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Abstract

:

Conductive polymer polypyrrole (PPy)-coated lithium-rich manganese-based Li1.2Mn0.54Ni0.13Co0.13O2 (LMNCO) nanotube cathode materials were synthesized by electrospinning and subsequently subjected to low-temperature vapor-phase polymerization. X-ray diffraction (XRD), scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM) results confirm that the successful coating of the PPy layer (~2 nm) on the surface of LMNCO nanotubes did not destroy their morphologies or structures. Electrochemical tests indicate that the electrochemical performance of PPy-coated LMNCO nanotubes has been significantly enhanced. At a rate of 1 C, the discharge capacity of the PPy-coated LMNCO cell is 200.1 mAh g−1, and the capacity retention is 99% after 120 cycles. This excellent stability is attributed to the inhibition of side reactions and the protective function of the tubular structure due to the PPy coating layer. Additionally, the rate capability is also improved at a high current density due to the higher electronic and ionic conductivity.
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1. Introduction


In recent years, high-energy density and low-cost cathode materials have become an urgent need for lithium-ion batteries. In this context, layered Li-rich manganese oxides (LLOs), with the chemical formula (xLi2MnO3·(1−x)LiMO2, M = Mn, Ni, Co, etc.), have attracted increasing attention due to their high reversible capacity, high operating voltage and low cobalt content [1,2,3,4]. Layered lithium-rich manganese cathodes are constructed by layering Li2MnO3 and LiMO2 components at the nanoscopic level. By charging them to high potentials (4.6–4.8 V), lithium can be extracted from the Li2MnO3 component, which leads to a high reversible capacity that can approach 300 mAh g−1, which is almost twice that of common cathode materials such as LiMn2O4, LiCoO2 and LiFePO4 [5,6,7,8]. Unfortunately, there are several critical problems that prevent their development for commercial batteries. First of all, the voltage of these high-voltage cathode compositions will drop during the cycle, and during the charge–discharge cycle, the transition-metal ions migrate from the transition-metal layer to the lithium layer, resulting in the structure of the material changing from layered to spinel and the discharge voltage decreasing, which affect the cycling performance of the material. In addition, these high-voltage cathode compositions have poor magnification performance at high magnification, because the electronic conductivity and ionic conductivity of lithium-rich basic manganese oxide are relatively low, and the electrons and lithium ions cannot be rapidly transported at a high current [9,10,11,12].



Many effective strategies have been adopted to address these drawbacks, such as ion doping [13,14,15,16], surface modification [17,18,19,20,21] and nanostructure morphology [22,23,24]. Among them, the nanostructure morphology has attracted much more attention due to its short lithium-diffusion pathways and abundant active sites. Ma et al. reported that one-dimensional (1D) nanotube structural cathodes can greatly improve the rate capability, and the specific capacity of Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes can reach ~126 mAh g−1 at 5 C [23]. As is well known, these nanotube cathodes are assembled with nanosized grains, and their high specific area facilitates the efficient transport of lithium ions. However, at a high voltage, the severe side reactions between the electrolyte and electrode will lead to the deterioration of the structure of the nanotube cathode and lead to a general cyclic performance.



Surface coating is regarded as an effective method to alleviate side reactions. As previously reported, surface coating with metal oxides [17], fluorides [18] and phosphates [19] can enhance the stability of the interface and suppress the elimination of oxygen-ion vacancies. However, most of the above coating materials are inorganic, and these materials often present as discontinuous and inert layers, hindering the diffusion of electrons and lithium ions to some extent. Recently, organic polymers such as polypyrrole (PPy) and the biopolymer chitosan (CHIT) have been reported to improve the rate performance and cyclic stability of LiMn1/3Co1/3Ni1/3O2 [25] and CoMoO4 [26]. These organic materials are typical conductive polymers and have attracted much attention. Among them, PPy is characterized by simple synthesis, good biocompatibility, high electron conductivity and outstanding stability, and its excellent film-forming ability may contribute to highly continuous and nanometer-thick layers on the surfaces of active materials. Wu et al. [27] used the Pechini method to coat a layer of a ~10 nm thick PPy film on a Li1.2Mn0.54Ni0.13Co0.13O2 solid solution and found that the solid electrolyte interphase appeared on the LLOs after they were PPy-coated. However, they did not conduct sufficient research on the electrochemical performance or explain the mechanism.



