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Abstract

:

K-ion batteries (KIBs) have emerged as an auspicious alternative to Li-ion batteries (LIBs) owing to their uniform distribution, plentiful reserves, the low cost of K resources, and their similar physicochemical properties to Li resources. The development of KIBs is seriously limited by cathode materials. Here, a hybrid of K3V2(PO4)3 (KVP) particles triple-coated by amorphous carbon, carbon nanotubes (CNTs), and reduced graphene oxide (rGO) nanosheets (KVP/C/CNT/rGO) was fabricated by a facile ball milling process followed by heat treatment. Consequently, a stable capacity of 57 mAh g−1 can be achieved at 0.2C, and a slow capacity decaying rate (0.06% per cycle) is displayed during 500 cycles under a high current density of 5C. The remarkable reversible capacity and excellent long-term cycling life are mainly due to the enhanced interwoven C/CNT/rGO networks and superior KVP crystal structure stability, which can provide multi-channel for fast electron transport and effective K+ diffusion.
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1. Introduction


Currently, the requirement for energy storage devices (e.g., Li-ion batteries (LIBs)) is increasing rapidly with the fast development of electric vehicles [1,2,3]. Yet, new concerns have been activated that the widespread use of LIBs may not satisfy the large-scale demand tomorrow because of uneven distribution, limited reserves, and the increasing cost of lithium minerals [4,5,6,7,8,9]. Many efforts have been made to exploring standout alternatives to LIBs. Rechargeable K-ion batteries (KIBs) have provoked tremendous interest due to the similar physical and chemical characters to Li and the abundant reserves of K resources [10,11,12]. Meanwhile, standard electrode potential of potassium (−2.94 V vs. E°) is close to that of lithium (−3.04 V vs. E°), indicating comparable working voltage for KIBs [13,14,15]. Moreover, due to weak Lewis acidity of K+, the corresponding Stoke’s radius in liquid electrolyte is relatively small, making K+ possesses more excellent mobility than that of Li+ and Na+, and a better rate performance for KIBs [16,17,18]. Therefore, tremendous diligence has been dedicated to the advance of superior KIBs with high energy density and rate performance.



Recently, anode materials, such as carbon materials (e.g., graphite [17,19] and KC8 [20]), titanates (e.g., K2Ti8O17 [16,21]), Sn-based hybrids, (e.g., Sn–C [22]), and P-based compounds (e.g., Sn4P3 [23], black phosphorus [24], etc.), were explored in depth and showed superior electrochemical properties for KIBs. However, relatively few cathode materials are known to be available for KIBs.



Potassium vanadium phosphate, K3V2(PO4)3 (KVP), has aroused wide interest since the successful application of congeneric Li3V2(PO4)3 and Na3V2(PO4)3 cathodes in LIBs and sodium ion batteries (SIBs) respectively [25,26,27,28]. This is mainly due to the high electrochemical activity of multiple variable vanadium valences, high redox potential, and excellent thermal stability caused by the induction effect of PO43− [29,30,31]. Unfortunately, phosphate lacks good electronic conductivity, leading to unsatisfying rate capacity and cycle performance. Conventionally, the most common and simple modification strategy is to wrap the crystal particles with a conductive carbon layer (e.g., amorphous carbon [32,33,34]). For example, Xu et al. explored a three-dimensional KVP/C nanocomposite which exhibited a high-potential platform (3.6–3.9 V), but suffered from a poor rate capability (maximum current density: 200 mA g−1) [30]. Another related work was the KVP/C composite synthesized by Liu’s group, which exhibited relatively low capacity (e.g., only 31 mAh g−1 at 15 mA g−1) [35]. Their inferior KIBs performance may arise from large KVP particles (micron scale) and unsatisfactory carbon coating with some bare regions. Therefore, it is necessary to downsize KVP particles and completely embed them into a conductive carbon network as high-performance cathode materials for KIBs.



In this work, to boost effective charge transfer, a hybrid cathode composed of KVP nanoparticles embedded in amorphous carbon, carbon nanotubes (CNTs), and reduced graphene oxide (rGO) nanosheets (denoted as KVP/C/CNT/rGO) was proposed for fabrication. The triple carbon materials can provide integrated electron transfer pathways throughout the whole electrode and suppress the strain produced during repeated potassium insertion/extraction. As a result, the KVP/C/CNT/rGO composite could deliver remarkable rate capability as well as excellent cycling performance (e.g., showing capacity retention of 86% after 500 cycles at 5C).




