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Abstract


Sustainable anode materials, including natural silica and biomass-derived carbon materials, are gaining increasing attention in emerging energy storage applications. In this research, we highlighted a silica/carbon (SiO2/C) derived from Streblus asper leaf wastes using a simple method. Dried Streblus asper leaves, which have plenty of biomass in Thailand, have a unique leaf texture due to their high SiO2 content. We can convert these worthless leaves into SiO2/C nanocomposites in one step, producing eco-materials with distinctive microstructures that influence electrochemical energy storage performance. Through nanostructured design, SiO2/C is thoroughly covered by a well-connected framework of conductive hybrid polymers based on the sodium alginate–polypyrrole (SA-PPy) network, exhibiting impressive morphology and performance. In addition, an excellent electrically conductive SA-PPy network binds to the SiO2/C particle surface through crosslinker bonding, creating a flexible porous space that effectively facilitates the SiO2 large volume expansion. At a current density of 0.3 C, this synthesized SA-PPy@Nano-SiO2/C anode provides a high specific capacity of 756 mAh g−1 over 350 cycles, accounting for 99.7% of the theoretical specific capacity. At the high current of 1 C (758 mA g−1), a superior sustained cycle life of over 500 cycles was evidenced, with over 93% capacity retention. The research also highlighted the potential for this approach to be scaled up for commercial production, which could have a significant impact on the sustainability of the lithium-ion battery industry. Overall, the development of green nanocomposites along with polymers having a distinctive structure is an exciting area of research that has the potential to address some of the key challenges associated with lithium-ion batteries, such as capacity degradation and safety concerns, while also promoting sustainability and reducing environmental impact.
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1. Introduction


Rechargeable lithium-ion batteries (LIBs) are widely used as state-of-the-art energy storage systems, especially in portable electronic devices, renewable energy storage systems, and electric vehicles [1,2]. Higher energy and power density in LIBs are now being demanded by the marketplace, which is mainly dictated by the materials employed. Graphite is the most commonly used anode material in commercial LIBs; however, it has a relatively low specific capacity of 372 mAh g−1, which cannot meet the demands of high-energy LIBs [3]. Even though graphite has a high electrode/electrolyte interphase, is low-cost, and has an acceptable cycle life, its low operating voltage can cause lithium dendrites to grow, which can cause a cell short circuit [4,5]. Because of the limitations of graphite anodes, this has led to the exploration of innovative anode materials, such as silicon, tin, and lithium metal, which have higher theoretical capacities and the potential for higher energy densities. Nevertheless, these materials also have their own challenges, such as volume expansion, dendrite formation, capacity fading, and safety concerns, which need to be addressed to enable their commercialization. With high theoretical capacities and improved electrochemical performance expected to be achieved to satisfy the needs of LIBs, overall, developing innovative anode materials is an ongoing research focus in the field of LIBs.



Among several anode materials explored, silicon (Si) has the highest theoretical capacity for the Li4.4Si phase (4200 mAh g−1). It is also abundant, safer, and has a substantially better operating potential (0.3 V vs. Li+/Li) than graphite [6]. Moreover, lithiated silicon is more stable than graphite in ordinary electrolytes. Therefore, it is a desirable anode candidate for LIBs. In the last few decades, silica (SiO2) has become an increasingly common alternate source for extracted Si anodes. This is because it has interesting anode properties, such as a relatively high lithium-ion storage capacity (1950 mAh g−1), low cost, and natural abundance. However, the realistic capacities of Si and SiO2 remain lower than their theoretical capacities because of the pulverization during the alloying and dealloying processes, resulting in electrode fracture and electrical contact loss, causing impedance increases and rapid capacity fading [7]. Furthermore, SiO2 has weaknesses such as poor conductivity and low Coulombic efficiency during the initial cycle that really should be addressed [8]. Many methods have been explored to overcome these issues, one of which is to prepare unique SiO2 nanostructures [9,10], and another is to develop SiO2-based composites [11,12]. Impressively, SiO2 nanocomposites with carbon gained better attention in recent anode investigations. In consequence, anodes suffer physical deterioration, which causes electrode cracking. Even when they are fabricated into composites, such as carbon, the mitigation of the issue remains insufficient. To achieve this critical challenge and limit, the anode material’s self-healing characteristics, which include conductive polymer coatings, will ideally repair cracks or regenerate their structure when damaged and prevent the formation of dendrites, causing short circuits and safety issues, thereby increasing their durability and extending their lifespan [13]. Reversible dynamic interactions in self-healing materials, such as hydrogen bonds [14,15], dynamic metal–ligand interaction [16], hydrophobic interaction [17], and dynamic covalent boroxine bonds [17], have recently provided numerous benefits for achieving robust mechanical properties and high-efficiency self-healing. Despite interactions, hydrogen bonds have been successfully implemented in LIBs because they have demonstrated great promise, are simple to design, fabricate, and functionalize, and have fewer requirements [13]. Intriguingly, self-healing materials based on hydrogen bonds have been effectively applied in LIBs, including supramolecular rubber (SR), ureido pyrimidinone (UPy)-based polymers, carboxylated polyurethane (CPU), polyacrylic acid (PAA), polyaniline (PANI), polypyrrole (PPy), polyacrylic acid (PAA), polythiophene (PT), sodium alginate (SA), polyacrylic acid (PAA), carboxymethylcellulose (CMC), and their derivatives [18,19,20,21]. Interestingly, the unique polymer matrix of PPy can reduce internal stress in solid particle anodes that undergo substantial volume changes during charge–discharge, thereby improving conductivity and significantly improving cycling performance compared to individual solid particles [22,23,24]. These composites have demonstrated PPy’s behavior as a surface coating layer and/or active matrix, enhancing structural stability and cycle performance in batteries. The PPy polymer improves the conductivity of the electrode by lowering the resistance between particles and stopping unwanted reactions between the active materials and electrolytes [25].



Recent research has paid the most attention to these materials, which have been introduced into SiO2-based anode materials derived from biomass [26,27]. SiO2 incorporation into conductive self-healing polymers improved their thermal stability, specific capacity, electrical contact, and cycle life [28]. These could be because of their high degree of flexibility, conductive backbone, and controllable electrical conductivity, which enable them to be cycled multiple times with little degradation [29]. Therefore, the development of nanocomposite anode materials [30] with self-healing features has the potential to address the key challenges associated with LIBs. However, more research is needed to optimize and ensure scalability and commercial viability.



A large number of studies are being done on different plants [31] and their waste biomass products [32] in order to develop natural carbon-based sources with numerous applications. Streblus asper Lour. (SAL), which grows abundantly in tropical regions, especially in Thailand, is an attractive plant because of its distinctive leaf texture. This plant is commonly known as “Koi”, “Siamese rough bush tree”, or “Toothbrush tree” in Thai [33]. During the dry season, this tree frequently sheds its leaves, resulting in a large amount of waste. As a result, most people would prefer to burn them, leading to air pollution and PM2.5 problems. Fortunately, these leaves have been considered sustainable and have potential as low-cost raw materials for the production of value-added materials. The rough texture of SAL leaves is caused by the high content of SiO2 [34]. In addition, the important supporting and transport organs mainly consist of high-carbon components, notably lignin, cellulose, and hemicellulose, which can be a source of carbon [31]. These natural biomass-derived carbon materials can preserve their unique microstructure, which influences electrochemical energy storage performance [35]. From the benefits of natural SiO2 and carbon, the SAL leaves can be effectively converted into SiO2/C composites as eco-materials in one step.



There are several challenges associated with anode materials in LIBs, including capacity degradation, safety concerns, cost, and environmental impact. Importantly, developing more sustainable and environmentally friendly anode materials is a critical challenge for industry. In this work, the use of green nanofillers (SiO2/C) derived from SAL leaves and conducting polymers (PPy), which were integrated into green polymeric nanocomposites, has been illuminated, whereas the SA brown algae were used as a natural binder. The SA-PPy integrates to have a robust framework and efficient self-healing behavior. Therefore, we have proposed a green nanocomposite design that is simple, cost-effective, and environmentally friendly to prepare PPy@Nano-SiO2/C nanocomposite from renewable resource materials through green strategies as anode materials for LIBs in two steps: The self-assembled SiO2 that uniformly exists within carbon was first derived from SAL leaves via thermal treatment. The PPy@Nano-SiO2/C nanocomposites were then produced through in situ polymerization of pyrrole monomers using iron (III) chloride as an initiator, affording the SiO2 nanoparticles in these synthesized composites dual protection and self-healing properties. Herein, we introduce the first report that utilizes Streblus asper leaves as a raw resource. The proportional effects and electrochemical properties of nanocomposites were examined. The derived natural carbon could be a great host for SiO2 nanoparticles, whereas SA-PPy can act as a stable and conductive network with better electrical conductivity and cycle stability. All these factors make SA-PPy@Nano-SiO2/C a promising green polymeric anode for cost-effective and sustainable LIBs.




2. Experimental Section


2.1. PPy@SiO2/C Nanocomposite Synthesis


The green nanocomposite fabrication of mechanically robust PPy@nano-SiO2/C anode materials utilizing waste recycling of SAL consists of three steps: (1) formation of SiO2 nanoparticles (Nano-SiO2) by calcination in the ambient; (2) co-assembly of SiO2 nanoparticles covered carbon (Nano-SiO2/C) by thermal treatment under inert gas; and (3) nano-compositing of SiO2/C and PPy by in situ polymerization to obtain PPy coated on Nano-SiO2/C. SAL leaves as biowastes were collected in the dry season at Chiang Mai University, Thailand. The fallen leaves were cleaned up and then sun-dried for two days as raw materials before being blended into dried powder. The rough size of the dry leaf powder after blending was first treated with 1 M HCl (37% HCl, RCI-Labscan, Bangkok, Thailand) to remove the metal impurities and digest the hemicellulose. The treated powder was then washed with deionized (DI) water to remove the excess HCl until the pH was neutral and dried in an oven. The treated powder was heated up to 800 °C for 2 h with a heating rate of 5 °C/min in a quartz tube furnace under an ambient atmosphere to provide SiO2 nanoparticles, denoted as “Nano-SiO2”. For comparison, the treated powder was also prepared via heat treatment under an inert N2 atmosphere to produce SiO2/C nanocomposite, denoted as “Nano-SiO2/C”. In this step, 10 g of dried leaves produced products with yields of approximately 53% and 20% after heat treatment with and without an inert atmosphere, respectively. From previous work, the use of heat treatment at 800 °C is the most optimum condition. The hydrocarbon compound in the form of hemicellulose in the SAL would completely be oxidized in the air, releasing the CO2 to remain only SiO2 in this state. In contrast, the hydrocarbon compound would not decompose into CO2 when heated under an inert atmosphere; instead, at this temperature, it would yield carbon, which, in this state, can produce SiO2/C in a single step. After that, the fine SiO2/C powder was homogeneously dispersed in the 95% EtOH (C2H6O, QrëC, Bangkok, Thailand). Following that, pyrrole monomer (Py) (98% C4H4NH, Sigma-Aldrich Co., Ltd., Burlington, MA, USA) was added to the homogeneous suspension in a weight ratio of 1:0.5 (SiO2/C:Py). This mixed suspension was continuously stirred, followed by sonication at room temperature, to obtain a homogeneous suspension. It was then added dropwise with ten times the amount of ferric trichloride hexahydrate (FeCl3·6H2O, KEMAUS, Sydney, Australia) as an initiator to promote in situ polymerization. This polymerized suspension was continually stirred for 12 h at room temperature. The polymerized product was collected and washed with DI water to eliminate any excess FeCl3·6H2O. The polymerized product was dried at 60 °C overnight. Finally, the final product of SiO2/C nanocomposited with polypyrrole (PPy) is referred to as “PPy@Nano-SiO2/C”.




