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Abstract

:

Developing cost-effective cathode materials is conducive to accelerating the commercialization of sodium-ion batteries. Na4Fe3(PO4)2P2O7 (NFPP) has attracted extensive attention owning to its high theoretical capacity, stable structure, and low cost of raw materials. However, its inherent low conductivity hinders its further application. Herein, carbon-coated NFPP nanospheres are anchored to crumpled MXene nanosheets by an electrostatic self-assembly; this cross-linked structure induced by CTAB not only significantly expands the contact area between particles and improves the electronic conductivity, but also effectively reduces the aggregation of NFPP nanoparticles. The as-designed Na4Fe3(PO4)2(P2O7)@C/Ti3C2Tx (NFPP@MX) cathode exhibits a high discharge capacity (106.1 mAh g−1 g at 0.2 C), good rate capability (60.4 mAh g−1 at 10 C), and a long-life cyclic stability (85.2% capacity retention after 1000 cycles at 1 C). This study provides an effective strategy for the massive production of high-performance NFPP cathodes and broadens the application of MXene in the modification of other cathode materials.
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1. Introduction


Solar and wind are experiencing a boom to replace fossil energy which produces large amounts of carbon emissions. The volatility and unpredictability of renewable energy poses a huge challenge to grid stability; developing large-scale energy storage systems is essential to achieve a reliable and robust sustainable energy system [1,2]. Lithium-ion battery (LIB) technology achieved commercial success in powered vehicles and provides respectable energy densities, but the scarcity of lithium resources and a highly concentrated supply chain have led to an unstable market, which, coupled with increasing demand, has caused the cost of lithium to skyrocket. This is not optimistic for building cost-effective energy storage systems on a large scale [3,4,5]. Sodium-ion batteries are considered a competitive alternative to address the inherent limitations of lithium in terms of sustainability due to abundant economic sodium resources, reduced collector costs, and intercalation chemistry like LIB [6,7]. Compared to lithium ions (0.76 Å), Na ions (1.02 Å) with larger radii require a more open and stable frame structure to accommodate ion intercalation/extraction [8,9,10].



Hard carbon can achieve a reversible capacity over 300 mAh g−1, which has been proven to meet the practical application of SIBs. Therefore, the performance of SIBs is mainly limited by the cathode materials. To date, scholars have investigated various cathode materials for SIBs, such as sodium transition metal oxides [11,12,13], Prussian blue analogues [14,15,16], and polyanionic compounds [17,18,19,20]. Transition metal oxides have a lack of stability owing to the intricate reaction involved in the phase transition during uninterrupted Na+ ion insertion/extraction. Moreover, they are highly hygroscopic, requiring harsh environments for electrode preparation, which inevitably increases costs [21]. The electrochemical properties of Prussian blue analogues are greatly affected by defects and crystal water content, and they are difficult to synthesize in large-scale stationary production [22].



Compared with the above two compounds, polyanionic compounds exhibit a stable 3D structural framework, good stability in air, and large-scale production. The exploration of polyanionic compounds has been basically focused on V- and Fe-based compounds. V-based compounds such as Na3V2(PO4)3 [23,24] and Na7V4(P2O7)4PO4 [25] exhibit impressively high operating voltages and high energy densities, but the high cost and toxicity of the V element should not be ignored. Polyanions with iron as the redox center seem to be the most ideal choice for electrode materials. Recently, Na4Fe3(PO4)2(P2O7) (denoted as NFPP) was screened from a variety of framework materials [26,27]. It has mild theoretical capacity of 128.9 mAh g−1 and high average operating voltage of 3.1 V. In addition, the dimer of the PO4 and P2O7 groups in its structure provides a stable interstitial space and the volume change is less than 4% during the reversible extraction/insertion of three sodium ions [28,29]. Kang et al. first synthesized NFPP particles via a simple solid-state method using phosphate and pyrophosphate as raw materials, and revealed that it has excellent ion storage capabilities [30]. Yang et al. fabricated carbon-coated NFPP by thermal conversion of PO4 to P2O7 using the sol–gel method [31]. However, NFPP suffers from intrinsic low electronic conductivity, which significantly limits its electrochemical performance. Constructing a firm 3D conductive structure to facilitate redox reactions of NFPP remains an important research subject [32,33].