2. Materials and Methods


2.1. Synthesis of KVP-Based Composites


The raw materials (NH4VO3, KH2PO4 and C6H8O7) were purchased from Shanghai Sigma Chemical Reagent Co., Ltd., Shanghai, China. The commercial CNTs (XFM34) was bought from Nanjing XFNANO Materials Tech Co., Ltd., Nanjing, China. The commercially available rGO nanosheets (SE1233) were obtained from Changzhou Sixth Element Materials Technology Co., Ltd., Changzhou, China. All chemicals were used without any pretreatment. The KVP/C/CNT/rGO composite was fabricated by a simple ball milling process followed by a calcination step. Firstly, 2 mmol NH4VO3 and 3 mmol KH2PO4 were mixed and then an appropriate amount of C6H8O7, CNTs, and rGO nanosheets were added sequentially (the mass ratio of KVP/C6H8O7/CNTs/rGO = 1:0.3:0.3:0.3). Then, the mixture was put in agate containers containing 50 mL ethanol to conduct planetary ball milling (PMQW2, rotation rate: 350 rpm) for 24 h. Subsequently, the mixture solution was transferred into a beaker and dried at 70 °C in an oven to evaporate ethanol. Finally, the ball-milled precursor was preheated at 350 °C for 4 h and then annealed at 750 °C (heating rate: 5 °C min−1) for 12 h in Ar/H2 atmosphere. For comparison, based on the same method, reference samples with the addition of only one carbon source (the mass ratio of KVP/carbon source = 1:0.9) were also prepared, and the samples obtained from the carbon sources of C6H8O7, CNTs, and rGO nanosheets were marked as KVP/C, KVP/CNT, and KVP/rGO, respectively.




2.2. Materials Characterization


The X-ray diffractometer (XRD, Rigaku D/max 2500, Rigaku, Tokyo, Japan) was employed to record the XRD patterns of the obtained samples with a Cu Kα X-ray source scanned in the 2θ range of 5–60°. Raman spectra were carried out on the LabRAM HR Evolution with a laser wavelength of 532 nm. Thermogravimetric analysis (TGA, DSC3+, Switzerland) was conducted in air atmosphere from ambient temperature to 800 °C (heating rate: 10 °C min−1). Nitrogen adsorption/desorption isotherms were performed by an Automatic specific surface and porosity analyzer (ASAP 2460, Micromeritics, Norcross, PA, America). The morphology and microstructure of KVP-based composites were examined by field-emission scanning electron microscopy (FESEM, SU-8220, Hitach, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-2100F, JEOL, Tokyo, Japan).




2.3. Electrochemical Measurements


The coin-type cells were assembled in the glovebox with Ar (H2O < 0.1 ppm, O2 < 0.1 ppm). The working electrode (i.e., cathode) was produced by dispersing 90 wt % KVP/C/CNT/rGO and 10 wt % poly(vinylidene fluoride) (PVDF) in a solvent of N-methylpyrrolidone (NMP) under vigorous stirring, and the as-obtained slurry was then coated on aluminum foils. The anode was potassium foil, and the electrolyte contains 0.8 M KPF6 in mixed solvent of propylene carbonate (PC) and ethylene carbon (EC). Afterwards, they were assembled in coin-type cells, and the corresponding electrochemical performance was evaluated on a NEWARE battery system. The cyclic voltammogram (CV) curves and electrochemical impedance spectra (EIS) were executed on an electrochemical workstation (Multi-Autolab M204, Metrohm, Kanaalweg, Netherlands).





3. Results and Discussions


Figure 1a demonstrates the X-ray diffraction (XRD) pattern of the as-synthesized KVP/C/CNT/rGO composite. The diffraction peaks are consistent with the previously reported results in the literature [30,36], which indicate successful formation of highly crystalline K3V2(PO4)3 phase. The Raman spectrum is displayed in Figure 1b. The two broad bands observed at around 1343 and 1581 cm−1 correspond to the D-band of disordered carbon and G-band of crystalline graphite, respectively [37]. The peak intensity ratio of these two bands (ID/IG) is 1.28. Thermogravimetry (TG) analysis was tested in an air atmosphere to ascertain the total amount of C/CNT/rGO in the composite. As shown in Figure 1c, large weight loss occurred from 300 to 580 °C, which is ascribed to flaming of carbon materials, and the corresponding amount was determined to be 35 wt %. The last part with a slight weight increase from 580 to 800 °C is due to the oxidation of V3+. Based on these, the content of carbon material in KVP/C/CNT/rGO composite was calculated to be 35 wt %. Nitrogen isothermal adsorption/desorption evaluation was performed to further characterize the surface area and porosity of KVP/C/CNT/rGO composite, displayed in Figure 1d. The surface area determined by Brunauer–Emmett–Teller (BET) method is 122.7 m2 g−1, and a pore size distribution of around 4 nm is displayed by the Barret–Joyner–Halenda (BJH) profile. It can be believed that a high surface area may furnish many active sites for electrochemical reactions, and the porous structure can promote ion transport.



