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Abstract
Rational engineering of electrode composition and architecture are effective strategies to achieve high capacity and long cycling stability for sodium-ion batteries (SIBs). In this work, a CoS2/FeS2 heterostructure encapsulated within N-doped carbon framework and further interconnected by a three-dimensional (3D) reduced graphene oxide (rGO) network (CoS2/FeS2@NC/rGO) was rationally designed and synthesized by in-situ carbonization-sulfidation process. The N-doped carbon framework enhances the conductivity and structural stability, while the 3D rGO network provides continuous Na+/electron transfer pathways and effectively inhibits the aggregation of particles during cycling. Moreover, the coherent heterointerfaces between CoS2 and FeS2 promote Na+ diffusion and boost redox activity, thereby facilitating reaction kinetics. Consequently, the CoS2/FeS2@NC/rGO anode exhibits an excellent rate performance of 518.1 mAh g-1 at 20 A g-1 and superior cycling performance (586.5 mAh g-1 at 2 A g-1 after 1400 cycles), demonstrating its potential in practical application. Furthermore, ex-situ analysis revealed the underlying Na+ storage mechanisms and structural stability within the composite. This work provides valuable insights into the rational design of high-performance SIBs anodes through heterostructure engineering and hierarchical structural optimization.
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1. Introduction 
The rapidly increasing demand for large-scale energy storage systems has driven extensive research into advanced secondary batteries.[1,2] Although Lithium-ion batteries (LIBs) have dominated portable devices and electrical vehicles for decades, their application in large-scale energy storage devices is constrained by the limited and uneven distribution of lithium resources.[3-6] Consequently, exploring alternative battery technologies has attracted considerable attention. Owing to the similar energy storage mechanism to LIBs, sodium-ion batteries (SIBs) are regarded as one of the most promising alternatives benefiting from the low cost and natural abundance of Na.[7-11] However, the larger ionic radius and higher atomic mass of Na compared to Li lead to sluggish reaction kinetics and severe structural degradation during repeated sodiation/desodiation.[12] Hence, it is essential to design and develop suitable electrode materials with rapid Na+ transport and robust structural stability through rational component optimization and structural design to achieve high-performance SIBs with excellent rate and long cycling lifespan.
Transition metal sulfides (TMSs) have been extensively investigated as potential anode materials for SIBs because of their high theoretical capacities, low cost and reversible redox properties.[13-15] Among various TMSs, cobalt sulfide (CoS2) and iron sulfide (FeS2) have been extensively researched primarily owing to their favorable electrical conductivity and satisfactory theoretical Na+ storage capacities (872 mAh g-1 for CoS2 and 894 mAh g-1 for FeS2).[16,17] Despite these advantages, both CoS2 and FeS2 face significant challenges, including pronounced volume fluctuations, sluggish Na+ diffusion kinetics, and insufficient reaction reversibility during repeated sodiation/desodiation. These issues collectively lead to rapid capacity attenuation and poor rate performance, thereby constraining their practical applicability in high-performance SIB systems.[18-20]
To overcome these intrinsic drawbacks, constructing bimetallic sulfide heterostructures that combine CoS2 and FeS2 has proven to be an effective strategy.[21-23] The CoS2/FeS2 heterostructure can generate strong electronic coupling and localized built-in electric field, which collectively promote charge redistribution and significantly accelerate Na⁺/e⁻ transport.[24,25] Furthermore, the synergistic effects at the heterointerfaces not only provides abundant active sites for Na+ storage but also enhances the reversibility of the conversion reaction. For example, Wang et al. prepared CoS2/FeS2@NC nanorods as anodes for SIBs, which exhibited improved rate capability and enhanced cycle life compared with single-component sulfides.[26] These findings underscore that rationally engineering CoS2/FeS2 heterostructures offer a viable and efficient pathways to improve reaction kinetics and elevate the overall Na+ storage performance.
