than one sublimation event [15]. DTG profile of S/C-1 h shows two main sulfur weight losses at 256 °C and 289 °C. DTG profile of S/C-6 h shows four main sulfur weight losses at 238 °C, 308 °C, 336 °C and 421 °C (zooming inset of Figure 2c). DTG profile of S/C-12 h and S/C-24 h shows three main sulfur weight losses at 274 °C, 302 °C, and 379 °C and, 271 °C, 301 °C, and 382 °C, respectively.



According to K. Suzuki et al. and Z. Li et al. [15,37], there is a close interaction between sulfur and carbon material when the sulfur sublimation temperature is higher than 280 °C, a weight loss above this temperature is associated with sulfur inside the pore of the carbonaceous material, the sulfur sublimed at lower temperatures is considered to be outside the pore with a weak interaction between sulfur and carbon material [15]. In accordance with the results, the sulfur in the S/C composites obtained in this work also varies from outside to inside the pore during the infiltration time. A partial amount of sulfur with weak interaction is expected in all the S/C composites including S/C-12 h and S/C-24 h composites in which a slight slope at around 200 °C is observed (Figure 2c). The S/C-1 h composite may have a less interaction of sulfur with carbon material since the sublimation temperature of the sulfur occur at lower temperatures than the other S/C composites. If the sublimation temperature of sulfur occurs at higher temperatures, a stronger interaction between sulfur and carbon material is supposed since this interaction may require more energy to sublime the sulfur in the composite. Thus, the S/C-6 h composite seems to show stronger interaction between sulfur and carbonaceous material than other S/C composites because of the clear shift of the sublimation temperature of sulfur in the S/C-6 h composite observed in Figure 2c. Sulfur infiltration into the MC pores is produced thanks to capillary forces and occurs quickly in the micropores that connect the global structure of the carbonaceous material [38]. Then, the infiltration of the mesopores occurs as the treatment time increases, more sulfur amount incorporation is favored. By having a high proportion of sulfur, at longer infiltration times the total blockage of pores will be promoted. For electrochemical performance perspective, this parameter implies that there is no available space for the lithium ions transport that is incorporated into the material to carry out redox processes; it also does not leave any free space to accommodate the lithium polysulfide species that are formed during the charging/discharging of the cell [39].



Figure 2d–g shows the SEM images of the MC and the S/C composites at different sulfur infiltration times. Figure 2g and Figure S3 (supporting information) shows EDX analysis of S/C composites including carbon and sulfur mapping. The MC particles have a “sausage-like” morphology with micrometer-average size 0.1–0.2 µm characteristic of ordered MC obtained from the SBA-15 template [40,41]. S/C composites maintain the MC morphology; however, a different morphology for S/C-1 h and S/C-24 h composites, forming a kind of a layer, is observed (highlighted with a yellow line). Similar sulfur depositions or agglomerations were verified by EDX analysis indicating that the sulfur is not homogeneously distributed (Figure S3). MC morphology was also confirmed in the S/C-6 h composite with an enhanced distribution of sulfur (Figure 2g). The sulfur distribution in the materials infiltrated at 6 and 24 h was corroborated by transmission electron microscopy (TEM), the result is presented in Figure S4. A better distribution of sulfur can be obtained for the material infiltrated at a shorter time, i.e., S/C 70:30, 6 h. This result is in agreement with that obtained by SEM-EDX indicating that in longer infiltration times not only is a sulfur accumulation on the particle surface but also there is no homogeneous distribution of it within the pores of the mesoporous carbon.



The study of the sulfur infiltration time effect suggests that intermedium times around 6 h are suitable to promote sulfur infiltration or inclusion into the carbonaceous structure with enhanced S-C interaction and sulfur distribution. In the next section, the sulfur content is studied using 6 h for the meting-diffusion process.




2.2. Sulfur Content Effect


Figure 3 shows physicochemical characterization of the S/C composites at different sulfur content. Table 2 summarizes physicochemical properties of these compared with those obtained from MC.



