

  nanomaterials-13-00881




nanomaterials-13-00881







Nanomaterials 2023, 13(5), 881; doi:10.3390/nano13050881




Article



Boosting the Initial Coulomb Efficiency of Sisal Fiber-Derived Carbon Anode for Sodium Ion Batteries by Microstructure Controlling



Yuan Luo 1, Yaya Xu 1, Xuenuan Li 1, Kaiyou Zhang 1, Qi Pang 2 and Aimiao Qin 1,2,*





1



Key Lab New Processing Technology for Nonferrous Metal and Materials, Ministry of Education, College of Material Science and Engineering, Guilin University of Technology, Guilin 541004, China






2



Guangxi Key Laboratory of Electrochemical Energy Materials, School of Chemistry and Chemical Engineering, Guangxi University, Nanning 530004, China









*



Correspondence: 2005032@glut.edu.cn







Academic Editor: Carlos Miguel Costa



Received: 5 February 2023 / Revised: 19 February 2023 / Accepted: 22 February 2023 / Published: 26 February 2023



Abstract

:

As anode material for sodium ion batteries (SIBs), biomass-derived hard carbon has attracted a great deal of attention from researchers because of its renewable nature and low cost. However, its application is greatly limited due to its low initial Coulomb efficiency (ICE). In this work, we employed a simple two-step method to prepare three different structures of hard carbon materials from sisal fibers and explored the structural effects on the ICE. It was determined that the obtained carbon material, with hollow and tubular structure (TSFC), exhibits the best electrochemical performance, with a high ICE of 76.7%, possessing a large layer spacing, a moderate specific surface area, and a hierarchical porous structure. In order to better understand the sodium storage behavior in this special structural material, exhaustive testing was performed. Combining the experimental and theoretical results, an “adsorption-intercalation” model for the sodium storage mechanism of the TSFC is proposed.
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1. Introduction


Although lithium-ion batteries (LIBs), with a long cycle life and high energy density, are considered one of the most promising and successful energy storage systems today, they also face a number of problems, such as high cost and lack of resources. As a result, a new technology has emerged in the field of energy storage-sodium ion batteries (SIBs), which have electrochemical properties similar to LIBs [1,2,3]. Researchers have focused on the following types of anode materials: titanium-based oxides, sodium alloys, binary transition metal oxides (such as NiMoO4 [4] and MgMoO4 [5]), and carbon materials. Among the carbon-based materials that have been widely studied are graphite, graphene, soft carbon, and hard carbon. It is well known that graphite is the most common anode material in lithium-ion batteries, but its performance in sodium-ion batteries is not as expected because the Na+ radius (0.102 nm) is larger than the Li+ radius (0.076 nm) [6], Na+ cannot be stably embedded in the graphite structure, and only a very small number of binary sodium-graphite embedding compounds can be embedded in graphite [7]. Since the insertion and removal of large size sodium ions leads to a slowing down of the kinetic process, the structure undergoes irreversible phase changes, thus accelerating the degradation of the electrochemical properties, which implies a greater degree of limitation on the structure of the material [8,9,10].



Biomass hard carbon has attracted great attention due to its low cost, renewable nature, and green properties. Many biomass hard carbon materials, such as biowaste [11], eggshell [12], mango seed husk [13], etc., have been proven to have excellent storage performance when used in energy storage systems. However, most of them exhibit low initial Coulombic efficiency (ICE) for SIBs, i.e., 53.1%, 64.0%, and 69.0% of ICE for hard carbon from kelp [14], rice husk [15], and tea [16], respectively. Therefore, many researchers have discussed in depth the issues of defects, structural design, surface area, and conductivity to effectively improve the Coulomb efficiency. The properties of biomass char are mainly dependent on the nature of the raw material and thermal transformation. In order to make these biochar products more suitable for use as electrochemical energy storage materials, appropriate modifications are required to enhance the specific surface area, the pore volume, or the formation of functional groups. Usually, there are two methods for enhancement: physical or chemical. Physical activation usually involves a two-step process. Biomass materials are first pyrolyzed to generate biochar (400 °C to 850 °C) and then activated using gases such as CO2, air, or their mixtures [17]. These methods can reasonably design the structure of carbon material and improve the electrochemical properties. For example, Yan et al. [18] reported char balls obtained from nitrogen-rich oatmeal by hydrothermal and subsequent charring processes, exhibiting a smooth surface with an average diameter of about 2 μm; the results show that NCSs treated at 500 °C exhibit a high maximum charge capacity of 336 mAh g−1 after 50 cycles at a current density of 50 mA g−1. Duan et al. [19] prepared N-doped carbon microspheres by the pyrolysis of chitin from seafood waste (crab and shrimp shells), which consisted of nanofiber entanglements forming an interlinked nanofiber framework structure, and the highest deliverable energy density reached up to 58.7 Wh/kg. Jin et al. [20] prepared a series of porous hollow charcoal spheres using various spores (stone pine grass, Ganoderma lucidum, and multi-spike stone pine spores) as charcoal precursors and self-templates using high-temperature charring and activation treatments; the obtained electrodes showed remarkable electrical double-layer storage performances, such as high specific capacitance (308 F g−1 in organic electrolytes), ultrafast rate capability (retaining 263 F g−1 at a very high current density of 20 A g−1), and good cycling stability (93.8% retention after 10,000 charge-discharge cycles). Dong et al. [21] prepared a nitrogen-doped foamy charcoal plate by the charring and activation of teak peel and the prepared charcoal plate, with a macroporous network consisting of hollow tubes with diameters of 20–50 μm; the obtained electrodes showed a high specific capacitance of up to 338 F g−1 at 1 A g−1 and good rate capability with a capacitance retention of 59% at 20 A g−1.



