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Abstract

:

MnO2 has advantages such as the simple and diverse preparation methods, low cost and high theoretical capacity, but its industrial application is affected by its poor conductivity and fast attenuation of cycle performance. In order to improve its conductivity, battery capacity and performance, MnO2/carbon nanofibers (MnO2/CNFs) are obtained by using electrospinning technology, and the electrochemical performance was confirmed by XRD, SEM, TEM. Confirmed by comparison, the 20% MnO2/CNFs exhibit superior and excellent long cycling performance with a reversible capacity of 835 mA h g−1 at 0.1 A g−1 after the 133th cycle and a high initial specific capacity of 1094 mA h g−1 at a current density of 0.1 A g−1. The MnO2/CNFs have notable specific capacities with a coulombic efficiency of 99.5%, which greatly improve the reaction rate. This can also be used as a flexible electrode material because of its good flexibility. Due to the fact that carbon has better electron/ion conductivity, it shows better kinetics.
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1. Introduction


Anode material is one of the core materials of a battery. It is an important factor in determining the safety, cycling stability and other performance of battery [1,2,3]. The development of high-capacity anode materials is very important to further improve the energy density of Li-ion batteries [4,5,6]. With unique outer valence electrons and special physical and chemical properties, transition metal manganese compounds are one of the high-capacity lithium-ion anode materials that have attracted more attention in recent years [7], among which MnO2 is viewed as one of the most valuable electrode materials for lithium battery due to its advantages such as simple and diverse preparation methods, low cost and high capacity (theoretical capacity is 1232 mA h g−1) [8,9]. However, MnO2 also has some disadvantages, involving volume change during the repeated process of charge/discharge and poor electrical conductivity, which result in poor performance of rate and inferior stability of cycle [10,11,12].



To solve the problems and improve the electrochemical performance, many effective strategies have been researched, such as materials, porous structure, and conductive polymer/metallic material coating [13,14,15,16]. Recently, significant effort has been devoted to nanowires, nanosheets, and porous nanostructures to boost the lithium-ion concentration [17,18,19]. Sui et al. synthesized semiconducting polypyrrole coated-δ-MnO2 nanosheet arrays on nickel foam by hydrothermal and electro-deposition. Coated-δ-MnO2 nanosheet arrays can afford ∼430 mA h g−1 after 120 cycles [20]. Single crystalline α-MnO2 nanowires, investigated by Ahmad Umar et al., provide a stable capacity of 330 mA h g −1 for 60 cycles [21]. Special nanostructures have high specific surface area and a great number of active sites, which could enhance electrochemical performance [22,23]. However, because these designs could buffer the anode material of lithium-ion batteries, it is difficult to apply this design directly to the anode material of lithium-ion batteries and the cyclic stability of the anode material is still not ideal. This is because the electrical conductivity of MnO2 is poor, which causes larger volume expansion. Therefore, it is necessary to design a unique anode of lithium-ion battery [24,25,26]. The embedding of MnO2 nanoparticles into carbon nanofibers (CNFS) as independent substrates by electrospinning has been extensively studied, but there has been little research on the embedding of MnO2 nanotubes into carbon nanofibers as independent electrodes.



Herein, MnO2/carbon nanofibers (MnO2/CNFs) were designed by electrospinning technology to enhance the electrochemical properties. This design has several advantages. Firstly, it effectively improves the conductivity and limits the volume expansion, which ensures the stability of the electrode during electrochemical cycling [27,28]. Secondly, MnO2/CNFs has large specific surface area and high porosity, which can improve the adsorption, catalysis and transfer properties of the material [29,30]. Thirdly, the fracture strength and elastic modulus of the fiber are significantly improved, and it has good flexibility, which can be used as the precursor of flexible materials [31,32]. The results show that MnO2/CNFs exhibit superior storage behavior and excellent long cycling performance with a reversible capacity of 835 mA h g−1 at 0.1 A g−1 after the 133th cycle. MnO2/CNFs exhibit notable specific capacities with a coulombic efficiency of 99.5%, which greatly improves the reaction rate and shows better kinetics due to the fact that carbon has better electron/ion conductivity.




2. Experimental Section


2.1. Preparation of MnO2


The transition metal Oxide MnO2 was prepared by hydrothermal method. Firstly, 0.2 g KMnO4 was mixed with 25 mL H2O and stirred for 10 min. Then, 1.25 mL HNO3 was added, stirred thoroughly, and transferred into a 50 mL Teflon lined stainless steel reactor for hydrothermal reaction at 120 °C for 12 h, cooling naturally. Centrifugal washing was performed at 10,000 rates, then drying. MnO2 powder was prepared.