Figure 3a,b shows the adsorption/desorption isotherms and pore size distribution for the MC and S/C composites at different sulfur content. The S/C composites profile shows the type IV isotherm, in good agreement with the MC profile (previously described, Figure 2a). Surface area and pore volume of S/C composites monotonically decrease with the sulfur content over 80% (Table 2) suggesting that sulfur is rather infiltrated (pores filling) in the MC microstructure [42]. The pore size distribution of the S/C composites (Figure 3b) matches well with the MC pore distribution keeping the two main pore diameters (Table 2) suggesting that the MC host remains unchanged after sulfur infiltration. Note that this observation cannot be done in the previous section since sulfur in 70 wt.% masked the N2 adsorption/desorption analysis.



Figure 3c displays XRD patterns of MC and S/C composites at different sulfur content. A broad amorphous signal, corresponding to the graphitic form from the carbonaceous material, is observed in the XRD patterns of the S/C composites with a lattice crystal parameter around 100 Å (Table 2). According to some authors, this indicates that sulfur is highly dispersed inside the pores, instead of being distributed on the MC surface, and also suggests that the formation of large sulfur crystals is suppressed [43,44]. Figure 3d shows the small-angle XRD patterns of the S/C composites. Three characteristic signals at 2θ < 2° corresponding to (100), (110), and (200) planes for the two dimensional (2D) hexagonal p6mm space group of the mesoporous materials are identified [25,45,46]. With the sulfur content increasing in the composites, the (100) peak did not change indicating that the lattice space d100 is conserved. Moreover, the reflection of the planes became weaker as the sulfur amount increased, associated with a change in the wall thickness of the MC host in the S/C composites [14]. The calculated Wt1 [47] (Table 2) based on the pore diameter centered about 37 Å slightly increase for the S/C 10:90 and S/C 20:80 composites compared with the MC, indicating that there is an infiltration of this within the pores of the carbonaceous material. This close interaction would improve the sulfur retention inside the pores during cell operation. Wt1 does not vary significantly when 40 wt.% of sulfur is incorporated, which suggests that part of the sulfur is remaining outside the pores and could be accumulated on the MC surface. Figure 3e–g shows SEM-EDX analysis of the S/C composites at different sulfur content. The materials retain the MC morphology (Figure 2d) as expected. A homogeneous distribution of sulfur is observed for the S/C-10:90 and S/C-20:80 composites (Figure 3e,f) while a saturated signal of sulfur in some regions for the S/C-40:60 composite (Figure 3g) evidences an inhomogeneous distribution of the sulfur.



Figure 4 shows HRTEM images of S/C composites with different sulfur content. The bright contrast strips on the image represent the pore, the composites present an obvious channel pore structure with a regular interval of a linear array of mesopores throughout the samples. This is consistent with the characteristic of the MC employed [48]. The surface of the inner channels (pores) of the carbon seems to be coated, which is due to the sublimed sulfur penetrating the MC channels. The infiltration can be demonstrated by the reduction of the pore width of the MC when the composite is formed with different sulfur contents.



Without sulfur infiltration, the MC presents a pore width centered in 24 Å, for S/C 10:90 and S/C 20:80 the pore width is centered in 18 Å and 17 Å respectively. For S/C 40:60, the pore width is centered at 23 Å, indicating that the sulfur remained outside the pores and probably, distributing on the MC surface. The pore width behavior of the composites obtained from the HRTEM micrographs agrees with the wall thickness result.



The study of the sulfur content into the MC microstructure suggests that sulfur contents between 10 and 20 wt.% not only allows an effective sulfur infiltration but also an enhanced distribution with an intimate contact between MC host and sulfur. Overall, the preparation of S/C composite by melting-diffusion process allow determining that both facts, sulfur infiltration time and sulfur content, must be controlled to obtain a homogeneous sulfur distribution, a suitable S-C interaction and prevent the large crystallization of sulfur.