Despite these advantages, bimetallic sulfide heterostructures still suffer from poor intrinsic conductivity and structural degradation during cycling. Encapsulating the heterostructure within a conductive carbon skeleton has been widely recognized as an effective strategy to facilitate charge-transfer kinetics, enhance electrical conductivity, and preserve structural integrity, thereby improving the Na+ storage performance.[27-29] In this regard, metal-organic frameworks (MOFs), assembled from metal ions and organic ligands, have been extensively employed as versatile precursors for constructing carbon-encapsulated bimetallic sulfide heterostructures while maintaining their unique framework structure.[30] For instance, Li and coworkers synthesized CoS2/Sb2S3@NC/CNT composites using cobalt-based imidazolate frameworks (ZIF-67) as templates, achieving improved conductivity and favorable electrochemical performance for Na+ storage.[31] Beyond carbon encapsulation, constructing three-dimension (3D) hierarchical conductive networks has emerged as another effective strategy to further boost electrochemical performance.[32-35] Such 3D architectures can shorten ion diffusion pathways, increase accessible electroactive sites, and suppress particle agglomeration, thereby facilitating rapid redox reactions and efficient electron transport. For example, Ren et al. designed H-CoS2/FeS2@CNFs derived from bimetallic Prussian blue analogues (PBAs), achieving improved capacity and long cycling stability owing to the stable structure and enhanced conductivity.[36] Overall, these finding highlight that combining hierarchical structural design with rational heterostructure engineering is a promising approach to achieving high-performance SIBs anodes.
Herein, we report the rational design and synthesize of a CoS2/FeS2 heterostructure encapsulated within N-doped carbon, derived from CoFe-PBA-coated ZIF-67, and further interconnected by a 3D reduced graphene oxide (rGO) network (CoS2/FeS2@NC/rGO), which was employed as an advanced anode material for SIBs. Benefiting from the hierarchical 3D architecture, the composite enables accelerated ion/electron transport, enhanced electrical conductivity, and improved structural stability during long-term cycling. As a result, the CoS2/FeS2@NC/rGO exhibits a high reversible capacity of 755.5 mAh g-1 after 70 cycles at 0.2 A g-1 and exceptional long-term cycling stability with nearly 100% capacity retention after 1400 cycles at 2 A g-1. Furthermore, the Na+ storage mechanism was systematically investigated using ex-situ Raman analyses.
2. Results and discussion
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Fig. 1. Schematic diagram of the synthesis process for CoS2@NC, CoS2@NC/rGO, CoS2/FeS2@NC and CoS2/FeS2@NC/rGO.
The synthesis process of the CoS2/FeS2@NC/rGO is schematically illustrated in Fig. 1. First, ZIF-67, consists of Co2+ as metal center and 2-methylimidazole as the organic ligand, was prepared by a typical precipitation method. As shown in Fig. S1a, the as-prepared ZIF-67 exhibits a uniform polyhedral morphology with an average particle size of approximately 400 nm and a smooth surface. Second, the ZIF-67@CoFe-PBA was obtained via an ion change reaction between ZIF-67 and the introduced [Fe(CN)6]3-, resulting in the formation of a CoFe-PBA shell on the surface of ZIF-67. Subsequently, the resulting ZIF-67@CoFe-PBA was dispersed into a homogeneous graphene oxide (GO) solution under stirring to form ZIF-67@CoFe-PBA/GO. The X-ray diffraction patterns of intermediates were shown in Fig. S2. Finally, the targeted of CoS2/FeS2@NC/rGO was fabricated through a carbonization and followed by sulfidation treatment. For comparison, CoS2@NC, CoS2@NC/rGO and CoS2/FeS2@NC were synthesized through directly carbonization and followed by sulfidation of ZIF-67, ZIF-67/GO, and ZIF-67@CoFe-PBA. The morphologies of the precursors and intermediates were characterized by scanning electron microscopy (SEM) images and transmission electron microscopy (TEM), as shown in Fig. S1.
