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Abstract

:

The well-interconnected ternary Ni–Co–O nanosheets were grown on silicon carbide microspheres/graphite composite (gra@SiC/Ni–Co–O) by optimizing the electrodeposition method. Silicon carbide microspheres/graphite composite (gra@SiC) serves as a conductive template for the growth of Ni–Co–O nanosheets to form a binder-free 3D well-designed hierarchical interconnected network between the Ni–Co–O nanosheets and SiC microspheres. The obtained gra@SiC/Ni–Co–O is proposed as a great capacitance performance for supercapacitors. Field emission scanning electron microscopy (FESEM), Raman spectroscopy, high-resolution transmission electron microscopy (HRTEM) with selected area electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS), X-ray photoelectron spectroscopy, and electrochemical analysis were employed to investigate the morphology and structural and electrochemical characteristics. The synergistic effects of EDLC (SiC microspheres) and pseudo-capacitance (Ni–Co–O nanosheets) can effectively improve the supercapacitive performance. It is also worth mentioning that after electrochemical testing, the redox reaction of Ni–Co–O nanosheets greatly promoted the faradic pseudo-capacitance contribution, and silicon carbide microspheres/graphite composite contributed to the formation of a 3D interconnected network, improving the cycling stability during the charging/discharging processes.
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1. Introduction


Resource depletion, extreme climate change, and environmental damage are the major driving forces for the development of renewable and sustainable energy technologies (e.g., supercapacitors, fuel cells, hydrogen generation, and rechargeable batteries) [1,2,3]. As promising energy storage devices, supercapacitors have attracted significant research interest among researchers owing to their high power density, fast charge/discharge rate, excellent reversibility, and high durability. Additionally, they can be integrated into hybrid energy storage systems to meet the demand for renewable energy sources that can address the aforementioned issues. The charge storage mechanisms of supercapacitors are mainly divided into electrochemical double-layer capacitance (EDLC) and pseudo-capacitance. The EDLC accumulates the charges at the interface between the electrode and electrolyte through non-Faradaic physical processes. Carbon, semiconductor, and cermet materials are widely used as electrode materials in EDLC supercapacitors [4,5,6]. The performance of pseudo-capacitance is derived from the pseudocapacitive materials through Faradaic processes involving surface or near-surface redox reactions. Transition metal-based compounds are considered the most ideal electrode materials for pseudocapacitance. Generally, binary and ternary transition metal compounds as electrode materials have been widely investigated due to their rich redox chemistry and valence state transitions, promising pseudocapacitive characteristics [7,8,9].



Particularly, the unique tuneable bandgaps of silicon carbide (SiC) EDLC-type semiconductor electrode materials enable high electron mobility, good mechanical performance, and excellent temperature stability, indicating that it may be a good candidate for supercapacitor electrode materials. However, the relatively low energy density of SiC-based materials for EDLC limits their applicability in supercapacitors. Hybrid supercapacitors combine the intrinsic properties of both EDLC and pseudo-capacitance to solve the existing limitation of EDLC to significantly improve the supercapacitor performance. Significant efforts have been devoted to combining SiC-based EDLC and transition metal-based pseudo-capacitance-type materials as electrode materials for supercapacitors. A previous study reported that the combination of microspherical SiC as EDLC materials and birnessite-type MnO2 as pseudo-capacitance materials provides an effective method to achieve high supercapacitor performance compared to the performance of microspherical SiC used in EDLC. Typically, SiC should possess a high surface area to enable its use as support structures for the growth of birnessite-type MnO2 with intimate interfacial contact, significantly facilitating the electrons and ions transportation in the electrode, resulting in excellent capacitive performance [10]. Another study reported that the obtained ferroferric oxide (Fe3O4) grown on SiC flakes (Fe3O4/SiC) is a feasible configuration for supercapacitors, as the introduction of Fe3O4 into the composite significantly enhanced the capacitive performance of the SiC, which can be attributed to the additional pseudo-capacitance contributed by the Fe3O4 [11]. Further, another study synthesized MgCo2O4/SiC composite as an electrode material for supercapacitors by growing ternary transition metal oxides (spinel cobaltites (MgCo2O4)) on SiC flakes. The synergistic effects of the EDLC behavior of SiC and the pseudo-capacitance behavior of MgCo2O4 enhanced the supercapacitive performance of the composite. In particular, they observed that SiC provided a more accessible surface area for charge storage through ion adsorption to further enhance the capacitance of the EDLC, and MgCo2O4 simultaneously exhibited pseudo-capacitive energy storage efficiency through the multiple oxidation states/structures of Mg and Co ions [12]. The findings of the aforementioned studies indicated that hybrid supercapacitors (EDLC and pseudo-capacitance) can be fabricated by incorporating SiC with transition metal-based compounds, thus presenting a feasible strategy to enhance the capacitance of supercapacitors.