2.3. Electrochemical Properties


The S/C composites were evaluated as cathode materials in Li-S cells. The Nyquist plots of the samples are shown in Figure 5a, the semicircles at low frequencies (ca. 10.4, 3.5, and 2.3 Hz for S/C-10:90, S/C-40:60, and S/C-70:30 respectively) are related to the resistance to charge transfer (Rct), that indicates the efficiency of the oxide-reduction processes and electron transfer through the electrode-electrolyte interface [49].



At lower Rct value, the charge/discharge process will be more efficient, and this is related with a good interface contact inside the composite. The S/C-10:90 composite has the lowest Rct value (35 Ω) indicating fast kinetics. The Rct increases as the sulfur content in the composite is higher due to the insulator nature of the sulfur and can be rather affected by its inhomogeneous distribution into MC microstructure (verified for S/C composites with 40 and 70 wt.% by XRD and SEM-EDX analysis (Figure 2b and Figure 3g). The Nyquist plots for the samples were fitted using the two equivalent circuits presented in Figure 6. The plots are composed of a small semicircle at high frequencies related to the current collector (R1), followed by two semicircles caused by the charge transfer of the intermediates produced (R2 = Rct) and by the formation and dissolution of S8 and Li2S (R3), and a straight line representing the diffusion process (QD). The diffusion process of soluble polysulfides was fitted with a constant phase element (CPE) instead of a Warburg diffusion element [50,51].



The cell formed with S/C 70:30 presents a distorted loop at low frequencies, related with a diffusive process through the passivation layer on the lithium surface caused by the sulfur dissolution in the electrolyte that is reduced in the negative electrode [52]. This result is in agreement with the physicochemical characterization where sulfur was found not to being incorporated efficiently in the MC pores, favoring its leaching, and depositing in the anode, this is also reflected in the resistance related to the electrolyte, which was higher for this cell.



For the straight line, the diffusion coefficient of the ions can be obtained from the equation [53,54]:


  D =      R   2   T 2  / 2  A 2   n 4   F 4   C 2   σ 2   



(1)







Here, D is the diffusion coefficient, R is the gas constant, T is the absolute temperature, A is the surface area, n is the number of electrons, F is the Faraday’s constant, C correspond to the ions concentration in the material and σ is the Warburg factor related to Z′ obtained from the relationship between Z′ and ω−1/2 presented in Figure S5. From Table 3, it can be observed that at higher sulfur content, the diffusion coefficient decreases. The large lithium-ion diffusion coefficient of S/C 10:90 means that the cell formed with this composite possesses a fast ion transfer in the region of the electrolyte/electrode interface. This result is in agreement with the physicochemical and electrochemical results presented in this work; this suggests that sulfur excess also affect the conductivity and mass transfer [55]. The diffusion coefficient for S/C 70:30 was not calculated because the diffusion associated with the straight line at low frequencies was not evident in the impedance spectrum.



The charge and discharge capacities of the cells were calculated from the active material mass. The initial discharge profile of the S/C composites shown in Figure 5b exhibits two plateaus at c.a. 2.3 V and 2.1 V, the first plateau corresponding to the transition from S8 to soluble polysulfides of long chain (Li2S8, Li2S6 or Li2S4)with fast kinetics, for this reason, this plateau is shorter compared with the second plateau. The reduction of Li2S4 to insoluble short chain polysulfides Li2S2/Li2S is represented by the formation of the second plateau with slow kinetics. The plateau on the charge/discharge profile at the 1st cycle represents the lithium polysulfide species formation due to the cell operation as the voltage changes [56,57,58].



