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Carbon-based materials are usually considered as conventional electrode materials for supercapacitors (SCs), therefore it is meaningful to enhance supercapacitive capacity and cycling stability via rational surface structure design of carbon-based materials. The bio-inspired coral-like porous carbon structure has attracted much attention recently in that it can offer large surface area for ion accommodation and favor ions-diffusion, promoting its energy storage capacity. Herein, we designed a superiorly hydrophilic B, N dual doped coral-like carbon framework (BN-CCF) and studied its surface wettability via low-field nuclear magnetic resonance relaxation technique. The unique coral-like micro-nano structure and B, N dual doping in carbon framework can enhance its pseudocapacitance and improve surface wettability. Therefore, when used as electrodes of SCs, the BN-CCF displays 457.5 F g−1 at 0.5 A g−1, even when current density increases 20 folds, it still exhibits high capacitance retention of 66.1% and superior cycling stability. The symmetrical SCs assembled by BN-CCF electrodes show a high energy density of 14.92 Wh kg−1 (600 W kg−1). In this work, simple structural regulation with B, N dual doping and surface wettability should be considered as effective strategy to enhance energy storage capacity of carbon-based SCs.
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INTRODUCTION
Supercapacitors (SCs), an emerging energy storage device, have been considered as supplement of rechargeable batteries, exhibiting superior energy storage, rapid charge/discharge rate and long cycling stability (Jian et al., 2019; Zhu et al., 2019; Hu et al., 2020; Reece et al., 2020). In different types of SCs, carbon materials have been most diffusely investigated and considered as active materials, especially in electrical double layer capacitors (EDLCs), characterized by low cost, excellent conductivity and stable chemical property (Gu et al., 2019; Huo et al., 2019; Lai et al., 2021; Li et al., 2021). However, due to the fast physical sorption rates of charges on the surfaces of active materials, carbon-based SCs display superior power density and long life span, but unsatisfying and limited energy density (5–10 Wh kg−1) (Yi et al., 2014; Wang et al., 2018). In order to address this issue and extend applications of carbon-based SCs, improving their energy density via optimizing and designing carbon-based electrode materials was considered an effective way in recent years (Chang et al., 2018; Li et al., 2019a; Zhang et al., 2019; Cheng et al., 2020; Chen et al., 2021). Some effective strategies have improved the capacitance of carbon electrode materials, involving the design of micro-nano structure with unique morphology or pore distribution (Liu et al., 2018b; Du et al., 2019). Among various nanostructures, the bio-inspired coral-like porous structure has attracted much attention since its peculiar dendritic architecture can provide large surface area for convenient exchange of substances and favor ions-diffusion in electrolyte, promoting its energy storage capacity (Wang et al., 2013). Osman et al. prepared coral structured porous-like carbon, displaying a superior specific capacitance of 360 F g−1 (1 mV s−1) and 322 F g−1 (1 A g−1) respectively (Osman et al., 2019). Yue et al. prepared coral-like carbons and when used as electrodes in SCs, they exhibited 360 F g−1 at 0.5 A g−1, and excellent long cycling stability, due to their coral-like interconnected network structure (Yue et al., 2020).
Another attractive way is to introduce or enhance pseudocapacitance via doping heteroatoms into carbon frameworks. Sun et al. reported B-doped porous carbon nanoparticles, which displayed a gravimetric capacitance of 277 F g−1 at 1 A g−1 (Sun et al., 2018). Li et al. synthesized uniform N-doped porous carbon spheres with a gravimetric capacitance up to 247 F g−1 at 1 A g−1 (Li et al., 2019b). Li et al. prepared S-doped carbon aerogel with high specific capacitances of 335 and 217 F g−1 (1 A g−1) in the aqueous and organic electrolytes (Li et al., 2019c). Due to the similar atomic radii of B and N with C atom, they can enter into carbon lattice easily, exhibiting superior advantage over other doping elements (such as P and S) (Zhao and Xie, 2018). Notably, electronic structure and density of carbon can be changed more significantly via B, N dual doping, compared with single heteroatom doping. (Ling et al., 2015; Zhang et al., 2015; Chen et al., 2017; Xia et al., 2017). Geng et al. synthesized B, N dual doped 2D porous carbon nanosheets exhibited gravimetric capacitance of 311 F g−1 at 0.2 A g−1 (Geng et al., 2019). Guo et al. prepared B, N dual doped porous carbon foam with an ultrahigh capacitance of 402 F g−1 at 0.5 A g−1 (Guo et al., 2018). These excellent supercapacitive performances mainly attributed to the structure regulation and pseudocapacitance contribution caused by B, N dual doping in carbon frameworks.