2.2. Materials Characterization


The powder X-ray diffraction (XRD) patterns were performed using a Rigaku Miniflex II desktop (Tokyo, Japan) diffractometer using Cu Kα radiation to analyze the structure and crystallinity. A Fourier transform infrared spectrometer (FT-IR, Tensor 27, Bruker, Billerica, MA, USA) was used to record the spectra of prepared materials using attenuated total reflectance (ATR) mode. Raman spectra were recorded on a Jobin Yvon Horiba, model T64000, for the analysis of the structural fingerprints in the as-prepared product. Thermogravimetric analysis (TGA, Rigaku, Thermo Plus EVO2, Tokyo, Japan) was conducted on a Mettler Toledo TGA/DSC 3+ HT1600 with a heating rate of 10 °C/min from ambient temperature to 1000 °C in air to determine the carbon content. The microstructure, morphology, and crystalline phase of the preparative nanocomposites were examined by using scanning electron microscopy (SEM, JEOL JSM-7800F-Prime, Tokyo, Japan) with secondary electron and backscattering detectors and transmission electron microscopy (TEM, JEOL JEM-2100 PLUS, Tokyo, Japan). High-resolution and scanning transmission electron microscopy equipped with energy dispersive spectroscopy (HRTEM and STEM-EDS, JEOL JEM-ARM200F, Tokyo, Japan) was employed to examine the lattice fringes and graphitization in the as-prepared product. To study the surface area and the pore size distribution, gas sorption isotherms of N2 were measured by Quantachrome Model Autosorb 1 MP (Giangarlo Scientific Co. Inc., Pittsburgh, PA, USA) using the Brunauer–Emmett–Teller method and Barrett–Joyner–Halenda (BJH) theory. In order to ascertain the durability of the electrolyte used in the experiment, a UV-visible spectrophotometer (Thermo Scientific™–Evolution 201, Middleton, WI, USA) was employed.




2.3. Electrochemical Measurements


The working electrode was produced by combining prepared powders as an active material, sodium alginate (SA, Loba chemie Pvt. Ltd., Mumbai, India) as a binder, and Super-P (Xiamen TOB New Energy Technology Co., Ltd., Xiamen, Fujian, China) as a conductive agent in an aqueous solvent in a weight ratio of 60:20:20. The combined slurry was evenly plastered over a copper foil current collector using a doctor blade and then dried under vacuum at 80 °C for 12 h to obtain an electrode, referred to as “SA-PPy@Nano-SiO2/C”. In a dry argon glove box, a coin cell (CR2016) was assembled, consisting of the working electrode and lithium metal as a reference electrode, whereas the Celgard 2400 is employed as the separator. The organic electrolyte was 1 M LiPF6 dissolved in ethylene carbonate/dimethyl carbonate (EC)/(DMC) (1:1 by vol.%) (Sigma Aldrich Co., Ltd., Burlington, MA, USA). The battery performance of the fabricated coin cells, including galvanostatic charge and discharge profiles, rate capability, and cycle stability, was evaluated at various current rates in the potential range of (0.01–3.0 V vs. Li/Li+) on a Neware (BTS-4000, Shenzhen, China) battery testing system at room temperature. The current densities were calculated based on the loading mass and theoretical specific capacity of the anode active material. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were also recorded at constant room temperature utilizing potentiostat/galvanostat equipment (Autolab PGSTAT302N, Herisau, Switzerland).





3. Results and Discussion


3.1. Synthesized Materials Characterization


The phase formation and crystallinity of synthesized products, including Nano-Silica, Nano-SiO2/C, PPy, and PPy@Nano-SiO2/C nanocomposites, were investigated using the XRD technique as depicted in Figure 1a. For the as-synthesized Nano-SiO2 sample, the XRD patterns were observed to have a broad peak near 23° and small overlapped crystalline patterns at 21.83°, 28.33°, and 31.29°. These patterns corresponded to the characteristic patterns of amorphous SiO2 combined with some low-crystalline SiO2 (α-cristobalite, JCPDS No. 39-1425) [36], respectively. After co-synthesis of SiO2 and carbon, there were only two broad peaks centered at 26° and 43°, corresponding to the carbon planes (JCPDS No. 41-1487) of (002) and (100), respectively. These indicated the presence of amorphous carbon or low crystalline carbon. Thus, the precise carbon structures in all synthesized samples would be investigated in greater depth by HR-TEM and SAED techniques. Evidently, the amorphous and crystalline SiO2 patterns disappeared completely. This could be due to the intensity-increasing overlapping of carbon patterns. On the other hand, the XRD patterns of pure PPy exhibited only a broad peak at 25° centered. This indicates that the nature of the as-synthesized PPy is amorphous. For the XRD patterns of PPy@Nano-SiO2/C, there were also only two broad peaks, which are mainly influenced by carbon. However, because of the nanocomposite formation, the two broad peaks could occur due to overlapping patterns of SiO2, carbon, and PPy. Compared to the two XRD patterns of Nano-SiO2/C and PPy@Nano-SiO2/C, there was no discernible peak displacement in the XRD patterns. More importantly, the center-highest intensity peak value of the prepared nanocomposite material (23.11°) is positioned between the two overlapped broadening peaks of Nano-SiO2/C and PPy, which are centered at 22.22° and 25.88°, respectively. This indicates that the structure of SiO2 and carbon was unaffected by the addition of PPy.



To evaluate the successful polymerization of pyrrole monomer and the existence of PPy following in situ polymerization, the characteristic patterns of PPy were examined by FTIR. Figure 1b illustrates the FTIR spectra of all synthesized materials. For the chemical bonding characterization, the FTIR spectra of as-synthesized materials were obtained in the appropriate range of 2000–400 cm−1. Recently, the characteristic FTIR peaks of PPy were reported by Sanches et al. [37]. Therefore, the FTIR spectrum of synthesized pure PPy was also given for reference and compared in this work. Both the 786 cm−1 and 900 cm−1 bands were attributed to C–H stretching. Intriguingly, the low-intensity peak at 786 cm−1 revealed a predominance of α-carbon atoms in the PPy ring, coinciding with the ordered planar configuration of PPy, whereas Py rings are linked sequentially via α–α connections, whereas alternative connections can lead to disorder in the polymer chain [38]. This phenomenon is characteristic of conjugated polymers, whose electrical conductivity is primarily influenced by carrier concentration and mobility. A high α–α connection ratio signifies a high degree of order, which facilitates carrier migration [39]. A band at 1031 cm−1 can be attributed to the =C–H vibration in-plane deformation. C–H in-plane and out-of-plane deformations are responsible for the band at 1160 cm−1. Bands at 1464 cm−1 and 1555 cm−1 were attributed, respectively, to the vibration of the pyrrole ring (C–N) and the ring stretching mode (C=C, C–C). The bands at 1206 cm−1 and 1292 cm−1 were designated as the N–C stretching band and =C–H in-plane vibration, respectively. Focusing on PPy@Nano-SiO2/C, the spectra are unambiguous proof that the combination of Nano-SiO2/C and the PPy spectra pattern actually occurred. Therefore, the bands that were detected in the PPy@Nano-SiO2/C nanocomposite of this investigation recognize the polymerization of pyrrole in the nanocomposite and are compatible with those previously reported in the scientific literature [37,40].



As shown in Figure 1c, room-temperature Raman spectroscopy of the produced materials, including SAL powder, Nano-SiO2/C, and PPy@Nano-SiO2/C, revealed diverse bands between 500 and 3500 cm−1. The degree of graphitization and band vibrations were measured to identify structural changes from SAL powder, a raw material, to synthesized nanocomposites (Nano-SiO2/C and PPy@Nano-SiO2/C). The three major peaks—the D band, G band, and 2D band—in the Raman spectrum indicated the existence of graphitic carbon. According to the research of Eshun, J. et al. [41], the D band at 1350 cm−1 is due to defect structures in highly organized carbonaceous materials, which correspond not only to the condensed benzene rings in amorphous carbon, but are also associated with the vibrating modes of disordered graphite rings. In addition, the G band identified at roughly 1580 cm−1 provides evidence of the vibrations of sp2 carbon atoms, whereas double bonds are in graphitic materials. These are a result of the carbon aromatic ring systems present in pristine structures. In particular, Raman spectra determined that 2D bands detected at 2850 cm−1 are indicative of graphitic structures’ unique multilayer characteristics. Interestingly, the spectra of Nano-SiO2/C nanocomposite contained upwards of a single D band, which was consistent with the prior study [42]. The D band was modeled using Lorentzian equations that resulted in three peaks (D1, D3, and D4). In contrast to the most prominent D1 band at 1350 cm−1, the D3 band was identified at roughly 1500 cm−1 and the D4 band was discovered as a shoulder peak at approximately 1200 cm−1. It is hypothesized that the D3 band reflects sp2-bonded carbon fragments or functional groups within the disordered structure, whereas the D4 band is devoted to the vibration modes of sp3 carbon. Taking into account the SAL powder and Nano-SiO2/C, the obtained carbon in the SAL raw materials, which was not detected in Raman spectra, was transformed into sp2 and sp3 carbons in the graphitic structure, despite the disordered nature of the material. Due to the influence of PPy addition, the D band shape of PPy@Nano-SiO2 was altered and split into more than four peaks, which overlapped with the D band in Nano-SiO2/C. This outcome assigned to predominant band vibrations in PPy is consistent with what has previously been reported in the scientific literature [43]. C–C in-ring, antisymmetric C–N stretching, C–H bending, and N–H bending stretching were attributed to the peak at 1400 cm−1. The peak at 1324 cm−1 was assigned to antisymmetric C–N stretching and C–C in-ring stretching. The designation 1043 cm−1 was a C–H in-plane distortion. The peak at 631 cm−1 was finally classified as a C–C ring torsional. In accordance with the FTIR discovery, our analyses strongly corroborate the effective synthesis of PPy, whose molecular chains consist primarily of α–α links in Nano-SiO2/C to achieve the PPy@Nano-SiO2/C nanocomposite.



Employing TGA analysis, the weight content of as-prepared nanocomposites was investigated. TGA entails the measurement of a change in mass by subjecting samples to a predetermined temperature regimen. This measurement was conducted in an environment ranging from 25 to 1000 °C in an ambient atmosphere, as shown in Figure 1d. Generally, when the temperature was up to 150 °C, the remaining moisture would be totally evaporated. Afterward, the sample predominantly lost weight due to thermal and oxidative degradation. After that, the steady weight loss proceeded exclusively in PPy@Nano-SiO2/C at temperatures ranging from 280 °C to 800 °C, which can be attributed to PPy oxidation [44]. This suggested that the residual PPy had been degraded, decreasing the amount of carbon bonded to PPy polymer chains and removing more permanent nitrogen-doped units from the PPy ring, both of which are evident from the FTIR study. Unfortunately, carbon in all its forms is eliminated from oxidizing when the temperature rises to 900 °C. The significant weight loss observed at temperatures above 500 °C appears to be primarily attributable to the pyrolysis and carbonization of the carbon backbone chain from PPy and carbon, resulting in the release of CO2 [40]. Eventually, the TGA curves demonstrated that the prepared nanocomposites disintegrated completely, although the weight loss of nanocomposite products remained rather steady beyond 900 °C. This suggests that the leftover white product of nanocomposites after high-temperature examination was only the incomplete combustion product of SiO2, which corresponds to their superior thermal stability. For the Nano-SiO2 sample, it is presumed that this sample consisted primarily of SiO2. In addition, there is no silica loss throughout the entire production process because SiO2 is chemically inert and stable in the ambient environment. The SiO2 contents of Nano-SiO2/C and PPy@Nano-SiO2/C were determined to be 38.12 and 23.30 wt.%, whereas the carbon contents were 61.88 and 37.82 wt.%. Consequently, the PPy composition for PPy@Nano-SiO2/C was 38.88 wt.%. Therefore, using these TGA results, the weight loss data of as-prepared nanocomposites are summarized, and the theoretical specific capacity is calculated in Table 1.