Fig. 2a displays the SEM morphology of ZIF-67@CoFe-PBA in which the polyhedral framework of ZIF-67 is largely retained, while its surface becomes slightly rough due to the formation of nanosized deposits originating from the CoFe-PBA shell. Upon assembly with GO, a three-dimensional porous architecture is formed, where GO sheets uniformly wrap the ZIF-67@CoFe-PBA particles (Fig. 2b). After the carbonization process, GO is reduced to a 3D conductive rGO network, and Co/Fe nanoparticles were confined within the N-doped carbon framework derived from the ZIF-67@CoFe-PBA host, as depicted in Fig. 2c. By further sulfidation, the CoS2/FeS2 nanoparticles were effectively encapsulated within N-doped carbon skeleton, which was interconnected by continuous 3D rGO network, as shown in Fig. 2d-e. Such hierarchical architecture provides efficient pathways for ion/electron transport and enhances structural stability during electrochemical cycling. 
Further structural insights were obtained from TEM analysis. As shown in Fig. 2f, the CoS2/FeS2@NC/rGO composite consists of numerous CoS2 and FeS2 nanoparticles embedded within a hollow carbon framework and interconnected by rGO, consistent with the SEM results. High-resolution TEM (HRTEM) images (Fig. 2g and the corresponding 
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Fig. 2. SEM images of (a) ZIF-67/CoFe-PBA, (b) ZIF-67@CoFe-PBA/GO, (c) Co/Fe@NC/rGO; (d-e) SEM, (f) TEM, (g) HRTEM and (h) TEM -EDX mapping images of CoS2/FeS2@NC/rGO.
magnified views) reveal two distinct lattice spacings of 0.247 nm and 0.242 nm, which can be indexed to the (210) planes of CoS2 and FeS2, respectively, confirming the formation of CoS2/FeS2 heterostructure. Moreover, energy-dispersive X-ray spectroscopy (EDX) elemental mapping of CoS2/FeS2@NC/rGO (Fig. 2h) demonstrate the uniform distribution of C, N, Co, Fe, S, further indicating that bimetallic sulfide heterostructure is well encapsulated in N-doped carbon framework and interconnected by the rGO network.
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Fig. 3. (a) XRD patterns, (b) Raman spectrum, (c) N2 adsorption-desorption isotherms, and (d) corresponding pore size distribution of CoS2@NC, CoS2@NC/rGO, CoS2/FeS2@NC and CoS2/FeS2@NC/rGO. High resolution XPS spectra of (e) C 1s, (f) S 2p, (g) Fe 2p of CoS2/FeS2@NC/rGO. (h) Comparison high resolution XPS spectra of Co 2p in CoS2@NC, CoS2@NC/rGO, CoS2/FeS2@NC and CoS2/FeS2@NC/rGO
To examine the phase composition and crystallinity of CoS2@NC, CoS2@NC/rGO , CoS2/FeS2@NC, and CoS2/FeS2@NC/rGO, X-ray diffraction (XRD) characterizations were performed. As shown in Fig. 3a, the diffraction peaks of CoS2/FeS2@NC, and CoS2/FeS2@NC/rGO match well with cubic-phase CoS2 (JCPDS No. 70-2865) and cubic-phase FeS2 (JCPDS No. 65-3321), with no detectable impurity peaks, indicating their high phase purity. Notably, a slight shift of the CoS2 diffraction peaks toward higher angles and those of FeS2 toward lower angles is observed, which can be related to the lattice distortion induced by the similar crystal structures of the two sulfides, consistent with previous reports.[36,37] Meanwhile, the diffraction patterns of CoS2@NC and CoS2@NC/rGO were well matched with standard cubic CoS2, confirming the successful formation of single-phase CoS2 in these samples. The Raman spectrum of all synthesized samples is shown in Fig. 3b. The peaks at around 1350 and 1590 cm-1 correspond to the D-band (disorder-induced mode) and G-band (ordered graphitic carbon) of carbonaceous materials, respectively. The ID/IG ratio usually reflects the defect density and graphitization degree within the carbon component.[38,39] Among all samples, the CoS2/FeS2@NC/rGO displays highest ID/IG value, indicating a higher density of defects, which is beneficial for enhancing charge transport and providing additional active sites for Na+ storage.