In this work, well-interconnected ternary Ni–Co–O nanosheets were directly grown on silicon carbide microspheres (gra@SiC/Ni–Co–O) by optimizing the electrodeposition method. Silicon carbide (SiC) possesses excellent surface characteristics, electron mobility, mechanical performance, and temperature stability to exhibit better EDLC properties. A simple and low-cost electrodeposition method is suitable for the preparation of binder-free electrode materials without adding conductive agents and binders. Observations revealed that the Ni–Co–O nanosheets were uniformly grown on the surface of silicon carbide microspheres using a binder-free electrodeposition process, which enabled the maximal exposure of active sites, thus ensuring sufficient charge transport kinetics at the electrode/electrolyte interface. Simultaneously, the synergistic effect between the Ni–Co–O nanosheets and silicon carbide microspheres further endowed the EDLC of silicon carbide microspheres with the additional pseudocapacitance of Ni–Co–O nanosheets. This study demonstrated the promising potential of the designed gra@SiC/Ni–Co–O and provided guidelines for enhancing the capacitance of SiC-based supercapacitors.




2. Materials and Methods


2.1. Reagents


Nickel(II) chloride hexahydrate (NiCl2·6H2O), nickel(II) nitrate hexahydrate (Ni(NO3)2·6H2O), cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O), and potassium hydroxide (KOH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Silicon carbide (SiC) was provided by the Industrial Technology Research Institute (ITRI) (Chutung, Hsinchu, Taiwan). All chemicals in this work were obtained as analytical grade and directly used without further purification. All aqueous solutions were prepared using a Milli-Q water purification system (Millipore, Milford, MA, USA).




2.2. Preparation of gra@SiC/Ni–Co–O


First, 10 mg of SiC and graphite conductive additive are uniformly dispersed via ultra-sonication for 1 h to make well-dispersed and homogenous suspensions. A graphite electrode with a 3 mm diameter was used for surface modification. Then, 10 μL of SiC homogeneous suspension with a concentration of 3 mg mL−1 was modified on the graphite electrode surface by a drop coating method and dried the SiC modified electrode under 60 °C for 30 min. Graphite electrodes without and with SiC modification were designated as gra and gra@SiC, respectively. Subsequently, the gra/Ni–Co–O and gra@SiC/Ni–Co–O were fabricated through the electrodeposition method by applying a constant potential at room temperature. The electrodeposition method was performed potentiostatically with an electrochemical analyzer using a three-electrode system. The three-electrode system was used consisting of gra and gra@SiC as working electrode, a platinum wire as counter electrode, and an Ag/AgCl (3 M KCl) as reference electrode (the volume of precursor electrolyte for electrodeposition was 20 mL). The electrodeposition precursor electrolyte of 20 mL was a mixture of Ni(NO3)2·6H2O (6 mM) and Co(NO3)2·6H2O (12 mM) and the mixture solution was continuously stirred at room temperature for 10 min to form a homogeneous solution. And, the precursor electrolyte was kept at room temperature for the subsequent Ni-Co hydroxide precursor electrodeposition. Then, gra and gra@SiC working electrodes were immersed in the precursor electrolyte. The electrodeposition of Ni-Co hydroxide precursor at a constant potential of −0.6 V for 240 s, and washed with DI water trice for 15 min each, and then dried in an oven to remove the remaining reagents and collected for subsequent characterization. The resulting modified electrode was designated as gra/Ni–Co–O and gra@SiC/Ni–Co–O, respectively.