Employing SEM investigation, the morphology of synthesized products was analyzed; the results are presented in Figure 2a–c. Due to the natural structure of SAL, the morphology of Nano-SiO2 was observed to be a coral-like structure composed of small individual SiO2 nanoparticles, as illustrated in Figure 2a. As depicted in Figure 2b, the structure of Nano-SiO2/C contains carbon layers because of the carbonization of hemicellulose in the SAL. This suggests that the open space obtained from the coral-like Nano-SiO2 was filled and covered by carbon, which had a layered structure in the Nano-SiO2/C nanocomposite. Figure 2c demonstrates that, as a direct result, the morphology of the PPy@SiO2/C sample was altered. After incorporating PPy into Nano-SiO2/C, an SEM image of the PPy@SiO2/C nanocomposite revealed that the material possessed a thicker sheet adorned with well-distributed particles, which may well be PPy formation during the in situ polymerization process. Considering the thick layer observation, it can be concluded that the PPy is successfully encapsulated on the Nano-SiO2/C. This characteristic structure significantly improves the materials’ surface activity, and PPy greatly enhances the materials’ electrical conductivity. The PPy@SiO2/C nanocomposite evident in the image enables the nanocomposite to offer double protection against the volume expansion of SiO2.



This study addresses energy-dispersive X-ray spectroscopy mapping, where additional examination of element distribution in PPy@Nano-SiO2/C can be conducted. The EDS mapping acquired the element signals from the captured area of the SEM image, as shown in Figure 2d, demonstrating that the elements C, Si, O, and N, respectively (Figure 2e–h), were uniformly distributed throughout the material. The EDS mapping identifies the presence of N, and it is highly probable that the predominance of nitrogen (N) sources from PPy. The formation of SiO2 can be confirmed by the overlapping signals of Si and O. The overlap between C and Si signals is evidence that SiO2 is being spread equally throughout the carbon matrix. In addition, the overlapping of N, C, and Si elements with each other unequivocally demonstrates that PPy is dispersed consistently throughout the Nano-SiO2/C matrix. According to the findings, C, Si, O, and N elements are uniformly disseminated across the mixture. This confirms that the Nano-SiO2 and PPy nanoparticles are scattered throughout the carbon layer. From the SEM and EDS mapping observations of PPy@Nano-SiO2/C, it can be determined that the unique morphology of as-synthesized materials adheres to the proposed schematic diagram depicted in Figure 2i.



The N2 adsorption–desorption isotherms and associated pore-size distribution curves are shown in Figure S1a–c and Figure S1d–f, respectively, for Nano-SiO2, Nano-SiO2/C, and PPy@Nano-SiO2/C. The BET surface area of prepared materials is in the order of PPy@Nano-SiO2/C (117.15 m2/g) > Nano-SiO2 (68.24 m2/g) > Nano-SiO2/C (59.31 m2/g), whereas the corresponding pore volume is in the order of Nano-SiO2 (0.2914 cm3/g) > PPy@Nano-SiO2/C (0.1691 cm3/g) > Nano-SiO2/C (0.1177 cm3/g). Interestingly, similar type IV curves with hysteresis loops are observed for these three isotherms, as designated by the International Union of Pure and Applied Chemistry (IUPAC) [45]. Depending on the pore width, the type-IV isotherm contains a single hysteresis due to the absorption of mesopores, indicating that the pore width is wider than 4 nm [46]. In addition, a substantial hysteresis loop can indeed be noticed in the N2 adsorption–desorption isotherm, confirming that the produced materials have a high mesopore proportion. The pore size distribution was then described in terms of differential pore volume against differential log diameter (dVp/dlog(D)) in order to present pore size distributions, which are depicted in Figure S1d–f. The BJH theory was used to examine the pore size distribution in this study. All samples contained peaks with a range between 2 and 50 nm. The increase in dVp/dlog(D) peak intensity reflected a rise in porous density. After in situ polymerization of the pyrrole monomer, the number of pores in the PPy@Nano-SiO2/C sample emerged as having increased significantly. Therefore, the increase in surface area and pore density may have been caused by the porous nature of PPy-coated layers and particles. In particular, all synthesized samples exhibited a significant intensity peak between 1.5 and 15 nm. The analysis revealed that mesopores (2–50 nm) predominated in the three synthesized materials. Notably, the presence of mesopores in all materials enhances the electrolyte’s penetration, which ultimately decreases the lithium-ion diffusion path length, resulting in superior electrochemical performance at high current densities [47,48]. All data on the surface area and the porosity analysis of the synthesized materials are summarized in Table 2.




3.2. Electrochemical Performances


To assess the electrochemical performance, all prepared samples, Nano-SiO2, Nano-SiO2/C, and PPy@Nano-SiO2/C, were fabricated into working electrodes, for which SA brown algae was used as a binder, before being assembled into CR2016 half-coin battery cells with Li metal as a reference electrode. The fabricated cells were then aged for 12 h before being utilized for battery and electrochemical performance studies.



To evaluate the Li-storage mechanism, the cyclic voltammetry (CV) performance at a scan step of 0.1 mV s−1 over a circuit operating voltage of 0.01–3.00 V for the first three cycles was examined at the SA-PPy@Nano-SiO2/C electrode, as represented in Figure 3. There seem to be three detectable peaks (approximately 1.45 V, 0.75 V, and 0.48 V) within the first cathodic scans of CV plots, which are also represented in the initial discharge curve. The peak around 1.45 V is largely attributable to carbonate decomposition in the electrolyte, which is an unanticipated side reaction between the electrolyte and the electrode material [49]. In addition, the significant cathodic peak at 1.45 V, which reflects the irreversible reduction of SiO2 to Si, is represented in Equation (1), and the peak at 0.75 V can be referred to as the formation of the solid electrolyte interface (SEI) layer on the electrode surface as a consequence of the consumption of oxygenic functional groups, as shown in Equation (2) [50]. Upon the initial discharge of the fabricated electrode, amorphous SiO2 was transformed into Si, and Li2O was produced [10,51]. In addition, when the SiO2-based material was first discharged, Li2Si2O5 or Li4SiO4 would be created when the amorphous SiO2 turned into Si, as shown in Equations (3) and (4) [52,53]. The emergence of irreversible phases during the reaction required considerable capacity. However, the aforementioned effects diminish completely in subsequent cycles. Therefore, this reaction contributes to the electrode’s lithium storage capacity. In the second and third cycles, the CV curves become stable over the following scan cycles, reflecting the equivalent reversible behavior. As shown in Equation (5), the typical peaks associated with the reversible alloy/dealloy reactions of Si with Li+ involve cathodic peaks of approximately 0.21 V and anodic peaks of approximately 0.52 V, which correlate to the conversion between Si and LixSi [12,54]. Multiple LixSi phases coexisted during the lithiation (alloying) process, as shown by the appearance of a sharp reduction peak at 0.01–0.20 V in the cathodic scan [55]. Accordingly, this process increases the lithium storage capacity of the electrode. On the other hand, during the charge–discharge process, the peak at around ~0.5–0.01 V corresponds to the Li-ion intercalate and the extraction from graphite-like nanosized domains within the carbon sheets. Since the initial discharge process, lithium has intercalated first into defect sites (1.00 V) and then into nanographite-like domains (0.20 V) [56]. Thus, in subsequent cycles, the loss of capacity in the pseudo-graphitic nature of disordered hard carbons is mostly due to the decrease in lithium storage at defect sites, especially at carbon surfaces. The basic reaction mechanism of lithium-ion intercalation in the carbon material can be expressed in Equation (6). In the following scan, the second and third cycles almost overlap with each other, proving the high stability and reversibility of the lithiation and delithiation reactions. Obviously, the chemical reaction between PPy and Li was not observed, indicating that PPy may be an inactive material in this nanocomposite electrode. As aforementioned, all chemical reactions during charge–discharge processes could well be classified as follows:


Li+ + e− + electrolyte → SEI(Li)



(1)






SiO2 + 4Li+ + 4e− → 2Li2O + Si



(2)






5SiO2 + 4Li+ + 4e− ↔ 2Li2Si2O5 + Si



(3)






2SiO2 + 4Li+ + 4e− → Li4SiO4 + Si



(4)






Si + xLi+ + xe− ↔ LixSi (0 ≤ x ≤ 4.4)



(5)






xLi+ + xe− + C6 ↔ LixC6



(6)







Figure S3 illustrates the galvanostatic charge–discharge curves for the PPy@Nano-SiO2/C electrode between the voltage cutoffs of 0.01 and 3.0 V at a current density of 0.3C (227.4 mA g−1). The initial discharge capacity of the fabricated electrodes was discovered to be 1342.5 mAh g−1. The first cycle’s charge capacity reduction is attributable to irreversible processes which is a side effect of electrolyte disintegration, the creation of a solid electrolyte interphase (SEI) layer, and unforeseen side reactions generated by the consumption of oxygenic functional groups corresponding to the CV result. The Coulombic efficiency (CE) of the second and third cycles improved to 86.0% and 97.7%, respectively, in subsequent cycles. These can be due to the decreasing effect of SEI film formation in the second cycle and their unique nanostructure’s ability to function as an effective anode, resulting in a nearly fully reversible Li+ reaction.



To determine the morphology and structure of prepared PPy@Nano-SiO2/C nanocomposite electrodes before and after cycles, a TEM investigation was performed. Figure 4 displays TEM images of pre-cycled and post-cycled PPy@Nano-SiO2/C nanocomposite electrodes, along with selected area electron diffraction (SAED) analysis and particle diameter histograms of SiO2 nanoparticles (SiO2 NPs) and Si nanoparticles (Si NPs) in the carbon matrix and polymeric network. For the pre-cycled PPy@Nano-SiO2/C electrode, as depicted in Figure 4a,b, SiO2 NPs were principally observed in two configurations: agglomerated particles and dissociated SiO2 NPs. The particles are highly aggregated due to their small size and Van der Waal’s forces. However, the size of the cluster is still as large as the nanoscale. Furthermore, it is evident that the spherical SiO2 NPs developed predominantly within the carbon matrix. Figure 4c represents the corresponding particle size distribution of SiO2 NPs. It is evident that the diameter of the SiO2 NPs varied from 2 to 10 nm, with an average value of 5.17 nm. According to the SAED pattern (inset of Figure 4a), the amorphous structure was revealed. This can be identified by the amorphous nature of SiO2 and low-crystalline carbon. To examine the in-depth structure of carbon, the area of the carbon sheet was specifically taken, as shown in Figure S2. The TEM image (Figure S2a) revealed a thin sheet structure, with the SAED pattern corresponding to low-crystalline carbon. Thus, in the HRTEM observation, the lattice view of the carbon sheet is shown in Figure S2b, exposing the pseudo-graphitic nature of disordered hard carbon microstructures incorporating graphitic domains [57]. For the post-cycled PPy@Nano-SiO2/C electrode, Figure 4d demonstrates that the small particles were evenly distributed and embedded inside the carbon matrix and self-healing polymeric network. The SAED pattern depicted in the inset of Figure 4d exhibits three polycrystalline rings consistent with those of the Si (111), LiO2 (110), and Si (220) planes. These could verify the lithiation–delithiation mechanism that converts SiO2 NPs to Si quantum dots (Si QDs), whereas the SA-PPy polymer was transformed from spherical agglomerates to 3-dimensional networks. Figure 4e depicts the formation of the irreversible LiO2 reaction at this stage of the post-cycled electrode, which corresponds to the formation of the ~3 nm-thick SEI layer. A histogram analysis in Figure 4f reveals that the Si QDs are monodispersed and have an average size of 2.40 nm. Due to the ultrafine size of Si QDs, the high surface area interacting with Li-ion enables rapid lithiation and delithiation rates, enhancing specific capacity during long-term battery cycling. The crystallinity of the Si-NPs in the post-cycled electrode was further investigated by high-resolution transmission electron microscopy (HR-TEM image), as shown in Figure 4g. The HR-TEM displays Si-QDs distributed onto the carbon layer. We can observe the crystalline structure of QDs, which displays the (111) lattice sets with an interplanar spacing of ~3.10 Å, characteristic of Si. Figure 4h shows the HAADF-STEM image of a single sheet of SA-PPy@Nano-SiO2/C nanocomposite containing relatively heavy elements uniformly on the plate and lighter elements implied as the Si element of SiO2 nanoparticles. The result clearly elucidates the SA-PPy@Nano-SiO2/C nanocomposite structure, where the SiO2 nanoparticles are denser than the carbon layer and conductive polymer network. Figure 4i–l shows the results of the STEM-EDS elemental mapping analysis. The individual elemental maps show the relative positions of the synthesized materials, clearly identifying the plate structure visually decorated with carbon and SiO2, which correspond to the C K edge (Figure 4i), O K edge (Figure 4j), and Si K edge (Figure 4k), respectively. Moreover, this is unambiguous evidence of PPy network structure showing that N K edge (Figure 4l) signals are localized in a good dispersion on the SiO2/C nanocomposite area. From these advanced electron microscopy results, this work enriches the electrode engineering technology of nanocomposite materials using biomass waste recycling and opens up a new way to customize the self-healing anode for green and sustainable lithium-ion batteries.