In our group’s early efforts, we have conducted great work on the application of biomass carbon materials in LIBs. Among many studies, it was found that the hard carbon derived from cellulose-rich sisal fibers, with the advantages of low cost, green, and sustainable bioresource, exhibits excellent electrochemical performance when used as an anode for LIBs. The main focus of our previous work was to modulate the structure of sisal fibers using chemical activation and calcination methods, and to obtain sisal fiber carbon with various morphologies and structures [22,23,24] (its chemical activation reagents were KOH and HCl). Generally, the ICE of hard carbon can be effectively improved by controlling the defect concentration and specific surface area [25], but developing appropriate structures to ensure structural stability and high Coulombic efficiency, without affecting the electrolyte–electrolyte interface behavior, remains a challenge. In this work, in order to carry out an in-depth study on the relationship between the biomass hard carbon structures and their energy storage properties, for the first time, we chose sisal fibers as the study material for SIBs. We prepared three structure sisal fiber carbons: tubular sisal fiber carbon (TSFC), sheet sisal fiber carbon (SSFC), and spherical sisal fiber carbon (GSFC), using hydrothermal and calcination methods, and systematically investigated the different effects on ICE with the change of sisal fiber carbon structure. It was found that the special structure of TSFC can helps to improve electrochemical performance, especially greatly improving the ICE (76.7%), as well as the cycling stability. In addition, the diffusion kinetics and storage behavior of sodium ions in TSFC were further investigated.




2. Materials and Methods


2.1. Materials


All the chemical reagents used in the experiments were of analytical grade and were used without further purification. All aqueous solutions were prepared with deionized water. The sisal fiber used was from Guangxi Sisal Group, KOH reagent (Purity 85%, Guangdong Guanghua Chemical Factory Co., Ltd., Guangdong, China), and HCl reagent (AR 36–38%, Xilong Chemical Co., Shanghai, China).




2.2. Preparation of Tubular Sisal Fiber Carbon


The tubular sisal fiber carbon was prepared based on the methods used in our previous work [22], and the preparation process is as follows:



First, the sisal fiber was cleaned by washing, and 5 g of the clean, dry sisal fiber was placed into 2.5 mol L−1 KOH solution for hydrothermal reaction (160 °C, 14 h). When the reaction was finished and the autoclave was naturally cooled to room temperature, the precursor was collected after filtering and washing it to neutral. Then, it was dried in a blast drying oven (60 °C) for 24 h. Finally, the dried precursor was put into a crucible and calcined in a tube furnace at nitrogen atmosphere and kept at 900 °C for 1 h. The obtained black sample was collected in a crucible and named TSFC.




2.3. Preparation of Sheet Sisal Fiber Carbon


The sheet sisal fiber carbon was prepared based on the methods used in our previous work [23], and the preparation process is as follows:



First, the sisal fiber was cleaned by washing, and 5 g of the clean, dry sisal fiber was placed into 2.5 mol L−1 KOH solution for hydrothermal reaction (160 °C, 14 h). When the reaction finished and the autoclave was naturally cooled to room temperature, the precursor was collected after filtering and washing it to neutral. Then, it was dried in a blast drying oven (60 °C) for 24 h. A total of 3 g of the dried sample was weighed into a beaker, heated (80 °C), and stirred for 2 h (with 100 mL of 2.5 mol L−1 KOH solution), followed by drying. Finally, the dried precursor was put into a crucible and calcined in a tube furnace (nitrogen atmosphere, 900 °C, 1 h). The obtained black sample was collected in a crucible and named SSFC.




2.4. Preparation of Sphere Sisal Fiber Carbon


The sphere sisal fiber carbon was prepared based on the methods used in our previous work [24], the preparation process is as follows:



First, sisal fiber was cleaned by washing, and 5 g of the clean, dry sisal fiber was placed into a 2 mol L−1 HCl solution for hydrothermal reaction (180 °C, 12 h). When the reaction finished and the autoclave was naturally cooled to room temperature, the precursor was collected after filtering and washing it to neutral. Then, it was dried in a blast drying oven (60 °C) for 24 h. Finally, the dried precursor was put into a crucible and calcined in a tube furnace (nitrogen atmosphere, 900 °C, 1 h). The obtained black sample was collected in a crucible and named GSFC. In order to investigate the optimal conditions, we adjusted the concentration of HCl (0.1 M, 1 M, 4 M), which we named GSFC-0.1, GSFC-1, and GSFC-4, respectively.




2.5. Material Characterization


The morphology of the samples was observed by SEM (S4800) and TEM (JEM-2100F). The structure of the hard carbon material was characterized by XRD (X‘Pert PRO, PANalytical B.V., Cu Kα = 1.54056 Å, 2Θ = 10–80) and Raman ( Thermo Fisher Scientific DXR, Waltham, MA, USA), with the 532 nm excitation wavelength. The micropore volume and average pore size of the materials were characterized by nitrogen adsorption and desorption experiments (Quantachrome, Autosorb, Boynton Beach, FL, USA) at 77 k. The electrical conductivity of the material was measured by the four-probe method using model RTS-2A (Guangzhou Four-Probe Technology, Guangzhou, China) equipment.



The morphology of the samples was observed by SEM (S4800) and TEM (JEM-2100F). The structure of the hard carbon material was characterized by XRD (X‘Pert PRO, PANalytical B.V., Cu Kα = 1.54056 Å, 2Θ = 10–80) and Raman ( Thermo Fisher Scientific DXR, America), with the 532 nm excitation wavelength. The micropore volume and average pore size of the materials were characterized by nitrogen adsorption and desorption experiments (Quantachrome, Autosorb) at 77 k. The electrical conductivity of the material was measured by the four-probe method using model RTS-2A ( Guangzhou Four-Probe Technology, Guangzhou, China) equipment.




2.6. Electrochemical Measurements


The prepared active material was homogeneously mixed with conductive carbon black and polyvinylidene fluoride (PVDF) in the mass ratio of 8:1:1; then, N-methyl-2-pyrrolidone (NMP) was used as the solvent, and finally, the mixture was made into a paste of appropriate concentration. The electrolyte was 1.0 mol L−1 NaClO4 in ethylene carbonate (EC) and dimethyl carbonate (DEC), with a volume ratio of 1:1 and 5 vol% fluoroethylene carbonate. The electrochemical properties were tested using the CHI-760D electrochemical workstation. The voltage window for cyclic voltammetry (CV) measurement is 0.01–3 V and the electrochemical impedance spectra (EIS) were in the frequency range of 0.01–100,000 Hz. The Neware GCD testing system was utilized for galvanostatic charging/discharging profiles.