2.3. Characterization


The morphology was characterized using a Field emission scanning electron microscopic (FESEM, JSM-7800F, JEOL, Akishima, Japan) and high-resolution transmission electron microscopy (HRTEM, JEM-2010, JEOL, Japan) with selected area electron diffraction (SAED) and energy dispersive X-ray spectroscopy (EDS). Raman spectra were characterized using an automated Raman spectrometer equipped with an argon laser excitation wavelength of 532 nm (Unidron, CL Technology Co., Ltd., New Taipei city, Taiwan). The chemical structure and composition were determined by X-ray photoelectron spectroscopy (XPS, PHI-5000 Versaprobe, ULVAC-PHI, Chigasaki, Kanagawa, Japan). Electrochemical measurements were performed using a three-electrode system by an electrochemical analyzer (Autolab, model PGSTAT30, Eco Chemie, Utrecht, The Netherlands). The supercapacitor with a conventional three-electrode system comprised gra/Ni–Co–O and gra@SiC/Ni–Co–O working electrode, a platinum wire counter electrode, and an Ag/AgCl (3 M KCl) reference electrode in 1 M KOH electrolyte (pH 13.8) (the volume of KOH electrolyte for electrochemical measurements was 20 mL). The electrochemical measurements of gra/Ni–Co–O and gra@SiC/Ni–Co–O were examined by cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD).





3. Results


The surface morphologies of gra, gra@SiC, gra/Ni–Co–O, and gra@SiC/Ni–Co–O were characterized using field emission scanning electron microscopy (FESEM). Compared to that of gra (Figure 1a), a notable apophysis was observed on the surface of the coating material after the addition of SiC (Figure 1b); marked in the region of the orange dashed circle), and SiC was observed to exhibit a spherical structure with a size of few tens of micrometers. Next, gra and gra@SiC were used as growth templates for the electrodeposition growth of ternary Ni–Co–O nanosheets. The SEM image confirmed the dense and even coverage of the entire surface of gra and gra@SiC by the ternary Ni–Co–O nanosheets (Figure 1c,d). Further, high-magnification FESEM images (Figure 1e,f) revealed that the ternary Ni–Co–O nanosheets formed a uniformly interconnected network with gra and gra@SiC (enlarged view of the yellow framed region in Figure 1c,d). This well-defined interconnected network structure formed a conductive network for the transport of electrons, indicating its significant potential in supercapacitors. Additionally, the SEM images revealed the aggregation tendency of the ternary Ni–Co–O nanosheets on the surface of gra in gra/Ni–Co–O, and the average diameter of the Ni–Co–O nanosheet aggregates was approximately 1 μm. In contrast, the ternary Ni–Co–O nanosheets in gra@SiC/Ni–Co–O were well-dispersed on the surface of the SiC without notable aggregation, resulting in increased surface area. Consequently, this is expected to further accelerate the electron/ion transport, thus enhancing their electrochemical performances. Further, gra/Ni–Co–O and gra@SiC/Ni–Co–O were further characterized using Raman, high-resolution transmission electron microscopy (HRTEM), and X-ray photoelectron spectroscopy (XPS).