The porous characteristics of the composites were examined by N2 adsorption–desorption measurements. As shown in Fig. 3c, all samples display typical type-Ⅳ isotherms with pronounced hysteresis loops, indicative of mesoporous structures. Compared with CoS2@NC, CoS2 @NC/rGO, and CoS2/FeS2@NC which possess specific surface area of 25.0, 51.4, and 42.4 m2 g-1, the CoS2/FeS2@NC/rGO exhibits a higher specific surface area of 71.5 m2 g-1. As illustrated in Fig. 3d, all samples possess both micropores and mesopores with a pore sized distribution range from 1 to 60 nm. The combination of a large specific surface area and hierarchical porosity provides more active sites and facilitates electrolyte permeation, thereby significantly enhancing the ion transport and Na+ storage kinetics.
X-ray photoelectron spectroscopy (XPS) technology was further conducted to analyze surface electronic states and chemical composition. Fig. S3a confirms the presence of Co, Fe, O, N, C, and S in CoS2/FeS2@N,C/rGO. The existence of O is attributed to the inevitable surface oxidation. Fig. 3e exhibits the XPS high-resolution spectra of C 1s, the peaks at 284.5, 285.5, and 287.2 eV are corresponded to C-C/C=C, C-N and C-O bonds, respectively.[40,41] The presence of C-N bonding verifies successful nitrogen doping, which is derived from the carbonization of ZIF-67/CoFe-PBA. In Fig. S3b, the high-resolution spectra of N 1s displays three peaks at 398.4, 399.5 and 401.1 eV, corresponding to the pyridine N, pyrrole N and graphite N.[42,43] From S 2p spectra (Fig. 3f), two peaks at 162.5 and 163.8 eV belong to S 2p3/2 and S 2p1/2, the other two peaks at 168.3 and 169.6 eV can be attributed to S-O bond.[44] The high-resolution Fe 2p spectra is shown in Fig. 3g, the two peaks situated at 709.6 and 721.1 eV belong to Fe-S bond, The other two peaks located at 713.1 and 716.9 eV are assigned to Fe-O bond, which is consistent with previous report.[45] As shown in Fig. 3h, the high-resolution Co 2p spectra of CoS2/FeS2@NC/rGO can be divided into two spin-orbit double peaks and two related satellite peaks. The peaks located at 778.3 eV and 793.6 eV are associated with Co3+ 2p3/2 and Co3+ 2p1/2 because of the surface oxidation. Additional peaks observed at 779.5 eV and 796.3 eV are attributed to Co2+ 2p3/2 and Co2+ 2p1/2, respectively.[46,47] Peaks at 782.1 eV and 802.7 eV are related to satellite peaks characteristic cubic CoS2. Compared with CoS2@NC and CoS2 @NC/rGO, the Co2+ 2p3/2 and Co2+ 2p1/2 peaks of CoS2/FeS2@NC and CoS2/FeS2@NC/rGO shift to lower binding energy, indicating an increased electron density around Co. The shifts of the binding energies of Co2+ suggest the electrons transfer from FeS2 to CoS2 because of the redistribution of electron cloud density at CoS2/FeS2 heterointerface.[27]
The Na+ storage performance of CoS2/FeS2@NC/rGO and reference composites were evaluated in half cells. Fig. 4a showed the cyclic voltammetry (CV) profiles of CoS2@NC, CoS2@NC/rGO, CoS2/FeS2@NC, and CoS2/FeS2@NC/rGO electrode for the first cycle at 0.2 mV s-1. For CoS2@NC and CoS2@NC/rGO, the peaks at around 1.06 V and 0.75 V in cathodic scan can be attributed to the formation of solid-electrolyte interface (SEI) file and the intercalation of Na+ into CoS2 to form NaxCoS2, respectively. The peak at 0.56 V arises from the following conversion process of NaxCoS2 to Co and Na2S. During the anodic scan process, the anodic peaks at 1.77 V and 1.97 V are related to the reverse conversion process of Co with Na2S to NaxCoS2 and CoS2. In comparison, the CoS2/FeS2@NC and CoS2/FeS2@NC/rGO electrodes exhibit a more intense cathodic peak at approximately 0.56 V, indicative of an accelerated conversion reaction involving FeS2 and enhanced redox kinetics enabled by the heterostructure. 