Figure 5a demonstrates the rate property on the lithiation (discharge) capacity of Nano-SiO2, Nano-SiO2/C, and PPy@Nano-SiO2/C at current densities ranging from 0.1 C to 1 C, which was carried out to investigate the rate capability. Even after rapid cycling between 0.1 C and 1.0 C, the PPy@Nano-SiO2/C electrodes offer the highest rate capability at 0.1 C. Evidently, PPy@Nano-SiO2/C has improved rate capability, as its specific capacity is greater than that of the fabricated electrodes at each rate. PPy@Nano-SiO2/C has reversible lithiation capacities of 879, 737, 663, 571, and 455 mAh g−1 at 0.1 C, 0.2 C, 0.3 C, 0.5 C, and 1.0 C, respectively. In fact, as the charge–discharge rates increased, the lithiation capabilities declined. After measuring the rate capability, the charge–discharge rate rapidly reverted to 0.1C, and the specific capacity can be recovered to 906 mAh g−1 with a 103% retention. This indicates that this higher percentage of retention may probably be due to the effect of SA-PPy’s self-healing character, which can improve not only the reversible capacity after many cycles but also the conductivity of composites during the charging–discharging process. The average specific capacity at various rates of current density and the percentage of retention at 0.1 C of prepared electrodes are recorded in Table S1. Owing to the fact that in rate evaluations, fabricated half-cells were only cycled for 10 cycles at each current rate, the performance difference between prepared electrodes was not significant. In order to determine the cycle duration of the three synthesized materials, extensive cycling tests were conducted. Figure 5b depicts the cycling stability profiles of prepared anodes measured over 350 cycles at a current density of 0.3 C. Importantly, considerable capacity fading typically emerges throughout the first cycle, most particularly due to SEI formation, the effect of irreversible capacity, and difficulty in extracting lithium from disordered materials during initial cycles, resulting in a loss of reversible capacity and a low CE. After 350 cycles, the specific capacities of Nano-SiO2, Nano-SiO2/C, and PPy@NanoSiO2/C electrodes reached 756, 285, and 68 mAh g−1, respectively, corresponding to CE values reinforced to nearly 100%. Surprisingly, the CE of all electrodes was immediate by the 5th cycle, and the overall cycling performance remained impressively consistent until the 350th cycle. In the scenario of PPy@Nano-SiO2/C electrodes, the reversible capacity improved from 500 mAh g−1 at the 5th cycle to 725 mAh g−1 at the 100th cycle. Following this, the specific capacity climbed marginally to 756 mAh g−1 compared to the fifth cycle, in which the specific capacity grew almost 48%. This remarkable occurrence may well be the result of three synergistic efforts. First, the reduction of SiO2 nanoparticles to ultra-fine SiQDs in the subsequent cycle and their well-distribution into the carbon and SA-PPy networks agreed with the TEM images in Figure 4d,g. This facilitated the electrochemical reaction with elevated and more stable active sites, resulting in a high specific capacity. Second, the design strategy of polymeric green nanocomposite manifests enhanced mechanical robustness that can inhibit SiQDs from being prematurely pulverized and electrical contract loss with that of the flexible backbone conductive network of dual SA-PPy polymer and restore the cracks from high-volume change of Si by filling as a result of its self-healing property. Together with the SA binder, the polymeric nanocomposite sustained the performance of PPy@Nano-SiO2/C anodes for over 350 cycles. Importantly, the dual protection of carbon and SA-PPy on SiO2 nanoparticles can significantly improve electrochemical performance, especially with respect to the excellent durability of PPy@Nano-SiO2/C electrodes. Third, the electrolyte may not completely wet the electrode prior to cycling. Once charging and discharging commence, the movement of lithium ions can allow the electrolyte to more thoroughly wet the PPy layer and SiO2/C. Consequently, in the initial few cycles, the capabilities rise with the number of cycles [58].



One of the most important determinants of whether applications of lithium batteries might well be realized is their long-stable life cycling with high-rate features. Consequently, it is essential to concentrate on the rapid charge–discharge performance of the electrode over its multiple cycles. At 1.0C charge–discharge rates, Figure 5c depicts the long-term cycling behavior of the PPy@Nano-SiO2/C electrode for 500 cycles. After five cycles, the PPy@Nano-SiO2/C anode exhibited an initial specific capacity of 306 mAh g−1; after 500 cycles, its specific capacity increased gradually to 441 mAh g−1. For the long-term test, this anode’s capacity retention at the 500th cycle was 46% higher than its initial capacity at the 5th cycle for the cycling assessment. These indicate that the PPy@Nano-SiO2/C has excellent cycling stability in order to use the anode because no capacity fading was observed after the 500th cycle. Consequently, the superior cycle performance of PPy@Nano-SiO2/C can be attributed to their SA-PPy network in the nanocomposite electrode together with a thin SEI layer, which has superior physical confinement on SiQDs, as evidenced in the microstructure of the cycled material in the TEM images in Figure 4d,e. As a result, the SA-PPy network offers enhanced electronic conductivity and ion transport efficiency. This study indicates that this fabricated SA-PPy@Nano-SiO2/C electrode has the ability to function well as an anode in sustainable LIBs for over 500 cycles.



In order to comprehend the electrochemical kinetics of the fabricated electrodes, EIS measurements and equivalent impedance circuit fitting with the Nova 2.1 software have been conducted. The Nyquist plots of Nano-SiO2, Nano-SiO2/C, and PPy@Nano-SiO2/C pre-cycled electrodes are exhibited in Figure 6a, respectively. All measurements were performed on cells following a 12 h rest period. For all three electrodes, the plots can be considered to consist of a semicircle in the high-frequency region, followed by a sloping line in the middle to low-frequency region. The proposed circuit is an equivalent circuit (inset Figure 6a) to fit the Nyquist plots represented by solid lines to the experimental data. It is made up of an R symbolizing a resistor, which is comprised of interphase electronic contact resistance (Rs) and charge transfer resistance (Rct) through the electrode–electrolyte interface, as well as a constant phase element (CPE) in parallel, a Warburg diffusion element (Zw), and a capacitor (C). Table 3 outlines the different prepared electrodes analyzed during the interpretation of Nyquist plots, for which the calculation method was followed in our previous report [49,59]. Considering the interfacial impedance of the pre-cycle electrode, the Rct of the PPy@Nano-SiO2/C (156 Ω) shows the smallest resistance corresponding to the increment of lithium-ion diffusion, whereas the Rct of the Nano-SiO2/C and Nano-SiO2 are 290 and 363 Ω, respectively, while the electrical conductivities (σct) of the electrode are in the order of PPy@Nano-SiO2/C > Nano-SiO2/C > Nano-SiO2. It means the PPy composite in materials has better effects on reducing interfacial impedance than carbon. Regarding the interfacial impedance of the pre-cycled electrode, the Rct of the PPy@Nano-SiO2/C (156 Ω) exhibits the lowest resistance correlating to the increase in lithium-ion diffusion, whereas the Rct of Nano-SiO2/C (290 Ω) and Nano-SiO2 (363 Ω) are, respectively, 290 and 363 Ω. This indicates that the PPy network composite is more effective than carbon at reducing interfacial impedance. The angular frequency (ω), which is related to Z′, can be used to compute the Warburg factor (σw) throughout the low-frequency zone. Figure 6b depicts the plot of the line relationship between Zre and ω−1/2. The Warburg factor (σw) was calculated using the slope of the line of prepared electrodes. The lithium-ion diffusion coefficient    (   D  L  i +     )   , for which the proposed methodology and calculation were previously stated in our work [49], can therefore be computed from the Warburg region using Equation (7).


   D  L  i +    =    R 2   T 2    2  A 2   n 4   F 4   C 2   σ   W 2       



(7)




where R is the universal gas constant, T is the absolute temperature, F is the Faraday constant, n is the number of electrons, A is the electrode area of the electrode, and C is the concentration of Li-ions in the electrolyte. According to Equation (8), σw is the Warburg factor and ω is the angular frequency, which is related to Z′ and can be determined from the slope of the fitting line of Z′ vs. ω−0.5 in the EIS data at low frequencies, as shown in Figure 6b.


   Z  r e   =  R e  +  R  c t   +  σ w   1   ω     



(8)







The Li+ diffusion coefficients (   D  L  i +     , cm2 s−1) of all cells are calculated using Equations (7) and (8), which    σ w    and    D  L  i +      are shown in Table 3. The PPy@Nano-SiO2/C electrode has a higher    D  L  i +      than that of the Nano-SiO2 and Nano-SiO2/C electrodes. It is evident that the    D  L  i +      value is directly correlated to the rise in the components of carbon and PPy materials. This is due to the fact that SiO2, a major component, performs slower conversion reactions (Equations (2) and (4)) in the initial stage and subsequent alloying and dealloying reactions (Equation (5)) with Li ions than the PPy reaction and carbon intercalation (Equation (1)). The unique architecture of SA-PPy contributes to the high electrochemical performances, where 3D networks with good structural stability give sufficient space to achieve maximal contact across electrode and electrolyte, shorten the lithium-ion diffusion length, and alleviate volume change. Thus, the nitrogen lone-pair electron in the PPy backbone chain facilitating electron delocalization further enhances electrical conductivity, accelerates electron transport, and avoids SiQD agglomeration following reduction. As a result, these advantages contribute to an increase in    D  L  i +      value, which is beneficial for improving battery performance, notably in circulation stability and specific capacity, by enabling significantly faster Li-ion transfer. As a consequence, these positive impacts on the success verify the excellent rate capability and cycle stability of PPy@Nano-SiO2/C electrode materials utilizing SA binder, which correlate to the previously discussed battery performances.



