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Hard carbon with different microstructures and physicochemical properties can be obtained based on the precursor used, and these properties have a direct impact on the electrochemical performance. Herein, two different precursors from a single source of waste cotton textiles have been prepared to be either cotton snippets retaining the original fiber structure of cotton or a microfibrillated cellulose, which has a very different morphology and surface area. Both the cotton snippet (CS) and the microfibrillated cellulose (MFC) have been carbonized to prepare hard carbons MFC-C and CS-C, and their electrochemical performance is evaluated in sodium-ion batteries (NIBs). Physicochemical properties in terms of a higher interlayer spacing of 3.71 Å and a high defect ratio (ID/IG) of 1.10 resulted in CS-C having a relatively higher specific capacity of 240 mAh g-1 in comparison to 199 mAh g-1 in MFC-C when cycled at 50 mA g-1. In addition, ex-situ MAS (magic angle spinning) NMR (nuclear magnetic resonance) spectroscopy on the solid electrolyte interphase (SEI) layer of CS-C revealed a lesser amount of conductive SEI layer on its surface compared to MFC-C, mainly composed of NaF and an additional FSI-derived Na complex, suggested to be Na2 [SO3-N-SO2F]). In contrast, MFC-C revealed a greater amount of SEI-related compounds, which is interpreted as a thicker SEI layer resulting in a long Na+ diffusion pathway and slower Na+ reaction kinetics. This study provides insight into the effect of microstructural differences arising from different cellulose precursors on the electrochemical performance, thereby aiding in the fabrication and optimization of hard carbon anodes for sodium-ion batteries.
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INTRODUCTION
The demand for energy storage devices has been rapidly growing in recent years to accommodate a global consensus on clean, efficient, and sustainable energy systems. There is considerable strain on global lithium supplies for lithium-ion batteries (LIBs), which is the current industry standard. To address this challenge, there has been increasing research on sodium-ion batteries (NIBs), as Na is significantly more abundant than Li, has a similar working chemistry to LIBs and hence can be accommodated as a “drop-in” technology for the existing LIB production facilities (Hwang et al., 2017; Zhang et al., 2019). In addition to this, NIBs can be safely stored or transported in a fully discharged state (0 V) as they can utilize aluminum current collectors for both the positive and the negative electrodes. Although the physical and chemical similarities between Li and Na have led to several cathode materials being successfully used in NIBs (Park et al., 2014; Saurel et al., 2018), the same could not be said for anode materials. Due to the larger ionic radius of Na+ (1.02 Å) compared to that of Li+ (0.76 Å) along with the thermodynamic instability of Na-graphite intercalation compounds (Na-GICs), graphite which is a common anode material for LIBs, cannot be used for NIBs (Zhang et al., 2019; Zhang et al., 2020; Chen et al., 2022). To address this issue, several anode materials like alloy-type materials (Sn, Sb, Bi) (Darwiche et al., 2012; Wang et al., 2015; Sottmann et al., 2016), conversion-type materials (metal oxides, metal sulfides and metal phosphides) (Kim et al., 2014; Philippe et al., 2014; Yuan et al., 2014; Rahman et al., 2015; Fan et al., 2016; Peng et al., 2016; Fang et al., 2020), and insertion-type materials (carbonaceous materials and titanium oxides) have been explored. Among them, hard carbon (also known as non-graphitized carbon) has been studied extensively due to its safety, economic feasibility, and ability to deliver high capacity with good stability (Zhang et al., 2018; Dou et al., 2019; Zhang et al., 2019; Zhang et al., 2020). Additionally, the microstructural properties of hard carbon can be altered by selecting different precursors which in turn influence the electrochemical performance. One such precursor is cellulose which has been reported as a good hard carbon precursor due to its natural abundance and an intrinsically ordered and highly tunable crystal structure (Luo et al., 2013; Shen et al., 2015; Simone et al., 2016; Chen et al., 2018; Yamamoto et al., 2018; Lee et al., 2019; Nguyen et al., 2019; Oh et al., 2019; Huang et al., 2020; Kim et al., 2020; Tianhao et al., 2020). However, cellulose is rarely found in its pure form, so some purification is required to separate non-cellulosic matter. Amongst different sources, cotton is a suitable precursor since it contains about 90% cellulose (Hsieh, 2007), and it can also be extracted from sources such as waste cotton textiles (the second largest landfill polluter after plastics (Allesch and Brunner, 2014; Asaadi et al., 2016; Ma et al., 2019)).