Besides the factor mentioned above, for carbon-based materials, hydrophilicity that can facilitate the ion diffusion and increase the ion-accessible surface area, which should also be taken into consideration (Zhao et al., 2015; Sun et al., 2018). Since pure carbon materials are normally hydrophobic, the surface wettability is a very critical factor for performance of carbon-based SCs (Zhao et al., 2015). Introducing hydrophilic functional groups (epoxy, carbonyl, and so on) and doping heteroatoms are two recognized strategies to improve the surface wettability of carbons. Yoo et al. reported carbon materials modified by sulfo group as high-performance electrodes of SCs to achieve a good electrolyte affinity (Yoo et al., 2014). Su et al. prepared hydrophilic porous carbide-derived carbons with N, Cl dual doping for high-performance SCs (Su et al., 2018). Wang et al. synthesized N, S dual doped porous carbon nanobowls, and found that N, S dual doping could increase carbon surface affinity toward electrolyte (Wang et al., 2018). Similarly, B, N dual doping should also improve the wettability of carbon-based electrode via significantly changing electronic density and structure of carbon (Saha et al., 2015; Wang et al., 2018; Zhao and Xie, 2018). Considering the above aspects, synergistically designing coral-like structure with regulated surface wettability and pseudocapacitance via B, N dual doping should be effective in improving the supercapacitive performance of carbon. However, relevant studies have seldom reported by now.
In this study, we prepared superiorly hydrophilic B, N dual doped coral-like carbon framework (BN-CCF) via a simple and efficient calcinating method, as shown in Figure 1. When used as electrodes of SCs, the BN-CCF displays outstanding excellent electrochemical performances. Besides, the symmetrical SCs assembled by BN-CCF electrodes shows satisfactory energy and power density. We even investigated the wettability of BN-CCF toward electrolyte by low-field nuclear magnetic resonance relaxation (LF-NMR) technique. Due to the unique coral-like micro-nano structure and the presence of B-containing groups (B-O, BC2O, BCO2, and B-N-C), the pseudocapacitance contribution and surface wettability can be improved in BN-CCF, which are mainly responsible for its superior supercapacitive performance.
[image: Figure 1]FIGURE 1 | Schematic of the synthesis process of BN-CCF.
EXPERIMENTAL SECTION
Material Synthesis
5 g of urea, 0.5 g of PEG-2000, and 0.05 g boric acid were dissolved in 50 ml of deionized water under stirring for 30 min. Subsequently, the mixture solution was dried to form a white precursor in an oven at 120°C for 10 h. Then, the precursor was annealed at 900°C with a heating rate of 5°C min−1 for 2 h under N2 atmosphere in tube furnace. The prepared black powder was collected and washed with dilute hydrochloric acid to remove boron trioxide species. The obtained sample was named as BN-CCF. While, the N doped carbon framework (N-CF) was prepared using 5 g of urea and 0.5 g of PEG-2000 following the same synthesis process above for comparison.
The corresponding parameters of electrochemical measurement, material characterizations, dynamic water contact angle measurement and LF-NMR measurement have been detailedly described in the ESI.