To illustrate the detailed kinetic analysis and to evaluate the likely explanations for the improved rate capability, the as-synthesized SA-PPy@SiO2/C electrode was used as the anode for the suggested half-coin cells in order to separate the diffusion-controlled capacity and capacitive capacity. Figure 7a shows the CV curve of this electrode at various scan rates of 0.1 to 2.0 mV s−1 at room temperature, whose voltage window is 0.01–3.0 V. The capacitive and diffusive contributions can be used to evaluate the electrochemical kinetics of the electrode during high-rate performance. Comparable patterns have indeed been represented by the CV curves, and the peak intensities gradually rose as the scan rate increased. According to general knowledge, the measured current (i) and scan rate (v) satisfy the following power–law relationship in accordance with Equations [60,61]:


i = avb



(9)






log(i) = blog(v) + log(a)



(10)




where i represents the current’s magnitude, v indicates the scan rate, and a and b are variables. The capacity provided by the capacitive effect could be determined by constructing log(i)−log(v) curves according to Equation (10) and calculating the slope of the line (b value). According to prior research, as b approaches 0.5, a process is governed by complete diffusion, and when b approaches 1, the process is capacitive [62,63]. Therefore, by establishing the value of b, the battery’s major contribution could well be quantified. The value of b was 0.91 at peak A (discharge) and 0.87 at peak B (discharge). Figure 7b displays the linear fitting. This value indicated that the capacitive and diffusion-controlled mechanisms control the peak current in approximately equal measure. The overall capacitive contribution at a specified scan rate can be estimated by separating the capacitive and diffusion-controlled contributions at a defined voltage using the following Equations [24,64]:


i = k1v + k2v1/2



(11)






i/v1/2 = k1v1/2 + k2



(12)




where k1 and k2 are constants for a particular potential that could be obtained by linearly fitting i/v1/2 versus v1/2 under the defined potentials, and v is the scan rate for certain potentials. By identifying k1 as the slope and k2 as the intercept, capacitive and diffusion contributions could be determined. Integrating the green shaded area (k1v) with the measured currents (solid line) in Figure 7c demonstrates that capacitive interactions account for roughly 87.4% of the total current at 2.0 mV s−1 at the PPy@SiO2/C electrode. As a result, contribution ratios between the two methods were calculated at various scan rates. Figure 7d illustrates how the percentage of capacitive contribution grows with the scan rate. According to the current separation process, capacitive contributions rise significantly from 60.9% to 68.7%, 77.7%, 83.1%, and 87.4% of total capacitive contributions when the scan rate is increased by 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 mV s−1, respectively. This is not surprising since the role of capacitive contribution is growing, and pseudocapacitive contribution is important for ultrafine-reduced SiQDs and SA-PPy networks with a large surface area and a fast scan rate. These studies revealed that the capacitive-controlled process compensated for a large amount of the overall electrochemical reaction of the prepared electrode. As a consequence, the high capacitive contribution to the rate performance of the prepared electrode proved that the material has efficient redox reactions and activity that is independent of the electrochemical reaction rate [25]. Furthermore, this could also reflect that the conductive SA-PPy networks in the SA-PPy@SiO2/C electrode are a fundamental requirement and ensure a sustainable structure during charge–discharge processes [65,66].



To influence the effect of the SA-PPy framework on the Li-ion attraction of the PPy@Nano-SiO2/C electrode, the time-dependent transformation for 0, 1, 3, and 7 days during the dissolution experiments of the prepared anode in 1 M LiPF6 EC/DMC electrolyte was monitored, as demonstrated in Figure 8a. Determining their solubility by A snapshot revealed that even after seven days, the coloration of the solvent containing PPy@Nano-SiO2/C electrodes had not significantly altered. The electrolyte was still in a colorless and transparent solution and was the same shade as the electrolyte without an immersed electrode. Similarly, no noticeable evidence of electrode material detachment was discovered. As is evident from these, together with PPy, the high-binding SA binder efficiently prevented the surface delamination and dissolution of the prepared polymer-based materials. Figure 8b,c illustrate the UV-vis spectra and FTIR spectra, respectively, of the recovered electrolyte solution with and without the PPy@Nano-SiO2/C electrode to further clarify the suppression of the SA-PPy dissolution of active materials. After careful thought, these data revealed that the recorded spectra in each analysis were virtually identical. Accordingly, it can be concluded that SA-PPy@Nano-SiO2/C electrodes were insoluble in organic electrolytes. To verify the longevity of this electrode, the dissolution experiment in a 1 M LiPF6 electrolyte with/without the prepared electrode was conducted continuously for 60 days; however, the appearance remained equivalent to the initial day, and there was no evidence of electrode surface delamination, as shown in Figure S4.



From all the discussions, this research has enhanced the efficiency of SA-PPy@Nano-SiO2/C anodes in LIBs by introducing the SiO2 particles with a self-healing composite polymer. The novel polymer blends of SA and PPy, which can serve as both conductive additives and binders, enhance stability and preserve a thin SEI layer. The SA-PPy system is constructed as an adhesive network of supramolecular polymers, each of which is connected by hydrogen bonds. Figure 9 depicts the schematic diagram of the SA-PPy@Nano-SiO2/C electrode and the adhesive polymer network of PPy-SA-PPy. As a result, the hybrid polymer structure maintains the electrical contract of SiO2/C particles and protects them from fracturing during multiple charge–discharge processes. Due to the hydrogen connections between the two polymers, the structure is capable of self-repair, as the polymers can gradually reconnect themselves if they disconnect at whatever juncture. In addition, the capability of PPy to significantly improve the anode’s conductivity and sustain a thin SEI, besides restricting the electrolytic degradation process of the electrolyte on the anode, could perhaps encourage enlarged lithium diffusion and minimize the interfacial impedance by limiting the excessive electrolyte decomposition on the anode’s surface. Notably, the hydrogen bond network generated between SA and PPy greatly improved the mechanical characteristics of the flexible composite polymer and offered robust cyclic stability to the SiO2-based anode. In comparison to the other electrochemical performances addressed, the PPy@Nano-SiO2/C green polymeric nanocomposites, in which SA was used as a binder, exhibit superior electrochemical performance. The comparison of SiO2-based nanocomposites with carbon and polymer materials is summarized in Table S2. In particular, the SiO2/C derived from SAL biomass is more cost-effective, simple, sustainable, and environmentally benign than competing SiO2/C sources. These are key advantages for industrial manufacturing. Therefore, the integration of PPy polymer and SA brown algae into green conductive polymeric nanocomposites can be greatly improved for multiple anode issues in LIBs. Finally, because of the effective functioning of their green composite design with unique structural morphological advantages and excellent electrochemical capabilities, this newly synthesized PPy@Nano-SiO2/C material and its green nanocomposite design pave the way for the next generation of sustainable energy storage systems and can be considered a promising anode material for advanced applications.





4. Conclusions


This research achieved success in developing an ecologically friendly and sustainable PPy@SiO2/C nanocomposite anode material for LIBs. Streblus asper leaves, a biomass waste, were used not only to produce carbon-based materials possessing conductive properties, but also to contain self-assembled SiO2 nanoparticles in the form of SiO2/C that functioned as a greater specific capacity in anodes. Then, they were introduced into a conductive polymer network employing PPy in combination with SA binder to function as mechanically robust and self-healing nanocomposites in SA-PPy@SiO2/C. In terms of electrochemical performance, the SA-PPy@SiO2/C demonstrates outstanding achievement, particularly in terms of specific capacity and cycle stability. At a current density of 0.3C after 350 cycles, the specific capacity remains high, roughly 756 mAh g−1, with a Coulomb efficiency of up to 99.5%. This nanocomposite electrode has acceptable rate performance and cycle stability for a long-term cycle of over 500 cycles, while this material has better impacts on interfacial impedance and Li diffusion than those electrodes. The excellent electrochemical properties can be attributed to the unique properties and self-healing features of the SA-PPy 3D network assembly, which improve the conductivity of composites during the charging–discharging process. Besides that, the carbon layer, in conjunction with the flexible SA-PPy can be thought of as a cushion to prevent the expansion of SiO2 microspheres. When compared to traditional anodes, the SA-PPy@SiO2/C with a green polymer nanocomposite design has superior characteristics, is more environmentally benign, and is more sustainable because it can potentially be mass-produced with plenty of resources in a low-cost manner for the next generation of LIBs and energy storage fields.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/polym16101414/s1, Table S1: Average specific capacity at various rates of current density and the percentage of retention at 0.1C of prepared electrodes; Table S2: Comparison of the specific capacity and cycle performance of SiO2-based composites with carbon and polymer materials as anode materials in LIBs Materials; Figure S1: BET analysis of the nitrogen adsorption–desorption isotherm corresponding pore-size distribution curves inset: (Figure S1a,d) Nano-SiO2, (Figure S1b,e) Nano-SiO2/C, and (Figure S1c,f) PPy@Nano-SiO2/C; Figure S2: (a) TEM image with SAED pattern inset and (b) HRTEM image with lattice view at carbon sheet of Nano-SiO2/C nanocomposite; Figure S3: The GCD profiles at the first three cycles of the SA-PPy@Nano-SiO2/C electrode; Figure S4: The longevity verification experiment in a 1 M LiPF6 electrolyte with/without the prepared electrode after 60 days.





Author Contributions


T.A.: conceptualization, methodology, validation, investigation, visualization, writing—original draft, writing—review and editing. N.R.: methodology, validation, investigation, visualization. K.K.: methodology, validation, investigation. M.H.: methodology, investigation, visualization. T.C.: visualization, supervision. T.S.: conceptualization, supervision, writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research has received funding support from the NSRF via the Program Management Unit for Human Resources and Institutional Development, Research, and Innovation [Grant number B37G660018]. This work was financially supported by the Center of Excellence in Materials Science and Technology under the Administration of Materials Science Research Center of Chiang Mai University and the Center for Innovation in Chemistry, the Postgraduate Education and Research Program in Chemistry (PERCH-CIC). Advanced electron microscopy was supported by the International Collaborative Research Program of the Institute for Chemical Research, Kyoto University [Grant No. 2024-130]. This research was supported by the Fundamental Fund 2024, Chiang Mai University.




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data will be made available on request. The data are not publicly available due to ongoing study and commercial restrictions.




Acknowledgments


This research work was partially supported by Chiang Mai University. Furthermore, the authors would like to thank the Renewable Energy Laboratory-Advanced Battery Research Unit and the Department of Chemistry, Faculty of Science, Chiang Mai University, for electrochemical measurement and sample preparation.




Conflicts of Interest


There are no conflicts to declare.




