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Abstract

:

Lithium-ion capacitors (LICs) are considered one of the most promising new-generation energy storage devices because they combine the advantages of lithium-ion batteries and supercapacitors. However, the widely used commercial carbon cathode greatly limits the electrochemical performance of existing LICs due to its limited specific capacity. Improving the specific capacity of the cathode is one of the keys to solving this problem. To this end, the Na0.76V6O15 (NaVO)@boron carbonitride nanotube (BCNNT) cathode has been successfully synthesized via a facile solid phase reaction and hydrothermal reaction followed by annealing. Benefitting from the synergy between the high conductivity of BCNNTs and the high capacity of NaVO, the NaVO@BCN cathode exhibits excellent capacity and good cyclic stability. A LIC was assembled by a prefabricated NaVO@BCN cathode and a prelithiated commercial hard carbon (HC) anode. Notably, the NaVO@BCN−1//HC LIC delivered an energy density of 238.7 Wh kg−1 at 200 W kg−1 and still delivered 81.9 Wh kg−1 even at 20 kW kg−1. Therefore, our strategy provides a novel idea for designing high-performance LICs.
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1. Introduction


With the transformation of the industrial structure and the change of the energy structure, the demand for reliable and environmentally friendly approaches for energy conversion and storage is becoming more and more urgent, which also presents a huge challenge for electrochemical energy storage devices [1,2,3,4]. There are mainly two types of electrochemical energy storage devices: supercapacitors (SCs) and lithium-ion batteries (LIBs) [5]. Due to the Faradaic behavior, i.e., Li ions are injected into or extracted from the electrode materials (cathode or anode) in intercalation/deintercalation or conversion processes [6], LIBs show a high energy density of up to 150–200 Wh kg−1 [7] but exhibit inferior power density (<1000 W kg−1) and low cycle stability (<1000 cycles) due to slow diffusion kinetics of lithium ions in the electrode [8]. However, for SCs, a long cycling stability (>10,000 cycles) and superhigh power density exceeding 5 kW kg−1 [9] exists due to the process of physical adsorption/desorption of electrolyte ions [10] while unsatisfactory energy density is inevitable. Therefore, lithium-ion capacitors (LICs), which combine the advantages of the two devices, have attracted much attention recently [11].



LICs consist of a capacitive SC-type cathode and Faradaic LIB-type anode with a Li-salt-containing electrolyte [12]. They exhibit enhanced energy density, power density and good cycling stability because of the physical adsorption and desorption process of the cathode and the diffusion-controlled lithium-ion intercalation and deintercalation process of the anode [6]. However, it is considerably difficult for LICs to demonstrate an ideal energy density, power density and good cycle life because of the kinetic imbalance between the fast adsorption and desorption process of SC-type cathodes and the slow lithium-ion intercalation and deintercalation process of LIB-type anodes [13]. Consequently, it is crucial to design ideal electrode materials to solve this problem. Currently, carbon materials are still the main commercial cathode materials for LICs, for example, graphene, biomass-derived carbons, carbon nanotubes, activated carbon, etc. [14]. Though commercial carbon materials show great rate performance and cycling life, they suffer from an unsatisfactory specific capacity (30–50 mAh g−1) leading to a low energy density [15]. To conquer the problem, strategies of heteroatom doping [6] and compositing with other high energy materials have been developed.



In particular, the boron carbonitride (BCN) ternary system, a new type of two-dimensional material derived from traditional carbon materials, has the advantages of large specific surface area, high specific capacity, abundant active sites, etc. and is a cathode material with great development prospects. In addition, BCN nanotubes (BCNNTs) developed from two-dimensional BCN materials are considered excellent cathode materials for LICs due to the unique hollow tubular structure, which can not only be used as ion transport channels but also as high-quality substrates for preparing composite materials. Compared with traditional carbon nanotubes, the introduction of B and N atoms improves the charge storage capacity of BCN materials. Moreover, the functional groups containing B and N on the carbon surface bring about intercalated pseudocapacitance, different from the double layer capacitance, which enables the electrode to store anions rapidly [16]. In addition, the BCNNTs had been synthesized by a facile solid-phase synthesis approach in our previous report [17] with an enhanced specific capacity and widened voltage window. An energy density of 200 Wh kg−1 was provided by the assembled LICs at 239.9 W kg−1. Yu et al. [18] prepared the nitrogen-enriched mesoporous carbon nanospheres/graphene (N-GMCS) composite. The device assembled by the N-GMCS cathode exhibited an energy density of 80 W h kg−1 at 152 W kg−1 with a satisfactory cycling life (93.1% after 4000 cycles).



