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Abstract

:

Heteroatom doping is considered to be an efficient strategy to improve the electrochemical performance of carbon-based anode materials for Na-ion batteries (SIBs), due to the introduction of an unbalanced electron atmosphere and increased electrochemical reactive sites of carbon. However, developing green and low-cost approaches to synthesize heteroatom dual-doped carbon with an appropriate porous structure, is still challenging. Here, N/S-co-doped porous carbon sheets, with a main pore size, in the range 1.8–10 nm, has been fabricated through a simple thermal treatment method, using KOH-treated waste bagasse, as a carbon source, and thiourea, as the N and S precursor. The N/S-co-doped carbon sheet electrodes possess significant defects, high specific surface area, enhanced electronic conductivity, improved sodium storage capacity, and long-term cyclability, thereby delivering a high capacity of 223 mA h g−1 at 0.2 A g−1 after 500 cycles and retaining 155 mA h g−1 at 1 A g−1 for 2000 cycles. This work provides a low-cost route to fabricate high-performance dual-doped porous carbonaceous anode materials for SIBs.
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1. Introduction


With the development of the global economy, the use of clean and renewable energy sources, such as wind, solar, geothermal, and hydropower has spurred significant worldwide benefits. To achieve this goal, efficient electric energy storage (EES) technologies are needed to allow these intermittent renewable energy sources to provide continuous power. Advanced EES systems are primarily based on battery technologies. Lithium-ion batteries (LIBs), which have become dominant power supplies for consumer electronics and electric vehicles (EVs), represent one of the most mature commercial technologies in the field. However, the increasing cost of lithium metal has constrained further applications of LIBs [1,2]. In recent years, as an alternative to LIBs, room temperature sodium ion batteries (SIBs) have offered great potential for large-scale energy storage requirements, due to their low cost and rich abundance in sodium resources. However, as the most conventional anodes for LIBs, graphite is not an appropriate material for SIB, due to its insufficient interlayer distance, leading a slower kinetics of Na+ insertion/extraction. Therefore, there is an urgent need to develop high-performance SIB anode materials that enable fast Na+ storage kinetics.



The anode materials for SIBs, such as carbonaceous materials [1,2,3], oxides [4], sulfides [5,6], phosphides [7], alloys [8], and Ti-based intercalation compounds [9], have been extensively investigated. Among them, carbonaceous materials, especially the disordered carbon, have gained a great deal of attention as promising candidates because of their high electronic conductivity, eco-friendliness, and thermal stability [10]. However, the specific capacity of non-graphitic carbon materials, is still far from that achieved by graphite in a lithium system. Recently, great efforts have been invested to fabricate carbon nanostructures for better electrochemical performance, such as porous carbon fibers [11], hollow carbon nanospheres [12,13], and carbon nanosheets [14,15,16,17]. Among them, two-dimensional (2D) porous carbon materials have been regarded as potential structures for Na+ storage. With the unique properties of 2D materials, porous carbon sheets can promote rapid ion transport and enable large surface-to-volume ratios for sodium storage, thus enabling great improvements in power and energy density, compared to bulk electrodes [14,15,16,17].



Another promising approach is the introduction of heteroatoms (nitrogen, boron, sulfur, and phosphorous), since doping the covalent heteroatom is capable of turning the surface chemistry and electronic structure properties of carbonaceous material [18]. The introduction of nitrogen is beneficial for improving the electronic conductivity and the electron-donating ability of the carbonaceous materials by generating extrinsic defects [2]. Furthermore, the heteroatom of sulfur is also proposed to enhance electrode kinetics by forming a –C–S–C– covalent bond and providing additional active sites for Na+, as well as enhancing the reversible capacity by affecting the interlayering of carbon [19,20,21]. For example, Zhang et al. prepared S-doped mesoporous carbon, derived from the pyrolysis treatment of MOF-5 and inorganic sulfur powders, exhibiting a reversible capacity of 173.7 mA h g−1 at 0.2 A g−1 [22]. Furthermore, the co-doping of nitrogen and sulfur synergically facilitate electron transport and improve Na+ storage capacities [21]. For example, S/N-co-doped carbon has been developed by using citric acid and urea as carbon and nitrogen source, and H2S gas as sulfur source, thereby exhibiting a high capacity of 211 mA h g−1 at 1 A g−1 after 1000 cycles, which is much higher than that of merely N-doped carbon [23]. Hence, constructing N/S-co-doped carbon materials would achieve a higher reversible capacity and good rate performance. However, the traditional strategies for synthesizing N/S co-doped carbon suffer from a series of problems, such as the high cost of raw materials or complicated synthetic routes. It is, therefore, pertinent and worthwhile to further explore low-cost and environmentally-friendly synthetic methods to fabricate N/S co-doped carbon materials for practical applications.