For the compounds with S/C 10:90 and S/C 20:80, the sulfur content is lower, representing a lower amount of lithium polysulfide species and, therefore, a smaller plateau than S/C 40:60 is observed. When the sulfur content is higher, the plateau of S/C 70:30 should be higher; however, the discharge plateau is smaller than other composite electrodes. The reason for this behavior is associated with the unavailable sulfur for oxidation-reduction processes (verified by SEM analysis, Figure 3e–g) [59]. Although the S/C 40:60 material presents a longer plateau in the first cycle, this behavior is not maintained through the cycling of the cell. Physicochemical results such as small-angle XRD, and sulfur distribution from SEM and TEM images proved that there is higher infiltration efficiency when using low percentages of sulfur that infiltrates into the pores of the carbonaceous material promoting electronic conductivity, and thereby the specific capacity of the cell [60].



Redox conversion reactions of sulfur to polysulfides were also verified in CV curves of the cells [61] (Figure S6a). Firstly, the cell was discharged which means that the sulfur is reduced giving the formation of long-chain lithium polysulfides until reaching short-chain ones ending with the insoluble species Li2S. Initially, there is the opening of the S8 ring followed by the formation of long-chain lithium polysulfides (Li2Sx, 4 ≤ x ≤ 8), these reactions are related to the rapid kinetics of the process and are evidenced in the curves with the plateau close to 2.3 V. In a second step, known as slow kinetics, the long-chain lithium polysulfides become short-chain, forming Li2S2 and ending up to Li2S, this transition of species is related to the reduction plateau that appears at 2.1 V. During cell charging, the short-chain lithium polysulfides are converted back to the long-chain until they reach the initial chemical species. For the composite S/C-10:90, only an oxidation plateau during the charge appears at 2.4 V indicating faster oxidation compared to the other materials [62,63].



The cycling performances presented in Figure 5c for the S/C composites show a higher initial specific discharge capacity for S/C-10:90 (983 mA h g−1). The specific capacities of the cells decrease as the sulfur content increases (788 mA h g−1, 712 mA h g−1, and 401 mA h g−1 for 20 wt.%, 40 wt.%, and 70 wt.% sulfur respectively). This is related to sulfur that cannot be efficiently incorporated into the pores of the MC or with the inhomogeneous distribution on the MC surface; therefore, the sulfur loses physical contact with the conductive carbon particles causing a less access of lithium to sulfur and corresponding conversion reactions. The discharge capacity of Li-S cell using S/C composites suffers a monotonically decrease during the first 20 cycles (Figure S6b) associated with the shuttle reactions and corrosion of lithium anode [8,64]. After 100 cycles the Li-S cell with S/C-10:90 composite shows the highest discharge capacity of 425 mA h g−1 and Coulombic efficiency of 99%. The effect of the sulfur infiltration time (6 and 24 h) was verified in the electrochemical properties of the S/C 10:90 composite (cycling performance at Figure S6c). Basically, S/C 10:90-24 h composite shows a lower capacity compared with the S/C 10:90-6 h which verifies that sulfur infiltration time of 6 h results in a homogeneous sulfur distribution and, therefore, electrochemical performance in Li-S cells.



The E/S (electrolyte/sulfur) ratios for the cathodes with 10, 20, 40, and 70% sulfur are 28.3, 17.4, 8.9, and 5.9 mL g−1, respectively. The increase of E/S ratio usually improves the sulfur utilization and battery kinetics because of control of electrolyte viscosity allows sufficient Li-ion and polysulfide diffusions [65]. Therefore, this fact is also contributing to the enhancement of electrochemical cell of composite electrode with 10%. Note that E/S ratio with values higher than 8–10 mL g−1 shows higher capacity retentions than those reported in this work [66,67], which suggest that the processing of the composite electrode such as infiltration process is critical to achieve high total capacity and capacity retention.