Recently, battery-type cathode materials have been developed as cathode materials for LICs. Due to doping metal cations into V2O5 layers, vanadate has a higher structural stability and more intercalation sites, attracting extensive attention [19,20]. In particular, sodium vanadate is an excellent cathode material for LIBs because of the high capacity, low cost and great rate performance [21,22,23]. Composite materials are composed of different materials and, thus, have the advantages of many materials, usually showing superior performance. Therefore, in order to improve the specific capacity of BCNNTs, in this work, a composite cathode material was designed by growing a battery-type cathode material Na0.76V6O15 (NaVO) on the BCNNTs. The NaVO@BCN was prepared by adding BCNNTs to the precursor of NaVO and by using the subsequent hydrothermal method and annealing [24]. The NaVO coated on the surface of the BCNNTs had a rough surface, which could create more active sites to promote the electrochemical reaction. The hollow tubular structure of BCNNTs could be used as an ion transport channel to accelerate ion transport. Benefitting from the synergy between the high conductivity of BCNNTs and the high capacity of the NaVO, the NaVO@BCN showed both good specific capacity and a long cycling life. Compared to the low specific capacity of 37.77 mAh g−1 delivered by BCNNTs, the NaVO@BCN-1 could deliver a much higher specific capacity of up to 96.99 mAh g−1. The device fabricated by a NaVO@BCN-1 cathode and prelithiation hard carbon (HC) anode delivered a high energy density of 238.7 Wh kg−1 with a satisfactory cycling life (65.5% at 10 A g−1 after 5000 cycles). The above results confirmed the feasibility of combining high-capacity battery materials with BCN materials as LIC cathode materials.




2. Materials and Methods


2.1. Material Synthesis


First, 0.45 g boric acid, 6 g urea and 1.5 g polyethylene glycol-2000 (PEG-2000) were added to 40 mL of deionized water, stirred well and dried at 80 °C for 12 h. Then, the obtained precursors were calcinated at 900 °C for 4 h in Ar to prepare BCN nanotubes. Secondly, 0.1781 g sodium dodecyl sulfate and 0.722 g NaCl were added into 0.5 g NH4VO3 and BCN nanotubes of different masses (0.5 g, 0.3 g and 0.25 g) for mixed solutions and stirred at 80 °C; then, the mixed solutions were added into a 50 mL autoclave and heated at 200 °C for 12 h. The precursors were obtained by centrifugation and dried at 80 °C in a vacuum overnight. Finally, the NaVO@BCNs were successfully prepared by annealing at 400 °C for 4 h in air. All prepared samples were labeled as NaVO@BCN-1, NaVO@BCN-2 and NaVO@BCN-3, according to the mass percentages of BCNNTs.




2.2. Structure Characterization


X-ray diffraction data of Cu Kα radiation were recorded by an in situ X-ray diffractometer (Rigaku SmartLab, Raleigh, NC, USA). The scanning electron microscope (SEM) images were collected by a field emission scanning electron microscope (FESEM) (Hitachi S-4800, Tokyo, Japan) at 15 kV. The transmission electron microscope (TEM) images were collected by a high-resolution TEM (HRTEM) (JEOL JEM 2100F, Beijing, China) at 200 kV. The Brunauer–Emmett−Teller (BET) method and pore size distribution were used to investigate the specific surface area and pore size distribution, using the Quantachrome Autosorb-IQ gas adsorption analyzer (Quantachrome Autosorb-IQ, Boynton Beach, FL, USA) at 77 K. An in situ confocal Raman spectrometer (Horiba LabRAM HR Evolution, Longrimo, France) was employed to analyze Raman spectroscopy at 532 nm. An X-ray photoelectron spectrometer (Thermo Scientific ESCALAB 250Xi, Sydney, Australia) was used to carry out X-ray photoelectron spectroscopy (XPS) with Al Kα.