Bagasse is a common agricultural waste. Choosing agricultural waste resources as carbon source is important for easing resource consumption and environmental protection. In this work, N/S-co-doped porous carbon sheets (N/S-CS) were prepared by a simple thermal treatment method, using KOH-treated waste bagasse as a carbon source, and thiourea as the N and S precursor. This is illustrated in Scheme 1. KOH treatment has been employed to remove the silicon oxide in bagasse, and chemically activate carbon material to produce pore structures. The resulting N/S-CS materials possess a porous two-dimensional sheet structure, with a thickness of 70–250 nm and a main pore size of 1.8–10 nm. As anode materials for SIBs, the N/S-CS showed excellent sodium storage performances with a high reversible capacity, good rate capability, and stable cycling performance (retaining 155 mA h g−1 at 1 A g−1 for 2000 cycles).




2. Materials and Methods


2.1. Synthesis of N/S-Codoped Porous Carbon Sheets


Bagasse was supplied by local market (Hefei, China). All other reactants were purchased from Shanghai Aladdin Biochemical Technology Co. (Shanghai, China). Bagasse was first washed in distilled water, three times, in order to remove impurities, and dried at 100 °C for 12 h. A total of 2 g bagasse was then immersed into 50 mL 1 M KOH solutions at 90 °C for 8 h, and collected by filtration, and dried at 100 °C. The KOH-treated bagasse was immersed in thiourea solution (the mass ratio of bagasse to thiourea is set to be 1:2) and mechanically milled at 300 r min−1 for 0.5 h. After drying at 80 °C for 12 h, the as-prepared materials were then calcined at 800 °C in N2 for 2 h. The obtained products were then washed with distilled water several times, and dried at 60 °C to obtain the carbonaceous materials, named N/S-CS. The pristine carbon sheets were synthesized, using a similar procedure, without the addition of thiourea, and named CS.




2.2. Material Characterization


The surface morphology of the samples were measured by scanning electron microscopy (SEM, Hitachi S-4800, Hitachi Ltd., Tokyo, Japan) equipped with energy-dispersive spectrometer (EDS) analyzer. Transmission electron microscope (TEM) and high-resolution transmission electron microscopy (HRTEM) analysis was performed using a JEOL JEM-2100 TEM (JEOL Ltd., Tokyo, Japan). The phase was checked by X-ray diffractometer (XRD, Rigaku D/max 2500, λ = 1.5406 Å, Rigaku Co., Tokyo, Japan) and Raman spectroscopy (JY-HR 800, Horiba Ltd., Paris, France). The nitrogen adsorption and desorption isotherms, and pore size distributions were characterized by a Micromeritics ASAP 2020 analyzer (Micromeritics Instrument Corp., GA, USA). X-ray photoelectron spectroscopy (XPS) was obtained on an Axis Ultra spectrometer (Kratos Analytical Ltd., Manchester, UK). Elementary analysis (EA) (Elementar vario EL cube, Thermal Conductivity Detector, Elementar GmbH, Hanau, Germany) was used to determine the nitrogen and sulfur content in composites.