To prove the inclusion effect of nitrogen functionalities in the carbonaceous material, a mesoporous carbon blank without nitrogen content was prepared and infiltrated with 10% of sulfur (undoped S/C 10:90) under the same conditions as infiltration for the material with the best performance (S/C 10:90). Figure S6d shows the evidence of the nitrogen promoting effect, obtaining a higher capacity when nitrogenous groups are present since without doping the capacity obtained was 209.9 mA h g−1. The nitrogen atoms in the network cause the carbon atoms of the pyridine rings to have a partial positive charge. This charge will produce a chemical absorption between the carbonaceous network and the lithium polysulfide anion; therefore, the dissolution of these species is decreased, improving the electrochemical performance of the cell [3,68]. In contrast, for cathodes prepared from mesoporous carbonaceous materials under conventional melting-diffusion conditions (S8 = 60%, 155 °C, 12 h), an initial capacity of ~800 mA h g−1 at 0.1 C is reported, and after 100 cycles, this capacity decreases up to ~450 mA h g−1 [69], which demonstrates the relevance of the result reported in this work where similar capacity is obtained after 100 cycles but considerably reducing the infiltration time and sulfur content.



Figure 5d shows the rate capability for the samples S/C-10:90 and S/C-20:80, the cells were stabilized at 20 cycles before varying the discharge rate. With 10% sulfur, a higher specific capacity is obtained at the different C-rates. At 0.1 C, the cells show a slight drop in capacity, but it remains constant when the rate is increased. When returning from 10 C to 0.1 C, a recovery of the initial capacity of the cells is observed indicating a reversible and stable behavior. The electrochemical performance of S/C composites in Li-S cells confirms that the well-distributed sulfur in MC structure and intimate contact between them are crucial to achieve higher capacities and a better cyclability.



Further perspectives to enhance the infiltration process includes control of the particle size by grinding mechanisms o solution processes, control of porosity, and the use of solvents to favor contact between sulfur and the carbonaceous material. Solid electrolytes in Li-S batteries could be also used to achieve superior capacitances [70,71].





3. Materials and Methods


3.1. Preparation of S/C Composites


The nitrogen-doped mesoporous carbon CMK-3 (from here MC) was synthesized using SBA-15 (3.0 g) as a template to replicate its morphology and porosity. 15 mL of ethylenediamine (≥99%, Sigma-Aldrich, St. Louis, MO, USA) and 10 mL of carbon tetrachloride (anhydrous ≥ 99.5%, Sigma-Aldrich, St. Louis, MO, USA) were employed as nitrogen and carbon source, respectively. The three components were mixed for 12 h seeking to fill the silica porous with the precursors and then heated at 50 °C for 6 h using a reflux system to avoid the reagents evaporation. Afterwards, the impregnated template was dried under vacuum for 12 h and then heat-treated under a nitrogen atmosphere at 850 °C with a rate of 3 °C/min, and an isotherm of 5 h to form the mesoporous carbon material. The template removal was done with HF 10% v/v (48% v/v, Sigma-Aldrich, St. Louis, MO, USA) solution overnight and was then washed several times with deionized water until pH = ~7 and dried at 80 °C. The sulfur infiltration was performed by melting-diffusion process, following a reported procedure [3]. Briefly, MC and sulfur (99.5%, Kanto Chemical, Tokyo, Japan) were macerated for 15 min to form the composite using a 70:30 wt.% ratio (S/C), the mixture was suspended in CS2 (99.5%, PanReac AppliChem, Darmstadt, Germany) and magnetically stirred for 30 min followed by solvent evaporation. Then, the mixture was pressured and kept at 155 °C variating the time (1, 2, 3, 4, 6, 12, and 24 h) in an autoclave Teflon container. All samples were labeled as S/C-h, with h, indicating the infiltration time. The effect of the sulfur content was evaluated by varying the S:C wt.% ratio (10:90, 20:80, 40:60, 70:30), the samples were labeled as S/C x:y, with x and y indicating sulfur carbon ratio, respectively.