2.3. Electrochemical Measurements


Active materials (BCNNTs, NaVO@BCN-1, NaVO@BCN-2 or 3NaVO@BCN-3), polyvinylidene fluoride (PVDF) and conductive carbon black were mixed and added in n-methyl-2-pyrrolidone (NMP) at a mass ratio of 7:1:2 and formed a homogeneous slurry. Then, the obtained slurry was coated on Al foils used as current collectors and dried for 12 h at 80 °C in a vacuum oven to generate the cathode. The anodes of LICs were obtained using 80% commercial hard carbon (HC), 10% carbon black and 10% polyvinylidene fluoride (PVDF) in the same process as the cathode, except for the use of copper foil as the current collector of anode electrodes. All electrodes were loaded with 1–3 mg cm−2 active materials and had a diameter of 12 mm. All coin cell (CR2032) assembly steps were operated in a glove box. Li metal was used as the reference electrode and counter electrode to assemble the half cells. The electrolyte used 1 M LiPF6 dissolved in dimethyl carbonate and ethylene carbonate. The LICs were assembled from prelithiated HC anodes and NaVO@BCN-1 or BCN cathodes. The prelithiated procedure was carried out based on our previous works [17]. The mass ratio for the cathode to anode of the NaVO@BCN-1//HC LIC was optimized to be 1:1, which showed the best electrochemical performance.



All tests were performed at 25 °C. The galvanostatic charge/discharge (GCD) test was carried out by using the NEWARE battery measurement system (the testing voltage range of the half-cell anode was 0.01–3 V, and that of the half-cell cathode was 2–4 V). The cyclic voltammetry (CV) measurements were carried out on the CHI660E electrochemical workstation (the testing voltage range of the half-cell anode was 0.01–3 V, the testing voltage range of half-cell cathode was 2–4 V and the testing voltage range of the LIC was 0.01–4 V). The specific capacitance was calculated based on the GCD curves and on the mass of active material for cathodes and anodes. The energy density and power density of LICs were obtained according to the following formula:


P = ΔV × i/m,



(1)






E = P × t/3600,



(2)






ΔV = 1/2 (Vmax + Vmin),



(3)




where i was the discharge current (A); m referred to the total mass of active materials, including cathode and anode (kg); t was the discharge time (s); and Vmax and Vmin (V) referred to the discharge initial voltage and discharge end voltage.