3. Results and Discussion


3.1. Morphology and Structure of Carbon Materials


The morphology and structure of the samples were represented by SEM and TEM. The SEM images of TSFC, SSFC, and GSFC at different magnifications are shown in Figure 1. From Figure 1a,b, it can be seen that the microstructure of TSFC consists of a hollow tube, with a wall thickness of ~1.4 µm and an inner tube diameter of ~4.5 µm. The special hollow tubular structure with a bumpy striped surface can promote the transfer of electrons. As shown in Figure 1c,d, the SSFC displays porous nanosheet structures, with a sheet thickness of about 10 nm and a pore size of 1–2 µm, and these interconnected nanosheets form a porous channel structure. Figure 1e,f presents the solid spherical structure of GSFC of about ~3 µm in size, with a smooth surface. In order to investigate the pretreatment condition effects on the morphology and structure of the materials, we take GSFC as an example to observe the evolution process of the spherical structure under different concentrations of HCl (0.1 M, 1 M, 2 M, and 4 M). The SEM results are shown in Figure S1. It can be seen that the morphology and structure of the material change significantly with the increase in the concentration of HCl: (i) in small concentrations of 0.1 M, small sphere particles grow on the surface of fibrous tubular carbon; (ii) when the concentration increases to 1 M, the elongated tubular fibers gradually disappear and become irregular spheres; (iii) when the concentration reaches 2 M, regular and more uniform spheres are obtained; and (iv) when the concentration continues to increase to 4 M, a large number of spheres are bonded together and the uniformity of the morphology decreases. We can assume that this structural change is due to the breakage of a large number of ester and ether bonds in the material during the degradation process [26]. Previously, the Austrian chemist Skrabal also mentioned that the decomposition of a compound is affected by a certain concentration of H+ or OH− [26]. When cellulose hydrolyzes in an acidic environment, it produces a conjugate acid, which cleaves the β-1,4 glycosidic bond and interacts with H2O to produce H+, yielding more glucose [26]. Glucose is cleaved to form a large number of carboxylic acids, aldehydes, and furans, which are dehydrated and condensed to form aromatic compounds, which in turn form spherical carbon materials [26,27]. On the contrary, in an alkaline environment [26], cellulose will form a large number of organic acids during hydrolysis to neutralize the alkaline substances of the reaction system, which will cause a large amount of H+ to be consumed, resulting in inadequate cellulose dissolution and stripping the cellulose away. The formation of a lamellar porous structure is mainly due to the reaction of KOH and C at high temperatures to produce H2, CO2, and CO, which promote the formation of porous carbon materials [28].



As depicted in Figure 2a–f, the TEM diagram clearly exhibits the microstructure of the materials. Figure 2b,d,f shows the high resolution transmission microscopy (HRTEM) images of TSFC, SSFC, and GSFC, respectively. We can clearly see that the crystal plane spacing of all three structures is larger than the graphite layer spacing (graphite layer spacing is 0.335 nm), and the crystal plane spacing of TSFC (0.37 nm) is significantly larger than the other two morphologies. It has also been demonstrated in the literature that Na ions cannot be inserted into graphite with a layer spacing smaller than 0.335 nm, but they can be easily inserted into graphite with a layer spacing of 0.37 nm [29], so we can expect that the TSFC anode will exhibit superior sodium storage performance compared to the other two structures.



As shown in Figure 3a,b, the microstructure of samples was analyzed by XRD and Raman spectroscopy. The XRD patterns of TSFC, SSFC, and GSFC display two main broad peaks at about ~23° and 43° corresponding to (002) and (101) lattice planes, respectively [30], demonstrating the amorphous state of the samples. A shift in the (002) peak toward a small angle can be observed for the TSFC material, indicating that the interlayer spacing of the structure also changes to some extent. This is consistent with the TEM results, indicating that the layer spacing of biogenic hard carbon changes with the change of morphology [31]. Additionally, the disordered and graphitized structures of samples have been assessed by Raman spectroscopy. The Raman spectra show two separate characteristic bands of the D-band peak at ~1330 cm−1 and the G-band peak at 1580 cm−1, corresponding to the D-band, with sp3 defects, and the G-band, with ordered graphite sp2 features [32]. The value of ID/IG is often used to characterize the defects in carbon materials [33]. It can be seen that the ID/IG value of TSFC sample (0.852) is higher than that of the SSFC (0.847) and GSFC (0.835) samples, indicating that TSFC has more defects and may provide more active sites for sodium storage [34]. The porosity of the samples was further investigated by N2 adsorption-desorption tests. The N2 adsorption-desorption isotherms of TSFC, SSFC, and GSFC are shown in Figure 3c, where we can observe that the three structures exhibit the type IV isotherms. For TSFC and SSFC, their isotherms show a sharp rise at relative pressures of less than 0.1, followed by bending into a platform accompanying the H4 reversible hysteresis loop, implying the presence of well-developed microporous and mesoporous structures. The average pore size and pore volume were calculated by the Barrett–Joyner–Halenda (BJH) method and the single point method. The pore size distribution of the three structures in Figure 3d indicates the presence of well-developed mesoporous structures in the three hard carbon structure materials [32]. The porous structure details are given in Table S1, and compared with other two samples, TSFC has the most developed porous structure, with an average pore diameter of about 2.79 nm and a medium specific surface area of 426.02 m2 g−1, as well as a moderate open pore volume of 0.049 cm3 g−1. However, it is worth noting that the increase in microporous volume leads not only to a low density of the hard carbon material, but also to a decrease in intercalation capacity due to the reduction of graphite-like nanodomains in the hard carbon structure [35]. Therefore, combining all the above data references, the hollow tubular structure is favorable for soaking the electrolyte and will promote the ion transport from electrolyte to electrode.