MXene is a family of 2D transition metal carbides and/or nitrides. It is prepared by etching the intermediate A atomic layer from the ternary layered compound MAX. The general formula is Mn+1XnTx, where M denotes early transition metals, X corresponds to C or/and N, and Tx represents surface terminations [34]. Among them, Ti3C2Tx has been widely studied due to its mature synthesis technology, excellent electronic conductivity, robust mechanical properties, and strong interfacial coupling [35,36]. In previous reports, MXene has also been incorporated into the cathode material of SIBs [37]. Cao et al. prepared a heterostructure Na3V2O2(PO4)2F/Ti3C2Tx, in which Ti3C2Tx nanosheets were used as mechanical scaffolds to inhibit the aggregation of Na3V2O2(PO4)2F NPs and significantly improve the cyclic stability of electrodes [38]. Feng et al. fabricated an NaFeFe(CN)6/MXene flexible self-supporting electrode. Ti3C2Tx increases the electrical conductivity of nano-PBAs, and acts as a flexible matrix, which effectively reduces the expansion of flexible electrodes [39]. Nevertheless, in these cross-stacked structures, the contact area between particles is finite, and the “buffering effect” of MXene remains be optimized.



In this work, NFPP@MX composite was prepared by an electrostatic self-assembly method. In this composite, homogenous NFPP@C nanospheres are anchored to crumpled MXene nanosheet scaffolding. This tightly cross-linked structure not only significantly expands the contact area between particles and provides “superhighways” for fast electron transport, but also restricts the aggregation of NFPP@C particles thereby guaranteeing fast ion transportation. The resulting NFPP@MX electrode exhibits a high reversible capacity of 106.1 mAh g−1 g at 0.2 C, a good rate capability (60.4 mAh g−1 at 10 C), and a stable cyclic performance (85.2% of initial capacity after 1000 cycles). Given the simplicity and economy of the electrostatic self-assembly method, it can be broadly applicable across various technological domains.




2. Materials and Methods


2.1. Synthesis of Materials


Preparation of Ti3C2Tx suspension [40]: First, 1.6 g LiF (Macklin, AR) was mixed into a Teflon liner containing 20 mL of 9 mol L−1 HCl and stirred at 45 °C for 15 min. An amount of 1 g Ti3AlC2 powder (Jilin 11 Technology Co., Ltd., Changchun, China) was added slowly, and continuously stirred at 45 °C for 24 h. Then, the collected reaction products were washed with deionized water by repeated centrifugation (2000 rpm for 3 min) until pH = 6, hand-shaking for 5 min, and then centrifugation (2000 rpm for 10 min), repeated three times. The concentration of MXene was about 1 mg mL−1 in the suspension.



Synthesis of NFPP@C [41,42]: 5.9994 g Fe(NO3)3·9H2O (Sinopharm, AR), 2.3996 g NaH2PO4·2H2O (Aladdin, AR), and 1.5118 g glucose (Sinopharm, AR) were dissolved in 50 mL deionized water (the molar ratio of NaH2PO4:Fe(NO3)3 was 4:2.97), and then heated (80 °C) until the water evaporated completely, and the collected yellow xerogel and was ground. The resulting powder was calcined at 300 °C for 5 h and 550 °C for 10 h in a flowing N2 atmosphere to obtain NFPP@C nanoparticles.



Preparation of NFPP@MX and NFPP/MX: To prepare NFPP@MX composite, 100 mg NFPP@C particles were added into 5 mL 1.2 mg mL−1 CTAB (C₁₉H₄₂BrN, (Macklin, AR)) solution and stirred for 0.5 h. Then, this mixture was dropped into 5 mL Ti3C2Tx suspension and continuously stirred for 0.5 h. The mass of Ti3C2Tx was about 5 wt.% of NFPP@C. Subsequently, the black product was collected and washed several times to remove the residual CTAB, then dried overnight to obtain NFPP@MX powder. NFPP/MX composite was prepared in the same way as above, except that the CTAB aqueous solution was replaced with an equal amount of deionized water.