References


	



Blomgren, G.E. The Development and Future of Lithium Ion Batteries. J. Electrochem. Soc. 2017, 164, A5019–A5025. [Google Scholar] [CrossRef] [Scilit]

	



Cano, Z.P.; Banham, D.; Ye, S.; Hintennach, A.; Lu, J.; Fowler, M.; Chen, Z. Batteries and Fuel Cells for Emerging Electric Vehicle Markets. Nat. Energy 2018, 3, 279–289. [Google Scholar] [CrossRef] [Scilit]

	



Autthawong, T.; Chayasombat, B.; Laokawee, V.; Jarulertwathana, N.; Masuda, T.; Sarakonsri, T. Nanostructural Study of Silicon-Cobalt/Nitrogen-Doped Reduced Graphene Oxide Composites by Electron Microscopy for Using as Anode Material in Lithium-Ion Batteries. Solid State Phenom. 2018, 283, 37–45. [Google Scholar] [CrossRef] [Scilit]

	



An, S.J.; Li, J.; Daniel, C.; Mohanty, D.; Nagpure, S.; Wood, D.L. The State of Understanding of the Lithium-Ion-Battery Graphite Solid Electrolyte Interphase (SEI) and Its Relationship to Formation Cycling. Carbon 2016, 105, 52–76. [Google Scholar] [CrossRef] [Scilit]

	



Yodying, W.; Autthawong, T.; Chimupala, Y.; Sarakonsri, T. Nanostructural Characterization of Nitrogen-Doped Graphene/ Titanium Dioxide (B)/ Silicon Composite Prepared by Dispersion Method. Solid State Phenom. 2020, 302, 27–35. [Google Scholar] [CrossRef] [Scilit]

	



Hu, Y.-S.; Demir-Cakan, R.; Titirici, M.-M.; Müller, J.-O.; Schlögl, R.; Antonietti, M.; Maier, J. Superior Storage Performance of a Si@SiOx/C Nanocomposite as Anode Material for Lithium-Ion Batteries. Angew. Chem. Int. Ed. 2008, 47, 1645–1649. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Yu, C.; Tian, X.; Xiong, Z.; Zhang, Z.; Sun, Z.; Piao, X. High Stability of Sub-Micro-Sized Silicon/Carbon Composites Using Recycling Silicon Waste for Lithium-Ion Battery Anode. J. Alloys Compd. 2021, 869, 159124. [Google Scholar] [CrossRef] [Scilit]

	



Wu, W.; Shi, J.; Liang, Y.; Liu, F.; Peng, Y.; Yang, H. A Low-Cost and Advanced SiOx–C Composite with Hierarchical Structure as an Anode Material for Lithium-Ion Batteries. Phys. Chem. Chem. Phys. 2015, 17, 13451–13456. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Favors, Z.; Wang, W.; Bay, H.H.; George, A.; Ozkan, M.; Ozkan, C.S. Stable Cycling of SiO2 Nanotubes as High-Performance Anodes for Lithium-Ion Batteries. Sci. Rep. 2014, 4, 4605. [Google Scholar] [CrossRef] [Scilit]

	



Yan, N.; Wang, F.; Zhong, H.; Li, Y.; Wang, Y.; Hu, L.; Chen, Q. Hollow Porous SiO2 Nanocubes Towards High-Performance Anodes for Lithium-Ion Batteries. Sci. Rep. 2013, 3, 1568. [Google Scholar] [CrossRef] [Scilit]

	



Khan, M.; Ding, X.; Zhao, H.; Wang, Y.; Zhang, N.; Chen, X.; Xu, J. SiO2-Based Lithium-Ion Battery Anode Materials: A Brief Review. J. Electron. Mater. 2022, 51, 3379–3390. [Google Scholar] [CrossRef] [Scilit]

	



Autthawong, T.; Yodbunork, C.; Yodying, W.; Boonprachai, R.; Namsar, O.; Yu, A.; Chimupala, Y.; Sarakonsri, T. Fast-Charging Anode Materials and Novel Nanocomposite Design of Rice Husk-Derived SiO2 and Sn Nanoparticles Self-Assembled on TiO2(B) Nanorods for Lithium-Ion Storage Applications. ACS Omega 2022, 7, 1357–1367. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Mai, W.; Yu, Q.; Han, C.; Kang, F.; Li, B. Self-Healing Materials for Energy-Storage Devices. Adv. Funct. Mater. 2020, 30, 1909912. [Google Scholar] [CrossRef] [Scilit]

	



Oh, J.Y.; Rondeau-Gagné, S.; Chiu, Y.-C.; Chortos, A.; Lissel, F.; Wang, G.-J.N.; Schroeder, B.C.; Kurosawa, T.; Lopez, J.; Katsumata, T.; et al. Intrinsically Stretchable and Healable Semiconducting Polymer for Organic Transistors. Nature 2016, 539, 411–415. [Google Scholar] [CrossRef] [Scilit]

	



Yanagisawa, Y.; Nan, Y.; Okuro, K.; Aida, T. Mechanically Robust, Readily Repairable Polymers via Tailored Noncovalent Cross-Linking. Science 2018, 359, 72–76. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lai, J.-C.; Jia, X.-Y.; Wang, D.-P.; Deng, Y.-B.; Zheng, P.; Li, C.-H.; Zuo, J.-L.; Bao, Z. Thermodynamically Stable Whilst Kinetically Labile Coordination Bonds Lead to Strong and Tough Self-Healing Polymers. Nat. Commun. 2019, 10, 1164. [Google Scholar] [CrossRef] [Scilit]

	



Urban, M.W.; Davydovich, D.; Yang, Y.; Demir, T.; Zhang, Y.; Casabianca, L. Key-and-Lock Commodity Self-Healing Copolymers. Science 2018, 362, 220–225. [Google Scholar] [CrossRef] [Scilit]

	



Zhao, L.; Li, X.; Li, Y.; Wang, X.; Yang, W.; Ren, J. Polypyrrole-Doped Conductive Self-Healing Composite Hydrogels with High Toughness and Stretchability. Biomacromolecules 2021, 22, 1273–1281. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Chen, H.; Wu, Z.; Su, Z.; Chen, S.; Yan, C.; Al-Mamun, M.; Tang, Y.; Zhang, S. A Mechanically Robust Self-Healing Binder for Silicon Anode in Lithium Ion Batteries. Nano Energy 2021, 81, 105654. [Google Scholar] [CrossRef] [Scilit]

	



Kovalenko, I.; Zdyrko, B.; Magasinski, A.; Hertzberg, B.; Milicev, Z.; Burtovyy, R.; Luzinov, I.; Yushin, G. A Major Constituent of Brown Algae for Use in High-Capacity Li-Ion Batteries. Science 2011, 334, 75–79. [Google Scholar] [CrossRef] [Scilit]

	



Gupta, A.; Badam, R.; Matsumi, N. Heavy-Duty Performance from Silicon Anodes Using Poly(BIAN)/Poly(Acrylic Acid)-Based Self-Healing Composite Binder in Lithium-Ion Secondary Batteries. ACS Appl. Energy Mater. 2022, 5, 7977–7987. [Google Scholar] [CrossRef] [Scilit]

	



Lv, Y.; Shang, M.; Chen, X.; Nezhad, P.S.; Niu, J. Largely Improved Battery Performance Using a Microsized Silicon Skeleton Caged by Polypyrrole as Anode. ACS Nano 2019, 13, 12032–12041. [Google Scholar] [CrossRef] [Scilit]

	



Liu, X.; Yang, M.; Zhu, X.; Yang, H.; Zhou, K.; Pan, D. Polypyrrole@ Silica Composites as High Performance Electrode Materials for Lithium-Ion Batteries. J. Mater. Sci. Mater. Electron. 2018, 29, 6098–6104. [Google Scholar] [CrossRef] [Scilit]

	



Ratsameetammajak, N.; Autthawong, T.; Khunpakdee, K.; Haruta, M.; Chairuangsri, T.; Sarakonsri, T. Insight into the Role of Conductive Polypyrrole Coated on Rice Husk-Derived Nanosilica-Reduced Graphene Oxide as the Anodes: Electrochemical Improvement in Sustainable Lithium-Ion Batteries. Polymers 2023, 15, 4638. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nguyen, V.A.; Kuss, C. Review—Conducting Polymer-Based Binders for Lithium-Ion Batteries and Beyond. J. Electrochem. Soc. 2020, 167, 065501. [Google Scholar] [CrossRef] [Scilit]

	



Kim, J.-M.; Park, H.-S.; Park, J.-H.; Kim, T.-H.; Song, H.-K.; Lee, S.-Y.; Nguyen, V.A.; Kuss, C. Conducting Polymer-Skinned Electroactive Materials of Lithium-Ion Batteries: Ready for Monocomponent Electrodes without Additional Binders and Conductive Agents. ACS Appl. Mater. Interfaces 2014, 6, 12789–12797. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Male, U.; Uppugalla, S.; Srinivasan, P. Effect of Reduced Graphene Oxide–Silica Composite in Polyaniline: Electrode Material for High-Performance Supercapacitor. J. Solid State Electrochem. 2015, 19, 3381–3388. [Google Scholar] [CrossRef] [Scilit]

	



Sengodu, P.; Deshmukh, A.D. Conducting Polymers and Their Inorganic Composites for Advanced Li-Ion Batteries: A Review. RSC Adv. 2015, 5, 42109–42130. [Google Scholar] [CrossRef] [Scilit]

	



Kausar, A. Green Nanocomposites for Energy Storage. J. Compos. Sci. 2021, 5, 202. [Google Scholar] [CrossRef] [Scilit]

	



Yu, P.; Tang, W.; Wu, F.-F.; Zhang, C.; Luo, H.-Y.; Liu, H.; Wang, Z.-G. Recent Progress in Plant-Derived Hard Carbon Anode Materials for Sodium-Ion Batteries: A Review. Rare Met. 2020, 39, 1019–1033. [Google Scholar] [CrossRef] [Scilit]

	



Long, W.; Fang, B.; Ignaszak, A.; Wu, Z.; Wang, Y.-J.; Wilkinson, D. Biomass-Derived Nanostructured Carbons and Their Composites as Anode Materials for Lithium Ion Batteries. Chem. Soc. Rev. 2017, 46, 7176–7190. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Glasby, J.S. Directory of Plants Containing Secondary Metabolites; CRC Press: Boca Raton, FL, USA, 1991; ISBN 020348987X. [Google Scholar]

	



da Costa, F.G.C.M.; Klein, D.E.; Philbrick, C.T.; Bove, C.P. Silica Bodies in Leaves of Neotropical Podostemaceae: Taxonomic and Phylogenetic Perspectives. Ann. Bot. 2018, 122, 1187–1201. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Tang, W.; Zhang, Y.; Zhong, Y.; Shen, T.; Wang, X.; Xia, X.; Tu, J. Natural Biomass-Derived Carbons for Electrochemical Energy Storage. Mater. Res. Bull. 2017, 88, 234–241. [Google Scholar] [CrossRef] [Scilit]

	



Xue, S.-H.; Xie, H.; Ping, H.; Li, Q.-C.; Su, B.-L.; Fu, Z.-Y. Induced Transformation of Amorphous Silica to Cristobalite on Bacterial Surfaces. RSC Adv. 2015, 5, 71844–71848. [Google Scholar] [CrossRef] [Scilit]

	



Shrikrushna, S.; Kulkarni, J. Influence of Dodecylbenzene Sulfonic Acid Doping on Structural, Morphological, Electrical and Optical Properties on Polypyrrole/3C-SiC Nanocomposites. J. Nanomed. Nanotechnol. 2015, 6, 1000313. [Google Scholar] [CrossRef]

	



Wang, Y.; Pan, X.; Chen, Y.; Wen, Q.; Lin, C.; Zheng, J.; Li, W.; Xu, H.; Qi, L. A 3D Porous Nitrogen-Doped Carbon Nanotube Sponge Anode Modified with Polypyrrole and Carboxymethyl Cellulose for High-Performance Microbial Fuel Cells. J. Appl. Electrochem. 2020, 50, 1281–1290. [Google Scholar] [CrossRef] [Scilit]

	



Wang, Y.; Song, R.; Li, L.; Fu, R.; Liu, Z.; Li, B. High Crystalline Quality Conductive Polypyrrole Film Prepared by Interface Chemical Oxidation Polymerization Method. Appl. Sci. 2022, 12, 58. [Google Scholar] [CrossRef] [Scilit]

	



Ananda, S.R.; Murugendrappa, M. V Thermal Studies of Polypyrrole and Cobalt Aluminum Oxide Nano Composites. Int. J. Mater. Sci. 2017, 12, 247–249. [Google Scholar]

	



Eshun, J.; Wang, L.; Ansah, E.; Shahbazi, A.; Schimmel, K.; Kabadi, V.; Aravamudhan, S. Characterization of the Physicochemical and Structural Evolution of Biomass Particles during Combined Pyrolysis and CO2 Gasification. J. Energy Inst. 2019, 92, 82–93. [Google Scholar] [CrossRef] [Scilit]

	