It is essential to study the properties of the starting cellulosic structure from the cotton (e.g., a cellulose fiber or nanocellulose) as it can have a significant impact on the resultant hard carbon microstructure, morphology, and surface which in turn affects Na storage behavior and battery performance. The carbonization parameters used to convert the cotton into a carbon material have been shown to have a direct impact on the microstructure and morphology. Recently the authors demonstrated that by taking waste cotton and shredding the cotton into snippets with 0.25 mm dimensions and by changing the carbonizing time and temperature the specific capacity and initial coulombic efficiency could be tailored, with lower carbonizing temperatures resulting in lower specific capacity in line with that found for other biomass precursors. Critically, the thickness and resistance of the solid electrolyte interface that forms on the carbon anode play important roles in performance, with a thinner conductive SEI proving to result in higher specific capacity and improved ICE. It is well expected that the surface chemistry and morphology play critical roles in the type of SEI that forms.
In this work, two different forms of cotton waste are utilized to determine how a change in the morphology, microstructure, and surface influences battery performance. To achieve this the waste textiles are either shredded into snippets or converted into microfibrillated cellulose (MFC). MFCs, often known as cellulose nanofibers, are a bundle of nanoscale fibers of cellulose with high surface area and aspect ratio. Both the microfibrillated cellulose (MFC) and cotton snippets (CS) are carbonized at 1,000 °C for an isothermal hold time of 1 h to prepare hard carbons MFC-C and CS-C, respectively. The electrochemical performance of both samples was tested in Na-half cells using an ionic liquid (IL) based electrolyte and correlated with the microstructure of the hard carbons as well as the interfacial properties of the cells in terms of SEI layer composition, as evaluated by ex-situ MAS (magic angle spinning) NMR (nuclear magnetic resonance) spectroscopy.
EXPERIMENTAL SECTION
Materials
100% cotton fabric (woven) was purchased from Spotlight™, Australia and washed with commercially available detergent, and dried overnight at room temperature. The fabric was then cut into strips of approximately 7×3 cm. These strips were then cut into cotton snippets (CS) using a cutting mill (Pulverisette 19, Fritsch, GmbH, Germany). The approximate length of the snippets was 0.25 mm. To prepare microfibrillated cellulose (MFC), 5 wt.% of cotton snippets (in water) were ball milled (SPEX 8000M Mixer/Mill, USA) for 1 h using Zirconia media of size 0.8–1 mm in a Zr media to fiber ratio of 100:1. The mill was operated at room temperature and there was no cooling used to control the temperature generated during milling. The ball-milled snippets were resuspended in water (adjusted at ≤ 0.5 wt.%) and subjected to high-pressure homogenization (GEA Niro Saovi, Panda Plus, Italy) at 1,000 bar for 5 passes to obtain MFC. Following this, the MFC suspension was air-dried under a fume hood at room temperature to make MFC papers. Both the MFC papers and the cotton snippets were carbonized at 1,000 °C for an isothermal hold time of 1 h and named MFC-C and CS-C, respectively. The samples were carbonized using a Carbolite STF 16/610 tube furnace at a ramp rate of 5 °C/min in a nitrogen atmosphere (0.4 L/min).