2.2. Material Characterization


X-ray diffraction (XRD) patterns of the samples were collected on a Malvern Panalytical Empyrean in the intervals from 5° to 85° (2θ) with a scanning speed of 5° min−1. The detailed morphology and elemental distribution of the samples were characterized using a transmission electron microscope (TEM, FEI Tecnai F20) and a scanning electron microscope with EDS mapping module (SEM, Hitachi SU8010). The X-ray photoelectron spectroscopy (XPS) measurements were carried out on a PHI500 spectrometer. Fourier transform infrared spectroscopy (FT-IR) spectra were examined via a Thermo Nicolet iS5 in the range of 4000–400 cm−1 wave numbers. Thermogravimetric analysis (TG) was conducted in air from 50 to 800 °C at a heating rate of 10 °C min−1.




2.3. Electrochemical Test


All electrochemical characterization was performed at room temperature with CR2032 coin cells. The obtained active substances, carbon black and poly(-vinylidene fluoride) (PVDF), were mixed with a mass ratio of 7:2:1 to form a homogeneous slurry, in which PVDF pre-dispersed in N-methyl-2-pyrolidone (NMP). Later, the slurry was uniformly cast on Al foil and vacuum dried at 60 °C for 12 h. The electrode loading density was about 1.5 mg cm−2. NFPP@C, NFPP/MX, and NFPP@MX electrodes were employed as cathodes; sodium metal foils as reference electrodes. The electrolyte was 1 M NaClO4 dissolved in propylene carbonate (PC) with 5 vol. % fluoroethylene carbonate (FEC). The separator was glass fiber (GF/D). The galvanostatic charge/discharge performance was measured on a CT2001A test system (Land Wuhan, China). Cyclic voltammetry (CV) curves and electrochemical impedance spectra (EIS) were recorded using a CHI660e (Shanghai, China). The test frequency range of EIS was 100 k~0.1 Hz. The full cells were assembled using NFPP@MX and commercial hard carbon (CHC). CHC anodes were first cycled 5 times in CHC//Na half cells and then charged to 1.2 V. All cell assembly/disassembly was performed in an Ar atmosphere. The charge/discharge capacity presented in this work is calculated based on the mass of NFPP@C in the sample.





3. Results and Discussion


Figure 1a schematically demonstrates the synthesis process of NFPP@MX composite. Upon treatment with HCl/LiF, the aluminum atomic layer located within the densely packed layered structure of commercial Ti3AlC2 was selectively removed, leading to the formation of the accordion-like Ti3C2Tx (Figure S1). Then, the etched Ti3C2Tx was dispersed in water and a homogeneous Ti3C2Tx MXene colloidal solution was obtained via vigorous hand-shaking. Owing to the modification of the polar terminals (-OH, -O, and -F), the surface of the exfoliated Ti3C2Tx nanosheets is negatively charged. The electrostatic repulsion between the nanosheets makes the single-layer Ti3C2Tx stable in water (Figure 1b). CTAB is a common cationic surfactant. The NFPP@C particles were coated with CTA+ after continuous stirring. When the CTAB-modified NFPP@C particles (Figure 1c) were added into the Ti3C2Tx suspension, the Ti3C2Tx nanosheets were attracted to the surface of NFPP@C particles under electrostatic action. The complexes could be immediately observed settling to the bottom of the bottle if stirring was stopped (Figure 1d). In the absence of CTAB, the mixture of NFPP@C and Ti3C2Tx suspension was still black in the synthesis of NFPP/MX which means that Ti3C2Tx nanosheets cannot successfully be attracted to the surface of NFPP@C particles and single-layer Ti3C2Tx nanosheets still exist (Figure 1e). It is worth noting that a colloidal coagulation phenomenon occurred if CTAB solution was added into Ti3C2Tx suspension and shaken for a few seconds, because CTA+ neutralized the negative charge, reducing the repulsive forces between the nanosheets (Figure 1f). The above phenomenon proves that NFPP@C particles and Ti3C2Tx nanosheets can self-assemble with the assistance of CTAB. This process does not involve any thermal treatment and is very brief.