The phase composition and structural features of gra, gra@SiC, gra/Ni–Co–O, and gra@SiC/Ni–Co–O were characterized using Raman spectroscopy in the Raman shift range of 100–2000 cm−1. Two characteristic peaks were observed at approximately 1567 (G band) and 1347 cm−1 (D band) in the Raman spectra of all samples and can be attributed to the presence of graphite conductive additive (gra) during the electrode slurry preparation (Figure 2). The D and G bands correspond to disordered carbon and graphitic sp2 carbon, respectively. Additionally, a notable characteristic peak was observed in the Raman spectrum of gra@SiC at approximately 785 cm−1, indicating the presence of hexagonal (mainly, 2H-SiC) polytype form phase within the gra@SiC [13], implying the successful coordination of SiC with graphite conductive additive to form gra@SiC. During the electrodeposition process, Ni–Co–O nanosheets uniformly covered the surface of gra and gra@SiC to form an interconnected structure. It is well known that the characteristic peaks observed in the low Raman shift region of the Raman spectrum are associated with Ni–Co compounds. The characteristic peak of 2H-SiC was observed to disappear in the Raman spectra of gra/Ni–Co–O and gra@SiC/Ni–Co–O (Figure 2), and four newly formed characteristic peaks were observed at approximately 196, 468, 522, and 666 cm−1, corresponding to the Eg mode, O–M–O bending, M–O Ag vibrations, and Ag modes of Ni–Co binary hydroxides, respectively. Additionally, a weak and broad band observed at approximately 1070 cm−1 was linked with the presence of residual nitrate ions from the nitrate precursor [14,15]. These results confirmed the successful synthesis of Ni–Co compounds with Ni–Co binary hydroxides structure by the electrodeposition process and the complete coverage of gra and gra@SiC by Ni–Co binary hydroxides.



To evaluate the Ni–Co–O nanosheet that grew along the outer wall of gra@SiC, the morphologies and relevant element compositions of gra@SiC/Ni–Co–O (the interior and exterior surfaces of the Ni–Co–O nanosheet shell, designated Pt1 and Pt2, respectively) were characterized using HRTEM, and corresponding selected area electron diffraction (SAED) pattern and energy dispersive X-ray spectroscopy (EDS), (Figure 3). A thin layer of Ni–Co–O nanosheet was conformally grown along the outer wall of gra@SiC (Figure 3a,b). SAED (Figure 3c) showed well-defined polymorphic rings confirming the polycrystalline nature of Ni–Co–O nanosheet shell. The broadening of the diffraction SAED rings suggested that the Ni–Co–O nanosheet shell was comprised of nanocrystalline or had a relatively high degree of crystallinity. The lattice planes of (100), (101), and (110) were indexed from SAED rings, which confirmed that the Ni–Co–O nanosheet shell was in the phases of Ni–Co binary hydroxides, in agreement with Raman results (Figure 2) [16,17]. In the EDS results (Figure 3d), the two selected regions of the interior and exterior surfaces within the Ni–Co–O nanosheet shell enclosed by the HRTEM image indicated that the interior surfaces of the Ni–Co–O nanosheet (Pt2) exhibited significantly higher amount of Si element than the exterior surfaces (Pt1). Additionally, it revealed the presence of Ni, Co, and O elements in the two selected regions where the formation of a uniform interconnected network structure was confirmed, indicating the strong coupling between Ni–Co–O nanosheet and the SiC. The EDS results were consistent the aforementioned results. Indeed, the inset in Figure 3d showed the atomic ratio of Ni and Co elements in the two selected regions (Pt1 and Pt2). The Ni:Co atomic ratio at Pt1 is 1.0:2.0 higher than that of the atomic ratio at Pt2 (1.0:3.5). The result further revealed that the dissimilar growth rates of the Ni–Co binary hydroxides observed in the interior and exterior surfaces of the Ni–Co–O nanosheet shell. It can be concluded that the contact interface between the SiC core/Ni–Co–O nanosheet shell, and the surface characteristics of SiC were decisive factors influencing the growth rates of the Ni–Co binary hydroxides.



