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Abstract
Herein, for the first time, we report 3D broccoli-like microflowers of Sn-Co-S directly grown on the Ni foam (Sn-Co-S/NiF) using an easy solvothermal method for the supercapacitor application. The as-fabricated Sn-Co-S/NiF electrode possesses an ultra-high specific capacitance of 2319.3 F g-1 (specific capacity of 418.7 mAh g-1) at 5 mA cm-2 and an outstanding rate capability of 70.3 %. The optimized Co doping, and unique architecture of electrode may be responsible for the excellent performance of electrode. Taking benefit from the high specific capacitance and fast charge transport properties of Sn-Co-S/NiF electrode, the fabricated asymmetric supercapacitor (ASC) exhibits a large potential window of 1.7 V and outstanding cycling stability of 95.8% after 10000 cycles. Moreover, ASC device delivers an excellent energy density of 66.9 W h kg-1 at a power density of 560.1 W kg-1 which is substantially high as compared to recently reported ASC devices. These findings confirm the potential use of Sn-Co-S/NiF in ASC device for the application in new generation energy-storage devices.
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1. Introduction
In recent years, serious environmental issues due to the global warming and the depletion of fossil fuels have created the urgent need of clean fuel for the sustainable growth of world and human society [1]. Thus, renewable energy storage devices like batteries and supercapacitors (SCs) have emerged as potential candidates for this energy evolution. Supercapacitors have shown their significant importance for electric vehicles as well as portable electronic devices [2]. A supercapacitor possesses longer cycling life, high power density and fast charging/discharging. But, lower energy density of supercapacitors limits their use in energy storage devices [3]. In past few years, research community has paid a great attention to enhance the energy density of supercapacitor without compromising power density, cycling stability and rate performance [4-7]. In this regard, transition metal sulphides are widely studied because of their higher electrical conductivity, strong redox reversibility, higher capacitance and superior rate capability than those of metal oxides/hydroxides [8-9]. Various metal sulfides, like WS2, CoSx, MoS2, CuS, SnSx, and NiSx, have been significantly studied for energy storage in last few years [10-14]. Among the above reported metal sulfides, SnSx have attracted the specific attention due to their high chemical stability, high catalytic activity, wide potential window and high storage capacity. Thus, SnSx are widely studied for the various applications such as light absorbers in solar cells, lithium ion batteries, photodetectors and photocatalysts [15-17]. However, SnSx electrode materials for the application of supercapacitor have not been significantly studied. Recently, Parveen et al. [18] synthesized SnS2 nanostructures of different morphology such as sheet-like, flower-like and ellipsoid-like using solvothermal method. They reported superior electrochemical performance for flower-like SnS2 with the specific capacitance of ∼431.82 F g-1 at 1 A g-1 which was attributed to the larger surface area and better porosity in flower-like morphology. Moreover, Chauhan et al. [19] fabricated SnS nanorods using solvothermal method using hexamethyldisilazane (HMDS) as a shape controller. The as-fabricated SnS electrode demonstrated a gravimetric capacitance of 70 F g-1 and energy density of 1.49 W h kg-1. Further, Liu et al. [20] fabricated 3D SnS nanoarchitecture composited with S-doped graphene (SnS/SG). The as-synthesized 3D SnS/SG hybrid nanostructure exhibited an excellent specific capacitance of 642 F g-1 which was higher than the specific capacitance of SnS nanoplates (158.9 F g-1). In a recent report, Wang et al. [21] synthesized 2D SnS2/MoS2 heterostructures and reported a specific capacitance of ~466.6 F g-1 in 0.5 M KOH electrolyte as well as an impressive cycling stability of 88.2 % after 500 cycles. 