The morphologies and microstructures of as-prepared NFPP@C, NFPP/MX, and NFPP@MX samples were investigated by SEM, TEM, and EDS. In Figure S2a, NFPP@C has a regular spherical particle structure and a particle size of 80–200 nm. The SEM images of the NFPP/MX composite (Figure S2b) depict the presence of both NFPP@C particles and planar Ti3C2Tx nanosheets. The finite and weak contact between NFPP@C particles and Ti3C2Tx nanosheets cannot effectively improve the conductivity of NFPP/MX composite, but in NFPP@MX samples, NFPP@C particles are embedded in a 3D structure composed of crumpled MXene nanosheets, and the increased contact area between particles significantly improves the electron transport efficiency.



The tight cross-linking between NFPP@C and MXene nanosheets is further demonstrated by the TEM images in Figure 2a,b. MXene nanosheets with large lattice stripes and NFPP particles form a compact structure, and the lattice fringes of the MXene sheets are about 1.5 nm. Figure 2c illustrates a lattice dimension of 0.26 nm, which is very close to the interplanar spacing of (602) plane of the typical NFPP crystal [33]. Moreover, there is a 4.8 nm thick carbon layer on the surface of NFPP@C particles.



The SEM image of crumpled Ti3C2Tx nanosheets obtained by mixing CTAB solution and Ti3C2Tx suspension (Figure 1e) is shown in Figure 2d. Compared with the flat microstructure of Ti3C2Tx nanosheets in NFPP/MX composite, it can be seen that CTAB can destroy the repulsion force between the nanosheets, resulting in a stacking and crumpled phenomenon of the Ti3C2Tx nanosheets. The feasibility of the electrostatic self-assembly method is further confirmed [43]. The EDS images in Figure 2e display a uniform distribution of Na, Fe, P, and O elements. Ti element is derived from Ti3C2Tx nanosheets and F element is also detected due to the presence of the surface termination (-F). The even distribution of elements indicates that the NFPP@C nanoparticles are effectively coated by Ti3C2Tx nanosheets.



The XRD pattern of NFPP@MX is depicted in Figure 3a, and its structural parameters were analyzed by GSASII software. The calculated diffraction patterns match well with the observed XRD patterns. Peaks at 15.9°, 16.7°, 23.9°, 25.9°, 32.1°, 33.7°, 34.4° can be indexed to the crystal planes of NFPP (011), (002), (410), (402), (022), (222), and (602), respectively. The analysis results reveal that NFPP belongs to the Pn21a space group and lattice parameters of a = 17.8603 Å, b = 6.5015 Å, c = 10.7283 Å, and V = 1245.75 Å3; maricite NaFePO4 impurity was also detected in the sample whose peaks locate at 20.1°, 32.8°, 33.1°, 34.8°, respectively [44]. The weight fraction of maricite NaFePO4 is about 7% based on Rietveld XRD results. The diffraction peak at about 8° (2θ) corresponds to the characteristic (002) plane of Ti3C2Tx; NFPP@C and NFPP@MX exhibit similar XRD profiles, and the diffraction peaks of Ti3C2Tx are not detected in the NFPP@MX composite, probably due to its low content (Figure S3).The FT-IR spectra of NFPP@C and NFPP@MX are displayed in Figure 3b; several peaks in the range 400–700 cm−1 are identified, which originate from the O-P-O bending vibrations, the mid-frequency peaks (718 and 956 cm−1) are due to symmetric and antisymmetric vibrations of the P2O7 groups, while the stretching mode of the P-O in PO4 groups produces the bulge at 718–956 cm−1 [45].