3.2. Electrochemical Performances


To further investigate the effect of structure on the sodium ion storage properties, we performed cyclic voltammetry CV tests for the first three turns at a scan rate of 0.5 mV s−1. As shown in Figure 4a–c, it can be observed that the CV curves of the first three turns of the three electrode materials are very similar, with a pair of redox peaks at around 0.01 V/0.16 V, corresponding to the insertion and extraction process of Na+. In the initial cathodic scan, the three electrodes show irreversible reduction peaks, with different intensities. This may be related to the irreversible reactive binding of Na+ on the surface functional groups or other defective sites and the formation of SEI films in the first cycle [36]. Compared to SSFC and GSFC, TSFC shows a large sharp peak below 0.1 V, demonstrating an enhanced sodium storage [37]. All the CV curves for the TSFC (Figure 4a) have an excellent overlap during the subsequent cycles, indicating that the electrode material has good reversible capacity and cycle stability. The EIS plots and four-probe resistance tests for the three electrodes are shown in Figure 4d,e, respectively. The EIS plots are composed of a semicircle at high frequency and a slope line at low frequency, which correspond to the interaction of Na+ with the SEI layer/charge transfer between the electrolyte and the active material and the diffusion of Na+ in the active material, respectively [38]. It is clear that the TSFC anode exhibits a lower Rct (32.8 Ω) than do SSFC and GSFC, which can be attributed to its large aperture nanochannels, increasing surface wettability and making the electrolyte flow easy throughout the electrode [39]. To further demonstrate the electrical conductivity of the material, we tested the positive and negative currents of the electrode sheet using a four-probe resistivity tester (Figure 4e). The test results show that the TSFC electrode material possesses the lowest conductivity (2.49 Ω·cm), indicating that the structure plays an important role in the resistance of the material and helps to improve the sodium ion transport, which corroborates with the EIS results. Figure 4f shows the discharge curves of TSFC, SSFC, and GSFC at a current density of 0.1 A g−1. All discharge curves show two areas: the sloping portion (3.0 V~0.1 V) and the plateau portion (<0.1 V). The initial charge/discharge capacities of SSFC, GSFC, and TSFC are 131.11/461.6, 170.8/330.8, and 265.2/345.9 mAh g−1, respectively. The ICE of the three structures also varies from 28.4% to 76.7%, depending on their structures. It is obvious that TSFC has a better first charge/discharge efficiency than the other two samples. The reason is that a proper specific surface area will reduce the occurrence of side reactions, thus reducing the irreversible capacity and thus exhibiting a high initial Coulomb efficiency [40]. The discharge curves of TSFC, SSFC, and GSFC exhibit sloping capacities of 216 mAh g−1, 340 mAh g−1, and 265 mAh g−1, and plateau capacities of 132 mAh g−1, 120 mAh g−1, and 66 mAh g−1, respectively. Obviously, the capacities of the three anodes are mainly derived from the adsorption of Na+ (sloping part). The plateau contributions of TSFC, SSFC, and GSFC are 38%, 26%, and 20% of the total capacity, respectively. There is no doubt that the plateau part of TSFC contributes more capacity than that of the other two, which is mainly attributed to the larger Na+ intercalation layer provided by the layer spacing of TSFC. Cyclic stability over 100 cycles was recorded for the samples at 100 mA g−1, as shown in Figure 4g. Compared to SSFC and GSFC, TSFC performed relatively well, with an initial specific capacity of 265.2 mAh g−1 and an ICE of 76.7%, while the ICE of SSFC and GSFC were only 28.4% and 51.6%. This indicates that the specific surface area has a greater effect on ICE, which has been confirmed in the literature [41]. Table S2 provides a comparison of the electrochemical properties of various previously reported biomass-derived carbon materials with the materials prepared in this work. It is clear that the TSFC anode material possesses a higher ICE. In addition, the TSFC also has a higher ICE than that of some previously reported transition metal materials (such as NiMoO4 [4] and MgMoO4 [5]). For the stability of the electrode material structure, multiplicative performance tests were performed on three electrodes (as shown in Figure 4h). At specific current densities of 0.02, 0.05, 0.1, 0.5, 1.0, and 2.0 A g−1, the specific capacities of TSFC are 281.2, 257.7, 235.0, 103.6, 70.14, and 24.6 mAh g−1, respectively. When the current density returns to 0.02 A g−1, a capacity of 255.6 mAh g−1 is obtained, demonstrating a good rate performance and the capacity retention rate remained at 90.8%. On the contrary, an inferior rate performance of the SSFC and GSFC is observed under the same condition. The long-cycle performance of the TSFC electrode is also evaluated, as shown in Figure 4i. The capacity of TSFC could be maintained at 110 mAh g−1 after 400 cycles at 50 mA g−1, and the charge/discharge efficiency was always maintained at about 100%, indicating its excellent durability and potential.



In order to explain the excellent sodium storage performance of TSFC, the CV curve at different scanning rates of 0.2, 0.4, 0.6, 0.8, and 1 mV s−1 (vs. Na/Na+) was measured, as shown in Figure 5a, in which the CV curves exhibit a certain deviation from the rectangle, demonstrating the combination of two different charge storage mechanisms of faradaic and non-faradaic reactions [42]. As the scan rate increases, the shape of the CV curve remains constant, without serious distortion, indicating its high reversibility and excellent multiplicative performance [42]. Generally, the relationship between peak current (i) and scan rate (v) obeys Equation (1) [43]:


  l o g  ( i )  = l o g  ( a )  + b l o g  ( v )   



(1)







Here, b represents the slope of log(v) and log(i), where b values were in the range of 0.5 to 1, indicating a pseudo-capacitance contribution, in addition to diffusion-controlled intercalation behavior at these potentials. The calculation result of b values can be seen in Figure 5b. The b-value of TSFC is 0.75, indicating that it has a hybrid mechanism of pseudo-capacitance contribution and diffusion-controlled intercalation behavior. Furthermore, the percentage contribution of the capacitive process in the electrochemical reaction process can be calculated according to Equation (2) [43]:


  i  ( v )  =  k 1  v +  k 2   v   1 2     



(2)




where k1v is the surface capacitive contribution, and k2v1/2 is the diffusion contribution. The calculated results are shown in Figure 5c,d, where it can be observed that the pseudocapacitance contribution takes up an increasing percentage as the scan speed increases. This phenomenon is probably due to the special hierarchical porous structure of TSFC, which induces the shortened transport pathway, faster delocalization, and the embedding of sodium ions. The pseudocapacitance tests were also analyzed for SSFC and GSFC under the same conditions, and the detailed data are shown in Figures S2 and S3. It can be seen that the b-value of the SSFC and GSFC electrodes is 0.57 and 0.82, respectively. Thus, a hybrid mechanism exists in the three electrode materials. The pseudocapacitance percentage increases as the scanning speeds increase, which are 32%, 39%, 45%, 48%, and 51% for TSFC; 46%, 53%, 57%, 63%, and 65% for SSFC; and 44%, 52%, 58%, 61%, and 64% for GSFC. However, the contribution of the diffusion-controlled interpolation behavior of TSFC is higher than that of the other two at different sweep speeds, and this result is exactly consistent with the above analysis results in Figure 4f.