2.3. Electrochemical Test


The working electrode was prepared by grinding the active materials, Super P and polyvinylidene difluoride (PVDF, 5 wt% in N-methyl-2-pyrrolidone) at a weight ratio of 8:1:1. Then, the mixture was coated onto the copper film, and then dried at 110 °C for 10 h in a vacuum oven. CR2025-type half-cells were assembled in a glove box under an argon atmosphere. The electrolyte was comprised of a solution of 1 M NaClO4 in ethylene carbonate (EC) and propylene carbonate (PC) mixture (1:1 v/v); glass fibers were used as separators. The cyclic voltammograms (CV) was carried out on an electrochemical workstation (CHI760E, Chenhua Instrument Co. Ltd., Shanghai, China). The galvanostatic charge/discharge measurements were performed using a Land Battery Measurement System (Land, Wuhan, China). The electrochemical impedance spectra (EIS) were performed by using a Zahner IM6 workstation (Zahner Elektrik, Kronach, Germany).





3. Results


The morphologies of as-prepared N/S-CS were characterized by SEM. As shown in Figure 1a,b, N/S-CS displays a sheet-like morphology, which inherited the structure of pristine CS (see Figure S1). The thickness of the N/S-CS ranged from 70 to 250 nm. Compared with the micron-sized bulk carbon, the 2D sheet structure had a thinner thickness and was in sufficient contact with the electrolyte to promote good electron/sodium ion transport [16]. The microstructures of N/S-CS were further investigated by TEM and high-resolution transmission electron microscopy (HRTEM). As depicted in Figure 1c,d, no obvious long-range ordered structure can be observed, indicating that N/S-CS has an amorphous structure. The magnified TEM image, in Figure 1 d, clearly shows the presence of abundant nanopores (marked by yellow circle). The average pore size, measured from TEM images, is about 2.1 nm. Such a nano-porous structure will provide a number of channels that allow electrolytes to penetrate throughout the structure and promote Na+ transport between the electrode/electrolyte interfaces, as well as to buffer the strain generated during the Na+ insertion and extraction process [20]. EDS elemental mapping of N/S-CS (Figure 1e–h) indicates the homogeneous distribution of C, N, and S elements throughout the porous carbon sheets.



Figure 2a displays the XRD patterns of N/S-CS and CS. Two dominant broad peaks of (002) and (100) diffractions can be clearly observed, indicating an amorphous carbon structure of N/S-CS, which is consistent with the HRTEM results. The (002) diffraction peak of N/S-CS located at 22.5°, much lower than that of CS (24.1°). According to Bragg’s equation (2dsinθ = λ, λ = 0.15406 nm), the interlayer distances of N/S-CS is 3.95 Å, which is larger than that of CS (3.69 Å), indicating that the as-obtained N/S-CS should be beneficial for the intercalation/extraction process of Na+. Such results show that the introduction of sulfur atoms can enlarge the interlayer distance of disordered carbon, which is coincidence with the previous report [21,24,25]. Since the covalent radius of sulfur is much larger than those of carbon and nitrogen, the substitution will result in an increase in the spacing between adjacent interlayer [26]. Figure 2b displays the Raman spectrum of N/S-CS and CS, and both of them exhibit a characteristic disorder-induced D band (1356 cm−1) and interplane vibrational G band (1598 cm−1) [15,26]. The relative intensities ratio of the D and G bands (ID/IG) can be used to quantify the disordered degree of the carbon materials [27]. The N/S-CS exhibits a higher ID/IG (1.12) than that of CS (0.98), suggesting increased defect sites within N/S-CS after co-doping, that are consistent with the XRD results. It has been reported that the defect sites, introduced by doping, have lower Na+ adsorption energy than the perfect sites, which is beneficial in improving the adsorption stability of Na+ [28,29].



To further explore the surface and the porous structures of N/S-CS and CS, N2 adsorption-desorption tests were performed. As shown in Figure 2c, both of the two samples show combined characteristics of type I and IV isotherms, indicating the N/S-CS and CS possess hierarchical porous structures, with coexisting mesopores and micropores. The BET specific surface areas of N/S-CS and CS are 367 m2 g−1, and 378 m2 g−1, respectively. After N and S atoms doping, the BET specific surface area of NS-CS slightly decreased, compared to the CS. The pore size distribution of the N/S-CS, shown in Figure 2d, is mainly located at 1.8 nm, 6.1 nm, and 9.6 nm, corresponding to the micropores, and mesopores, respectively. Similarly, the pore size distribution of CS is mainly at 1.8 nm and 7.3 nm. Notably, the porous structure and high surface area of the obtained N/S-CS can shorten the diffusion paths for charge carriers in bi-continuous electrode and electrolyte phases, facilitate the mass transfer of Na+, and thus can reduce internal resistance and efficiently improve rate capabilities [30,31]. The porous structure and high surface area of the obtained N/S-CS is beneficial in facilitating the fast migration of Na+ and in improving the rate performance.