To further boost the electrochemical performance, various strategies such as optimization of morphology and doping of metal-ion can be very useful. In this context, Han et al. [22] showed that the electrochemical capacitance and stability of NiO nanosheets greatly improved by Mn doping. Moreover, Ma et al. [23] reported Mo doped layered SnS2 architecture for supercapacitor application. They showed that the specific capacitance of Mo doped SnS2 (Mo-SnS2) was 213.2 F g-1 at 1 A g-1 which was ~2.4 times higher than that of pristine SnS2 (89.4 F g-1). The improved performance of Mo-SnS2 was attributed to the expended interlayer spacing and rich dislocations generated from Mo doping.  Similarly, Dong et al. [24] fabricated Mn3O4 nanocrystals with the doping of various metal ions (Cr3+, Co2+, Ni2+, and Cu2+). All the dopant improved the electrochemical performance of Mn3O4, however, after Cr3+ and Co2+ doping, the electrochemical performance of Mn3O4 nanocrystals highly improved. Above discussion confirms that fabricating composites and doping of metal elements are very effective methods to enhance the performance of energy storage devices. Actually, introducing of metal ions into the host matrix not only can enhance the intrinsic conductivity but also improve the electrochemical performance of the electrode material [24-26]. In this context, Co may be a suitable candidate for doping because of its multiple oxidation states for rich redox reactions, abundant natural resources, eco-friendly nature and lower price which can improve the performance of Sn-S based electrode. 
Moreover, by assembling two electrodes of different potential window in the asymmetric design is an effective approach to further improve the energy performance of a supercapacitor [27]. The carbon nanomaterials, such as carbon nanotubes (CNTs), activated carbon (AC) and graphene are extensively used as the negative electrode in asymmetric supercapacitor (ASC). Out of them, AC is widely used electrode material because of its large surface area, high electronic conductivity and good stability in negative potential range properties and facile preparation method [6-7, 28-30].
In present work, we report hierarchical 3D broccoli-like microflowers of Sn-Co-S directly on Ni foam (NiF) (Sn-Co-S/NiF) as a binder-free electrode using a low cost solvothermal method to realize high energy and power densities. Usually, binder is electrochemically in-active which increase the “dead mass” and suppress the performance of electrode. In a binder-free electrode charge can transport efficiently within the electrode material. Till now, there is no report in our knowledge that demonstrated ASC by utilizing highly active Sn-Co-S electrode. The as-fabricated 3D flowers of Sn-Co-S are derived from ultra-thin nanosheets. The unique 3D architecture may provide a large surface area and short electron pathway for charge storage. The synergistic effect between both constituents highly improved the supercapacitive performance of the electrode. An ASC device is fabricated using Sn-Co-S/NiF as positive electrode and AC/NiF as negative electrode reveals the maximum operating potential window of 1.7 V and an excellent energy density of 66.9 W h kg-1. A comparison between the supercapacitive performance of the present electrode and recently reported electrodes (based on Sn-Co-S) is given in Tables S1, and Table S2, under three-electrode and two-electrode system, respectively.
2. Experimental
Synthesis of 3D broccoli-like Sn-Co-S microflowers
A low cost solvothermal method was used to synthesize 3D broccoli-like flowers of Sn-Co-S directly on Ni foam (NiF). All the chemical reagents were obtained of analytical-grade and used without any treatment. Firstly, a piece of NiF of size (2 × 4 cm2) was cleaned using acetone, 1M HCl, ethanol, and distilled water. Then, NiF was dried in N2 environment and further used as a 3D skeleton to grow the active materials. To get the best electrochemical performance of the sample, Co doping into the host matrix was optimized. In the typical optimized synthesis of Sn-Co-S on NiF, 0.75 g of SnCl2.2H2O was added in 60 ml of ethylene glycol under magnetic stirring. Thereafter, 0.195 g of Co(NO3)2.6H2O,  0.9 g of cetyltrimethyl ammonium bromide (CTAB) and 0.252 g of thio-urea were dissolved into the solution and stirred for 1 h to get a clear solution. Then, above homogeneous solution was placed into 100 ml Teflon-lined autoclave with a piece of cleaned Ni foam and put into oven at 180 oC for 10 h. After cooling the autoclave, sample containing Ni foam was collected. To remove residual impurities, sample was further washed with distilled water to get the desired product. Thereafter, sample was dried for overnight at 60 oC and named as Sn-Co-S/NiF. The complete synthesis method of 3D broccoli-like microflowers of Sn-Co-S/NiF is schematically presented in Fig. 1. For comparison Sn-S/NiF sample was also prepared by above mentioned procedure without adding Co(NO3)2.6H2O. The mass loading of active material was calculated to be 4.7 and 4.2 mg cm-2 for Sn-S/NiF and Sn-Co-S/NiF, respectively.