Figure 2a–e display FESEM and TEM images of the as-prepared KVP/C/CNT/rGO composite. It can be observed that KVP particles with diameters of 100–500 nm are embedded in the interwoven network of CNTs and rGO nanosheets. As seen from Figure 2g, high-resolution TEM (HRTEM) image reveals that KVP particles are coated by a layer of amorphous carbon (thickness: 5–10 nm), which can forcefully inhibit the particle growth at 750 °C and further promote the electronic conductivity. Moreover, elemental mapping performed by energy-dispersive X-ray analysis (Figure 2g) certifies the co-existence and uniform dispersion of C, K, V, P, and O in KVP/C/CNT/rGO composite.



Electrochemical behavior of KVP/C/CNT/rGO composite as KIBs cathode was evaluated between 2.5 and 4.3 V (vs. K+/K). For comparison, three reference cathodes were also investigated, i.e., KVP/C, KVP/CNT, and KVP/rGO (the corresponding materials characterization shown in Supplementary Materials, Figures S1–S3). The charge and discharge profiles (the first five cycles) of the KVP/C/CNT/rGO composite at a low rate of 0.2C (here, 1C equals to 106 mA g−1, assuming the full oxidation of vanadium ions from +3 to +4 [30]) are shown in Figure 3a. There are two charge (3.7 and 4.0 V) and discharge (3.5 and 3.8 V) plateaus, corresponding to reversible insertion and removal of potassium ions. The corresponding differential capacity curves display two pairs of reversible anodic/cathodic peaks (Figure 3b), further confirming two-phase transformation mechanisms. In addition, it is also noted that the redox peaks in cyclic voltammetric curves at 0.1 mV s−1 show good consistency with the above charge–discharge curves (Supplementary Materials, Figure S4). Such a cathode delivers relatively high initial charge (87 mAh g−1) and discharge (57 mAh g−1) capacities. By contrast, the other three KVP /rGO, KVP/CNT, and KVP/C cathodes show discharge capacities of only 37, 45, and 30 mAh g−1, respectively (Supplementary Materials, Figure S5). Figure 3c shows the cycle performance (current density: 0.2C) of the KVP/C/CNT/rGO composite after activation for three cycles. It is found that this cathode exhibits a capacity retention of 86% (i.e., preserving reversible capacity of 49 mAh g−1) after 200 cycles with the coulombic efficiency of approximately ~88%. By contrast, the control composites show obvious capacity losses and achieve discharge capacities of 31, 38, and 24 mA h g−1 (i.e., 82%, 84%, and 79% capacity retention) after 200 cycles for KVP/rGO, KVP/CNT, and KVP/C composites, respectively (Supplementary Materials, Figure S6).



Due to the attractive triple-modified multi-structure of the KVP/C/CNT/rGO composite, a remarkably superior rate performance was attained at various current rates from 0.2 to 5C. As seen from Figure 4a, it delivers satisfactory discharge capacities of 57, 50, 41, 30 and 20 mAh g−1 at 0.2, 0.5, 1, 2, and 5C, respectively, and they can still reach 56 mAh g−1 when the current returns to 0.2C. By contrast, the rate capabilities of the control samples are greatly inferior. For example, the KVP/rGO composite has discharge capacities of 20 and 12 mAh g−1 when the rates are 2 and 5C respectively, and KVP/C only delivers 8 mAh g−1 at 5C. On the other hand, the discharge capacity values of the KVP/C/CNT/rGO composite at different C rates are also superior to those of recently reported KVP/C cathodes of KIBs, e.g., 22 mAh g−1 at 200 mA g−1 (1.9C) for 3D KVP/C nanocomposites produced by Han et al. [30], and 31 mAh g−1 at 15 mA g−1 (0.14C) for carbon-coated KVP developed by Zhang et al. [35]. Figure 4b exhibits representative charge–discharge voltage plots of KVP/C/CNT/rGO composite at different rates. Obvious voltage platforms can be observed at low rates (e.g., 0.2–1C). With an increase in the rate, the voltage platforms become short but still visible, indicating that there is a slight polarization phenomenon in the high-rate cycling processes. Furthermore, the KVP/C/CNT/rGO composite also delivered an outstanding ultra-long high-rate (5C) cycling stability (Figure 4c). It is found that the initial specific capacity is about 20 mAh g−1 (corresponding coulombic efficiency: 94%) and there is only about 0.06% capacity decaying per cycle within 500 charge–discharge processes.