Yodying, W.; Sarakonsri, T.; Ratsameetammajak, N.; Khunpakdee, K.; Haruta, M.; Autthawong, T. Low-Cost Production of Fe3O4/C Nanocomposite Anodes Derived from Banana Stem Waste Recycling for Sustainable Lithium-Ion Batteries. Crystals 2023, 13, 280. [Google Scholar] [CrossRef] [Scilit]

	



Šetka, M.; Calavia, R.; Vojkůvka, L.; Llobet, E.; Drbohlavová, J.; Vallejos, S. Raman and XPS Studies of Ammonia Sensitive Polypyrrole Nanorods and Nanoparticles. Sci. Rep. 2019, 9, 8465. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Wang, H.; Liu, X.; Qu, S.; Xia, Y. Polypyrrole/SnO2@SiO2 as Anode Materials with Improved Lithium Storage Performance. Ionics 2022, 28, 1109–1117. [Google Scholar] [CrossRef] [Scilit]

	



Rahman, M.M.; Muttakin, M.; Pal, A.; Shafiullah, A.Z.; Saha, B.B. A Statistical Approach to Determine Optimal Models for IUPAC-Classified Adsorption Isotherms. Energies 2019, 12, 4565. [Google Scholar] [CrossRef] [Scilit]

	



Labani, M.M.; Rezaee, R.; Saeedi, A.; Hinai, A. Al Evaluation of Pore Size Spectrum of Gas Shale Reservoirs Using Low Pressure Nitrogen Adsorption, Gas Expansion and Mercury Porosimetry: A Case Study from the Perth and Canning Basins, Western Australia. J. Pet. Sci. Eng. 2013, 112, 7–16. [Google Scholar] [CrossRef] [Scilit]

	



Boonprachai, R.; Autthawong, T.; Namsar, O.; Yodbunork, C.; Yodying, W.; Sarakonsri, T. Natural Porous Carbon Derived from Popped Rice as Anode Materials for Lithium-Ion Batteries. Crystals 2022, 12, 223–237. [Google Scholar] [CrossRef] [Scilit]

	



Nagalakshmi, M.; Kalaiselvi, N. Mesoporous Dominant Cashewnut Sheath Derived Bio-Carbon Anode for LIBs and SIBs. Electrochim. Acta 2019, 304, 175–183. [Google Scholar] [CrossRef] [Scilit]

	



Autthawong, T.; Yodbunork, C.; Ratsameetammajak, N.; Namsar, O.; Chimupala, Y.; Sarakonsri, T. Enhanced Electrochemical Performance of Sn(SnO2)/TiO2(B) Nanocomposite Anode Materials with Ultrafast Charging and Stable Cycling for High-Performance Lithium-Ion Batteries. ACS Appl. Energy Mater. 2022, 5, 13829–13842. [Google Scholar] [CrossRef] [Scilit]

	



Chen, Z.; Xiang, T.; Xiong, Q.; Chen, L.; Yang, H.; Feng, Z.; Li, X.; Shen, X.; Huang, J. Highly Active SiO2@C Nanofiber: High Rate and Long Cycling for Lithium Ion Batteries. Ionics 2021, 27, 1385–1392. [Google Scholar] [CrossRef] [Scilit]

	



Han, Y.; Liu, X.; Lu, Z. Systematic Investigation of Prelithiated SiO2 Particles for High-Performance Anodes in Lithium-Ion Battery. Appl. Sci. 2018, 8, 1245. [Google Scholar] [CrossRef] [Scilit]

	



Li, W.; Wang, F.; Ma, M.; Zhou, J.; Liu, Y.; Chen, Y. Preparation of SiO2 Nanowire Arrays as Anode Material with Enhanced Lithium Storage Performance. RSC Adv. 2018, 8, 33652–33658. [Google Scholar] [CrossRef] [Scilit]

	



Ma, X.; Wei, Z.; Han, H.; Wang, X.; Cui, K.; Yang, L. Tunable Construction of Multi-Shell Hollow SiO2 Microspheres with Hierarchically Porous Structure as High-Performance Anodes for Lithium-Ion Batteries. Chem. Eng. J. 2017, 323, 252–259. [Google Scholar] [CrossRef] [Scilit]

	



Kurc, B. Li4Ti5O12/TiO2-SiO2 and Li4Ti5O12/SiO2 Composites as an Anode Material for Li-Ion Batteries. Ionics 2018, 24, 121–131. [Google Scholar] [CrossRef] [Scilit]

	



Jung Kwon, H.; Hwang, J.-Y.; Shin, H.-J.; Jeong, M.-G.; Yoon Chung, K.; Sun, Y.-K.; Jung, H.-G. Nano/Microstructured Silicon–Carbon Hybrid Composite Particles Fabricated with Corn Starch Biowaste as Anode Materials for Li-Ion Batteries. Nano. Lett. 2019, 20, 625–635. [Google Scholar] [CrossRef] [Scilit]

	



Guo, B.; Wang, X.; Fulvio, P.F.; Chi, M.; Mahurin, S.M.; Sun, X.-G.; Dai, S. Soft-Templated Mesoporous Carbon-Carbon Nanotube Composites for High Performance Lithium-Ion Batteries. Adv. Mater. 2011, 23, 4661–4666. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Muruganantham, R.; Wang, F.M.; Liu, W.R. A Green Route N, S-Doped Hard Carbon Derived from Fruit-Peel Biomass Waste as an Anode Material for Rechargeable Sodium-Ion Storage Applications. Electrochim. Acta 2022, 424, 140573. [Google Scholar] [CrossRef] [Scilit]

	



Yi, T.-F.; Mei, J.; Peng, P.-P.; Luo, S. Facile Synthesis of Polypyrrole-Modified Li5Cr7Ti6O25 with Improved Rate Performance as Negative Electrode Material for Li-Ion Batteries. Compos. B Eng. 2019, 167, 566–572. [Google Scholar] [CrossRef] [Scilit]

	



Autthawong, T.; Promanan, T.; Chayasombat, B.; Yu, A.-S.; Uosaki, K.; Yamaguchi, A.; Kurata, H.; Chairuangsri, T.; Sarakonsri, T. Facile Synthesis Sandwich-Structured Ge/NrGO Nanocomposite as Anodes for High-Performance Lithium-Ion Batteries. Crystals 2021, 11, 1582–1598. [Google Scholar] [CrossRef] [Scilit]

	



Li, Q.; Zhang, G.; Qu, Y.; Zheng, Z.; Wang, J.; Zhu, M.; Duan, L. Capacity Contribution Mechanism of RGO for SnO2/RGO Composite as Anode of Lithium-Ion Batteries. Chin. J. Mech. Eng. 2022, 35, 63. [Google Scholar] [CrossRef] [Scilit]

	



Dong, X.; Zheng, X.; Deng, Y.; Wang, L.; Hong, H.; Ju, Z. SiO2/N-Doped Graphene Aerogel Composite Anode for Lithium-Ion Batteries. J. Mater. Sci. 2020, 55, 13023–13035. [Google Scholar] [CrossRef] [Scilit]

	



Liu, D.; Huang, X.; Wei, Z.; Xia, L.; Pan, H.; Zhang, T.; Wang, H.; Duan, X.; Jia, D.; Zhou, Y.; et al. Orderly Stacked Graphene Sheets Supporting SnO2 Nanoparticles as an Anode Material for Lithium-Ion Batteries with Incremental Capacity. Appl. Surf. Sci. 2021, 564, 150265. [Google Scholar] [CrossRef] [Scilit]

	



Wiratchan, S.; Autthawong, T.; Yodying, W.; Surinwong, S.; Konno, T.; Sarakonsri, T.; Semakul, N. Easily Accessible and Tunable Porous Organic Polymer Anode from Azo Coupling for Sustainable Lithium-Organic Batteries. Chem. Eng. J. 2023, 466, 143090. [Google Scholar] [CrossRef] [Scilit]

	



Wu, N.; Miao, D.; Zhou, X.; Zhang, L.; Liu, G.; Guo, D.; Liu, X. V3S4 Nanosheets Anchored on N, S Co-Doped Graphene with Pseudocapacitive Effect for Fast and Durable Lithium Storage. Nanomater. 2019, 9, 1638. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Deng, X.; Wei, Z.; Cui, C.; Liu, Q.; Wang, C.; Ma, J. Oxygen-Deficient Anatase TiO2@C Nanospindles with Pseudocapacitive Contribution for Enhancing Lithium Storage. J. Mater. Chem. A Mater. 2018, 6, 4013–4402. [Google Scholar] [CrossRef] [Scilit]

	



Dong, Y.; Ma, Y.; Li, D.; Liu, Y.; Chen, W.; Feng, X.; Zhang, J. Construction of 3D Architectures with Ni(HCO3)2 Nanocubes Wrapped by Reduced Graphene Oxide for LIBs: Ultrahigh Capacity, Ultrafast Rate Capability and Ultralong Cycle Stability. Chem. Sci. 2018, 9, 8682–8691. [Google Scholar] [CrossRef] [Scilit]

	



Hou, L.; Deng, S.; Jiang, Y.; Cui, R.; Zhou, Y.; Guo, Y.; Gao, F. A Unique Corn-like Architecture Composed of Se-Doped Carbon Load Fe3O4 Particles as High-Performance Lithium-Ion Battery Anodes. Ionics 2021, 27, 2825–2833. [Google Scholar] [CrossRef] [Scilit]








[image: Polymers 16 01414 g001] 





Figure 1. (a) XRD patterns and (b) FTIR spectra of synthesized products: Nano-SiO2, Nano-SiO2/C, PPy, and PPy@Nano-SiO2/C nanocomposites; (c) Raman spectra; and (d) thermogravimetric analysis curves under an air atmosphere for synthesized Nano-SiO2/C and PPy@Nano-SiO2/C nanocomposites. 
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Figure 2. SEM images of the as-prepared products: (a) Nano-SiO2, (b) Nano-SiO2/C, and (c) PPy@Nano-SiO2/C nanocomposites; (d) the SEM-EDS mapping area corresponded to the elemental mapping of the PPy@Nano-SiO2/C nanocomposite: the corresponding elemental mapping of (e) C, (f) Si, (g) O, and (h) N, respectively; (i) schematic diagram of morphology in as-synthesized materials. 
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Figure 3. CV curves of prepared electrodes at the first three cycles of the PPy@Nano-SiO2/C electrode between 0.01 and 3.0 V at a scan rate of 0.1 mV s−1. 
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Figure 4. TEM images corresponding SAED patterns (inset) of pre-cycled (a,b) and post-cycled (d,e) PPy@Nano-SiO2/C electrodes and particle size histograms of SiO2 NPs (c) and Si QDs (f), HRTEM image of a single Si-QDs (g) showing the (111) lattice (inset), HAADF-STEM image (h), and EDS elemental mapping images of SA-PPy@Nano-SiO2/C: overlay of C K edge (i), O K edge (j), Si K edge (k), and N K edge (l). 
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Figure 5. Battery performances of prepared electrodes: (a) rate cycle capability at different current densities in the range of 0.1C−1.0C, (b) comparative cycle performance and the corresponding Coulombic efficiency at a current density of 0.3C, (c) long-term cycle stability at a charging state of 1.0C for 500 cycles. 
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Figure 6. (a) Nyquist plots with a fitted equivalent circuit inset of prepared electrodes, and (b) Warburg coefficient plots for the initial state. 
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Figure 7. Dynamic analysis of PPy@Nano-SiO2/C electrode in a half-cell configuration: (a) CV curves recorded at different scan rates; (b) b-value of a relationship between the log (sweep rate, mV s−1) and log (peak current, mA) in the discharge and charge processes (marked as peak A and peak B in (a)), (c) CV curves at the scan rate of 2.0 mV s−1 with capacitive-controlled (green region) contribution; and (d) variation of capacitive and diffusion contribution at different scan rates. 
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Figure 8. (a) Visualization dissolution tests of PPy@Nano-SiO2/C electrode in 1 M LiPF6 EC/DMC electrolyte, (b) Raman and (c) FTIR spectra of the collected electrolyte after being stored in the Ar-filled glovebox at 25 °C for 7 days. 
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Figure 9. Schematic diagram of SA-PPy@Nano-SiO2/C electrode and adhesive polymer network of PPy-SA-PPy. 
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Table 1. The calculated weight percentage of as-prepared materials from TGA and their theoretical specific capacity calculation.
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Materials