Characterization
The morphology of MFC-C and CS-C before and after carbonization was observed by scanning electron microscopy (SEM). SEM images were taken on the Zeiss Supra 55VP FEG using an accelerating voltage of 5 kV. Structural properties were analyzed using XRD diffraction patterns and Raman spectroscopy. X-ray diffraction (XRD) patterns of the samples were obtained from X’Pert Powder (Eindhoven, Netherlands) using a Cu Kα radiation source of 0.154 nm wavelength. The interlayer spacing of the carbonized samples was calculated using Bragg’s Law for the (002) peak, as follows-
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where n = 1 and λ = 0.154 nm. The in-plane crystallite sizes were determined using the Scherrer equation (Scherrer, 1918; Flygare and Svensson, 2019) -
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where θ is the angle of diffraction, K is the Scherrer constant, λ is the wavelength of the diffracted radiation and Δ(2θ) is the line broadening due to crystallite size measured in radians on a 2θ scale. Raman spectra of the samples were obtained by a Renishaw inVia Raman microscope (Wotton-under-Edge, United Kingdom) equipped with a 633 nm wavelength laser as an excitation source, an exposure time of 10 s and five accumulations were considered to reduce the noise-to-signal ratio. N2 sorption measurements were carried out at 77 K using a Quantachrome Autosorb IQ3 instrument. Before analysis, the samples were outgassed under vacuum at 200 °C for 12 h. The Brunauer-Emmett-Teller (BET) surface areas were calculated in the relative pressure range of 0.05–0.25 for N2 adsorption. Pore size distribution for the samples was assessed from the N2 sorption measurements, using the DFT (density functional theory) model slit pores, adapted for such materials (Ravikovitch et al., 1998). The Nexsa Surface Analysis System (Thermo Scientific) equipped with a hemispherical analyzer was used for XPS characterization on MFC-C and CS-C. The incident radiation was monochromatic Al Kα X-rays (1,486.6 eV) at 72 W (6 mA and 12 kV) with a spot size of 400 μm × 250 µm for all surface scans and depth profiles. Survey scans collected between −10 eV and 1,350 eV were recorded at an analyzer pass energy of 150 eV, a step size of 1.0 eV, and a dwell time of 10 m. High-resolution scans for C 1s, N 1s, and O 1s were obtained with a pass energy of 50 eV, a step size of 0.1 eV, and a dwell time of 50 m. The base pressure in the analysis chamber was less than 5.0 × 10−9 mbar. A low-energy dual-beam (ion and electron) flood gun was used to compensate for surface charging. All data were collected using the Avantage software (v5.9922) and processed using the CasaXPS software (Version 2.3.22PR1.0). The energy calibration was referenced to the low binding energy component of the C 1s peak at 284.8 eV.
Post-mortem characterizations were carried out using solid-state Nuclear Magnetic Resonance (NMR) spectroscopy. Solid-state magic angle spinning (MAS) NMR spectra were collected on a 500 MHz (11.7 T) Bruker Avance III wide-bore spectrometer. Both the Na/MFC-C and NA/CS-C half cells were cycled at 25 mA g-1 for 5 formation cycles, and then transferred to and opened in an Ar glovebox. The remaining electrolytes on the surfaces of the MFC-C and CS-C electrodes were removed to the best extent possible by allowing them to be absorbed into Kimwipes. Following this, the top layer of each sample was meticulously scraped, with careful control over the bulk carbon amount within the sample. Each sample (weighing roughly 1 mg) was mixed with the same amount of potassium bromide (KBr) as a filler material and then loaded into the 1.3 mm MAS NMR rotor. They were then spun at 40 kHz using dried air. 23Na spectra were acquired using a single pulse experiment and a recycle delay of 0.5 s with 20,000 scans acquired. 19F spectra were acquired using a Hahn echo pulse sequence with a 50 μs echo delay, a 1 s recycle delay, and 10,000 scans acquired. Both nuclei were referenced using solid NaF (δ = 7.4 ppm for 23Na and −224.2 ppm for 19F). All the samples were packed in an argon environment.