2.2. Preparation of MnO2 NTs


MnO2 was calcined to produce MnO2 NTs. MnO2 powder was put into a tubular furnace and heat treatment was applied in 400 °C air for 4 h to obtain MnO2 NTs.




2.3. Preparation of MnO2 Nanofibers (NFs)


The polymer containing 5% MnO2 NFs and 20% MnO2 NFs was prepared by electrospinning. Weighed out required amounts of MnO2 NTs, N, N dimethylformamide (Tianjin Kaitong Chemical Reagent Co., Ltd., Tianjin, China) were mixed, put in the ultrasonic cleaning machine until fully dissolved, then the appropriate amount of polyacrylonitrile (PAN) was added. The mixture was continuously put in the ultrasonic cleaning machine until all was dissolved. Then, it was mixed into the required slurry in the electrostatic spinning machine for spinning. After re-coating by electrospinning, the polymer containing 5% MnO2/NFs and 20% MnO2/NFs was prepared.




2.4. Preparation of MnO2/CNFs


MnO2 NFs polymer was calcined to produce MnO2/CNFs. First, 5% MnO2 /NFs polymer and 20% MnO2/NFs polymer were placed in tubular furnace, respectively, and carbonized in Ar atmosphere at 600 °C for 4 h to obtain 5% MnO2/CNFs and 20% MnO2/CNFs. Schematic of the synthesis procedure of MnO2/CNFs is provided in Figure 1.




2.5. Material Characterization


The compositions of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs were characterized by X-ray diffraction (XRD, D8Advance, Bruker AXS, Karlsruhe, Germany), scanning electron microscope (SEM, JSM-6360LV, JEOL, Tokyo, Japan) and transmission electron microscope (TEM, Fei Tecnai G2 F20S-Twin, Hillsboro, OR, USA), then the morphology was further observed. The batteries were assembled in the glove box using 5% MnO2/CNFs and 20% MnO2/CNFs as anode materials, and dried at room temperature for 24 h.





3. Results and Discussion


3.1. Morphology and Structure


The morphologies and structures of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs were obtained. Figure 2 characterizes the morphology of MnO2 NTs by scanning electron microscopy (SEM) at different magnifications. Figure 2a displays the tubular structure of MnO2 NTs with the longest morphology of about 3.3 μm. The morphologies of MnO2 NTs have better uniformity and contain almost no impurity particles. As shown in Figure 3b, hollow tubes are gained with an average diameter of 100 nm (±100). Figure 3a,b shows the 5% MnO2/CNFs, and Figure 3c,d shows the 20% MnO2/CNFs; both of them are uniform nanofibers with a diameter of approximately 300–500 nm. Their uniformly distributed nanoparticles are in high concentration, which reveals that the uniform MnO2/CNFs can be prepared [33,34].



The crystal structures and phase information of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs were characterized by X-ray diffraction (XRD). The results are demonstrated in Figure 4. The diffraction peaks of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs are in line with the standard card of MnO2 (JCPDS NO. 44-0141). The XRD patterns of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs show no noticeable change. The typical diffraction peaks correspond to the (110), (200), (220), (310), (211), (301), (411), (431), (521), (002), (541), (312) and (332) crystal planes of manganese dioxide, respectively. This indicates that manganese dioxide was integrated into the composite material, which presents the successful preparation. The peak of 20% MnO2/CNFs is strong and narrow, which confirms good crystallinity and high purity [35,36].



To further study the structure of 20% MnO2/CNFs samples, the TEM characterization is shown in Figure 5. The prepared 20% MnO2/CNFs showed a nanotube structure with the diameter of 250 nm and filled with the MnO2 particles in Figure 5b. In Figure 5c, the high-resolution TEM image of the MnO2/CNFs demonstrates that the lattice spacings are 0.182 and 0.161 nm, which is in line with the spacing of the (411) and (431) planes of MnO2. Obviously, it is proved that the ingredient of the nanofibers is MnO2 again [19,36,37].