The surface elemental composition and valance states of gra/Ni–Co–O and gra@SiC/Ni–Co–O were characterized using XPS, and the XPS results are shown in Figure 4. Figure 4a,b shows the high-resolution Ni 2p XPS profiles of gra/Ni–Co–O and gra@SiC/Ni–Co–O. Two spin–orbit-split doublets (Ni 2p1/2 and Ni 2p3/2) were observed in the Ni 2p XPS profiles. To identify the specific Ni species, Ni 2p1/2 (Ni 2p3/2) doublets were assigned to two fitted peaks located at approximately 872.7 (854.7 eV) and 873.8 eV (856.1 eV), which correspond to Ni2+ and Ni3+, respectively, and their shake-up satellite (Sat.) was located at approximately 880.0 eV (862.2 eV). The Ni 2p XPS quantitative analysis results are summarized in Table 1. The intensity ratio of Ni2+/Ni3+ for gra/Ni–Co–O and gra@SiC/Ni–Co–O was 0.46 and 0.33 (mainly in the oxidation state of Ni3+), respectively, indicating that the oxidation state of Ni in gra@SiC/Ni–Co–O is higher than that in gra/Ni–Co–O [18,19]. Figure 4c,d shows the high-resolution Co 2p XPS profiles of gra/Ni–Co–O and gra@SiC/Ni–Co–O. Two spin–orbit-split doublets were observed in the Co 2p XPS profiles at binding energies of 780.8 (Co 2p1/2) and 796.7 eV (Co 2p3/2). The spin-doublet Co 2p1/2 (Co 2p3/2) region was further fitted into Co2+ (located at about 796.7 (781.0) eV) and Co3+ (located at about 794.9 (779.8) eV). The results revealed that Co2+ was the main oxidation state of Co on both gra/Ni–Co–O and gra@SiC/Ni–Co–O. The Co 2p XPS quantitative analysis results (Table 2) indicate the presence of more Co3+ species on the gra@SiC/Ni–Co–O sample [20,21]. The XPS results confirmed the formation of more Ni3+ and Co3+ active species on the surface gra@SiC/Ni–Co–O compared to gra/Ni–Co–O. Figure 4e,f shows the high-resolution O 1s XPS profiles of gra/Ni–Co–O and gra@SiC/Ni–Co–O. The O 1s XPS profile was deconvoluted into four peaks located at binding energies of peaks at 532.5, 531.3, 530.5, and 529.1 eV, respectively, which are assigned to physical/chemical adsorbed water (H–O–H), oxygen defective site (O-defect site), hydroxyl groups (M–O–H) and metal–oxygen bonds (M–O–M) on the surface of Ni–Co–O nanosheet. The O 1s XPS quantitative analysis results (Table 3) revealed reveal that both gra/Ni–Co–O and gra@SiC/Ni–Co–O possessed abundant and accessible oxygen vacancies, indicating the existence of low coordinated metal oxygen structures, which are very helpful for enhanced supercapacitive performance [22,23].