Electrochemistry
The hard carbon anodes from MFC-C and CS-C were prepared by mixing the carbonized samples, carbon black (Sigma-Aldrich), carboxymethyl cellulose (CMC, Sigma-Aldrich) and styrene-butadiene rubber (SBR) with water as solvent in a ratio of 75:10:5:10. The slurry was then coated on an Al current collector with the help of a doctor blade, and subsequently dried for 12 h at 60 °C on a hot plate. The typical active mass loading of 2–2.5 mg/cm2 for MFC-C and CS-C anodes. Battery-grade sodium bis(fluorosulfonyl)imide (NaFSI, 99.7%) (Solvionic Corporation) and N-Propyl-N-methylpyrrolidinium bis(fluorosulfonyl)imide (C3mpyrFSI, 99.9%) (Solvionic Corporation) were added in a 1:1 mol ratio to prepare NaFSI/C3mpyrFSI electrolyte. All the electrolyte samples were dried under vacuum by Schlenk line at 50 °C. The Na/MFC-C and Na/CS-C half cells were made in an argon-filled glovebox with H2O and O2 levels less than 0.1 ppm. R2032 half cells were assembled with the hard carbon electrodes (8 mm in diameter) as the working electrode, 80 µL NaFSI/C3mpyrFSI was used as the electrolyte, Na foil (10 mm in diameter) (Sigma-Aldrich) as the counter electrode along with a Solupor® separator (19 mm in diameter). Before testing, the half cells were rested in an oven at 50°C for 24 h to equilibrate and ensure proper wetting of the separator and electrodes by the electrolyte. The half cells were first cycled under 25 mA g-1 for 5 formation cycles, followed by long-term cycling at 50 mA g-1 within a voltage range of 0.01–2 V, on the Biologic BCS 810 battery testing system. CV tests were performed at a scan rate of 0.1 mV s-1 for five cycles, and rate tests between 0.1, 0.2, 0.5, 1, and 2 mV s-1 respectively for different purposes. Electrochemical Impedance Spectroscopy (EIS) was accumulated in a frequency range from 105 Hz to 10−1 Hz with 10 mV potential perturbation by the Biologic VSP potentiostat. All the electrochemical measurements were conducted at 50 °C.
RESULTS AND DISCUSSION
Both the cotton snippets (CS) and microfibrillated cellulose (MFC) samples were carbonized at 1,000°C for an isothermal hold time of 1 h (heating rate of 5C min-1 under N2 atmosphere) to produce carbonized cotton snippets (CS-C) and carbonized microfibrillated cellulose (MFC-C), respectively. The morphologies of these samples before and after carbonization were studied via scanning electron microscopy (SEM). From the SEM images, it can be seen that the precursor morphology of CS (Figure 1A) is retained in the carbonized form (Figure 1B) showing a decrease in fiber width from 27 ± 1 μm to 6.0 ± 0.35 µm. On the other hand, the entangled nano-fibrillar morphology of the precursor MFC samples in Figure 1C was not retained after carbonization, rather a granular morphology is observed in MFC-C (Figure 1D). A likely explanation for this is the precursor MFC was suspended in an aqueous suspension and had to be air-dried into MFC papers before carbonization, the removal of intermolecular water molecules likely caused the cellulose chains to collapse.
[image: Figure 1]FIGURE 1 | SEM images of (A) CS (cotton snippets, precursor), (B) CS-C (CS carbonized at 1,000°C for an isothermal hold time of 1 h), (C) MFC (microfibrillated cellulose, precursor), and (D) MFC-C (MFC carbonized at 1,000°C for an isothermal hold time of 1 h).
The microstructural properties of MFC-C and CS-C were evaluated using X-ray diffraction and Raman spectroscopy. The XRD patterns of both MFC-C and CS-C (Figure 2A) show broad and weak peaks representative of hard carbon samples at 24o and 45o that correspond to the (002) and (100) planes of the expanded graphite, respectively. The interlayer spacing (d002) of MFC-C and CS-C was calculated using Bragg’s Law (Cantor and Cantor, 2020). Both samples have an interlayer spacing between 3.6 Å and 4 Å suitable for Na+ intercalation (Sun et al., 2019), MFC-C has a significantly smaller interlayer spacing of 3.61 (±0.02) Å compared to CS-C with an interlayer spacing of 3.71 (±0.02) Å. The Raman spectra in Figure 2B show characteristic bands at 1,340 cm-1 (D-band or defect-induced band) and at 1,580 cm-1 (G-band or crystalline graphite band) for both the samples, which complements the XRD patterns in confirming the amorphous nature of the samples (Li et al., 2016). The ID/IG ratio of MFC-C was calculated to be 1.02 (±0.01) which is lower than that of CS-C with an ID/IG ratio of 1.10 (±0.02). Furthermore, the textural properties of both samples were studied via N2 sorption experiments (Figure 2C). For both MFC-C and CS-C, there is a hysteresis lag in the adsorption-desorption isotherms due to the presence of micropores and ultra micropores in the samples which are not easy to desorb (Ren et al., 2022). The BET surface area (calculated in the relative pressure range of 0.05–0.25 of the adsorption isotherms) of MFC-C was 22 m2 g-1 which is lower than that of CS-C with a surface area of 70 m2 g-1. However, due to the inability of N2 to access the deep pores of such microporous materials, the BET surface areas are best interpreted as relative values across the samples and not as absolute values. Additionally, the pore evolution for both MFC-C and CS-C was studied using density functional theory (DFT) pore size distribution (Figure 2D). There is a wide distribution of pores in MFC-C from as low as 1 nm micropores to 8 nm mesopores, with an average pore width of 1.4 nm. On the other hand, the pore width of CS-C is narrow ranging between 2 nm and 4 nm with an average pore width of 3.6 nm.