3. Results and Discussion


3.1. Morphology and Structure


Figure 1a illustrates the preparation route of the NaVO@BCN. BCNNTs were obtained by calcination and pyrolysis of a mixture of boric acid, urea and polyethylene glycol (PEG) and then added to the precursor of NaVO; the NaVO@BCN was prepared via hydrothermal method and annealing. The morphology of BCN nanotubes and NaVO@BCN samples was tested by SEM. The BCN nanotubes exhibited distinct nanotube structures with an average diameter of ~100 nm, uniformly distributed (Figure 1b). Compared to the BCN nanotubes, the NaVO@BCN-1 showed similar nanotube structures, but the surface of the NaVO@BCN-1 was coated with NaVO, which was rougher, brought in more active sites and promoted the electrochemical reaction (Figure 1c). The hollow tubular structure of BCNNTs could be used as an ion transport channel to accelerate ion transport. Figure S1 (see Supplementary Materials) shows the SEM images of the NaVO@BCN-3 and NaVO@BCN-2. Compared with NaVO@BCN-1, BCNNTs were not completely coated by NaVO due to the lower content of NaVO. As shown in Figure S1a, BCNNTs can be clearly observed, and NaVO is scattered on the surface. With the increase of NaVO content, part of the NaVO was coated on the surface of BCNNTs, but most were still clustered together, which led to low structural stability (Figure S1b). The crystal information and structure of the NaVO@BCN-1 were further analyzed by HR-TEM and selected area electron diffraction (SAED). HR-TEM (Figure 1d) showed a clear plane spacing d = 0.25 nm, which was consistent with the plane (−204) of the monoclinic phase Na0.76V6O15, corresponding to the XRD results. As shown in Figure 2a, NaVO@BCN-1 exhibits two characteristic peaks at about 25° and 42°, corresponding to the planes (002) and (100) for the graphitized structure of BCN nanotubes, respectively [25]. In addition, the NaVO@BCN-1 showed the same diffraction peak as NaVO, corresponding to the monoclinic phase of Na0.76V6O15 (JCPDS Card No. 75-1653) [26]. The SAED pattern was obtained from the HR-TEM image, which indicated the high crystallinity of the NaVO@BCN-1, corresponding to the HR-TEM result. The specific surface area of the BCN nanotubes and NaVO@BCN-1 was investigated by the Brunauer−Emmett−Teller (BET) method, and the pore size was investigated using pore size distribution. The N2 isothermal adsorption/desorption curve of the NaVO@BCN-1 exhibited a standard type−IV isotherm; there were obvious hysteresis loops in the curve (see Supplementary Materials Figure S2). Two sharp peaks at approximately 4 nm and 18 nm were observed at the pore size distribution curve of inset, indicating that the mesoporous structure was preponderant, which was beneficial to promoting the double-layer reaction and ion transport.



The phase composition of the samples was further analyzed by Raman measurements (Figure 2b). Both of the samples showed two obvious Raman characteristic peaks at about 1350 and 1580 cm−1 in D and G bands because of the in-plane stretching vibration of the sp2 C atom and edge defects. [27]. Compared with the BCN nanotubes, the ID/IG of NaVO@BCN-1 increased from 1.09 to 1.16, indicating that higher defect densities and more active sites were beneficial to promoting an electrochemical reaction [28,29]. The oxidation state of the elements and bonding mode in the NaVO@BCN-1 were assessed by XPS. The scan of the NaVO@BCN-1 indicated the presence of Na, V, O, B, C and N elements (Figure 2c). In addition, the six distinct peaks were assigned to Na 1s (1071.45 eV), V 2p (517.3 eV), O 1s (531.9 eV), B 1s (192.3 eV), C 1s (284.55 eV) and N 1s (398.95 eV), respectively. High-resolution XPS spectra of Na 1s, V 2p, O 1s, B 1s, C 1s and N 1s are presented in Figure 2d–i. The high resolution XPS of Na 1s (Figure 2d) showed only one peak at 1071.45 eV, indicating that the Na element existed only in the form of Na+ in the NaVO@BCN-1 [30]. As presented in Figure 2e, the vanadium element existed with the oxidation states of +4 and +5 in the NaVO@BCN-1. The four peaks fitted at 515.92, 517.25, 523.82 and 524.86 eV were due to the spin-orbit splitting of V5+ 2p3/2, V4+ 2p3/2, V5+ 2p1/2 and V4+ 2p1/2 in the NaVO@BCN-1 [31]. The O 1s spectrum (Figure 2f) could be fitted into two peaks located at 531.94 and 529.88 eV. The two peaks were attributed to C−O and V−O bonds, respectively [32,33]. As shown in Figure 2g, the B 1s spectra were fitted into three peaks at 190.58 eV, 191.8 eV and 192.5 eV, indicating that B−C bonds, B−N bonds and B−O bonds coexisted in the NaVO@BCN-1 [34]. Moreover, the C 1s spectrum was deconvoluted into four peaks at 283.93 eV, 284.6 eV, 285.9 eV and 288.5 eV, corresponding to the C–B bonds, sp2 C, C–N bonds and C–O bonds (Figure 2h) [35]. The high content of the sp2 C ensured that the carbon skeleton played a leading role in the electron transport process. Meanwhile, the spectra of N 1s were fitted into four peaks at 397.9 eV, 398.6 eV, 399.5 eV and 400.2 eV, corresponding to N–B bonds, pyridinic N, pyrrolic N and quaternary N, respectively (Figure 2i) [36]. In particular, the presence of higher pyridinic N introduced more active sites, which improved the electrochemical performance of the materials. Overall, the morphology and structure characterization confirmed that the NaVO@BCN was successfully synthesized.