XPS was further carried out to investigate the element and chemical bonding configurations of N/S-CS. As shown in Figure 3a, four dominant peaks located at 532, 401, 285, and 165 eV can be detected, corresponding to O 1s, N 1s, C 1s, and S 2p, respectively [32]. All the high-resolution XPS spectra of C 1s (Figure 3b) can be divided into four peaks in different functional groups. The peaks at 284.7, 285.3, 286.4, and 288.1 eV are attributed to the sp2 hybridized carbon, C–N bonds, C–S bonds, and C=O bonds, respectively [33,34]. The N 1s spectrum (Figure 3c) of the N/S-CS can be fitted into three components: The graphitic-N (N-Q) at 401.1 eV, pyrrolic-N (N-5) at 399.4 eV, and pyridinic-N (N-6) at 398.2 eV [21]. The graphitic-N and pyridinic-N could enhance the electric conductivity and Na+ storage capability of carbon materials [24]. Furthermore, the S 2p spectrum of N/S-CS (Figure 3d) can be deconvoluted into three peaks located at 168.5, 165.0, 163.9 eV. Two main peaks may be assigned to S 2p3/2 and S 2p1/2. The remaining weak peak at 168.5 eV can be indexed as C–SOx–C (x = 2–4) [33,35]. Therefore, these results confirmed that the N and S has been successfully doped into the carbon structure of N/S-CS. While, the N and S content of N/S-CS, which was confirmed by elementary analysis (EA) (Table S1), is approximately 5.93 wt%, and 5.07 wt%, respectively. It is found that the carbonization temperature greatly affects the chemical content of N/S-CS. EA show that the content of N decreases with increasing carbonization temperature. On the contrary, the content of S increases as the carbonization temperature increases, indicating that higher temperatures are required for S doping into the carbon sheet.



N/S-CS was evaluated as an anode material for sodium ion batteries. The CV curves of N/S-CS and CS samples, measured in the range of 0.01–3.0 V versus Na/Na+, at a scan rate of 0.1 mV s−1, are shown in Figure S2. For the N/S-CS electrode, two cathodic peaks, at about 0.82 V and 0.47 V, are observed in the first cycle, disappearing in the following cycles, which may be related to the decomposition of the electrolyte and the formation of the solid-electrolyte interphase (SEI) on the carbon surface [36]. At the low voltage region, the N/S-CS electrode exhibits a sharp redox pair, located near 0 V and 0.11 V, corresponding to the Na+ insertion into carbonaceous materials, which is similar to Li+ insertion into LIBs [15]. There is a broad redox pair over a wide voltage region from 0.15 to 1.2 V, which can be assigned to surface induced capacitive processes at the surface [33]. CV curves of the CS are similar to that of the N/S-CS, indicating a similar mechanism for sodium storage (see Figure S2b). The galvanostatic charge/discharge profiles of N/S-CS electrode at 0.2 A g−1, with a cutoff voltage window of 0.01–3.0 V, were studied. As shown in Figure 4a, the first discharge and charge capacities of the N/S-CS are 396 mA h g−1, and 233 mA h g−1, respectively, corresponding to an initial coulombic efficiency of 58.7%. The large irreversible capacity loss can be ascribed to the inevitable formation of a solid electrolyte interphase (SEI) layer on the relatively large specific surface area and decomposition of electrolytes, which are common to most anode materials [37,38]. The presence of a sloping plateau at around 0.9 V in the first cycle can be attributed to the formation of SEI films [38], which agrees well with the CV results. The theoretical capacity of N/S-CS, based on the N and S content, is calculated to be 370.7 mAh g−1 (see Supporting Information). The cycling performance of the N/S-CS and CS electrodes were investigated at 0.2 A g−1 (Figure 4b). The N/S-CS electrode exhibits excellent cycling stability and a high reversible capacity of 223 mA h g−1 after 500 cycles. While, for the CS electrode, a lower reversible capacity of 88.1 mA h g−1 can be obtained, indicating that N and S co-doping can effectively increase the capacity of the electrode. Figure 4c shows the rate performance of the N/S-CS and CS electrodes, with the former showing a much better performance. At current densities of 0.2, 0.5, 0.7, 1, 2, and 5 A g−1, stable discharge capacities of N/S-CS were 209, 194, 185, 168, 159, and 148 mA h g−1, respectively. When the current density was restored to 0.2 A g−1, the capacities well recovered to 206 mA h g−1, indicating the excellent rate capability of N/S-CS. A prolonged cycling test was also conducted for N/S-CS and CS electrodes at 1 A g−1. As shown in Figure 4d, the specific capacity of N/S-CS electrode can maintain at 155 mA h g−1 after 2000 cycles at 1 A g−1, suggesting that an extraordinarily stable electrochemical performance among carbonaceous anode materials of SIBs (Table S2, Supporting Information). While, the CS electrode delivers a much lower reversible capacity of 41 mA h g−1 after 2000 cycles at the same current density. The coulombic efficiencies of these anodes are stabilized at almost 100% after 5 initial cycles at 1 A g−1, indicating their highly reversible nature for efficient Na+ storage.