The employed characterization techniques and various parameters of electrochemical measurements are given in supporting information (SI). 
3. Result and Discussion
Morphological and structural characterizations
The 3D broccoli-like Sn-Co-S flowers were successfully fabricated using solvothermal method on Ni foam scaffold. The 3D architecture of Ni foam provides a large surface area and conductive support that is highly beneficial to improve the electrochemical performance. To check the surface morphology of as-fabricated Sn-S/NiF and Sn-Co-S/NiF, samples were characterized using FESEM and results are presented in Fig. 1S and Fig. 2. From Fig. 2 (a-b), it is clear that as-synthesize Sn-Co-S/NiF is grown uniformly on Ni foam scaffold. Fig. 2 (c) depicts that the morphology of Sn-Co-S nanostructures is grown as 3D microflowers on Ni foam similar to the broccoli. The average size of microflowers is calculated to be ~3.5 μm. Further, a high-quality image of Sn-Co-S/NiF is presented in Fig. 2 (d) which shows that the 3D flowers of Sn-Co-S are comprised with ultra-thin 2D nanosheets arrays and form a porous architecture. This kind of unique architecture possesses high surface area which is highly beneficial for supercapacitive performance of the electrode. Further, FESEM images of Sn-S/NiF are shown in Fig. 1S at different scales. Fig. 1S (a-b) clears that Sn-S/NiF also exhibits same morphology of 3D broccoli-like flowers. The elemental analysis was performed using EDS and results are presented in Fig. 2S. The presence of signals of Sn and S atoms in Fig 2S (a) suggests the successful synthesis of Sn-S on Ni foam. Further, atomic ratio of Sn:S is measured to be 42.6:57.4 for Sn-S/NiF which indicates the formation of SnS phase.  Moreover, in Fig. 2S (b), the signal from Co atom can also be seen along with the signals of Sn and S atoms which confirm the successful fabrication of Sn-Co-S on Ni foam scaffold. The atomic ratio of Sn:Co:S is measured to be 40.5:3.6:55.9 for Sn-Co-S/NiF which confirms that 8.8% doping of Co is obtained for 10% Co doped SnS sample.  Further, FESEM/EDS color mapping of Sn-Co-S/NiF is presented in Fig. 3S which confirms the uniform presence of Co element along with Sn and S. These results suggest that Co is uniformly doped in the SnS matrix using present-synthesis protocols.   