RESULTSAND DISCUSSION
N-CF and BN-CCF were characterized by scanning electron microscopy (SEM) to analyze their surface structures and morphologies. N-CF exhibits an irregular and aggregate structure in Figures 2A,B, leading to insufficient contact between electrode and electrolyte, which is not beneficial to charge exchange at the interface. BN-CCF displays novel coral-like morphology in Figures 2C,D. Just like the coral in the sea, such a dendritic network structure can provide rich ion storage sites and lager ion-accessible surface area, which is beneficial to the supercapacitive performance. As shown in Figure 2E, nitrogen adsorption-desorption isotherms of N-CF and BN-CCF show typical IV curves with a hysteresis loop (0.40 < P/P0 < 0.90), indicating the existence of mesopores (2–50 nm) (Zhao et al., 2015). In Figure 2F, the pore size distribution curves has also confirmed the presence of mesopores. And in Table 1, it is found that BN-CCF displays a much higher surface area than N-CF, this benefits from its unique coral-like structure, benefitting the ion diffusion during the charge/discharge process, thus improving its supercapacitive performance.
[image: Figure 2]FIGURE 2 | SEM images of (A,B) N-CF and (C,D) BN-CCF (E) Nitrogen adsorption-desorption isotherms and (F) pore size distribution curves of N-CF and BN-CCF.
TABLE 1 | Specific surface areas, mean pore diameters and pore volumes of N-CF and BN-CCF.
[image: Table 1]As shown in Figure 3A, X-ray diffraction patterns (XRD) of N-CF and BN-CCF, two broad characteristic humps (25° and 43°) can be observed, representing the (002) and (100) planes of carbon in N-CF and BN-CCF (JPCS no.41–1,487) (Hao et al., 2018), respectively. Besides, compared to N-CF, the peak width at half maxima of BN-CCF becomes larger, indicating more defects in BN-CCF. These defects are mainly caused by structural heteroatoms and stacks in sp2-bonded conjugated graphitic carbons (Wang et al., 2018). In Figure 3B, D (1,350 cm−1) and G (1,560 cm−1) can be found in the Raman spectra of N-CF and BN-CCF, the corresponding intensity ratios of ID/IG can be used to evaluate their graphitization degree (Ling et al., 2016; Liu et al., 2018a; Zhang et al., 2018). The ID/IG ratios of N-CF and BN-CCF are 0.97 and 1.01, respectively. BN-CCF show more disorders and defects in sp2-bonded conjugated graphitic carbons. In other words, compared with N-CF, introducing boric acid in the precursor during the preparation can lead to lower graphitization degree in BN-CCF. This result is consistent with XRD analysis, the broader XRD peaks of (002) and (100) in BN-CCF indicate its enhanced amorphous state. These defects arising from B, N dual doping result in surface heterogeneity and superior hydrophilicity of carbon (Hao et al., 2015).
[image: Figure 3]FIGURE 3 | (A) XRD patterns and (B) Raman spectra of N-CF and BN-CCF.
X-ray photoelectron spectroscopy (XPS) measurement was used to further investigate the heteroatoms in N-CF and BN-CCF, involving their species, contents and chemical bonds. As shown in Figure 4A, survey spectrum of BN-CCF clearly indicate the presence of B and N. The atomic ratios in N-CF and BN-CCF are listed in Table 2. The B contents in N-CF and BN-CCF are 0 and 6.2%, respectively. Interestingly, during B doping in BN-CCF, N and O contents increase. The detailed reason is still to be further investigated. Besides, there are three similar peaks at about 398.3, 400.1, and 401.1 eV in N 1s XPS spectra, revealing the co-existence of pyridinic N (N-6), pyrrolic N (N-5), and graphitic N (N-G). Notably, in N 1s XPS spectrum of BN-CCF, an additional peak at 399.2 eV indicate C-N-B bonds in carbon. In Figure 4C, three peaks at about 284.7, 286, and 288.8 eV can be observed in C 1s XPS spectra of BN-CF and BN-CCF, demonstrating the co-existence of C-C, C-N and C-O (COO-) bonds. In addition, C-B bond at around 284.3 eV can be found in BN-CCF, which is confirmed B doping in carbon (Hao et al., 2018; Wang et al., 2018). In particular, the peaks centered at about 288.8 eV (C-O, COO-) in BN-CCF become gradually prominent, meaning that B doping could increase carbon-oxygen group species. The fitted four peaks at 190.38, 191.38, 192.18, and 193.40 eV in B 1s XPS spectrum of BN-CCF (Figure 4D) are attribute to BC2O, B-N-C, BCO2, and B-O bonds, respectively. Based on the above analysis, B and N have successfully doped in carbon framework. Due to the inequable bond lengths of N-B and C-N in BN-CCF, structural distortion of graphitic carbon occurred and can be observed in XRD and Raman measurements (Wang et al., 2018). B doping in BN-CCF can be recognized as B-O, BC2O, BCO2, and B-N-C bonds (Hao et al., 2018). These B-containing groups can significantly change surface polarity, heterogeneity and electron distribution of carbons, enhancing the pseudocapacitance and wettability of BN-CCF framework (Wang et al., 2018; Zhao and Xie, 2018).