Figure 6a–f show the GITT reaction curves of TSFC, SSFC, and GSFC; the Na+ diffusion coefficients of the three electrode materials fluctuate between 10−2 cm2 s−1 and 10−6 cm2 s−1, but the Na+ diffusion coefficient of TSFC has small fluctuation at the beginning of discharge, indicating that an enhanced sodium diffusion occurred during sodium adsorption [44]. As the voltage slowly decreased, the diffusion of sodium ions gradually smoothed out. When the voltage dropped down below 0.1 V, the sodium ion diffusion coefficient decayed rapidly. We believe that the diffusion of DNa+ is caused by the change in the sodium ion storage mechanism from the adsorption to insertion type [45]. Interestingly, the DNa+ of TSFC tends to rise at the end of the discharge process. This phenomenon is common in the high-temperature treated hard carbon materials, suggesting that TSFC can exhibit similar structural properties after electrochemical reactions [45]. In addition, when using TSFC as an electrode material, the charging and discharging duration of TSFC is up to 73 h, while the charging and discharging duration of SSFC and GSFC is only 39 h and 68 h, respectively, which is clearly longer than that of the other two samples. This result is also consistent with the results of the above comprehensive analysis.



To investigate the sodium storage mechanism of the TSFC anode materials in detail, we recorded the capacity variation of the TSFC discharge curve from the 1st cycle to the 400th cycle at a current density of 0.05 mA g−1; the direct effect on the low voltage plateau capacity and high voltage sloping capacity was also explored in detail. As shown in Figure 7, the sloping capacity of TSFC increases from 62% in the 1st cycle to 82.5% in the 400th. The curves show that the contribution of ramp capacity predominates during high voltage discharge, indicating that in TSFC, the special hierarchical porous structure provides more active sites for the physical/chemical adsorption of Na+. As the number of cycles increases, the number of electrochemical reactions increases accordingly from the reactions that initially occur on the electrode surface, slowly deepening to the interior, while the micropores open at this time with the successive sodiation/desodiation cycle reactions, at which time the electrolyte enters the micropores more easily, leading to an increase in sloping capacity [46]. Moreover, the combined contribution of intercalation and micropore filling to the plateau capacity is believed to play a role in the overall sodium storage process when the voltage is gradually reduced to 0.1 V. According to the literature, a layer spacing of 0.36–0.40 nm is required for the viability of sodium ion insertion/extraction from amorphous carbon in the low-voltage plateau region [47]; the layer spacing of TSFC is 0.37 nm, which is right in this range. On the other hand, hard carbon materials possess a complex structure where porosity and layer spacing are the main objective conditions for sodium storage. The presence of inflection points at the end of the potential of the discharge curve also becomes the basis for determining the predominance of interlayer intercalation and microporous filling [35]. As for the low-voltage plateau region of TSFC, there was no electrochemical inflection point when the discharge gradually reached 0 V. Therefore, based on the above analysis we reasonably believe that the sodium storage mechanism of TSFC is “adsorption-intercalation/filling,” and the model is shown in Figure 7.



Based on the above analysis, it can be concluded that the TSFC anode exhibits excellent ICE and multiplicative performance, which may be attributed to the following characteristics: (i) the specific surface area can effectively reduce the generation of side reactions and further improve the Coulomb efficiency; (ii) the larger layer spacing can provide efficient ion channels and accelerate the Na+ transport; and (iii) the specific hierarchical porous structure facilitates the rapid diffusion of electrolyte ions into the interior of the electrode material, providing more active surface sites and thus increasing the slope capacity contribution.





4. Conclusions


In conclusion, three different structure hard carbon materials (TSFC, SSFC, and GSFC) were prepared via a low-cost and simple method to treat sisal fibers through varying the pretreatment conditions under acid or alkali systems, and a detailed comparative study on the morphology and the electrochemical properties of these structures was conducted. The effect of biomass hard carbon structures on the initial Coulomb efficiency was carefully explored. It was found that the tubular structure of sisal fiber carbon (TSFC) shows a medium specific surface area, larger layer spacing, and a special hierarchical porous structure, which favors efficient ion transport channels, ion migration, and storage. The reversible specific capacity of TSFC can maintain 110 mAh g−1 at a current density of 0.05 A g−1 for 400 cycles, and the charge/discharge efficiency was maintained at about 100%. TSFC also exhibits a great increase in ICE (76.7%), along with cycling stability, compared with SSFC and GSFC. To investigate the effect of structural changes on its sliding and plateau capacities, the discharge curves of the TSFC with different numbers of cycles were analyzed, and the “adsorption-intercalation/filling” model for the sodium storage mechanism of TSFC was proposed; that is, at low voltage, the plateau capacity is related to the intercalation/filling of sodium ions in materials, and the slope capacity at high voltage is related to the adsorption behavior of the sodium ions. In summary, this study provides a new approach for obtaining high ICE for sodium ion battery anodes.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/nano13050881/s1, Figure S1: SEM images of (a) GSFC-0.1, (b) GSFC-1, (c) GSFC, and (d) GSFC-4; Figure S2: (a,e) Voltammetry curves of SSFC at different scan rates between 0.2 and 1 mV s−1; (b,f) the plots of log(i) versus log(v) of SSFC; (c,g) pseudocapacitive contribution waterfall diagram of SSFC; (d,h) pseudocapacitive contribution of SSFC at different scan rates between 0.2 and 1 mV s−1; Figure S3: (a,e) Voltammetry curves of GSFC at different scan rates between 0.2 and 1 mV s−1; (b,f) the plots of log(i) versus log(v) of GSFC; (c,g) pseudocapacitive contribution waterfall diagram of GSFC; (d,h) pseudocapacitive contribution of GSFC at different scan rates between 0.2 and 1 mV s−1; Table S1: N2 adsorption/desorption isotherms parameters for the samples; Table S2: The comparison of the electrochemical performance (Coulomb efficiency) of TSFC with other biomass hard carbons for SIB. References [48,49,50,51,52,53] are cited in the supplementary materials.