To evaluate the capacitive performance of gra/Ni–Co–O and gra@SiC/Ni–Co–O, cyclic voltammetry (CV) and galvanostatic charges/discharge (GCD) measurements were performed from 0.0 to 0.6 V versus Ag/AgCl in 1 M KOH solution. The CV curves of all Ni–Co–O@3D Ni-x samples at a scan rate of 50 mV s−1 exhibited a distorted semi-rectangular shape, indicating pseudocapacitance characteristics, which could be attributed to the reversible redox couple of Ni–Co–O nanosheet (Figure 5a). Moreover, the CV curve area of gra@SiC/Ni–Co–O (Figure 5a) was larger than that of gra/Ni–Co–O, indicating the excellent electrochemical capacitance performance of gra@SiC/Ni–Co–O, which can be attributed to the synergistic effects between the Ni–Co–O nanosheets and silicon carbide microspheres. The exposed Ni–Co–O nanosheet interfaces offer a large specific surface area, which could enhance the electrocatalytic active sites to accelerate electron/ion transfer characteristics. Figure 5b shows the CV curve of gra@SiC/Ni–Co–O at different scan rates. At a higher scan rate of 100 mV s−1, the CV curve exhibited a slightly distorted shape, but still maintained its semi-rectangular CV shape, demonstrating its good capacitance behavior. Figure 5c,d displays the GCD curve of gra/Ni–Co–O and gra@SiC/Ni–Co–O at different current densities. The areal capacitance can be calculated from the above GCD results by the equation C = (I Δt)/ΔV, where C is the areal capacitance (mF cm−2); I is the current density (mA cm−2); Δt is the discharge time (s); and ΔV is the voltage change during discharge (V). Rather than a triangular distribution, the GCD curves of both samples exhibited a quasi-triangular symmetrical distribution with plateaus, indicating the synergistic effect between the pseudocapacitance (Ni–Co–O nanosheets) and EDLC (SiC microspheres) behaviors. Additionally, the maximum areal capacitance of gra@SiC/Ni–Co–O (521 mF cm−2) was higher than that of gra/Ni–Co–O (322 mF cm−2) at a low current density of 1.4 mA cm−2. In particular, the capacitive performance of gra@SiC/Ni–Co–O was higher or comparable to those of other previously reported results on combining semiconductor materials to obtain composite electrode materials (Table 4) [24,25,26,27]. This excellent performance of gra@SiC/Ni–Co–O may be attributed to the following reasons: (1) gra@SiC functioned as a conductive template for the subsequent growth of Ni–Co–O nanosheets to form a binder-free 3D well-designed hierarchical interconnected network between the Ni–Co–O nanosheets and SiC microspheres, leading to improved electrochemical performance [28]. (2) The contact interface between the SiC core/Ni–Co–O nanosheet shell, and the surface characteristics of SiC were decisive factors influencing the growth rates of the Ni–Co binary hydroxides. The Ni:Co atomic ratio at the interior surface of the Ni–Co–O nanosheet shell was higher than that at the exterior surface of the Ni–Co–O nanosheet shell, indicating that a relatively large amount of Ni hydroxide was present within gra@SiC/Ni–Co–O compared with gra/Ni–Co–O. This difference may affect supercapacitor performance [29]. (3) gra@SiC/Ni–Co–O possessed abundant oxygen vacancies and further exposed rich electroactive sites, providing dense diffusion channels for energy storage [30]. (4) The synergistic effects of EDLC (SiC microspheres) and pseudo-capacitance (Ni–Co–O nanosheets) effectively enhanced the supercapacitive performance. This study revealed that the use of SiC as the growth template prevented the aggregation of Ni–Co–O nanosheets, which can largely improve the specific surface area. Ni–Co–O nanosheets simultaneously possess pseudo-capacitive energy storage efficiency through the multiple oxidation states/structures of Ni and Co atoms, resulting in improved supercapacitive performance [31].