[image: Figure 4]FIGURE 4 | (A) XPS survey spectra of N-CF and BN-CCF (B) N 1s and (C) C 1s XPS spectra of N-CF and BN-CCF (D) B 1s XPS spectrum of BN-CCF.
TABLE 2 | Contents of B, N, C, and O in N-CF and BN-CCF.
[image: Table 2]As illustrated in Figure 5A, in order to investigate the surface wettability of N-CF and BN-CCF, the dynamic water contact angle measurement was performed. The BN-CCF is hydrophilic with the initial contact angle of 82.48° and the droplet is completely spreaded within 30 s, while the droplet on N-CF remains almost unchanged for 30 s or longer. The introduction of B heteroatom in BN-CCF offers the B-containing groups (B-O, BC2O, BCO2, and B-N-C) that are expected to enhance the wettability of BN-CCF electrode toward electrolyte. To further study the surface hydrophilicity of N-CF and BN-CCF, LF-NMR technique was used for further analysis. This technique is useful in measuring parameters such as T2 relaxation time which is sensitive to molecular motion (Li et al., 2017; Wiesman et al., 2018; Xiao et al., 2018). Figure 5B shows T2 relaxation time distributions of N-CF and BN-CCF without adding water. There are no peaks to be found, meaning no water species on the surface of the samples. Figure 5C shows the T2 relaxation time distributions for free water with a single peak centered at 1,000–10,000 ms (T22). As observed from the T2 relaxation time distributions for N-CF and BN-CCF mixed with deionized water in Figure 5D, T2b component (1–10 ms) for BN-CCF shows that the water is closely associated with the surface of BN-CCF, presented as the short T2 relaxation time distribution centered at 1–10 ms. Correspondingly, N-CF possesses a small part of T2 relaxation time distribution centered at approximately 10–20 ms, much longer than that for BN-CCF, indicating that the water is bound more loosely on the surface of N-CF. In particular, the T21 component (10–1,000 ms) relaxation times follow the order: N-CF > BN-CCF, which means the better ability of water trapped within BN-CCF framework than N-CF. Thus, most of the added water trapped within the BN-CCF framework, displayed a larger peak in T2 relaxation time distribution centered at 10–1,000 ms (T21). However, for most of the added water in N-CF, the T2 relaxation time distribution is situated at 1,000–10,000 ms (T22), meaning that the water exists in the state of free water outside of the N-CF framework. Therefore, in other words, the added water can more quickly infiltrate into and trapped within the BN-CCF framework, which is consistent to dynamic water contact angle measurements. The above results confirm that the B-containing groups (B-O, BC2O, BCO2, and B-N-C) can improve the affinity of carbon toward aqueous electrolyte, which should play an important role in improving supercapacitive performance of BN-CCF.
[image: Figure 5]FIGURE 5 | (A) Photographs of dynamic contact angles for the water droplet on N-CF and BN-CCF. T2 relaxation time distributions for (B) N-CF and BN-CCF (C) deionized water and (D) N-CF and BN-CCF mixed with deionized water.