3.2. Characterization


Nitrogen adsorption and desorption isotherms were obtained by using a Brunauer–Emmett–Teller (BET) method. The MC was degassed at 180 °C for 12 h while the S/C composites were treated at 80 °C for 18 h to avoid the sulfur sublimation. The crystalline phase of S/C composites was evaluated by X-ray powder diffraction (XRD) using an X-ray diffractometer (Panalytical, Empyrean Serie 2, Malvern, UK), the diffraction data was collected in 0.01° steps from 15° to 55° in 2θ for wide angle and from 0.8° to 6° in 2θ for small angle using a Co Kα radiation. Phase identification by comparison with ICSD (Inorganic Crystal Structure Database, Bonn, Germany) references. A Thermogravimetric analysis (SDT-Q600 TA Instruments, New Castle, USA) was performed to understand S/C thermal stability from room temperature to 600 °C at 5 °C/min holding during 15 min under nitrogen atmosphere. The morphology and elemental composition analyses of S/C composite were studied through Field Emission Scanning Electron Microscopy (FE-SEM, JEOL JSM-7100F, Tokyo, Japan) coupled with an Oxford energy dispersive spectroscopy (EDX) system. The sulfur distribution in the MC material was studied by transmission electron microscopy (TEM) using a FEI Tecnai F20 Super Twin TEM/STEM (Waltham, USA) scanning transmission electron microscope operated at 200 kV. The preparation of samples for HRTEM analysis involved sonication in ethanol for 2–5 min and deposition on a copper grid. The pore size analysis presented from the high-resolution transmission electron microscopy (HRTEM) results was performed from the use of several micrographs using the ImageJ (Bethesda, USA) tool. The pore measurement was carefully carried out by selecting the areas of the image where there was no problem due to particle thickness or contrast (250 points per sample). The measurements of all the samples presented were taken under the same operating conditions of the equipment maintaining an OL defocus value close to 90% for all cases.



The wall thickness variation (Wt) of MC and MC host in S/C composites was derived by XRD diffraction and nitrogen sorption analyses and calculated according to    W t  =  a 0  −  D p    [47], where    a 0    is the lattice crystal parameter      a 0  =   2  d    100        3        and    D p    is the pore diameter. The plane distance    d    100       can be obtained from the small-angle patterns using the    d    100     =  λ  2 sin θ     ,   λ = 1.54   Å  .



The nitrogen presence in mesoporous carbon and its functionalities were determined by X-ray photoelectron spectroscopy (XPS) and elemental analysis, respectively. The XPS measurement was carried out in a Specs X(NAP-XPS) with PHOIBOS 150 1D-DLD (Berlin, Germany) as analyzer.




3.3. Electrochemical Tests


All the electrochemical tests were carried out in two-electrode cells (flat test cell). The working electrodes were prepared to form a slurry of 70 wt.% S/C composite electrodes, 15 wt.% carbon black super P (TIMCAL, Bironico, Switzerland) as a conductive agent and 15 wt.% polyvinylidene fluoride (PVDF, Sigma-Aldrich, St. Louis, MO, USA) as a binder in 750 µL of N-methyl pyrrolidone (NMP, Merck) as a solvent. The slurry was coated onto a piece of aluminum foil (0.025 × 300 × 300 mm, Nilaco Corp., Tokyo, Japan) using a doctor blade with a thickness of 45 µm and dried overnight at 60 °C. The electrodes were cut into 1 cm circles and dried under vacuum at 60 °C for 6 h before the cell assembly.



1 M lithium bis-(trifluoromethanesulphonyl) imide (LiTFSI, 99.95%, Sigma-Aldrich, St. Louis, MO, USA) dissolved in the mixture of dimethoxymethane (DME, Wako, Tokyo, Japan) and 1,3-dioxolane (DOL, Wako, Tokyo, Japan) (v/v, 1:1) was used as the electrolyte; and 0.1 M LiNO3 (99.99%, Sigma-Aldrich, St. Louis, MO, USA) was dissolved into the electrolyte to help the lithium electrode passivation. All the cells were assembled in an Ar-filled glove box ([O2] and [H2O] < 0.5 ppm) using the composite as the working electrode and porous propylene separator (Celgard 2500, MTI Corp., Berkeley, USA), 600 µL of electrolyte and lithium foil (0.025 × 300 × 300 mm, Nilaco, Tokyo, Japan) as the counter electrode. The sulfur loading of the electrodes was 0.28, 0.21, 0.14, and 0.09 mg cm−2 for the composites with 70, 40, 20, and 10% of sulfur content respectively.