Figure 5a demonstrates the electrochemical impedance spectra (EIS) of KVP-based composites measured at the 10th full charged state. In the Nyquist plots, the semicircle (high-frequency range) represents the charge-transfer resistance (Rct) occurring on the interface between electrode and electrolyte, and the sloped straight line (low-frequency range) corresponds to the K+ diffusion resistance (Warburg resistance, W) [38,39]. The equivalent circuit model in Figure 5b is used to fit their kinetic behaviors. Consequently, the Rct values of the KVP/C/CNT/rGO, KVP/rGO, KVP/CNT, and KVP/C are simulated to be about 98, 242, 304, and 371 Ω, respectively. The KVP/C/CNT/rGO with the lowest Rct implies the fastest transfer kinetics for electron conduction and K+ diffusion, which should be benefit from relatively small KVP particle size (shortening the lengths of solid-state K ion diffusion) and 3D interwoven C/CNT/rGO networks (facilitating fast electron transfer within the electrode and to the current collector).




4. Conclusions


In summary, triple-coated KVP/C/CNT/rGO composite with superior electrochemical performance was synthesized by a convenient ball milling combined with high-temperature calcination process. The unique structure of the KVP/C/CNT/rGO composite—supported by amorphous carbon and CNTs as well as rGO nanosheets—provides hybrid ion/electron multichannel for fast electron transport and effective K+ diffusion, improving the overall reaction kinetics. As a result, the KVP/C/CNT/rGO composite displays outstanding rate capability (e.g., 41 mAh g−1 (1C) and 20 mAh g−1 (5C)) and an excellent high-rate cycling performance, (e.g., about 0.06% capacity decaying per cycle during 500 cycles at 5C). We believe the superior electrochemical performance of KVP/C/CNT/rGO composite makes it an excellent cathode candidate superior to KIBs for energy storage applications.








Supplementary Materials


The following are available online at https://www.mdpi.com/2571-9637/3/1/1/s1. Figures S1–S3: materials characterization of KVP/C, KVP/CNT and KVP/rGO composites. Figure S4: CV curves of the KVPC/CNT/rGO cathode at a scan rate of 0.1 mV s−1. Figures S5 and S6: charge–discharge profiles and cycling performance of KVP/C, KVP/CNT and KVP/rGO at 0.2C.
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Figure 1. (a) XRD pattern; (b) Raman spectrum (D and G bands are marked by two shadow lines); (c) TGA curve; and (d) N2 adsorption/desorption isotherms of the KVP/C/CNT/rGO composite (inset in (d): the pore size distribution profile of KVP/C/CNT/rGO derived from the desorption branch isotherm). 
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Figure 2. (a–c) SEM images; (d,e) TEM images; (f) HRTEM image; and (g) element (C, K, O, V and P) distribution mapping images of the as-obtained KVP/C/CNT/rGO composite. 
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Figure 3. (a) Typical charge–discharge curves of the KVP/C/CNT/rGO composite at 0.2C; (b) The corresponding differential capacity plots; (c) Cycling capability for 200 cycles at 0.2C (green line: Coulombic efficiency). 
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Figure 4. (a) Rate performance of KVP/C/CNT/rGO, KVP/rGO, KVP/CNT, and KVP/C from 0.2 to 5C; (b) Typical charge–discharge curves of the KVP/C/CNT/rGO composite from 0.2 to 5C; (c) Long-life cycling performance of the KVP/C/CNT/rGO composite at 5C (the cell was initially activated for three cycles at 0.1C, green line: Coulombic efficiency). 
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Figure 5. (a) The Nyquist plots of the KVP/C/CNT/rGO, KVP/rGO, KVP/ CNT, and KVP/C composites; (b) The equivalent circuit model of the EIS measurement (Rb: ohmic resistance of solution and electrodes; CPE: double layer capacitance, Rct: charge transfer resistance; W: Warburg impedance). 
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