3.2. Electrochemical Performance as the Cathode in the Half-Cell


As shown in Figure 3, to investigate the electrochemical behavior of the sample as a LIC cathode, Li foil was used as a reference electrode and counter electrode to assemble half-cells for half-cell tests. The CV curves of the BCN nanotubes and NaVO@BCN cathodes ranging from 2.0 to 4.0 V are shown in Figure 3a. The shape of the CV curve of the BCN nanotubes was approximately rectangular while three obvious reduction peaks appeared in the CV curves of the NaVO@BCN located at around 2.49 V, 2.89 V and 3.26 V, respectively, because of the multistep intercalation of lithium ions [24,37]. The peaks located at 2.49 V and 2.89 V were due to the reduction of vanadium from V4+ to V3+ and V5+ to V4+, respectively, and the peak located at 3.26 V was contributed to the solid solution transformation [24]. The three oxidation peaks located at 2.7 V, 2.96 V and 3.3 V were due to lithium-ion deintercalation. The whole lithium-ion intercalation/deintercalation process can be summarized as follows:


Na0.76V6O15 + x Li+ + x e− ↔ LixNa0.76V6O15.



(4)







Moreover, with the increasing NaVO content, the areas of CV curves became larger, indicating a higher capacity due to the increased redox reaction. Figure 3b and Figure S3 (see Supplementary Materials) show the CV curves of the BCN nanotubes and NaVO@BCN. Compared with the CV curves of the other samples, the CV curves of the NaVO@BCN-1 showed the largest area, indicating that the NaVO@BCN-1 had the highest capacity. With the increasing scan rate, the redox peaks moved slightly, and the CV curve remained in good shape, showing quality rate performance and outstanding reaction kinetics. In addition, the CV curves of the NaVO@BCN-1 were approximately rectangular at high current densities, and the redox peaks were not obvious, which demonstrated that capacitance behavior was dominant.



To further analyze the charging and discharging mechanism of the composite cathode, the contribution ratios of the capacitance behavior and diffusion-controlled battery behavior are shown in Figure 3c,d, which were analyzed based on the CV curves of the NaVO@BCN-1 and the following formula:


i(V) = k1v + k2v0.5



(5)




where i(V) was the measured current at a potential, v was the testing scan rate (mV s−1) and k1v and k2v0.5 were indicators corresponding to the ratios of capacitive behavior and diffusion-controlled battery behavior, respectively [38,39,40]. The capacitance contribution curve is shown in Figure 3c at 1 mV s−1, and capacitive contributions account for 75.2% of the total contribution of the NaVO@BCN-1 cathode, which suggests that capacitive behavior is dominant. Moreover, Figure 3d shows the contribution ratios of capacitive process and diffusion-controlled battery process of NaVO@BCN-1. The percentage of capacitance contribution increased from 67% to 98% with the increase of the scanning rate from 0.5, 0.8, 1, 2, 5 to 8 mV s−1, showing that the anion storage of the NaVO@BCN-1 cathode came from both capacitive behavior and diffusion-controlled Faraday behavior. It is remarkable that the NaVO@BCN-1 capacitive behavior dominates at different scan rates, which leads to the excellent rate capability and cycling life.