The structural characteristics and carbon layer components of NFPP@C and NFPP@MX were studied by Raman spectroscopy (Figure 3c), and the characteristic Raman fingerprint of NFPP is displayed in the band range of 250 to 1100 cm−1. The multiple peaks in the low frequency region (<500 cm−1) are associated with the deformation of the PO4 unit, while the strong peaks near 1000 cm−1 can be assigned to the stretching vibration of PO4 and P2O7 [46]. Two distinct broad peaks at 1350 and 1580 cm−1 belong to the D-band (disordered carbon) and G-band (graphitized carbon), respectively. The calculated relative intensities of NFPP@C and NFPP@MX in the D and G bands are 0.78 and 0.73, respectively, indicating that both samples have highly graphitized carbon layers. The small difference in ID/IG may be caused by the loss of a small amount of carbon during the preparation of NFPP@MX. XPS spectra were recorded to further investigate the product composition. The full XPS spectra confirm the existence of Ti, C, and O elements in NFPP@MX composite, which correspond well to the elemental composition of Ti3C2Tx (Figure S4a). The XPS result of C 1s in Figure 3d can be split into four main bonding configurations, namely C-Ti-Tx (281.8 eV), C-C (284.8 eV), C-O (286.2 eV), and O-C=O (288.3 eV) bonds. The binding energies of Ti 2p at 455 (461.1), 456 (461.8), 457.7 (463.6), and 459 (464.7) eV belong to Ti-C, Ti2+, Ti3+, and Ti4+-O bonds, respectively (Figure 3e) [47]. The XPS spectra of O 1s, P 1s, and Fe 2p are shown in Figure S4 [48]. Two distinct peaks are found at 711.2 eV (Fe 2p3/2) and 724.6 eV (Fe 2p1/2), indicating bivalent Fe2+ [49]. Furthermore, based on thermogravimetric (TG) analysis (Figure 3f), the calculated carbon content in NFPP@C is 5.9 wt.% (Note S1).



Electrochemical tests were carried out on half cells assembled with three materials. Figure 4a shows the CV curves of the NFPP@MX electrode at 0.1 mV s−1. Multiple anode and cathode peaks can be observed and they are not symmetric, which is correlated with the unique distribution of Na ions in NFPP crystals. Wu et al. demonstrated the existence of four Na sites with different coordination numbers in the NFPP crystal structure by using ex situ solid state NMR spectroscopy, namely Na3 (5-coordination), Na1 (6-coordination), Na4 (6-coordination), and Na2 (7-coordination) [31]. Among them, the 7-coordination Na2 is hardly involved in electrochemical reactions. Moreover, it is found that sodium ions with fewer coordination numbers are extracted first but inserted last. Therefore, during a complete charge and discharge process, the sodium ion extraction sequence is Na3 → Na1 → Na4, while the insertion sequence is Na4 → Na1 → Na3. In addition, the nearly coincident CV curves show that NFPP@MX has excellent reversibility.