The electrochemical performances of N-CF and BN-CCF were investigated in a three-electrode configuration. In Figure 6A, CV curves of N-CF and BN-CCF exhibit distorted rectangular shape, but the one of BN-CCF exhibits obviously a pair of redox peaks located at 0.3 V (charge process) and 0.5 V (discharge process), owing to the B-containing groups (B-O, BC2O, BCO2, and B-N-C) induced rapid protonation and deprotonation at the interface between electrolyte and BN-CCF based electrode, indicating a pseduocapacitve contribution (Hao et al., 2018; Zhao and Xie, 2018). Meanwhile, BN-CCF exhibits larger integral area than N-CF in CV curves, this is mainly due to the enhanced surface wettability caused by B-containing groups (B-O, BC2O, BCO2, and B-N-C) and high accessible surface area of coral-like porous structure. In Figure 6B, CV curves of BN-CCF at scan rates (1–50 mV s−1) also show a pair of redox peaks at around 0.3 V (charge process) and 0.5 V (discharge process) (Hao et al., 2018). This distinctive shape remains unchanged at various scan rates, confirming the fast charge/discharge process for faradic reactions and electrical double layer formation over the BN-CCF framework. From GCD profiles in Figure 6C, the average specific capacitances of BN-CCF are 457.5, 426.7, 385.9, 344.4, 318.4, and 302.5 F g−1 at current densities of 0.5, 1, 2, 5, 8, and 10 A g−1, respectively. And when the current density increases from 0.5 to 10 A g−1, its capacitance retention can reach high 66.1%. As shown in Figure 6D, BN-CCF exhibits higher specific capacitances than N-CF at all current densities. EIS measurement results and equivalent circuit model are shown in Figure 6E. The fitted charge-transfer resistance (Rct) values of N-CF and BN-CCF are 236 and 65.2 mΩ, respectively. The lower Rct means BN-CCF can facilitate the charge transfer between the electrode and the electrolyte. This is mainly due to the synergistic effect of B, N dual doping, which can reform electron distribution and enhance the hydrophilicity of BN-CCF by introducing B-containing groups (B-O, BC2O, BCO2, and B-N-C). Therefore, BN-CCF can exhibit outstanding electrochemical supercapacitive performance. Table 3 show comparison of specific capacitances of BN-CCF with various reported B, N dual doped carbon materials in the literatures. The BN-CCF framework in this work exhibits higher specific capacitance (457.5 F g−1 at 0.5 A g−1) than most of the reported B, N dual doped carbon materials mainly due to its unique coral-like network structure to offer rich ion-accessible surface area and favor the ion diffusion.
[image: Figure 6]FIGURE 6 | Electrochemical performances of N-CF and BN-CCF: (A) CV (10 mV s−1) and (B) GCD (1–10 A g−1) curves of N-CF and BN-CCF (C) CV (1–50 mV s−1) and (D) GCD (0.5–10 A g−1) curves of BN-CCF (E) Corresponding equivalent circuit model and Nyquist plots of N-CF and BN-CCF.
TABLE 3 | Comparison of specific capacitance of BN-CCF with other B, N dual doped carbons reported in the literatures.
[image: Table 3]In order to explore the capacitive contributions of N-CF and BN-CCF, the corresponding electrochemical kinetics was further investigated, according to the CV curves (2–50 mV s−1) of N-CF and BN-CCF in Figures 7A,B. And in Figures 7C,D, based on cathodic and anodic peak currents, the electrochemical kinetics could be analyzed by plotting log(i) vs. log(v) (Kong et al., 2015; Song et al., 2018). The calculated b values of N-CF are 0.82 and 0.85 for the anodic (peaka) and cathodic (peakc) processes, while the corresponding b values of BN-CCF are 0.9 and 0.94, respectively. According to b values analysis above, BN-CCF possesses more significant capacitive behavior than N-CF (Kong et al., 2015), confirming the fast surface kinetics for faradic reactions of B-containing groups (B-O, BC2O, BCO2, and B-N-C) over the BN-CCF framework. Figures 7G,H show the calculated results of capacitive contributions at various scan rates, on the basis of slopes in Figures 7E,F. As shown in Table 4, the capacitive contributions of BN-CCF are calculated to be 61, 71, 77.6, 83.1, and 89.2%, at scan rates of 2, 5, 10, 20, and 50 mV s−1, while the corresponding capacitive contributions of N-CF are calculated to be 43.2, 54.6, 61, 70.7, and 79.1%, respectively. Therefore, when the scan rate changes from 2 to 50 mV s−1, the capacitive contribution of BN-CCF increases from 61 to 89.2%, while the capacitive contribution of N-CF increases from 43.2 to 79.1%. The more significant capacitive contribution of BN-CCF than N-CF is mainly due to pseudocapacitance contribution by fast surface faradic reactions of B-containing groups (B-O, BC2O, BCO2, and B-N-C) over the BN-CCF framework.