Author Contributions


Conceptualization, methodology, writing—original draft preparation, investigation, and resources, Y.L.; data curation and visualization, Y.X. and X.L.; validation, Q.P.; formal analysis, K.Z.; writing—review and editing, supervision, project administration, and funding acquisition, A.Q. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the Foundation of Guangxi Key Laboratory of Optical and Electronic Materials Devices (20AA17), the Innovation Project of Guangxi Graduate Education (YCBZ2021062), and the Natural Science Foundation of Guangxi Province (2018JJA160029), National Natural Science Foundation of China (51564009).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data available within the article or its Supplementary Materials.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Jing, W.; Lei, Y.; Ren, Q.; Fan, L.; Zhang, F.; Shi, Z. Facile hydrothermal treatment route of reed straw-derived hard carbon for high-performance sodium ion battery. Electrochim. Acta 2018, 219, 188–196. [Google Scholar]

	



Yang, B.; Wang, J.; Zhu, Y.; Ji, K.; Xia, Y. Engineering hard carbon with high initial coulomb efficiency for practical sodium-ion batteries. J. Power Sources 2021, 492, 229656. [Google Scholar] [CrossRef]

	



Palomares, V.; Serras, P.; Villaluenga, I.; Hueso, K.B.; Carretero-González, J.; Rojo, T. Na-ion batteries recent advances and present challenges to become low cost energy storage systems. Energy Environ. Sci. 2012, 5, 5884–5901. [Google Scholar] [CrossRef]

	



Zhao, J.; Hu, Z.; Chen, S.; Zhang, W.; Liu, X. Electrospinning synthesis of amorphous NiMoO4/graphene dendritic nanofibers as excellent anodes for sodium ion batteries. Nanotechnology 2020, 31, 505401. [Google Scholar] [CrossRef]

	



Zhang, L.; He, W.; Ling, M.; Shen, K.; Liu, Y.; Guo, S. Self-standing MgMoO4/Reduced Graphene Oxide Nanosheet Arrays for Lithium and Sodium Ion Storage. ELectrochim. Acta 2017, 252, 322–330. [Google Scholar] [CrossRef]

	



Xiao, L.; Cao, Y.; Xiao, J.; Wang, W.; Liu, J. High capacity, reversible alloying reactions in SnSb/C nanocomposites for Na-ion battery applications. Chem. Commun. 2012, 48, 3321–3323. [Google Scholar] [CrossRef]

	



Qian, J.; Wu, X.; Cao, Y.; Ai, X.; Yang, H. High capacity and rate capability of amorphous phosphorus for sodium ion batteries. Angew. Chem. Int. Ed. 2013, 125, 4731–4734. [Google Scholar] [CrossRef]

	



Xiao, J.; Mei, D.; Li, X.; Xu, W.; Wang, D.; Graff, G.; Bennett, W.; Nie, Z.; Saraf, L.; Aksay, I.; et al. Hierarchically porous graphene as a lithium-air battery electrode. Nano Lett. 2011, 11, 5071–5078. [Google Scholar] [CrossRef]

	



Xiong, H.; Slater, M.D.; Balasubramanian, M.; Johnson, C.S.; Rajh, T. Amorphous TiO2 nanotube anode for rechargeable sodium ion batteries. J. Phys. Chem. Lett. 2011, 2, 2560–2565. [Google Scholar] [CrossRef]

	



Wang, J.; Yang, J.; Yin, W.; Hirano, S.I. Carbon-coated graphene/antimony composite with a sandwich-like structure for enhanced sodium storage. J. Mater. Chem. A 2017, 5, 20623–20630. [Google Scholar] [CrossRef]

	



Wickramaarachchi, K.; Minakshi, M. Status on electrodeposited manganese dioxide and biowaste carbon for hybrid capacitors: The case of high-quality oxide composites, mechanisms, and prospects. J. Energy Storage 2022, 56, 106099. [Google Scholar] [CrossRef]

	



Minakshi, M.; Visbal, H.; Mitchell, D.; Fichtner, M. Bio-waste chicken eggshells to store energy. Dalton Trans. 2018, 47, 16828–16834. [Google Scholar] [CrossRef]

	



Wickramaarachchi, K.; Minakshi, M.; Aravindh, S.; Dabare, R.; Gao, X.; Jiang, Z.; Wong, K. Repurposing N-Doped Grape Marc for the Fabrication of Supercapacitors with Theoretical and Machine Learning Models. Nanomaterials 2022, 12, 1847. [Google Scholar] [CrossRef]

	



Wang, P.; Zhu, X.; Wang, Q.; Xu, X.; Zhou, X.; Bao, J. Kelp-derived hard carbons as advanced anode materials for sodium-ion batteries. J. Mater. Chem. A 2017, 5, 5761–5769. [Google Scholar] [CrossRef]

	



Rybarczyk, M.K.; Li, Y.M.; Qiao, M.; Hu, Y.S.; Titirici, M.M.; Lieder, M. Hard carbon derived from rice husk as low cost negative electrodes in Na-ion batteries. J. Energy Chem. 2019, 29, 17–22. [Google Scholar] [CrossRef]

	



Pei, L.; Cao, H.; Yang, L.; Liu, P.; Zhao, M.; Xu, B.; Guo, J. Hard carbon derived from waste tea biomass as high-performance anode material for sodium-ion batteries. Ionics 2020, 26, 5535–5542. [Google Scholar] [CrossRef]

	



Gao, Z.; Zhang, Y.; Song, N.; Li, X. Biomass-derived renewable carbon materials for electrochemical energy storage. Mater. Res. Lett. 2017, 5, 69–88. [Google Scholar] [CrossRef]

	



Yan, D.; Yu, C.; Zhang, X.; Lu, T.; Hu, B.; Li, H.; Pan, L. Nitrogen-doped CMs derived from oatmeal as high capacity and superior long life anode material for sodium ion battery. Electrochim. Acta 2016, 191, 385–391. [Google Scholar] [CrossRef]

	



Duan, B.; Gao, X.; Yao, X.; Fang, Y.; Huang, L.; Zhou, J.; Zhang, L. Unique elastic N-doped carbon nanofibrous microspheres with hierarchical porosity derived from renewable chitin for high rate supercapacitors. Nano Energy 2016, 27, 482–491. [Google Scholar] [CrossRef]

	



Jin, Y.; Tian, K.; Wei, L.; Zhang, X.; Guo, X. Hierarchical porous microspheres of activated carbon with a high surface area from spores for electrochemical double-layer capacitors. J. Mater. Chem. A 2016, 4, 15968–15979. [Google Scholar] [CrossRef]

	