3.2. Electrochemical Performance


The lithium electrochemical performances of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs were evaluated using coin cells. The CV curves of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs for the first several cycles at a scan rate of 0.1 mV s−1 in the potential range 0.01–3.0 V are shown, respectively, in Figure 6a–c. Compared with MnO2 NTs and 5% MnO2/CNFs in Figure 6a,b, the first cathodic cycle creates a broad peak at 0.45 V in Figure 6c, which vanishes in the following cathodic cycles. This illustrates that the reaction is irreversible and the energy difference prompts the formation of the solid electrolyte interface (SEI) on the electrode surface [30,31]. In addition to this, the peak decreases sharply below 0.35 V. This occurs because of the reduction in Mn4+ to Mn0 (MnO2 + 4Li+ + 4e− → Mn + 2Li2O) [22,38]. In the first anodic cycles, the strong peak at 1.32 V is corresponding to the dissolution of Li+ from Li2O and the oxication of Mn0 to Mn2+ (Mn + 2Li2O → MnO2 + 4Li+ + 4e−) [22,23,38]. In the other anodic cycles, the reaction is reversible because the peaks have no obvious changes. In addition, almost in the same place, the excellent electrochemical stability was revealed.



The discharge/charge graphs of 5% MnO2/CNFs and 20% MnO2/CNFs at a current density of 0.1 A g−1 are displayed in Figure 7a,b. The curves of lap 1, lap 20 and lap 50 were regarded as the samples There are obvious discharge voltage plateaus at about 0.76 V (Figure 7a) and 0.57 V (Figure 7b). The specific capacities of the first discharge are 1023 and 1094 mA h g−1, respectively; in the following cycles, the specific capacities are around 531–558 and 658–704 mA h g−1. An SEI film was formed due to the lost capacity, which is irreversible, and it is the same as cyclic voltammetry curves (Figure 7a,b). Thus, the mechanism of alloying lithiation is proved. Meanwhile, the discharge/charge capacity of the 20% MnO2/CNFs remains higher than that of the 5% MnO2/CNFs, which indicates not only high performance, but also excellent battery reversibility [39,40].



The cycle performances of 5% MnO2/CNFs for 160 cycles and of 20% MnO2/CNFs for 200 cycles at a current density of 0.1 A g−1 are shown in Figure 8a,b. The initial discharge/charge specific capacities of 20% MnO2/CNFs are 1094 and 687 mA h g−1, higher than those of 5% MnO2/CNFs. As the cycles continue, the specific capacities 5% MnO2/CNFs maintain at around 610 mA h g−1 from the 117th cycle to the 160th cycle, while those of 20% MnO2/CNFs remain at around 835 mA h g−1 from the 133th cycle to the 200th cycle. During the whole process, their coulombic efficiency holds at around 98.9% and 99.5%, respectively; 20% MnO2/CNFs owns the higher coulombic efficiency. The higher the percentage of MnO2/CNFs, the better reversibility and structural stability [41,42,43].



To compare the discharge/charge capacity, the rate performances of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs are tested at different current rates ranging from 0.1 to 0.5 A g−1 (Figure 9a–c). MnO2 NTs do not contain the MnO2/CNFs, so the structure is damaged easily and the cycle is unstable (Figure 9a). On the contrary, because of the carbon nanofibers, 5% MnO2/CNFs and 20% MnO2/CNFs have good structural stability (Figure 9b,c), but 20% MnO2/CNFs show superior capacity, the corresponding invertible capacities are 796, 611, 552, 486 mA h g−1 at 0.1, 0.2, 0.3, 0.5 A g−1. When tested again at 0.1, 0.2, 0.3 A g−1, the reversible capacities of 835, 620,565 mA h g−1 are reached. In addition, the MnO2/CNFs show better rate capability compared to the MnO2 NTs nanoparticle electrode at different rates from 0.1 to 0.5 A g−1 (Figure 9) [44,45].