	
Theoretical

Specific Capacity (mAh g−1)

	
The Calculated Weight Percentage of As-Prepared Materials (wt.%)




	
Nano-SiO2

	
Nano-SiO2/C

	
PPy@Nano-SiO2/C






	
SiO2

	
1965

	
100.0%

	
38.1%

	
23.3%




	
Carbon

	
372

	
-

	
61.9%

	
37.8%




	
Polypyrrole

	
412

	
-

	
-

	
38.9%




	

	
Calculated theoretical specific capacity (mAh g−1)




	
1965

	
979

	
758











 





Table 2. The results of the surface area and the porosity analysis of the synthesized materials.
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	Synthesized

Materials
	Specific

Surface Area,

S (m2/g)
	BET

C-Constant
	Pore Volume,

Vp, (cm3/g)
	Average Pore Radius

(Å)
	Average Pore Diameter

(nm)





	Nano-SiO2
	68.24
	23.26
	0.2914
	85.42
	17.084



	Nano-SiO2/C
	59.31
	33.38
	0.1177
	39.67
	7.934



	PPy@Nano-SiO2/C
	117.15
	4.41
	0.1691
	28.87
	5.774










 





Table 3. Fitted values of the corresponding parameters of the prepared anode electrodes.
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	Prepared Electrodes
	Rs (Ω)
	Rct (Ω)
	σct (S/cm)
	σW (Ω/s1/2)
	DLi+ (cm2/s1/2)





	Nano-SiO2
	0.382
	363
	2.75 × 10−7
	737.68
	2.36 × 10−19



	Nano-SiO2/C
	0.207
	290
	3.45 × 10−7
	661.60
	1.12 × 10−17



	PPy@Nano-SiO2/C
	0.107
	156
	6.41 × 10−7
	771.94
	4.65 × 10−17
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
(@) [OFN
5 rar o | _ ] Pk Gt
- | < *  Peak B (Charge)
_ € 10] - LinesrFit
. o | S 00 e
£ —onvs| R
~ ——02mVis €0l ¢ ) slope: 087
. ——03mVi P
——1omVi 3
solsarmanmososc Jomvs
o s To 15 20 75 30 5w oo
Potential (V vs. Li/Li") Log (scan rate, mV s
c) d)
© @,
%5 [T re—
"
g 3
Z oo L
€ 5
H £ w
Eas £
3 20mvis g 40
a i §
0 " o
solsarmanmesoc ]
o 05 To 1s 2o 25 30 3 o ox es 13

Potential (V vs. Li/Li*)

Scan rate (mV S')





media/file4.png
PP ticles
S10, particles y particles

Carbon plate Carbon layers PPy layers

Nano-SiO, Nano-Si0,/C PPy@Nano-Si0O,/C






nav.xhtml


  polymers-16-01414


  
    		
      polymers-16-01414
    


  




  





media/file18.png
~
~

’// Adhesive network of supramolecular polymer (PPy-SA-PPy) h %
! /"“Self-healing feature” \

I

Polypyrrole (PPy)

Hydrogen
bond
OK\C/GNG'
T
" OH / n
/ \AOQO‘@/O# H
—————— ' | Sodium alginate
/ (SA)

PPy

p SA binder

Super-

A 1 -~
\ - g D
.a\ .. "

")
o

SA-PPy@Nano-Si0,/C
Green nanocomposite design electrode
for Li-ion batteries





media/file16.png
Absorbance

'*,
g 2

‘ e \‘
Prepared 1 M LiPF, Prepared
electrode EC/DMC electrode

Electrolyte after 7 days
Electrolyte-soaked electrode
after 7 days

Visible spectrum range
400 - 700 nm

300

400 500 600
Wavelength (nm)

700 800

N

Day 7

1 M LiPFg Prepared 1 M LiPF; Prepared
EC/DMC electrode EC/DMC electrode

Transmittance (a.u.)

Electrolyte-soaked electrode after 7 days

Electrolyte after 7 days

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)





media/file2.png
o
oo
N~

PPy@Nano-SiO,/C

i
=
<
p—
>\‘ Amorphous - PPy
'4: / Carbon - e
éj T Amorphous
ot Nano-Si0O, Carbon
= . | Nano-Si0,/C
— (rys‘lallme
Nano-SiO,

~
=

S PPy@Nano-SiO,/C
>

h=

w2

- 2D

Q

N

= Nano-Si0,/C

500 1000 1500 2000 2500 3000 3500
Raman shift (cm™)

(b)

Nano-SiO,

~N 7V

WJ%W
2000 1500 1000 500
Wavenumber (cm_])

=

= \

o |Nano-SiO,/C

S P

] 5 2 g

= - s
8 )
= W
= 8BS = 8 8 § &

Y

=

(d)

100

~ 80 -
== . )
~ 2 2
2 60 E, c +0,3 co, §
,_,o a Carbonization
Y
- Polymer decomposition
'b_p 4() - 35.9%
N \
B 21.5%

20 ;

Nano-Si10,/C
— PPy@Nano-SiO,/C
O I ! I

0 200 400 600 800 1000
Temperature (°C)





media/file5.jpg
Current (mA)

0.2

02095 Charge (Anodic)
\
0.04
—
N Discharge (Cathodic)
145V (1)
024 N, \0.75 V@)
048V (3, 4)
021V (5)
-0.4 — 1" cycle
0.05V (6) 2" cycle
34 cycle
-0.6 T T T T
0.00 1.00 2.00 3.00

Potential (V vs. Li*/Li)





media/file3.jpg
Catbonp






media/file1.jpg
(@ ®)

/\\ oS
" r@Nmoso,c 3 Y
; i 2 Jsmosioe
o Y E
! - H
. S T Nosioye Z
oV & lmaxewgoc  *
[y
T ) B
20 (degree) Wavenumber (em”)
©
o — e
Py o Phy@Nano-Si0.C|
NS0
o510,
| | —mensoc
S0 1w 150 2000 300 300 3500 R T T T

Raman shift (cm™) Temperature (°C)





media/file7.jpg





media/file10.png
Qo
A~
d

1600 1600

~ —o— PPy@Nano-SiO,/C —~ el - 100
"o —— Nano-Si0,/C "0 —o— PPy@Nano-SiO,/C |
..E 1200 - —&— Nano-SiO, ..E 1200 4 @ Nano-SiO,/C )
= = —— Nano-SiO,
SN N
S.,,= 756 mAh g™!
2 > b S~ 500mAhg" = . - 60
S 800+ E 800 /ateye scihonie N
2. g} s p———r—
8 8 . / 2 48% S.,, increasing 3 40
Q S i i
= 400 =400
Q Q P TR 20
2. 2. o
N N
0 0 N 1 ' I 4 I 4 I v 1 v I ¥ 0
0 0 50 100 150 200 250 300 350
Cycle number (N)

PPy@Nano-SiO,/C (CD = 1C)
—4— Chg/DChg Efficiency
—@— Specific Capacity-Dchg 60

o
-
o

Specific capcity (mAh g~

L 40
400 ¢ %20
L0
O I ¥ T o T ’ T o T . T o T o T " 1) " 1) »;
0 50 100 150 200 250 300 350 400 450 500

Cycle number (N)

(%) AJUID1JJd JIqUIOINO))

(%) Aouard1jyo 91qUIOINO))





media/file12.png
() 1500

1000 -+

7" (Q)

/\N() @
- |} o

CPE

(Wle—o{<

W

777

Nano-SiO,/C
Nano-SiO,

Fi lttmg curve

PPy@Nano-SiO,/C

1 OOO

Z'(Q)

1500

(b) 2000

1500 - K.
A9
= .8
S o004 et
; I ® PPy@Nano-SiO,/C
500 - @ Nanpo-SiO,/C
® Nano-SiO,
~ Linear Fitting
6 08 10 12 14 16 18






media/file9.jpg
(a)
100
T pame—"
Z NS0,
0
3 btieoy
ES) R
£ s S
S
&
T oD o0 w0 T % W B Be w0
Cyele number (N) Cycle number (N)
0
. w0
o ChyDChg Effciency
o Sposif iy Deve 60
™

Specific capeity (mAh g ) &

\

(%) Kouaroyya 1quiogno)

E R R R ]
Cycle number (N)

L





media/file19.png





media/file14.png
p—
Qo
N—

=
(-]
1

-2.0 1

Current (mA)

-4.0-

SA-PPy@Nano-SiO,/C

Peak B

Charge (Delithiation)
R

D —

Discharge (Lithiation)

—— 0.1 mV/s
——0.2mV/s
——0.5mV/s
—— 1.0 mV/s
—2.0mV/s

05 10 15 20 25 3.0

Potential (V vs. Li/Li")

0.0

Current (mA)

Capacitive

SA-PPy@Nano-SiO,/C

00 05 1.0 15 20 25 30 3.5
Potential (V vs. Li/Li")

i,
=)
~—~

Log (Peak current, mA)

~~
Q.
~

Contribution (%)

2.0
o Peak A (Discharge)
@ Peak B (Charge)
0 P (e Linear Fit
(A) slope: 0.91
)
0.0- AT s ®
S el
e
o
e B) slope: 0.87
-1.04 T (Bysior
'2.0 1 1 1 1
-1.2 -0.8 -0.4 0.0 0.4
Log (scan rate, mV s™')
120
| |Diffusion B Capacitive

0.1

02 0.5 1
Scan rate (mV S™')






media/file8.png
(b) Carbon \\ ; (C)

25
Pre cycled PPy@Nano-SiO,/C electrode
204
L Mean = 5.17 nm
Std.Dev = 1.328 nm
N =100

Post cycled PPy(@Nano-SiO,/C electrode

204

> 1 . 24 N . Mean = 2.40 nm
: Self"healing / 5 & "’ > | Std.Dev =~ 0.468 nm
. networks

154

—
-
p—1
=

<

o/






media/file11.jpg
®) 200

94 1500-

- :

N o e
[r— o r—
Nano-Si0,/C 00 Nanpo-Si0,/C
N5, N5,
Fuing e ) Vi Fing
L R A A R )






media/file6.png
0.2

=
-
|

| 021V (5)

Charge (Anodic)

_—

-—

—
é Discharge (Cathodic)
\: 1.45V (1)
8 -0.21 0.75V (2)
g \ 0.48 V (3, 4)
O 0.21 V (5)
-0.4 1 — 1% ¢cycle
0.05 V (6) —— 2™ cycle
—— 3" cycle
-0.6 ! - . - . - .
0.00 1.00 2.00 3.00

Potential (V vs. Li"/Li)






media/file15.jpg
(b)

Absorbance

Day 1

Day 3

. - O =
; T
v o
R L
o= -
. [
£
R V— £
o0 Toomm &
T wn e o e o w0 0 mw o 10w %o

Wavelength (nm)

‘Wavenumber (cm™')





media/file17.jpg
Adhesive network of supramolecular polymer (PPy-SA-PPy)
J°*Self-healing feature”

Polypyrrole (PPy)

Hydrogen _ |

/
s i
o Sﬂdm:n sxl)gmm

SA-PPy@Nano-SiO,/C
Green nanocomposite design electrode
for Li-ion batteries