[image: Figure 2]FIGURE 2 | (A) XRD patterns, (B) Raman spectra, (C) N2 adsorption isotherms, and (D) DFT pore size distribution of MFC-C (MFC carbonized at 1,000°C for an isothermal hold time of 1 h) and CS-C (CS carbonized at 1,000°C for an isothermal hold time of 1 h).
Surface functionality on both MFC-C and CS-C was analyzed using X-ray photoelectron spectroscopy (XPS). From the high-resolution C 1s and O 1s XPS spectra of both the samples in Figure 3, the C/O ratio was calculated to be 8.3 (±0.1) in MFC-C and 9.9 (±0.2) in CS-C indicating the presence of a higher number of O functional groups in the MFC-C sample. Moreover, the C 1s and O 1s XPS spectra were deconvoluted to evaluate the type of carbon and oxygen species present in both samples. From the deconvoluted C 1s spectra of MFC-C and CS-C in Figures 3A,B, four carbon peaks were obtained at binding energies of 284.8 eV, 286.3 eV, 287.5 eV and 289.3 eV which correspond to C-C, C-O, C=O and O-C=O type species, respectively. This was consistent with the deconvoluted O 1s XPS spectra of MFC-C and CS-C (Figures 3C, D), with three peaks at 532.6 eV, 531.5 eV and 534 eV corresponding to C-O, C=O and O-C=O type species, respectively (Peng et al., 2021). There was not any appreciable difference between the C=O type species and C-O type species in both the samples, with a calculated C=O/C-O ratio of 0.8 in MFC-C and 0.7 in CS-C.
[image: Figure 3]FIGURE 3 | Deconvoluted C 1s XPS spectra of (A) MFC-C, (B) CS-C, and deconvoluted O 1s XPS spectra of (C) MFC-C, and (D) CS-C.
The effect of the differences in the microstructure and morphology of the MFC-C and CS-C hard carbons on their electrochemical performance was examined by testing MFC-C and CS-C anodes in Na half cells. It can be seen in Figure 4A that both MFC-C and CS-C show similar charge-discharge behavior in the 1st formation cycle. There is a feature in the potential range of 0.8–1 V which is not observable in the subsequent cycles. This is most likely related to the formation of solid electrolyte interphase (SEI) on the surface of the anode (Sun et al., 2021). The initial coulombic efficiency (ICE) of the MFC-C was measured at 73% similar to that of CS-C at 72%. However, the coulombic efficiency (CE) of the subsequent formation cycles in MFC-C (Supplementary Figure S2) is lower than that of CS-C (Supplementary Figure S3), suggesting that the SEI layer in MFC-C took longer to stabilize than the SEI in CS-C. Thus, after the 5th formation cycle (Figure 4B), MFC-C and CS-C show a similar discharge behavior (i.e., a sloping potential region above 0.1 V and a plateau region below 0.1 V) but the lower CE of MFC-C over all the formation cycles (cycled at 25 mA g-1) resulted in a lower capacity when compared to CS-C. Differences in these 5 cycles in terms of sloping potential capacity (>0.1 V), plateau potential capacity (<0.1 V) as well as total capacity are shown in Figure 4C. In the 1st cycle, MFC-C delivered a total capacity of 334 mAh g-1 with 207 mAh g-1 in the sloping potential region and 127 mAh g-1 in the plateau potential region. In comparison, CS-C delivered a slightly lesser total capacity of 327 mAh g-1 with 203 mAh g-1 in the sloping potential region and 125 mAh g-1 in the plateau potential region. However, in the subsequent cycles, MFC-C delivered lower total capacities of 244 mAh g-1 (2nd cycle), 242 mAh g-1 (3rd cycle), 239 mAh g-1 (4th cycle) and 238 mAh g-1 (5th cycle) in comparison to CS-C which delivered total capacities of 249 mAh g-1 (2nd cycle), 251 mAh g-1 (3rd cycle) and 254 mAh g-1 (for both 4th and 5th cycle). A similar trend was observed with the sloping potential capacities and plateau potential capacities for both samples. The differences between MFC-C and CS-C during the first 5 formation cycles are reflected in the long-term cycling performance as well, as seen in Figure 4D. After 100 cycles (cycling at 50 mA g-1 after 5 formation cycles at 25 mA g-1), MFC-C delivered a specific capacity of 199 mAh g-1 while CS-C delivered a higher specific capacity of 240 mAh g-1. Lower specific capacity in MFC-C compared to CS-C may be attributed to a lower interlayer spacing (d002), a lower degree of disorder (ID/IG) along with lower coulombic efficiency (CE) in the first five formation cycles that led to higher irreversible capacity loss.