Figure 3e compares the rate performance of the BCNNTs and NaVO@BCN cathodes in the range of 0.05 to 1 A g−1. Compared with BCNNTs, the NaVO@BCN samples showed a much higher specific capacity. The capacity of the NaVO@BCN was higher than that of the BCNNTs because of the synergistic effect of the high capacity NaVO and high conductivity BCN. For all the NaVO@BCN samples, the NaVO@BCN-1 delivered the highest specific capacity of 96.99 mAh g−1 at 0.05 A g−1 and a specific capacity of 61.11 mAh g−1 at 1 A g−1. In addition, as the current density restored to 0.05 A g−1, the NaVO@BCN-1 still delivered a specific capacity of 95.49 mAh g−1, indicating that the NaVO@BCN-1 cathode had an excellent rate performance. Meanwhile, the NaVO@BCN-1 displayed a decent cycling stability (Figure 3f). The initial capacities of NaVO@BCN at 1 A g−1 were 57.94, 50.89 and 29.49 mAh g−1, respectively, higher than the initial capacities of 26.83 mAh g−1 for BCN. After 1000 cycles, the NaVO@BCN-1 still exhibited a specific capacity of 25.88 mAh g−1. Compared to the NaVO@BCN-1, the performance of NaVO@BCN-2 and NaVO@BCN-3 were lower, mainly because of their low content of NaVO, which could not completely coat BCNNTs. In summary, these results demonstrate that the NaVO@BCN-1 cathode with combined capacitive behavior and Faradaic behavior is an excellent cathode for high-performance LICs.




3.3. Electrochemical Performances of LICs


The full NaVO@BCN-1//HC LIC was fabricated by a NaVO@BCN-1 cathode and HC anode. The rate performance and cycling stability of the HC anode are shown in Figure S4 (see Supplementary Materials). The HC anode delivered a specific capacity of 177.38 mAh g−1 at 0.1 A g−1 and 87.86 mAh g−1 at 5 A g−1. In addition, as the current density restored to 0.1 A g−1, the HC anode delivered a specific capacity of 243.55 mAh g−1 (Figure S4a). Meanwhile, the HC anode displayed a decent cycling stability (Figure S4b,c). The HC anode exhibited an initial capacity of 100.94 and 274.04 mAh g−1 at 1 and 0.1 A g−1. However, the HC anode exhibited a higher specific capacity of 184.72 mAh g−1 with 1000 cycles and 396.16 mAh g−1 with 240 cycles, respectively, which was due to the activation of active materials during the circulation of the charging and discharging process. To obtain the best electrochemical performance, the potential window of the NaVO@BCN-1/HC LIC device was chosen as 0–4.0 V after considering the working potential of the cathode and anode. The CV curves of the NaVO@BCN-1//HC LIC from 8 mV s−1 to 100 mV s−1 are shown in Figure 4a, and Figure S5a–c shows the CV curves of the other LICs. The CV curves of NaVO@BCN-1// HC LIC were approximately rectangular and have multiple redox peaks, indicating that a synergistic mechanism occurred in the device. During the charging process, the NaVO@BCN-1 cathode absorbed a large number of PF6− ions (capacitive behavior) while Li+ were embedded in the HC anode (battery behavior). Moreover, the oxidation of vanadium ions in the NaVO (battery behavior) also increased the energy density [18,33]. The reverse process occurred during discharging. As the scan rate increased, the CV curve of the NaVO@BCN-1 hardly changed, indicating excellent rate performance and reversibility. Figure 4b and Figure S5d,f (see Supplementary Materials) show the GCD curves of the NaVO@BCN-1//HC LIC and other devices. Compared with the GCD curves of other devices, the GCD curves of the NaVO@BCN-1//HC LIC showed the largest area, indicating that the NaVO@BCN-1 had the highest capacity. The nonlinear shape of the GCD curves of the NaVO@BCN-1//HC LIC showed the “synergistic effect” of the capacitive behavior and battery behavior, corresponding to the CV curve above. In addition, the symmetrical shape of GCD curves also indicated an excellent coulombic efficiency and reversibility.