The EIS were further investigated to understand the improved electrochemical performance of the N/S-CS electrodes (Figure 4e). The Nyquist plots of N/S-CS and CS electrodes display one semi-circle, at high-to-medium frequency regions. The diameter of the semi-circular loops correspond to the resistance of charge-transfer resistance (Rct), and the sloped line in the low-frequency region, represents the Warburg impedance [24]. The fitted results of Nyquist plots is shown in Table S3. The Rct of N/S-CS (40.1 Ω) is smaller than that of CS (58.1 Ω), attributed to the increased conductivity and electrochemical activity, are derived from the N and S co-doping.




4. Conclusions


In summary, N/S-codoped porous carbon sheets, that have been derived from bagasse, was synthesized via a green and low-cost method. The as-prepared N/S-CS possess a 2D sheet-like porous structure with a thickness of 70–250 nm and a main pore size of 1.8–10 nm, and abundant defects induced by N and S co-doping. Due to the synergistic effect of the 2D porous structure and the co-doping of N and S, N/S-CS exhibits enhanced electron conductivity, shortened diffusion distance of Na+, and increased Na+ storage sites, and thereby resulting in excellent sodium storage properties. As an anode for SIBs, N/S-CS delivers a high capacity of 223 mA h g−1 at 0.2 A g−1 after 500 cycles, an excellent rate performance, and a superior long-term cycling performance of 155 mA h g−1 at 1 A g−1 over 2000 cycles. This work provides a low-cost route to fabricating high-performance dual-doped porous carbonaceous anode materials for SIBs.
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Scheme 1. Schematic illustration of the synthesis of N/S-co-doped porous carbon sheets. 
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Figure 1. (a,b) SEM images of N/S-co-doped porous carbon sheets (N/S-CS); (c,d) TEM and high-resolution transmission electron microscopy (HRTEM) images of N/S-CS; (e–h) elemental mapping images of N/S-CS. 
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Figure 2. (a) XRD patterns of N/S-CS and CS; (b) Raman spectra of N/S-CS and CS; (c) Nitrogen adsorption/desorption isotherms of N/S-CS and CS; (d) Pore size distribution curves of N/S-CS and CS. 
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Figure 3. (a) XPS survey; (b) C 1s; (c) S 2p; and (d) N 1s spectra of N/S-CS. 
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Figure 4. (a) Discharge/charge profiles of N/S-CS; (b) cycling performances at 0.2 A g−1; (c) rate performances; and (d) long-term cycling performances at 1 A g−1 of N/S-CS and CS; (e) Nyquist plots of N/S-CS and CS after 200 cycles. 
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