Dong, Y.; Wang, W.; Quan, H.; Huang, Z.; Chen, D.; Guo, L. Nitrogen-doped foam-like carbon plate consisting of carbon tubes as high performance electrode materials for supercapacitors. ChemElectroChem 2016, 3, 814–821. [Google Scholar] [CrossRef]

	



Liu, Y.; Qin, A.; Chen, S.; Liao, L.; Zhang, K.; Mo, Z. Hybrid Nanostructures of MoS2/Sisal fiber tubular carbon as anode material for lithium ion batteries. Int. J. Electrochem. Sci. 2018, 13, 2054–2068. [Google Scholar] [CrossRef]

	



Wei, L.; Zhuang, S.; Qin, A.; Liao, L.; Chen, S.; Zhang, K. 2D Hybrid nanostructures of MoSe2⊥Sisal fiber activated carbon for enhanced Li storage performance. Mater. Express 2020, 10, 964–973. [Google Scholar] [CrossRef]

	



Wang, D.; Zhang, K.; Liao, L.; Chen, S.; Qin, A. Synthesis of nitrogen and sulfur Co-doped sisal fiber carbon and its electrochemical performance in lithium-ion battery. Int. J. Electrochem. Sci. 2019, 14, 102–113. [Google Scholar] [CrossRef]

	



Xu, Z.Q.; Chen, J.C.; Wu, M.Q.; Chen, C.; Song, Y.C.; Wang, Y.S. Effects of different atmosphere on electrochemical performance of hard carbon electrode in sodium ion battery. Electron. Mater. Lett. 2019, 15, 428–436. [Google Scholar] [CrossRef]

	



Lu, H.; Chen, X.; Jia, Y.; Chen, H.; Wang, Y.; Ai, X.; Yang, H.; Cao, Y. Engineering Al2O3 atomic layer deposition: Enhanced hard carbon-electrolyte interface towards practical sodium ion batteries. Nano Energy 2019, 64, 103903. [Google Scholar] [CrossRef]

	



He, H.; Sun, D.; Tang, Y.; Wang, H.; Shao, M. Understanding and improving the initial coulombic efficiency of high-capacity anode materials for practical sodium ion batteries. Energy Storage Mater. 2019, 23, 233–251. [Google Scholar] [CrossRef]

	



Bobleter, O. Hydrothermal degradation of polymers derived from plants. Prog. Polym. Sci. 1994, 19, 797–841. [Google Scholar] [CrossRef]

	



Cao, Y.; Xiao, L.; Sushko, M.L.; Wang, W.; Schwenzer, B.; Xiao, J.; Nie, Z.; Saraf, L.; Yang, Z.; Liu, J. Sodium ion insertion in hollow carbon nanowires for battery applications. Nano Lett. 2012, 12, 3783–3787. [Google Scholar] [CrossRef]

	



Ding, J.; Wang, H.; Li, Z.; Cui, K.; Karpuzov, D.; Tan, X.; Kohandehghan, A.; Mitlin, D. Peanut shell hybrid sodium ion capacitor with extreme energy-power rivals lithium ion capacitors. Energy Environ. Sci. 2015, 8, 941–955. [Google Scholar] [CrossRef]

	



Simone, V.; Boulineau, A.; De Geyer, A.; Rouchon, D.; Simonin, L.; Martinet, S. Hard carbon derived from cellulose as anode for sodium ion batteries: Dependence of electrochemical properties on structure. J. Energy Chem. 2016, 25, 761–768. [Google Scholar] [CrossRef]

	



Wang, P.T.; Wang, H.N.; Liang, C.; Yu, K.F. Two-dimensional porous flake biomass carbon with large layer spacing as an anode material for sodium ion batteries. Diam. Relat. Mater. 2023, 131, 109601. [Google Scholar] [CrossRef]

	



Wei, C.H.; Dang, W.L.; Li, M.J.; Ma, X.; Li, M.Q.; Zhang, Y. Hard-soft carbon nanocomposite prepared by pyrolyzing biomass and coal waste as sodium-ion batteries anode material. Mater. Lett. 2023, 330, 133368. [Google Scholar] [CrossRef]

	



Lee, G.H.; Moon, S.H.; Kim, M.C.; Kim, S.J.; Choi, S.; Kim, E.S.; Han, S.B.; Park, K.W. Molybdenum carbide embedded in carbon nanofiber as a 3D flexible anode with superior stability and high-rate performance for Li-ion batteries. Ceram. Int. 2018, 44, 7972–7977. [Google Scholar] [CrossRef]

	



Chen, X.Y.; Tian, J.Y.; Li, P.; Fang, Y.L.; Fang, Y.J.; Liang, X.M.; Feng, J.W.; Dong, J.; Ai, X.P.; Yang, H.X. Overall understanding of sodium storage behaviors in hard carbons by an “Adsorption-Intercalation/Filling” hybrid mechanism. Adv. Energy Mater. 2022, 12, 2200886. [Google Scholar] [CrossRef]

	



Lyu, T.; Wang, R.; Liang, L.; Chen, J.; Shen, P.K. Hierarchical porous oviform carbon capsules with double-layer shells derived from mushroom spores for efficient sodium ion storage. J. Electroanal. Chem. 2020, 8, 114310. [Google Scholar] [CrossRef]

	



Wang, P.F.; Zhu, K.; Ye, K.; Gong, Z.; Liu, R.; Cheng, K.; Wang, G.L.; Yan, J.; Cao, D.X. Three-dimensional biomass derived hard carbon with reconstructed surface as a free-standing anode for sodium-ion batteries. J. Colloid Interface Sci. 2020, 561, 203–210. [Google Scholar] [CrossRef]

	



Li, X.; Zeng, X.; Ren, T.; Zhao, J.; Zhu, Z.; Sun, S.; Zhang, Y. The transport properties of sodium-ion in the low potential platform region of oatmeal-derived hard carbon for sodium-ion batteries. J. Alloys Compd. 2019, 787, 229–238. [Google Scholar] [CrossRef]

	



Li, D.; Chen, H.; Liu, G.; Wei, M.; Ding, L.-X.; Wang, S.; Wang, H. Porous nitrogen doped carbon sphere as high performance anode of sodium-ion battery. Carbon 2015, 94, 888–894. [Google Scholar] [CrossRef]

	