[image: Figure 7]FIGURE 7 | (A,B) CV curves of N-CF and BN-CCF at 2–50 mV s−1(C,D) Log(i) vs. log(v) and (E,F)v1/2 vs. i/v1/2 plots of N-CF and BN-CCF (G,H) Capacitive and diffusion-controlled contribution ratios of N-CF and BN-CCF.
TABLE 4 | Capacitive/diffusion-controlled contributions of N-CF and BN-CCF at different scan rates.
[image: Table 4]Symmetrical SCS were assembled by BN-CCF electrodes (BN-SSC) using 1 M H2SO4 electrolyte to further evaluate the practical applications of BN-CCF. In Figure 8A, CV curves of BN-SSC exhibit good stability in different potential windows (0.6–1.2 V). And in Figure 8B, the corresponding GCD curves of BN-SSC in 0.6–1.2 V at 1 A g−1 shows excellent capacitive performance. Figure 8C displays the CV curves of BN-SSC in 1.2 V at 2–50 mV s−1, which exhibit similar shapes at all scan rates. The electrochemical performance of BN-SSC was investigated by GCD measurements at various current densities (1–10 A g−1) in Figure 8D. The typical CV and GCD curves also indicate good capacitive behavior and rate capability of BN-SSC, which can reach 79.3 F g−1 at 1 A g−1 and 39.6 F g−1 at 10 A g−1. Ragone plots of BN-SSC can be obtained in Figure 8E, which possess a high energy density of 14.92 Wh kg−1 at a low power density of 600 W kg−1.
[image: Figure 8]FIGURE 8 | Electrochemical performances of BN-CCF based symmetrical SCs: (A) CV curves (10 mV s−1) and (B) GCD curves (1 A g−1) in 0.6–1.2 V (C) CV curves at different scan rates and (D) GCD curves at various current densities in a voltage window of 0–1.2 V (E) Ragone plots and (F) Cycling performance of BN-CCF based symmetrical SCs.
The BN-SSC exhibits higher energy density than most of the carbon-based SCs (5–10 Wh kg−1), indicating BN-CCF possesses more excellent electrochemical energy storage performance than similar B, N dual doped carbon (B, N dual doped carbon nanosheets, B, N dual doped porous carbon foam, B, N dual doped chitosan-derived porous carbons, and B, N dual doped carbon nanosphere). Figure 8F displays the cycling stability of BN-SSC at 10 A g−1 for 10,000 cycles with a capacitance retention of nearly 100%, and Supplementary Figure S1 shows EIS measurement of BN-CCF before and after long-cycle with similar Rct, exhibiting its excellent cycling stability.
CONCLUSION
In conclusion, superiorly hydrophilic BN-CCF was fabricated via a simple calcinating method, which exhibits excellent supercapacitive performance with 457.5 F g−1 at 0.5 A g−1 and outstanding cycling stability after 10,000 charge-discharge cycles. BN-CCF based symmetrical supercapacitor shows a high energy density of 14.92 Wh kg−1 at the power density of 600 W kg−1. The excellent supercapacitive performances are mainly attributed to the coral-like porous structure and superior hydrophilicity that is investigated via LF-NMR. And enhanced pseudocapacitance of BN-CCF is caused by the presence of B-containing groups (B-O, BC2O, BCO2, and B-N-C) from B, N dual doping. The proposed rational carbons surface structure design and regulation should be considered as an effective strategy to enhance energy storage capacity of carbon-based supercapacitors.
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