To further understand the stability and the charge storage mechanisms of gra@SiC/Ni–Co–O after electrochemical testing, the electrochemical behavior of gra@SiC/Ni–Co–O before and after electrochemical testing was evaluated using FESEM and XPS (Figure 6). Figure 6a shows the FESEM images of gra@SiC/Ni–Co–O after electrochemical testing. The morphology of gra@SiC/Ni–Co–O after electrochemical testing indicated its structural stability, as the electrochemical testing had no effect on its morphology. The gra@SiC/Ni–Co–O possessed a 3D interconnected network with high mechanical strength, which makes the electrode more stable with electrochemical cycling. Figure 6b,c further revealed that gra@SiC/Ni–Co–O promotes the formation of a larger amount of Ni2+ and Co3+ after electrochemical testing. Interestingly, it was apparent that the opposite tendency was observed in both Ni and Co oxidation states near the surface. The Ni oxidation states were partially reduced to Ni2+, and the Co oxidation states were partially oxidized to Co3+ (see XPS results in Figure 4 and Figure 6). This phenomenon provided strong evidence that gra@SiC/Ni–Co–O underwent an electrochemically driven phase transition, and, simultaneously, reversible redox couples of Ni2+/Ni3+ and Co2+/Co3+ occurred on or near the surface of gra@SiC/Ni–Co–O to contribute remarkable pseudocapacitance [32,33]. The tests mentioned above can aid the understanding of charge-storage mechanisms in gra@SiC/Ni–Co–O. Gra@SiC/Ni–Co–O exhibited excellent synergistic effects of EDLC (SiC microspheres) and pseudo-capacitance (Ni–Co–O nanosheets) to synergistically enhance the capacitive performance. SiC microspheres contributed to the formation of the 3D interconnected network between Ni–Co–O nanosheets and SiC microspheres, which enlarged the large accessible surface area for charge absorption and accumulation to exhibit excellent EDLC performance. Faraday redox reaction contributed by Ni–Co–O nanosheets. The coexistence of Ni2+/Ni3+ and Co2+/Co3+ redox couples in interconnected 3D Ni–Co–O nanosheets network on SiC microspheres enabled excellent multiple redox reactions. Due to the unique synergistic effect of SiC microspheres and Ni–Co–O nanosheets, gra@SiC/Ni–Co–O significantly improved its capacitive performance and cycling stability during the charging/discharging processes.




4. Conclusions


In this study, ternary Ni–Co–O nanosheets are directly grown on silicon carbide microspheres/graphite composite (gra@SiC/Ni–Co–O) by optimizing the electrodeposition method. The surface characteristics endowed SiC with the capability as growth templates for the electrodeposition growth of ternary Ni–Co–O nanosheets to construct a binder-free 3D well-designed hierarchical interconnected network structure of gra@SiC/Ni–Co–O. The gra@SiC/Ni–Co–O electrode materials own several advantages including: (1) 3D interconnected network enables enhanced mechanical properties. (2) The surface characteristics of SiC possess the difference in the growth rate of the Ni–Co binary hydroxides. A relatively large amount of Ni hydroxide was present within gra@SiC/Ni–Co–O compared with gra/Ni–Co–O. (3) The abundant and accessible oxygen vacancies lead to low coordinated metal oxygen structures. (4) The synergistic effects between two components (Ni–Co–O nanosheets and silicon carbide microspheres) contribute to faradaic redox reactions and EDLC properties. Based on the above advantages, the gra@SiC/Ni–Co–O could exhibit excellent supercapacitive performance. Further, FESEM and XPS results were used to evaluate the electrochemical behavior of gra@SiC/Ni–Co–O before and after electrochemical testing. It demonstrated that SiC microspheres contribute to the formation of the 3D interconnected network between Ni–Co–O nanosheets and SiC microspheres, improving the cycling stability during the charging/discharging processes. And, the pseudo-capacitive charge storage mechanism in gra@SiC/Ni–Co–O involves electrochemically driven phase transition and reversible redox couples of Ni2+/Ni3+ and Co2+/Co3+ occurred on or near the surface of gra@SiC/Ni–Co–O. The as-fabricated gra@SiC/Ni–Co–O exhibited excellent capacitative performance and is a potential candidate for future electrochemical energy storage applications (lithium batteries, metal-air batteries, fuel cells, and supercapacitors), which can meet key expectations to integrate renewable energy into electrical grid systems.
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Figure 1. FESEM images of (a) gra, (b) gra@SiC, (c) gra/Ni–Co–O, and (d) gra@SiC/Ni–Co–O; (e,f) the enlarged area of the marked place in (c,d). 
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Figure 2. Raman spectra of gra, gra@SiC, gra/Ni–Co–O, and gra@SiC/Ni–Co–O. 
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Figure 3. HRTEM images of (a) gra@SiC/Ni–Co–O, (b) the enlarged area of the marked place in (a). (c) SAED pattern. (d) EDS of the two selected regions (Pt1 and Pt2) enclosed in (b) and the inset in (d) represents the atomic ratio of Ni and Co elements. 
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Figure 4. (a) Ni 2p, (c) Co 2p, and (e) O 1s XPS spectra of gra/Ni–Co–O. (b) Ni 2p, (d) Co 2p, and (f) O 1s XPS spectra of gra@SiC/Ni–Co–O. 
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Figure 5. (a) Cyclic voltammetry of gra/Ni–Co–O, and gra@SiC/Ni–Co–O. (b) Cyclic voltammetry of gra@SiC/Ni–Co–O at different scan rates. Galvanostatic charge/discharge of (c) gra/Ni–Co–O and (d) gra@SiC/Ni–Co–O at different current densities. 
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Figure 6. (a) FESEM images, (b) Ni 2p XPS spectra, and (c) Co 2p XPS spectra of gra@SiC/Ni–Co–O after electrochemical testing. 
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Table 1. Fitted Ni 2p XPS spectra results of gra/Ni–Co–O and gra@SiC/Ni–Co–O.
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Sample