For fine-microstructural evolution of as-synthesized Sn-Co-S/NiF and Sn-S/NiF, the samples were further investigated using TEM and HRTEM and the results are presented in Fig. 3. From the TEM image of Sn-S in Fig. 3 (a), it can be seen that Sn-S possess sheet like morphology and the transparency in nanosheets depicts their ultra-thin nature. In the HR-TEM image (Fig. 3 (b-c)), the crystal planes of Sn-S can be seen and the interplanar distance is calculated to be 0.282 nm which is ascribed to the (111) plane of SnS. Further, Fig. 3 (d-f) shows the TEM and HRTEM images of Sn-Co-S/NiF. From Fig. 3 (d), it can be noticed that Sn-Co-S also exhibits the morphology of ultrathin transparent nanosheets similar to Sn-S with obvious wrinkles and edges. The thickness of wrinkles in the nanosheets is calculated to be ~2-3 nm. These 2D ultrathin nanosheets assemble to form a 3D broccoli-like flower structure. This ultrathin structure may shorten the ion diffusion length as well as possesses maximal surface area which assures the high utilization of electrode material and thus, improve the performance of the electrode [31]. From the zoomed Fig. 3 (f), the interplanar distance for various planes are calculated to be 0.282, 0.295 and 0.23 nm, which can be ascribed to the (111), (101) and (131) planes of orthorhombic SnS. These results also confirmed the successful synthesis of pure SnS phase adopted by the present synthesis conditions. The STEM-EDS color mappings were recorded for Sn-S/NiF and Sn-Co-S/NiF and images are presented in Fig. 4S and Fig. 4. From Fig. 4S (a-c), it can be noticed that Sn-S/NiF is composed of Sn and S element which are uniformly distributed. Further, from Fig. 4 (a-d), it is clear that all the constituent elements Sn, S and Co are present in Sn-Co-S color mapping. Moreover, as compare to Sn, the lower contrast of Co element signifies the lower concentration of Co in SnS.  These findings again verify the successful doping of Co into SnS matrix. 
To determine the crystalline properties of as-synthesized samples, some powder was scratched from Ni foam scaffold and XRD measurements were performed. The XRD patterns recorded for Sn-S/NiF and Sn-Co-S/NiF are shown in Fig. 5 (a). The major diffraction peaks in both the samples of Sn-S and Sn-Co-S, mainly originate from (110), (120), (111), (131), (210), (141), (151) and (251) crystallographic planes which correspond to the orthorhombic polycrystalline phase of SnS. All the diffraction peaks are marked with ICDD Card:  00-039-0354 which confirm the formation of single phase.  In addition to this, no peak related to impurity or other phase of SnS (such as SnS2 and Sn2S3) is found which further confirms the successful Co doping in Sn-Co-S. Notably, peaks in Sn-Co-S become sharper than that of Sn-S which signifies the enhancement in crystallinity. This kind of improvement in crystallinity after Co doping was also seen by Parveen et al. [32] in their study related to structural and magnetic properties of Co doped SnS.
Moreover, XPS measurements were recorded (after scratching the sample from Ni foam) to investigate the elemental composition and bonding states of Sn, Co and S in Sn-Co-S. The full survey XPS spectrum as shown in Fig. 5S confirms the presence of Sn, Co, and S elements in the sample, indicating the successful doping of Co ions into the SnS lattice. The presence of C and O peaks are due to the exposure to air.   Fig. 5 (b) shows the high resolution XPS spectrum of Sn 3d. The binding energy peaks positioned at 486.7 eV and 495.1 eV are attributed to the Sn 3d5/2 and Sn 3d3/2, of Sn2+, respectively. Moreover, the difference in binding energy between the peaks of Sn 3d5/2 and 3d3/2 is 8.4 eV, which is a common feature for Sn2+ ions, suggesting the formation in SnS. These findings are in a close agreement with that reported in previous studies about SnS [33, 34]. The high resolution XPS spectrum of S2p is presented in Fig. 5 (c). The spectrum looks symmetric in nature and only a strong binding energy peak positioned at 162.7 eV is observed which is attributed to 2p3/2 signal of S2- [14, 35]. This further confirms that only orthorhombic SnS phase is present in Sn-Co-S. Moreover, detailed XPS spectrum of Co 2p is presented in Fig. 5 (d) which shows two typical peaks of 2p3/2 and 2p1/2. The energy peaks of Co 2p3/2 and 2p1/2 are fitted and de-convoluted. The energy peaks positioned at 781 eV and 796.9 eV are attributed to Co2+ [36, 37]. Besides these peaks, other peaks located at 786.9 and 802.8 eV are the common satellite peaks which arise due to the change in coulombic potential. Moreover, the atomic ratio of Sn:Co:S is also obtained by the XPS analysis and is found to be 44.2: 4.1:51.7, respectively which is in a close agreement with the EDS results and confirms almost 9.2% Co doping in SnS matrix. These XPS finding finally confirmed the successful formation of Co doped SnS.  