In our work, we used a low-temperature vapor polymerization method to prepare PPy-coated Li1.2Mn0.54Ni0.13Co0.13O2 nanotubes. The sample synthesis process is shown in Figure 1. First, one-dimensional nanofiber cathode materials were prepared by electrospinning, and then the nanofiber cathode materials were calcined at a high temperature in an annealing furnace to prepare hollow and porous nanotube cathode materials. Finally, the nanotube cathode materials were put into a polypyrrole gas-phase polymerization device for vapor-phase coating, and the PPy-LMNCO composite materials were prepared. It is expected that this method can effectively combine the advantages of both a hollow nanotube structure and a nanocomposite conductive polymer strategy to maximize the electrochemical performance of the materials.




2. Materials and Methods


2.1. Preparation of Li1.2Mn0.54Co0.13Ni0.13O2 (LMNCO) Nanotubes


The one-dimensional LMNCO nanotube cathode was prepared by the electrospinning method. Polyacrylonitrile (PAN) and certain amounts of MnCH3COO·2H2O, Ni(CH3COO)2·4H2O, Co(CH3COO)2·4H2O and Li(CH3COO)2·4H2O were dissolved in 20 mL of N,N-dimethylformamide (DMF). Then, the salt solution was slowly dropped into the PAN solution under continuous stirring. Subsequently, the mixed solution was stirred for 20 h to form a homogeneous electrospinning solution. In the process of electrospinning, a high voltage of 15 kV, a flow rate of 1 mL h−1, a humidity of 25% and a distance of 200 mm between the collector and needle were used. The nanofiber precursor was collected on aluminum foil and dried for 6 h. Then, the dried samples were preheated at 500 °C for 4 h and calcined at 800 °C for 10 h in an air atmosphere.




2.2. Preparation of PPy-Coated Li1.2Mn0.54Co0.13Ni0.13O2 (P-LMNCO) Nanotubes


P-LMNCO was fabricated by in situ gas-phase polymerization. Firstly, 0.132 g of FeCl3 was dissolved in 20 mL of deionized water as an oxidant. The LMNCO nanotubes were immersed in an aqueous solution of FeCl3 for 5 min and then vacuum-filtered to obtain FeCl3-modified LMNCO nanotubes. Pure pyrrole was obtained after distillation under reduced pressure and placed in a polymerization chamber at a distillation temperature of 95 °C. Subsequently, FeCl3-modified LMNCO nanotubes were placed in a polymerization chamber filled with pyrrole vapor, and after 2 min, the final composites were obtained.




2.3. Characterization


The microstructures and morphologies of the nanotube cathode materials were examined by scanning electron microscopy (SEM) (JSM-6700F). The valence states of the metal elements were characterized by X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250Xi). The X-ray diffraction (XRD) patterns were collected on a Bruker D8 advanced diffractometer. The microstructure and element distribution of P-LMNCO samples were examined by high-resolution transmission electron microscopy (HRTEM, JEOL JEM-2100F) with energy-dispersive X-ray spectroscopy (EDS).




2.4. Electrochemical Measurements


The electrodes were fabricated by milling a mixture of active material, PVDF and acetylene black at a mass ratio of 8:1:1. Then, the mixture was rolled into a film on an aluminum foil, and the coating thickness was about 2 mg cm−2. After drying at 120 °C for 12 h in a vacuum, the electrodes were pressed under a pressure of 25 Mpa and then assembled in CR-2032 coin cells. The cells were charged and discharged over a voltage range of 2.0–4.8 V on a battery station (CT-4008, Neware). Cyclic voltammetry (CV) (at a scan rate of 0.1 mV) and electrochemical impedance spectroscopy (EIS) were tested on a Bio-Logic electrochemical workstation, and EIS was performed with an amplitude of 5 mV and a frequency range from 0.1 MHz to 0.01 Hz. All of the above tests were performed at room temperature.