Figure 4b presents the initial charge/discharge profiles of NFPP@C, NFPP/MX, and NFPP@MX cathodes at 0.2 C (1 C = 129 mA g−1). All three materials have the same operating voltage platform in the range of 1.7–4 V, indicating the addition of Ti3C2Tx did not change the electrochemical properties of NFPP. Three charge voltage plateaus (2.90, 3.01, and 3.28 V) and two discharge voltage plateaus (3.17 and 2.81 V) can be observed, which are in excellent agreement with the CV plots shown in Figure 4a. NFPP@MX delivers a discharge capacity of 107.2 mAh g−1 with an initial Coulombic efficiency of 98.7%, which is higher than those of NFPP/MX (105.1 mAh g−1, 97.4%) and NFPP@C (96.8 mAh g−1, 94.3%). The rate capabilities of the three electrodes are displayed in Figure 4c. The average reversible capacities of NFPP@MX are 106.1, 93.5, 86.1, 78.1, and 70 mAh g−1 obtained at 0.2, 0.5, 1, 2, and 5 C, respectively. NFPP/MX has discharge capacities of 104.8, 89, 79.4, 68.9, and 56.7 mAh g−1, while those of the NFPP@C electrodes are only 97, 81.2, 71.9, 65.9, and 53 mAh g−1. Notably, the NFPP@MX electrode maintains a reversible capacity of 60.4 mAh g−1 even at 10 C. NFPP/MX and NFPP@MX have similar capacities at low current, but NFPP@MX exhibits significantly higher capacities as the rate increases, which indicates the advantage of the crumpled MXene structure. We also tested long-term cycling at 0.5 C and 1 C to simulate real life. In Figure 4d, the capacity retention of NFPP@MX after 200 cycles is 97.4%, higher than those of NFPP/MX (92.8%) and NFPP@C electrodes (89.5%). When the current density is further increased to 1 C, the capacity retentions of NFPP@C and NFPP@MX after 1000 cycles are 68% and 85.2%, respectively. Both samples have excellent average coulomb efficiency (Figure 4e).



Obviously, the NFPP@MX cathode exhibits better electrochemical performances compared to the other two electrodes. Compared with the finite connection area between Ti3C2Tx nanosheets and NFPP@C particles in the NFPP/MX sample, the 3D coupled structure in NFPP@MX expands the contact surface between particles which improves the conductivity of the electrode, resulting in higher discharge specific capacity. Besides acting as the external flexible skeleton of NFPP@C, Ti3C2Tx can effectively reduce the aggregation of NFPP@C particles and improve the structural stability of NFPP@MX electrodes during the charge and discharge process, thus achieving higher capacity retention. The electrochemical performances of cathode materials for Na-ion batteries are summarized and demonstrated in Table S3. As demonstrated, NFPP@MX cathode material exhibits relatively high capacity, excellent rate capability, and cycling stability.



To further study the difference in reaction kinetics between NFPP@C and NFPP@MX, CV curves of the both materials were tested between 0.05 and 0.2 mV s−1 [50]. As presented in Figure 5a,b, the voltage gap between the oxidation and reduction peaks for NFPP@MX is smaller than that for NFPP@C as the scanning rate increases, indicating that NFPP@MX has better reversibility. The apparent diffusion coefficient of sodium ions (D) can be calculated based on the Randles–Sevcik equation:


ip = 2.69 × 105n2/3AD1/2C0ν1/2








where ip is the peak current (A), n is the number of transferred electrons (n equals three for NFPP), A is the apparent electrode area (0.785 cm2), C0 is the bulk concentration of the Na+ in NFPP crystals (5.302 × 10−3 mol cm−3), and ν is the scan rate [51,52,53]. Figure 5c,d shows the linear fitting results of ip and ν1/2. As shown in Figure 5e, the D values of the anodic (peak1, peak2) and cathodic peaks (peak3, peak4) of NFPP@MX cathodes are calculated as 8.09 × 10−12, 1.79 × 10−11, 8.81 × 10−12, and 9.7 × 10−12 cm2 s−1, respectively, which are significantly higher than those calculated for NFPP@C and NFPP/MX. The enhanced diffusion kinetics is correlated to the shorter diffusion pathways of sodium ions in NFPP@MX (Figure S5 and Table S1). The EIS spectra of the NFPP@C, NFPP/MX, and NFPP@MX cathodes are shown in Figure 5f. The semicircle at medium-high frequency indicates the charge transfer resistance (Rct) [54]. As shown in Table S2, NFPP@MX electrode has the smallest Rct value (equivalent circuit shown in the inset of Figure 5f). These results show that the 3D crumpled Ti3C2Tx network can effectively improve the reaction kinetics of sodium ions.