Wang, K.; Jin, Y.; Sun, S.; Huang, Y.; Peng, J.; Luo, J.; Zhang, Q.; Qiu, Y.; Fang, C.; Han, J. Low-cost and high-performance hard carbon anode materials for sodium-ion batteries. ACS Omega 2017, 2, 1687–1695. [Google Scholar] [CrossRef]

	



Yang, X.; Zheng, X.C.; Yan, Z.H.; Huang, Z.Y.; Zhou, H.H.; Kuang, Y.F.; Li, H.X. Construction and preparation of nitrogen-doped porous carbon material based on waste biomass for lithium-ion batteries. Int. J. Hydrogen Energy 2021, 46, 17267–17281. [Google Scholar] [CrossRef]

	



Li, S.; Chen, J.; Xiong, J.; Gong, X.; Ciou, J.; Lee, P. Encapsulation of MnS Nanocrystals into N, S-Co-doped Carbon as Anode Material for Full Cell Sodium-Ion Capacitors. Nano-Micro Lett. 2020, 12, 34. [Google Scholar] [CrossRef]

	



Yang, L.; Lei, Y.Y.; Liang, X.M.; Qu, L.; Xu, K.; Hua, Y.N.; Feng, J.W. SnO2 nanoparticles composited with biomass N-doped carbon microspheres as low cost, environmentally friendly and high-performance anode material for sodium-ion and lithium-ion batteries. J. Power Sources 2022, 547, 232032. [Google Scholar] [CrossRef]

	



Guo, S.; Chen, Y.M.; Tong, L.P.; Cao, Y.; Jiao, H.; Long, Z.; Qiu, X.Q. Biomass hard carbon of high initial coulombic efficiency for sodium-ion batteries: Preparation and application. Electrochim. Acta 2022, 410, 140017. [Google Scholar] [CrossRef]

	



Zhang, H.; Ming, H.; Zhang, W.; Cao, G.; Yang, Y. Coupled carbonization strategy toward advanced hard carbon for high-energy sodium-ion battery. ACS Appl. Mater. Interfaces 2017, 9, 23766–23774. [Google Scholar] [CrossRef]

	



Campbell, B.; Ionescu, R.; Favors, Z.; Ozkan, C.S.; Ozkan, M. Bio-derived; binderless, hierarchically porous carbon anodes for Li-ion batteries. Sci. Rep. 2015, 5, 14575. [Google Scholar] [CrossRef]

	



Sun, N.; Qiu, J.S.; Xu, B. Understanding of sodium storage mechanism in hard carbons: Ongoing development under debate. Adv. Energy Mater. 2022, 12, 200715. [Google Scholar] [CrossRef]

	



Yu, K.; Wang, X.; Yang, H.; Bai, Y.; Wu, C. Insight to defects regulation on sugarcane waste-derived hard carbon anode for sodium-ion batteries. J. Energy Chem. 2021, 55, 499–508. [Google Scholar] [CrossRef]

	



Yu, K.; Zhao, H.; Wang, X.; Zhang, M.; Dong, R.; Li, Y.; Bai, Y.; Xu, H.; Wu, C. Hyperaccumulation route to Ca-rich hard carbon materials with cation self-incorporation and interlayer spacing optimization for high-performance sodium-ion batteries. ACS Appl. Mater. Interfaces 2020, 12, 10544–10553. [Google Scholar] [CrossRef]

	



Liu, H.; Liu, H.; Di, S.; Zhai, B.; Li, L.; Wang, S. Advantageous tubular structure of biomass-derived carbon for high-performance sodium storage. ACS Appl. Energy Mater. 2021, 4, 4955–4965. [Google Scholar] [CrossRef]

	



Cheng, H.; Tang, Z.; Luo, X.; Zheng, Z. Spartina alterniflora-derived porous carbon using as anode material for sodium-ion battery. Sci. Total Environ. 2021, 777, 146120. [Google Scholar] [CrossRef]

	



Shaji, N.; Ho, C.; Nanthagopal, M.; Santhoshkumar, P.; Sim, G.; Lee, C. Biowaste-derived heteroatoms-doped carbon for sustainable sodium-ion storage. J. Alloys Compd. 2021, 872, 159670. [Google Scholar] [CrossRef]

	



Jia, Y.; Chen, X.; Lu, H.; Zhong, F.; Feng, X.; Chen, W.; Ai, X.; Yang, H.; Cao, Y. Hard carbon anode derived from camellia seed shell with superior cycling performance for sodium-ion batteries. J. Phys. D Appl. Phys. 2020, 53, 414002. [Google Scholar] [CrossRef]








[image: Nanomaterials 13 00881 g001 550] 





Figure 1. The different magnification SEM images of (a,b) TSFC, (c,d) SSFC, (e,f) GSFC. 






Figure 1. The different magnification SEM images of (a,b) TSFC, (c,d) SSFC, (e,f) GSFC.



[image: Nanomaterials 13 00881 g001]







[image: Nanomaterials 13 00881 g002 550] 





Figure 2. TEM images of (a,b) TSFC, (c,d) SSFC, (e,f) GSFC. 






Figure 2. TEM images of (a,b) TSFC, (c,d) SSFC, (e,f) GSFC.



[image: Nanomaterials 13 00881 g002]







[image: Nanomaterials 13 00881 g003 550] 





Figure 3. Structural characterization of TSFC, SSFC, and GSFC: (a) XRD patterns; (b) Raman spectrum; (c) N2 adsorption/desorption isotherms; (d) pore size distributions. 
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Figure 4. (a–c) CV curves of the first three circles, (d) EIS spectra, and (e) the electronic conductivity of the TSFC, SSFC, and GSFC anodes. (f) The initial galvanostatic discharge-charge curves at 0.1 A g−1; (g) comparison of the three anodes cycling performance at 0.1 A g−1; (h) rate performance of the three anodes; (i) prolonged cycling performance of the TSFC anode at 0.05 mA g−1. 
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Figure 5. (a) Voltammetry curves of TSFC at different scan rates between 0.2 and 1 mV s−1; (b) the plots of log(i) versus log(v) of TSFC; (c) pseudocapacitive contribution waterfall diagram of TSFC; (d) pseudocapacitive contribution of TSFC at different scan rates between 0.2 and 1 mV s−1. 
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Figure 6. (a–f) Shows the GITT reaction curves of the composite of TSFC, SSFC, and GSFC. 
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Figure 7. Sodium−ion storage mechanism of TSFC. 
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