	
Fitted Results of Ni (2p) XPS Spectra




	
Ni2+

2p3/2

(%)

	
Ni3+

2p3/2 (%)

	
Sat.

2p3/2 (%)

	
Ni2+

2p3/2 (%)

	
Ni3+

2p3/2 (%)

	
Sat.

2p3/2 (%)

	
Ni2+/Ni3+






	
gra/Ni–Co–O

	
5.9

	
27.9

	
25.3

	
11.2

	
9.4

	
20.3

	
0.46




	
gra@SiC/Ni–Co–O

	
4.8

	
26.9

	
26.5

	
7.7

	
11.3

	
22.8

	
0.33











 





Table 2. Fitted Co 2p XPS spectra results of gra/Ni–Co–O and gra@SiC/Ni–Co–O.
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Sample

	
Fitted Results of Co (2p) XPS Spectra




	
Co3+

2p3/2

(%)

	
Co2+

2p3/2 (%)

	
Sat.

2p3/2 (%)

	
Co3+

2p3/2 (%)

	
Co2+

2p3/2 (%)

	
Sat.

2p3/2 (%)

	
Co2+/Co3+






	
gra/Ni–Co–O

	
4.2

	
46.6

	
16.8

	
1.3

	
20.6

	
10.5

	
12.27




	
gra@SiC/Ni–Co–O

	
7.4

	
43.4

	
16.3

	
2.1

	
20.1

	
10.7

	
6.74











 





Table 3. Fitted O 1s XPS spectra results of gra/Ni–Co–O and gra@SiC/Ni–Co–O.






Table 3. Fitted O 1s XPS spectra results of gra/Ni–Co–O and gra@SiC/Ni–Co–O.





	
Sample

	
Fitted Results of O (1s) XPS Spectra




	
M-O-M

(%)

	
M-O-H

(%)

	
O-Defect Site

(%)

	
H-O-H

(%)






	
gra/Ni–Co–O

	
2.0

	
27.0

	
55.4

	
15.6




	
gra@SiC/Ni–Co–O

	
4.0

	
18.7

	
52.2

	
25.1











 





Table 4. Comparing the performance of semiconductor materials-based supercapacitors.
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	Samples
	Electrolyte
	Current Density

(mA cm−2)
	Areal Capacitance (mF cm−2)
	Reference





	gra@SiC/Ni–Co–O
	KOH (1 M)
	1.4
	521
	This work



	SiC@PANI
	H2SO4 (1 M)
	1
	352
	[24]



	SiC@SiO2/MnO2
	Na2SO4 (1 M)
	0.2
	271
	[25]



	SiC/HG/MnO2
	LiCl (3 M)
	7.2
	1000
	[26]



	SiNWs/NC@NiO
	KOH (6 M)
	1
	110
	[27]
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