[image: Figure 4]FIGURE 4 | (A) 1st cycle Charge-discharge curves, (B) 5th cycle Charge-discharge curves, (C) cycling behavior in terms of total capacity, sloping potential capacity (>0.1 V), and plateau potential capacity (<0.1 V), and (D) long-term cycling performance of MFC-C and CS-C.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements were done to further understand the Na storage behavior and reaction kinetics in MFC-C and CS-C. The CV curves of the 1st formation cycle of both samples at a scan rate of 0.1 mV s-1 are shown in Figure 5A and are consistent with the 1st charge-discharge curves in Figure 4A. Both samples have a broad and large reduction peak in the 0.8–1 V range in the 1st formation cycle due to the formation and stabilization of the solid electrolyte interphase (SEI) layer, which is not seen in the subsequent cycles (Supplementary Figure S3). The 5th CV cycle for both MFC-C and CS-C is shown in Figure 5B, wherein a higher current is obtained for CS-C in comparison to MFC-C, consistent with the higher specific capacities obtained in CS-C. Following this, CV measurements were carried out at scan rates of 0.1, 0.2, 0.5, 1, 2, and 5 mV s-1 and shown in Supplementary Figure S4. For both MFC-C and CS-C, higher currents were obtained when the scan rates were increased. The power-law equation: [image: image], (Lindström et al., 1997), where I is the peak current (in mA g-1), v is the scan rate (mV s-1) is used to study the reaction kinetics of the cells. The value of b is calculated from the slope of the log i vs. log v plots, wherein a b value of 0.5 indicates a diffusion-controlled behavior (semi-infinite linear diffusion) and a b value of 1 indicates a capacitive or surface-controlled behavior (Sun et al., 2021; Sun et al., 2022). Figure 5C represents the log i vs. log v plots for the samples, wherein a b value close to 0.5 was obtained for both MFC-C and CS-C, indicating diffusion-controlled behavior during Na+ intercalation at 0.01 V. In addition, for a quantitative calculation of diffusion and capacitive contribution, the equation [image: image] is employed, where the current response ([image: image]) at potential ([image: image]) is composed of capacitance effect ([image: image] and a diffusion process [image: image] (Wang et al., 2007; Li et al., 2021; Sun et al., 2021; Xiong et al., 2023). Supplementary Figure S7 shows the percentage pseudocapacitive contributions of MFC-C and CS-C, where it can be seen that both MFC-C and CS-C exhibit a diffusion dominant process. However, CS-C has a slightly higher capacitive contributions at all scan rates compared to MFC-C, thus having better pseudocapacitance storage. Furthermore, the EIS measurements were carried out on the MFC-C and CS-C cells after 5 formation cycles at 50°C to understand the electrode kinetics of the cells (Supplementary Figure S5). Using an equivalent circuit, the EIS spectra were fitted to obtain the interfacial resistance (Rint) and charge transfer resistance (Rct) of the samples, as shown in Figure 5D. MFC-C showed Rint and Rct values of 29 Ω and 43 Ω, respectively, whereas CS-C had relatively lower Rint and Rct values of 21 Ω and 28 Ω, respectively. This is indicative of the formation of a stable, ion-conductive SEI layer on CS-C with faster Na+ diffusion kinetics. In contrast, a higher SEI/electrode energy barrier and slower Na+ diffusion kinetics were observed in MFC-C which led to inferior electrochemical performance in MFC-C compared to CS-C, consistent with the long-term cycling results.