3. Results and Discussion


3.1. Morphology and Structure


Figure 2 shows the XRD patterns of LMNCO and P-LMNCO samples. Apparently, both of the patterns have fundamental diffraction peaks, which are ascribed to the layered component of the hexagonal α-NaFeO2 structure (space group: R3m). Additionally, no PPy peaks are observed in the pattern of the P-LMNCO sample, which may be due to PPy being an amorphous structure with a low content in the composite materials. It can be seen from Figure 2 that the small peaks of all samples from 20 to 23° are attributed to the superlattice diffraction of the monoclinic Li2MnO3 phase (space group: C2/m) [10,28]. Moreover, the diffraction peaks of the two samples are not substantially different, indicating that the PPy coating does change the crystal structure of the LMNCO nanofibers. As shown in Figure 2b–d, XPS measurements were performed to analyze the valence states of the transition-metal ions in the two samples. All binding energies were corrected for specimen charging by referencing them to the C 1s peak (284.6 eV). The peaks of Mn 2p3/2, Ni 2p3/2 and Co 2p3/2 in the two samples are close to those reported in Reference [20]. The chemical valences of Mn, Ni and Co ions in the two samples are +4, +3 and +2, respectively. These results indicate that the PPy coating has few effects on the valence of the main elements in the materials.



Figure 3 shows the FTIR spectra of the LMNCO and P-LMNCO samples. It can be seen from the figure that the absorption peak at 674 cm−1 is caused by hydroxyl, and the absorption peak at 3343 cm−1 is the characteristic absorption peak of water on the sample surface. Significantly, for the P-LMNCO sample, the absorption peaks at around 1539 cm−1 and 1401 cm−1 are caused by the antisymmetric and symmetric stretching vibrations of pyrrole rings, indicating that the PPy-coated Li1.2Mn0.54Ni0.13Co0.13O2 composites were successfully synthesized in this work.



To obtain a detailed structural characterization, TEM and HRTEM images of the P-LMNCO sample were obtained, as shown in Figure 4. The lattice spacing of 0.47 nm corresponds to the spacing between (003) planes of the layered lithium-rich cathode structure [21,29]. From the picture in Figure 4c, it can be clearly observed that a PPy layer about 2 nm thick is coated on the LMNCO surface, and these PPy coatings are quite continuous with no visible interruptions, revealing a perfect crystalline layered structure. The chemical composition of the coating layer in the P-LMNCO sample was examined using EDX elemental mapping (Figure 4e–h), which exhibits a uniform distribution of Mn, Ni, Co and N elements in the coating layer, indicating that the PPy film is uniformly coated on the surface of the LMNCO nanotubes.




3.2. Electrochemical Performance


To investigate the electrochemical performance of the two samples, we performed the first three cyclic-voltammogram (CV) tests with a sweep rate of 0.1 mV s−1 between 2.0 V and 4.8 V (Figure 5a,b). In the first cycle, the oxidation peaks at approximately 4.0 V are attributed to the oxidation of Ni2+ to Ni3+ and Co3+ to Co4+, which correspond to the extraction of Li+ from LiMO2. Another oxidation peak at 4.6 V can be attributed to the extraction of Li2O from the Li2MnO3 component. In general, the Li2MnO3 component can provide an exceedingly high capacity, but it can also lead to more irreversible loss of O and Li by means of extracting Li2O. [17,30]. It is worth noting that the oxidation peak at around 4.6 V disappears in Figure 5b, indicating that electrolyte oxidation is suppressed after the PPy coating was applied. Significantly, for the P-LMNCO sample, the reduction peak at around 3.1 V is clearly observed until the third lap, corresponding to the redox of Mn3+/Mn4+ [27]. Although it was not confirmed that the PPy coating reduced oxygen release, it reduced the initial irreversible capacity loss and delayed the phase change process at least. The phase change speed becomes slow, which is beneficial to the stability of the material. Based on these results, it can be concluded that the proper PPy surface treatment of the original sample can reduce the irreversible loss of the initial capacity.