The discharge-charge measurement was initiated with discharge. The cell performance was evaluated in a constant current mode (CC) at room temperature using a charge-discharge device (580 Battery Type System, Scribner Associates, Southern Pines, NC, USA) with C-rates of 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10 C between 1.7 and 2.8 V vs. Li/Li+. Electrochemical impedance spectroscopy (EIS) was carried out before cycling cells in the frequency range of 1 MHz to 10 mHz with an amplitude of 10 mV using a Zahner potentiostat (Kronach, Germany). Cyclic voltammetry (CV) was carried out in the range of 1.7 to 2.8 V vs. Li/Li+ with a scan rate of 0.1 mV s−1.





4. Conclusions


A series of sulfur-carbon composites were prepared through the melting-diffusion process by modifying the sulfur infiltration time between 1–24 h and the sulfur content. Their structural properties were evaluated and correlated with the electrochemical behavior in Li-S cells.



From the results of nitrogen adsorption isotherms, the cylindric porous microstructure of the carbonaceous material was preserved, and the highest sulfur-mesoporous carbon contact and sulfur homogeneous distribution were obtained with the S/C-10:90 composite infiltrated for 6 h. This was verified by the presence of a broad background (amorphization) of the XRD pattern in the region of 2θ = 25–35°, and the wall thickness obtained for this material showed an increase compared to that of the carbonaceous material without infiltration, which corresponds to efficient infiltration within the pores. In addition, the absence of sulfur-film precipitations was observed from the SEM-EDX analysis, and the HRTEM results showed a decrease in pore size when forming the composite, which indicates that it was possible to incorporate sulfur into the pores of the MC, facilitating the electronic conductivity of the active material.



The Li-S cell using S/C composite formed with 10 wt.% of sulfur at 6 h of infiltration time proves that the sulfur is effectively interacting with the mesoporous carbon resulting in an initial discharge capacity of 983 mA h g−1, which is significantly higher than S/C composite electrodes infiltrated during longer periods of a time such as 24 h (612 mA h g−1) or higher sulfur content such as 70 wt.% (401 mA h g−1), conditions commonly reported in the literature. After 100 cycles, the discharge capacity obtained was higher than the final capacity of the cell with the other composites corroborating the sulfur infiltration efficiency under these experimental conditions.
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Figure 1. Illustration of the preparation of S/C composite electrodes based on nitrogen-doped mesoporous carbon and sulfur melt-diffusion process. 
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Figure 2. (a) Adsorption and desorption isotherms for mesoporous carbon and S/C composites at 1 and 6 h of infiltration. Unfilled symbols correspond to desorption. Inset corresponds to pore size distribution. (b) XRD patterns of elemental sulfur, mesoporous carbon, and the S/C composites at different infiltration times. (c) DTG curves for sulfur and S/C composites at different time infiltrations. SEM analysis of (d) mesoporous carbon, and the S/C composites: (e) S/C−1 h, (f) S/C−24 h and, (g) S/C−6 h. Yellow lines in (e,f) denotates the sulfur deposition. EDX mapping including carbon and sulfur in included for S/C−6 h composite. 