[image: Figure 5]FIGURE 5 | (A) 1st cycle CV curves, (B) 5th cycle CV curves, (C) log I vs. log v, (D) Resistance values obtained after fitting of EIS spectra for the samples: MFC-C and CS-C.
To further understand the interfacial properties of MFC-C and CS-C in terms of SEI formation, ex-situ 23Na and 19F MAS NMR (nuclear magnetic resonance) measurements were conducted as a semiquantitative technique to characterize the SEI. From the deconvoluted 23Na MAS NMR spectra a very weak IL residue signal was obtained at approximately – 4 ppm for both MFC-C and CS-C (Figures 6A,B) which indicated that the ionic liquid residue could not be removed completely (Sun et al., 2023). The peak at approximately 7 ppm for both MFC-C and CS-C can be assigned to NaF, a common electrolyte decomposition product considered to be present for F-containing electrolytes (Ferdousi et al., 2021; Ferdousi et al., 2022; Sun et al., 2023). In addition to the NaF resonance, an additional peak at around – 10 ppm is present for both MFC-C and CS-C. This can be explained by the formation of a Na complex (suggested to be Na2 [SO3-N-SO2F]) resulting from the partial breakdown of FSI (Ferdousi et al., 2021; Ferdousi et al., 2022). The 19F MAS NMR spectra (as shown in Supplementary Figure S6) for MFC-C and CS-C were consistent with the 23Na spectra, wherein three fluorine peaks were obtained at 52 ppm, – 79 ppm and – 225 ppm that correspond to S-F groups (from the Na-complex in the SEI layer as well as the IL electrolyte residue), C-F groups from the MAS rotor material and NaF peak from the SEI layer, respectively. Despite having similar SEI layer composition, it could be seen from the raw 23Na MAS NMR spectra of the samples in Figure 6C that the overall peak intensity of CS-C is much lower in comparison to MFC-C, consistent with a lower total amount of SEI present. This is further verified by the difference in the peak area of the 23Na MAS NMR peaks in MFC-C and CS-C, shown in Figure 6D. Evidently, for the MFC-C electrode, the combined peak area of NaF and the Na-complex is significantly higher than CS-C, indicating a greater amount of SEI formed on MFC-C (based on previous work, this would reflect a thicker SEI layer (Sun et al., 2023). This supports the EIS data discussed earlier wherein a thicker SEI layer would exhibit higher resistance as is the case for MFC. The relative contribution (%) of NaF and the Na-complex is similar in both samples with a contribution of 61% and 39% contribution, respectively in MFC-C and a contribution of 58% and 41% contribution, respectively in CS-C.
[image: Figure 6]FIGURE 6 | Ex-situ 23Na MAS NMR spectra of electrodes- (A) MFC-C and (B) CS-C, (C) overlayed raw 23Na MAS NMR spectra of MFC-C and CS-C, and (D) comparison of peak area of the SEI products as detected by MAS-NMR.
CONCLUSION
In conclusion, two different structures of cellulose, i.e., cotton snippets (CS) and microfibrillated cellulose (MFC) were used to prepare hard carbons and understand the differences in terms of their microstructure as well as electrochemical performance. Briefly, MFC-C had a lower d002 spacing of 3.61 Å, a lower degree of disorder (ID/IG of 1.02), and a large number of micropores with an average pore width of 1.4 nm, in comparison to CS-C. Additionally, ex-situ MAS NMR analysis of both the cycled MFC-C and CS-C electrodes revealed a stable and conductive SEI layer composed of Na-F and a Na-complex, suggested to be Na2 [SO3-N-SO2F]. Based on the semi-quantitative NMR analysis and the EIS data, the amount of the SEI layer is believed to be greater in MFC-C than in CS-C, resulting in slower Na+ transfer kinetics and overall cell performance. While both samples reported an ICE of 72%–73%, MFC-C delivered a capacity of 199 mAh g-1 while CS-C delivered a capacity of 240 mAh g-1 after 100 cycles (cycling at 50 mA g-1 after 5 formation cycles at 25 mA g-1). Thus, investigating the hard carbon microstructure arising from different morphologies of the same structure and its impact on Na storage performance can help enhance the design and optimization of such anode materials for large-scale NIB applications.
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