To understand the state of the electrode process and the influence of mass transfer process based on the three different electrodes, EIS (electrochemical impedance spectra) were executed. As shown in Figure 10, the EIS of MnO2 NTs, 5% MnO2/CNF and 20% MnO2/CNF are composed of semicircles and oblique lines, the high-middle frequency regions of the semicircles represent the charge transfer impedance of the electrode. The smaller the diameter of the arc, the lower the charge transfer impedance [46,47]. It is obvious that 5% MnO2/CNF and 20% MnO2/CNF have a smaller semicircle and the similar impedance values, indicating that both of them have a lower charge transfer impedance compared with MnO2 NTs. The charge transfer resistances of MnO2 NTs, 5% MnO2/CNF and 20% MnO2/CNF are 205, 245, and 495 Ω, respectively. The low frequency regions of the oblique lines are caused by the Warburg impedance of the ion diffusion; the larger the angle between the oblique line and the real axis, the better the ion diffusion of the capacitor, the higher electrochemical capacitance [35,46]. In Figure 10, the slope of the impedance lines of 5% MnO2/CNF and 20% MnO2/CNF is larger than that of MnO2 NTs, and 5% MnO2/CNF is the best of them, but the impedance semicircle of 5% MnO2/CNF is rotated. The rotation of the impedance semicircle of 5% MnO2/CNF is related to the inhomogeneity of the electrode/electrolyte interface. Because of the inhomogeneity of the electrode surface, the electrochemical activation energy of each point on the electrode surface may be different, which produces different charge transfer resistance values, leading to poor electrical conductivity [48,49]. To sum up, 20% MnO2/CNF improves the conductivity on account of the unique structure with the carbon and has the best comprehensive performance.




3.3. Analysis of Electrode Structure after Charge/Discharge


To further confirm the relationship between fiber structure and cycling stability, the electrode was disassembled after the cycling; the structure and morphology are shown in Figure 11. It may be very clearly seen that 20% MnO2/CNFs still maintain the fiber structure, and the fiber structure is not broken. The structure of fiber can effectively release the expanded volume of the alloy during the lithium process, thus maintaining the structure stability and improving the stability and efficiency of the cycle.





4. Conclusions


This study provides a simple method to prepare MnO2/CNFs material as high-performance anode. MnO2/CNFs were prepared by electrospinning, and the electrochemical properties of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs were evaluated. SEM images proved that both of MnO2/CNFs are the uniform nanofibers with a diameter of approximately 300–500 nm, which reveals that the uniform MnO2/CNFs can be prepared. In comparison with them, 20% MnO2/CNFs anode can provide the initial reversible capacity of 1094 mA h g−1 at 0.1 mA g−1 and remains at 835 mA h g−1 after 133 cycles. It is proved that the presence of CNFs improves the electrical conductivity of the composites by impedance spectrum. As a result, 20% MnO2/CNFs had the better structural stability, high specific capacity, excellent reversibility, long cycling performance, and superior ionic conductivity, which provided ideas and prospect for designing a high-performance anode for LIBs.
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Figure 1. Schematic of the synthesis procedure of the MnO2/Carbon nanofibers. 
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Figure 2. SEM images of MnO2 NTs (a,b). 
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Figure 3. SEM images of the MnO2/CNFs in different components: 5% MnO2/CNFs (a,b); 20% MnO2/CNFs (c,d). 
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Figure 4. XRD patterns of MnO2 NTs, 5% MnO2/CNFs and 20% MnO2/CNFs. 
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Figure 5. TEM images of 20% MnO2/CNFs (a,b) and HRTEM image of 20% MnO2/CNFs (c). 
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Figure 6. Cyclic voltammetry curves of MnO2 NTs. (a) 5% MnO2/CNFs (b) and 20% MnO2/CNFs (c) at a scan rate of 0.1 mV s−1 in the potential range of 0.01–3.0 V. 






Figure 6. Cyclic voltammetry curves of MnO2 NTs. (a) 5% MnO2/CNFs (b) and 20% MnO2/CNFs (c) at a scan rate of 0.1 mV s−1 in the potential range of 0.01–3.0 V.



[image: Coatings 13 00707 g006]







[image: Coatings 13 00707 g007 550] 





Figure 7. Discharge/charge curves in selected cycles for 5% MnO2/CNFs (a) and 20% MnO2/CNFs (b). 
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Figure 8. Cycling performance and coulombic efficiency of 5% MnO2/CNFs for 160 cycles (a) and of 20% MnO2/CNFs for 200 cycles (b) at a current density of 0.1 A g−1. 
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Figure 9. Rate performance of MnO2 NTs (a), 5% MnO2/ CNFs (b) and of 20% MnO2/ CNFs (c) at various current rates ranging from 0.1 to 0.5 A g−1. 
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Figure 10. Electrochemical impedance spectra with selected equivalent circuit (inset) for MnO2 NTs, 5% MnO2/CNF and 20% MnO2/CNF. 
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Figure 11. SEM images of the 20% MnO2/CNFs after 200 cycles. 
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