[bookmark: _Hlk213768316]The galvanostatic charge–discharge profiles of all electrodes at 0.2 A g-1 (Fig. S4a-c and Fig. 4b) display voltage plateaus that are highly consistent with the corresponding CV features, confirming similar reaction mechanisms. The CoS2/FeS2@NC/rGO not only exhibits attractive initial Coulombic efficiency (ICE) up to 86.2% showing a substantial increase compared to the control samples (76.3% of CoS2@NC, 77.6% of CoS2@NC/rGO, and 84.3% of CoS2/FeS2@NC) but also displays the highly coincident charge/discharge curves after the initial activation, which suggesting the highly reversible Na+ storage performance. These results can be attributed to rich heterogeneous structures and high conductive N-doped carbon skeleton as well as 3D rGO network which provided more active sites and enhanced reaction kinetics. Furthermore, the CoS2/FeS2@NC/rGO also exhibited outstanding cycling performance, as shown in Fig. 4c. A reversible capacity of 757.6 mAh g-1 is obtained after 70 cycles at 0.2 A g-1 which significantly exceeds those of the control samples, indicating the enhanced structural stability and improved electrochemical active sites. The charge/discharge curves of the CoS2/FeS2@NC/rGO at various densities are displayed in Fig. 4d. Notably, even at high current densities, the charge/discharge curves still exhibited nearly identical plateaus demonstrating its good structural stability and electrochemical reversibility.
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Fig. 4. Electrochemical performance (a) Cyclic voltammetry (CV) profiles of various materials, (b) Galvanostatic charge–discharge curves of at 0.2 A g-1 of CoS2/FeS2@NC/rGO, (c) Cycling performance of various materials at 0.2 A g-1; (d) Charge–discharge profiles at various current density of CoS2/FeS2@NC/rGO, (e) rate performance of various materials, (f) Long-term cycling performance at 2 A g-1 of CoS2/FeS2@NC/rGO.
Fig. 4e demonstrated the superior rate performance of CoS2/FeS2@NC/rGO compared to CoS2@NC, CoS2@NC/rGO, and CoS2/FeS2@NC. Impressive reversible specific capacities of 775.4, 758.3, 725.5, 697.7, 668.5, 621.4 and 551.1 mAh g-1 were attained at current densities of 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g-1, respectively. Furthermore, the CoS2/FeS2@NC/rGO can still deliver high specific capacities of 522.5 and 518.1 mAh g-1 even at high current densities of 15 and 20 A g-1. And it still retains a high specific capacity of 791.9 mAh g-1 when the current density returns to 0.1 A g-1 suggesting the high reversibility of CoS2/FeS2@NC/rGO. The corresponding charge–discharge profiles of the reference electrodes at various current densities are presented in Fig. S4d–f for comparison. 