The polypyrrole-coated nanotube electrode shows an excellent cyclic performance. As shown in Figure 6a, the two electrodes were tested for 100 cycles of charging and discharging at 1 C (250 mAh g−1). The LMNCO electrodes delivered 201.5 mAh g−1 in the first charge, followed by a decrease to 157.5 mAh g−1 with a capacity retention of 78.2%. In contrast, the capacity of P-LMNCO increases from 202.8 to 209.3 mAh g−1 after 100 cycles. To investigate the electrochemical performance characteristics during cycling in depth, the 1st, 5th, 25th, 50th and 100th differential capacity curves of the two electrodes are provided in Figure 6b and Figure 6c. It is reported that the reduction peaks of Mn4+/Mn3+ from 2.5 V to 3.2 V are related to the structural degeneration from the layered phase to the spinel phase, which is mainly caused by transition-metal-ion migration blocking the transportation channel of Li+ [31,32]. For the LMNCO sample, the Mn4+/Mn3+ reduction peak decreases significantly from 2.93 V to 2.57 V (0.36 V) after 100 cycles. In contrast, the reduction peak of the P-LMNCO sample drops from 2.95 V to 2.77 V (0.18 V). It is obvious that the voltage decay of the surface-modified sample is suppressed. Moreover, transition-metal-ion migration will cause the reduction peaks of Ni4+/Ni2+ and Co4+/Co3+ to gradually disappear. Meanwhile, the polarization of the electrodes will increase accordingly [33,34]. By comparing LMNCO and P-LMNCO samples, it was found that the polarization of the P-LMNCO electrode was significantly lower than that of the LMNCO electrode after 100 cycles, which indicates that electrode polarization during the cycling of LMNCO nanotubes can be reduced by the polypyrrole coating.



To investigate the change in morphologies after the nanotube cathode circulation, the LMNCO cell and P-LMNCO cell after cycling 100 times were disassembled in an argon-filled glove box and then observed by SEM. As shown in Figure 6d,e, the morphology of the surface-modified sample is well maintained after the loop. In contrast, the tubular structures are almost invisible in the LMNCO sample, and the morphology of the pristine sample has been substantially destroyed and has collapsed. On the one hand, the high specific surface area of the nanotubes will aggravate the interfacial reaction between cathode materials and the electrolyte [35]. On the other hand, Li+ insertion/extraction during cycling will cause structural expansion and contraction. Furthermore, the change in the grain volume will affect the stability of the nanotube structure and cause the serious deterioration of the cycle performance [36]. The coating of polypyrrole can not only avoid direct contact between the material and the electrolyte but also help alleviate the structural volume change and stabilize the tubular structure [37,38].



Figure 7a shows the rate tests of pristine and surface-modified samples at incremental rates increasing from 0.1 to 5 C and recovering back to 0.1 C. Both electrodes showed similar discharge capacity at lower rates, but significant capacity differences occurred with increasing rates. At a rate of 5 C, the discharge capacities of LMNCO and P-LMNCO electrodes are 128.5 mAh g−1 and 159.8 mAh g−1, corresponding to 47.6% and 58.2% of the capacity at 0.1C. The outstanding rate performance of the P-LMNCO sample is attributed to the high electron conductivity of polypyrrole and the one-dimensional (1D) structural design.