The capacity balance of the cathode and anode is crucial to improving the electrochemical performance of LICs [41]. Therefore, three cases with the mass load ratios of cathode and anode of 1:1–3:1 were studied. The specific capacities of different cathode and anode mass ratios were calculated based on the GCD curves and Formulas (1)–(3). The LICs with cathode and anode mass ratios of 1:1 showed the highest specific capacity (Figure 4c), with a specific capacity of 107.43 F g−1 at a current density of 0.1 A g−1 and a specific capacity of 36.88 F g−1 even at 10 A g−1. However, the specific capacity of LICs with cathode and anode mass ratios of 3:1 was only 64.62 F g−1 at 0.1 A g−1 and 15.35 F g−1 at 10 A g−1, respectively. Compared with the BCN//HC LIC and several previously reported devices, the NaVO@BCN-1//HC LIC showed better performance using Ragone plots (Figure 4d) [15,26,42,43,44,45]. According to the GCD curves and Formulas (1)–(3), the energy density and power density of the LICs were also obtained. The NaVO@BCN-1// HC LIC delivered a high energy density of 238.7 Wh kg−1 at a power density of 200 W kg−1 and could still deliver 81.9 Wh kg−1 even at 20 kW kg−1, which showed an excellent rate performance. Moreover, the NaVO@BCN-1//HC LIC exhibited a better electrochemical performance than some LICs in similar studies (see Supplementary Materials Table S1), for example, the BCNNTs//LiNbO3@GA [42], AC//V2O5@CNT [46], NS-DPC//Ti3C2Tx@Fe2O3 [47], LMO-MSs@GNSs//AC [48] and Li3V2(PO4)3/C//AC [49]. Moreover, the NaVO@BCN-1//HC LIC retained a capacitance retention ratio of 65.5% at 10 A g−1 after 5000 cycles, exhibiting good cycling stability (Figure 4e).





4. Conclusions


In this work, the NaVO@BCN was prepared by a facile hydrothermal method and annealing to improve the specific capacity of BCN nanotubes as a cathode material for LICs. The surface of the NaVO grown on BCN nanotubes is very rough, which can create more active sites to promote the electrochemical reaction. The hollow tubular structure of BCN nanotubes can be used as an ion transport channel to accelerate ion transport. Due to the synergy between the high capacity of the NaVO and the high conductivity of the BCN, the NaVO@BCN-1 shows excellent electrochemical performances. The NaVO@BCN-1 exhibits a high specific capacity of 96.99 mAh g−1. The assembled NaVO@BCN-1//HC LIC delivers a high energy density of 238.7 Wh kg−1 at 200 W kg−1 and an energy density of 81.9 Wh kg−1 even at 20 kW kg−1 with a satisfactory cycling life (65.5% at 10 A g−1 after 5000 cycles). In summary, it is feasible to prepare advanced LICs by using composite cathodes composed of BCN and high-capacity battery materials.
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Figure 1. (a) Schematic diagram of the preparation of NaVO/BCN composites; (b,c) SEM images of the BCN nanotubes and NaVO@BCN-1; (d) HR-TEM image of the NaVO@BCN-1; inset: the SAED. 
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Figure 2. (a) XRD patterns of the NaVO@BCN-1 and BCN nanotubes; (b) Raman spectra of the NaVO@BCN-1 and BCN nanotubes; (c) XPS scan of the NaVO@BCN-1; (d–i) high-resolution XPS of the NaVO@BCN-1. 
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Figure 3. Electrochemical performance of all the samples: (a) CV curves of the NaVO@BCN and BCN nanotubes; (b) CV curves of the NaVO@BCN-1; (c) tThe capacitive contribution (red region) and the total contribution (black line); (d) contribution ratio of the capacitive process and the diffusion-controlled Faradaic process of the NaVO@BCN-1; (e) the rate performance of the BCN nanotubes and NaVO@BCN; (f) cycling stability of the BCN nanotubes and NaVO@BCN at 1 A g−1. 
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Figure 4. (a) CV curves of the NaVO@BCN-1//HC LIC; (b) GCD curves of the NaVO@BCN-1//HC LIC; (c) specific capacitance of the LICs with different cathode and anode mass ratios; (d) Ragone plots of the NaVO@BCN-1//HC LIC and other advanced LICs in previous work; (e) cycling performance of the NaVO@BCN-1//HC LIC from 0–4 V at 10 A g−1. 
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