Long-term cycling stability was further evaluated at a high current density of 2 A g-1. As shown in Fig. 4f,  the CoS2/FeS2@NC/rGO exhibited a high reversible capability of 586.5 mAh g-1 even after 1400 cycles with a capacity retention of nearly 100%, highlighting its outstanding durability under harsh electrochemical conditions. In comparison with previously reported Co- or Fe-based sulfide anodes for sodium ion batteries (Table S1 and Table S2), the present CoS2/FeS2@NC/rGO electrode exhibits superior rate capability and cycling stability. Such remarkable electrochemical performance can be attributed to the synergistic integration of CoS2/FeS2 heterostructures, conductive N-doped carbon framework, and the continuous 3D rGO network, which collectively facilitate the Na+/electron transport, alleviate volume expansion, and enhance over all structural integrity. The SEM images of electrode images before and after cycles provided in Fig. S5 further revealed the stable structure and uniform particles distribution of CoS2/FeS2@NC/rGO.
For investigating the superior Na+ storage performance of the CoS2/FeS2@NC/rGO, the intrinsic reaction kinetics were explored through CV and EIS methods. The CV curves collected at different scan rates (Fig. S6a-c, Fig. 5a) suggested the typical battery-like reversible redox process in CoS2@NC, CoS2@NC/rGO, and CoS2/FeS2@NC and CoS2/FeS2@NC/rGO. The fitted b values from the slope of the log (peak current, i) and log (scan rate, v) can be used to verify the Na+ storage behavior in diffusion or capacitive controlled according to previous studies. In general, the charge storage mechanism can be identified from the b-value, where a b-value close to 0.5 suggests diffusion-controlled behavior, and a b-value approaching 1.0 indicates capacitive-controlled characteristics. As shown in Fig. S6d-f and Fig. 5b, all the b-values for CoS2@NC, CoS2@NC/rGO, and CoS2/FeS2@NC and CoS2/FeS2@NC/rGO were mainly ranging from 0.5 to 1.0 indicating a mix of capacitive and diffusion-controlled Na storage mechanisms. As shown in Fig. 5c, CoS2/FeS2@NC/rGO exhibited significantly higher capacitive contributions (83.1 to 92.3%) among all samples from 0.2 mV s-1 to 1.0 mV s-1. Compared to diffusion-controlled intercalation behavior, the capacitive contribution is related to surface or near-surface Faradic redox reactions which can significantly facilitate faster charge/discharge process. Based on the above results, it could be could that the higher capacitive contribution of CoS2/FeS2@NC/rGO enhances the electrochemical reaction kinetics of Na storage thus highlighting its superior rate capability.
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Fig. 5. Kinetic analysis. (a) Cyclic voltammetry (CV) profiles at different scan rates; (b) b value obtained from peak current and scan rate of CoS2/FeS2@NC/rGO; (c) Capacitive contribution ratio of various materials; (d) Nyquist plots and fitted curves, (e) Relationship between Z’ and ω-1/2, and (f) Corresponding Calculated Na+ diffusion rates.
[bookmark: _Hlk213773169]Electrochemical impedance spectroscopy (EIS) test was used to further evaluate the conductivity, Na+ diffusion and charge transfer properties. Fig. 5dexhibits the Nyquist plots and fitted curves using the equivalent circuit model of CoS2@NC, CoS2@NC/rGO, and CoS2/FeS2@NC and CoS2/FeS2@NC/rGO. The semicircles in the high -frequency region and the sloped lines at low-frequency indicate the charge transfer resistance (Rct) at the electrode/electrolyte interface and the Warburg impedance (Zw) associated with ion diffusion within the electrode materials. According to the fitting results in Table S3, the CoS2/FeS2@NC/rGO electrode with a relatively lower Rct of 30.6 ohm suggested its improved electrical conductivity and charge transport property than that control samples (190.9, 84.2, and 84.0 ohm for CoS2@NC, CoS2@NC/rGO, and CoS2/FeS2@NC). In addition, the Na+ diffusion coefficients () were further determined based on the Warburg coefficient (σ) obtained from EIS results, the σ values were obtained from the slope between Z’ and  according to Eqs. (1), as shown in Fig. 5e. Based on the fitted results, the were calculated using Eqs. (2).[48,49]


where Z’, Rs and ω are real part of Nyquist plots, solution resistance and angular frequency. And R, T, n, F, S, C refer to gas constant, absolute temperature, charge transfer number, Faraday constant, surface area of electrode and Na+ concentration, respectively. As shown in Fig. 5f, the CoS2/FeS2@NC/rGO electrode has the most significant  value of 2.50×10-12 cm2 S-1 much higher than that of CoS2@NC (0.031×10-12 cm2 S-1), CoS2@NC/rGO (0.162×10-12 cm2 S-1) and CoS2/FeS2@NC (0.397×10-12 cm2 S-1). From the above Na+ diffusion kinetics analysis results, it is concluded that CoS2/FeS2 can effectively accelerate the Na+/e- transfer thus significantly improving the diffusion dynamics and the N-doped C framework as well as continuous 3D rGO network were also benefit to reaction kinetics through enhancing Na+/e- diffusion channels. 