Commercial hard carbon (CHC) was selected as the anode to further test the performance of NFPP@MX in the full cell. The XRD pattern of CHC in Figure S6a has no obvious diffraction peak, which indicates that CHC is amorphous. The first discharge capacity of the CHC//Na half-cell is over 700 mAh g−1 at 50 mA g−1, which is related to irreversible sodium loss in the formation of the SEI film. The CHC anode releases a capacity of 247 mAh g−1 during subsequent cycles, and most capacity is contributed by voltage plateaus <0.1 V (Figure S6b). Figure 6a displays the first three charge/discharge profiles of the NFPP@MX full cell at 0.2 C during a voltage of 1.0–4.0 V. The full cell achieved a discharge capacity of 95 mAh g−1 and the initial coulombic efficiency was 90.9% (capacity is calculated based on cathode mass). Long-term cycling performances displayed in Figure 6b show that the NFPP@MX//CHC full cell has a first specific capacity of 67.8 mA h g−1 at 1 C, and maintain 51 mA h g−1 after 100 cycles.



Therefore, it is expected that this crumpled Ti3C2Tx nanosheets construct plays a positive role in improving the electrochemical performances of NFPP@C cathode. First, the 3D crumpled structure provides “superhighways” for electron transportation. Second, Ti3C2Tx effectively prevents NFPP@C particles from aggregating, shortening diffusion pathways of sodium ions. Third, Ti3C2Tx nanosheets which exhibit excellent mechanical flexibility act as a flexible matrix to provide buffer space for the volume expansion of NFPP@C particles and enhance the structural stability of NFPP@MX electrodes during cycling.




4. Conclusions


In summary, we successfully crumpled homogenous NFPP@C microspheres to a crumpled MXene conductive network by an electrostatic self-assembly process. This tightly cross-linked structure not only provides “superhighways” for fast electron transportation, but also acts as a positive restriction on the aggregation of NFPP@C particles and maintains fast sodium-ion diffusion. Consequently, NFPP@MX cathode exhibits a higher specific discharge capacity (106.1 mAh g−1 at 0.2 C, 60.4 mAh g−1 at 10 C) and more stable cyclic performance (85.2% of initial capacity after 1000 cycles) compared to NFPP@C cathode. Furthermore, sodium-ion fuel cells have been assembled and exhibit favorable cycling stability. Given the simplicity and economy of the electrostatic self-assembly method, we believe that it can be extended to other cathode modifications and NFPP@MX holds promising potential as a high-performance cathode material.
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Figure 1. (a) Schematic illustration of the synthesis of NFPP@MX composite. (b) Optical image of Ti3C2Tx suspensions, (c) CTAB-modified NFPP@C, (d) NFPP@MX composite, (e) NFPP/MX composite, and (f) a mixture of CTAB solution and Ti3C2Tx suspensions. 
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Figure 2. (a–c) TEM images of NFPP@MX. (d) SEM image of crumpled Ti3C2Tx nanosheets. (e) Typical SEM image of NFPP@MX and the corresponding elemental mappings. 
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Figure 3. (a) Rietveld refinement of the XRD patterns of NFPP@MX. (b) FTIR spectra, and (c) Raman spectra of NFPP@C and NFPP@MX samples. XPS spectra of NFPP@MX composite in (d) C 1s region and (e) Ti 2p region. (f) TG curve of NFPP@C sample. 
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Figure 4. (a) Cyclic voltammetry (CV) curves of NFPP@MX at 0.1 mV s−1. (b) Initial charge/discharge curves, (c) rate capability, and (d) cycling performance of NFPP@C, NFPP/MX, and NFPP@MX cathodes. (e) Long-term cycling performances of NFPP@C and NFPP@MX electrodes at 1 C. 
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Figure 5. CV curves of (a) NFPP@C, (b) NFPP@MX cathodes at various scanning rates (0.05, 0.08, 0.1, and 0.2 mV s−1) and (c,d) corresponding relationships between the peak current and the square root of the scan rate. (e) The apparent diffusion coefficient of sodium ions of the three materials. (f) The EIS spectra of the three materials. 
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Figure 6. (a) The 1st–3rd charge/discharge curves at 0.2 C and (b) cyclic performance at 1 C of NFPP@MX//CHC full cell. 
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