Electrochemical impedance spectroscopy (EIS) tests of LMNCO and P-LMNCO cells were performed during the first cycle and after 100 cycles to identify the variations in impedance, as shown in Figure 7b,c. Rs corresponds to the semicircle associated with the diffusion of lithium ions through the SEI film in the high-frequency region. Rct corresponds to the semicircle related to the charge transfer process in the intermediate-frequency region. Re represents the electrolyte impedance, and the sloped straight line in the low-frequency range corresponds to Li+ diffusion in the bulk [39,40]. These impedance spectra were fitted and analyzed using Zsimpwin software, and the simulated electrochemical parameters are shown in Table 1. The initial Rs value of the P-LMNCO cell is 555.7 ohm, indicating the presence of the PPy coating layer, which is consistent with the results of Wu’s liquid-phase coating with PPy [27]. It is worth noting that the formation of the SEI layer during the cycle is due to the instability of the carbonate-based electrolyte under high pressure and the reactivity between the electrolyte and the charged LNMCO electrode, which causes the deterioration of the surface structure [41]. The SEI resistance of the LMNCO cell remarkably increases from 0.7 to 1528 ohm after 100 cycles, indicating severe electrolyte decomposition and the formation of a thick SEI layer during LMNCO cell cycling. On the contrary, the increase in the Rs value of the P-LMNCO cell is much smaller than that in the Rs value of the LMNCO cell. Apparently, with the PPy coating layer on the surface, the aggressive side reaction between the electrode and the electrolyte is effectively suppressed. In addition, in the case of the PPy coating, the charge transfer resistance of the P-LMNCO cell also has a significant drop. Consequently, the EIS results indicate that the PPy layer can separate electrode material from the electrolyte and effectively stabilize the electrolyte/electrode interface. Meanwhile, its high electronic conductivity is also beneficial in improving the electrochemical performance of LMNCO materials.





4. Conclusions


In this study, a low-vapor polymerization method was developed to prepare polypyrrole-coated LMNCO nanotubes. The PPy coating deposited with this gas-phase method is thinner (~2 nm) and more continuous than with the conventional liquid-phase method. The nanometer PPy coating can separate electrode material from the electrolyte, which not only suppresses the voltage drop and polarization during cycling but also protects the LMNCO tubular structure from destruction and collapse. Therefore, the cycle performance of materials has been significantly improved, and the capacity retention of the P-LMNCO sample is better than that of the LMNCO sample. At the same time, the high electronic conductivity of the PPy coating and low charge transfer resistance is beneficial in improving the rate capability. The discharge capacity of P-LMNCO at 5 C is 159.8 mAh g−1. Therefore, the Li1.2Mn0.54Co0.13Ni0.13O2@PPy nanotubes exhibit an excellent cyclic capability and improved rate performance. Our LMNCO@PPy nanotubes and this design concept provide an effective strategy for developing advanced cathode materials, which is significant for next-generation rechargeable lithium-ion batteries.
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Figure 1. Schematic diagram of the route used to synthesize PPy-coated Li-rich nanotubes. 
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Figure 2. (a) The XRD patterns of LMNCO and P-LMNCO. XPS spectra of (b) Mn 2p, (c) Ni 2p and (d) Co 2p of LMNCO and P-LMNCO. 
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Figure 3. The FTIR spectra of LMNCO and P-LMNCO. 
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Figure 4. (a–d) HRTEM images of P-LMNCO sample. (e–h) EDX mapping of P-LMNCO sample. 
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Figure 5. Cyclic-voltammograms of (a) LMNCO and (b) P-LMNCO. 
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Figure 6. (a) Cyclic stability performance. The differential capacity curves (dQ/dV vs. V) of (b) LMNCO and (c) P-LMNCO; FE-SEM images of (d) LMNCO and (e) P-LMNCO. 
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Figure 7. (a) Rate capacities of LMNCO and P-LMNCO. Nyquist plots of LMNCO (b) and P-LMNCO (c) samples. 
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Table 1. The electrochemical impedance parameters of LMNCO and P-LMNCO.
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1st

	

	

	
100th

	

	




	
Sample

	
Re (ohm)

	
Rs (ohm)

	
Rct (ohm)

	
Re (ohm)

	
Rs (ohm)

	
Rct (ohm)






	
LMNCO

	
2.2

	
0.719

	
559.0

	
2.9

	
1528.0

	
402.7




	
P-LMNCO

	
2.0

	
555.7

	
162.3

	
2.5

	
886.9

	
192.6
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