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Fig. 6. Schematic illustration of CoS2/FeS2@NC/rGO with improved Na storage.
Ex-situ Raman testing was used to further verify the reversible Na+ storage process of CoS2/FeS2@NC/rGO, as shown in Fig. S7. At the open-circuit voltage (OCV), the Raman peaks at 1346 and 1597 cm-1 are ascribed to the D and G bands of N-doped carbon and rGO, respectively. During the discharge process, the D and G bands gradually disappeared, suggesting the lattice disorder increases arising from the intercalation of Na+ and the adsorption behavior of Na+ on the surface of N-doped carbon and rGO. Upon subsequent charging to 3.0 V, these peaks partially reappear, suggesting the reversible reconstruction of the sulfide phase and the desorption of Na+.
Based on the combined structural, morphology, and electrochemical analyses, a schematic illustration for the structural advantages and sodium storage mechanism of the CoS2/FeS2@NC/rGO is presented in Fig. 6d. The composite features a rationally engineered three-dimensional hierarchical architecture, where CoS2/FeS2 heterostructures are uniformly encapsulated within N-doped carbon matrix and further interconnected by a continuous 3D rGO conductive network. First, the intimate contact between CoS2 and FeS2 forms abundant heterointerfaces that facilitate rapid Na+/e- transport through the built-in electric fields, thereby improving the diffusion kinetics, enhancing redox activity and interfacial charge storage. Second, the N-doped carbon framework not only improves electronic conductivity and facilitates charge transport but also effectively buffers the volume change associated with repeated charge/discharge processes, ensuring structural stability. Third, the interconnected 3D rGO network provides continuous electron conduction pathways and more ion diffusion channels, while preventing particle aggregation and maintaining the integrity of the electrode structure. The strong coupling among the CoS2 and FeS2 heterostructure, N-doped carbon framework, and 3D rGO conductive network cooperatively enhances the electrochemical reaction kinetics and structural stability, thereby delivering outstanding rate capability and superior cycling durability for Na+ storage.
3. Conclusion
In summary, a CoS2/FeS2 heterostructure encapsulated within a N-doped carbon framework and further interconnected by a 3D rGO network (CoS2/FeS2@NC/rGO) was successfully designed and synthesized through an in-situ carbonization-sulfidation process. The synergistic integration of the N-doped carbon matrix and the 3D rGO conductive network effectively enhances electrical conductivity and structural robustness while facilitating rapid Na+ and electron transport. In addition, the built-in heterointerface between CoS2 and FeS2 significantly accelerates ion diffusion and enhances redox kinetics, leading to superior electrochemical performance. Benefitting from the rational compositional optimization and hierarchical structural design, the CoS2/FeS2@NC/rGO electrode delivers a high reversible capacity, excellent rate capability and outstanding long-term cycling stability. Furthermore, ex-situ Raman characterizations further revealed the reversible sodium storage mechanism within CoS2/FeS2@N,C/rGO composite. This work highlights the effectiveness of combining heterostructure engineering with hierarchical structural design in developing high-performance anode materials for next-generation sodium-ion batteries.
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