Figure 2. (a) Adsorption and desorption isotherms for mesoporous carbon and S/C composites at 1 and 6 h of infiltration. Unfilled symbols correspond to desorption. Inset corresponds to pore size distribution. (b) XRD patterns of elemental sulfur, mesoporous carbon, and the S/C composites at different infiltration times. (c) DTG curves for sulfur and S/C composites at different time infiltrations. SEM analysis of (d) mesoporous carbon, and the S/C composites: (e) S/C−1 h, (f) S/C−24 h and, (g) S/C−6 h. Yellow lines in (e,f) denotates the sulfur deposition. EDX mapping including carbon and sulfur in included for S/C−6 h composite.
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Figure 3. (a) Adsorption and desorption isotherms for MC and S/C composites at different sulfur content. Unfilled symbols correspond to desorption (b) Pore size distribution for MC and S/C composites. (c) XRD patterns of MC and S/C composites at different sulfur content. (d) XRD patterns at small-angle of MC and the S/C composites at different sulfur content. XRD zooming in the inset. Bar indicates (100), (110), and (200) planes. SEM-EDX analysis of S/C composites: (e) S/C−10:90, (f) S/C−20:80 and, (g) S/C−40:60. 






Figure 3. (a) Adsorption and desorption isotherms for MC and S/C composites at different sulfur content. Unfilled symbols correspond to desorption (b) Pore size distribution for MC and S/C composites. (c) XRD patterns of MC and S/C composites at different sulfur content. (d) XRD patterns at small-angle of MC and the S/C composites at different sulfur content. XRD zooming in the inset. Bar indicates (100), (110), and (200) planes. SEM-EDX analysis of S/C composites: (e) S/C−10:90, (f) S/C−20:80 and, (g) S/C−40:60.



[image: Batteries 08 00058 g003]







[image: Batteries 08 00058 g004 550] 





Figure 4. HRTEM images of mesostructured carbon and S/C composites at different sulfur content: (a) MC, (b) S/C 10:90,(c) S/C 20:80, (d) S/C 40:60. 
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Figure 5. (a) Nyquist plots for the cells before cycling. (b) First charge-discharge curves and (c) cycling performance of the cells using S/C composite electrode at different sulfur content. (d) Rate capabilities of S/C 10:90 and S/C 20:80 composite electrodes. 
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Figure 6. Equivalent circuits for the cells with (a) 70%, and (b) 10–40% of sulfur content. 
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Table 1. Elemental composition of the mesoporous carbon by elemental analysis and XPS.






Table 1. Elemental composition of the mesoporous carbon by elemental analysis and XPS.





	
Elemental Analysis

	

	
XPS




	
C (wt.%)

	
N (wt.%)

	
H (wt.%)

	
O (wt.%)

	
Nitrogen




	
Graphitic-N

	
Pyrrolic-N

	
Pyridinic-N

	
N-o-






	
74.6

	
7.34

	
1.14

	
16.9

	
39.6

	
10.1

	
24.3

	
26
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Table 2. Physicochemical properties of the MC and S/C composites at different sulfur content (detailed calculation is explained in Section 3).
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	Samples
	MC
	S/C 10:90
	S/C 20:80
	S/C 40:60





	Sulfur content by TGA (%)
	-
	9.80
	21.5
	41.0



	Specific surface area (m2/g)
	872.8
	479.0
	352.3
	177.6



	Pore volume (cm3/g)
	1.04
	0.70
	0.60
	0.40



	Lattice crystal parameter, a0 (Å)
	99.0
	100
	100
	97.0



	Pore diameter Dp,1 (Å)
	42
	38
	37
	38



	Pore diameter Dp,2 (Å)
	89
	87
	87
	82



	Wall thickness variation, Wt1 (Å)
	57
	63
	63
	59
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Table 3. Impedance parameters of samples and the apparent diffusion coefficients.
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Sample

	
Resistances

	
Warburg Factor

Ωs−1/2

	
Diffusivity (cm2/s)




	
Rs (Ω)

	
Rc (Ω)






	
S/C 10:90

	
2.91

	
35.0

	
3.41

	
7.05 × 10−22




	
S/C 20:80

	
2.30

	
44.4

	
2.83

	
2.73 × 10−22




	
S/C 40:70

	
2.24

	
77.1

	
4.01

	
3.67 × 10−23




	
S/C 70:30

	
4.01

	
216

	
−

	
−
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