ELECTROCHEMICAL CHARACTERIZATION
Positive Electrode Material
First, to obtain the best electrochemical performance from the electrode, Co amount in Sn-Co-S was optimized.  For this, Sn-Co-S(X %) was synthesized on Ni foam scaffold with various Co amount (X= Co= 5, 10 and 15%) by keeping all other parameters unchanged and named as Sn-Co-S(5%), Sn-Co-S(10%) and Sn-Co-S(15%). Thereafter, electrochemical performance of Sn-Co-S(X %) was checked using three-electrode system and presented in Fig. 6S and Fig. 7S. The detailed CV and GCD curves recorded for the Sn-Co-S(X %) samples of various Co amount are shown in Fig. 6S. From the CV curves, it can be noticed that the current response is maximum for the Sn-Co-S(10%) electrode. Similarly, GCD curves depict the maximum discharging time for Sn-Co-S(10%) electrode. Furthermore, a comparison among the CV curves at a same scan rate is shown in Fig. 7S (a) which depicts that the area under the CV curve increases when Co doping is increased from 5% to 10 %, thereafter, it decreased for Sn-Co-S(15%). Moreover, Fig. 7S (b) presents the specific capacitance vs. current density curves for all the electrodes of different Co doping. The specific capacitance of Sn-Co-S(5%) is calculated to be 1824.4 F g-1 at 5 mA cm-2 which is increased to 2319.3 F g-1 for sample Sn-Co-S(10%) and thereafter decreased to 2096.5 F g-1 for Sn-Co-S(15%).  Besides this, the rate capability is also calculated to be highest for Sn-Co-S(10%) as compare to Sn-Co-S(5%) and Sn-Co-S(15%) upto 40 mA cm-2. Thus, the sample Sn-Co-S(10%) is selected as the optimized sample and named as Sn-Co-S/NiF for further discussion.   
To investigate the supercapacitive performance of Sn-Co-S/NiF for the application in supercapacitor, the optimized Sn-Co-S/NiF electrode was tested in a three-electrode system using 1M KOH electrolyte.  Fig. 6 (a) represents the CV plots of Sn-Co-S/NiF, Sn-S/NiF and bare Ni foam at a scan rate of 2 mV s-1 in the potential range of -0.2 V to 0.7 V. A pair of redox peaks can be clearly seen in the Fig. 6 (a) which confirms the pseudocapacitive behavior of the electrodes. The area under the CV plot of Ni foam is negligibly small which signifies that contribution from Ni foam to the total capacitance of electrode is negligible. Moreover, area under the CV curve of Sn-Co-S/NiF electrode is larger than that of Sn-S/NiF electrode which signifies higher capacitive performance of Sn-Co-S/NiF over Sn-S/NiF. The CV plots for Sn-Co-S/NiF and Sn-S/NiF electrodes are recorded at various scan rates and shown in Fig. 6 (b) and Fig. 8S. The pair of redox peaks in the voltage window from -0.2 V to 0.7 V (vs. Ag/AgCl electrode) is related to the reversible Faradaic redox reaction Sn2+↔Sn4+. The current response for Sn-Co-S/NiF increases as the scan rate increases which indicates the improved charge transfer properties. To further explore the potential application of Sn-Co-S/NiF electrode in supercapacitor, GCD measurements were recorded at different current densities ranging from 5 mA cm-2 to 40 mA cm-2 and shown in Fig. 6 (c). For comparison, GCD measurements for Sn-S/NiF electrode were also carried out and shown in Fig. 6 (d). The plateaus of the GCD curves of the electrode materials indicate a battery-type Faradaic behavior mainly due to Faradaic redox reactions of the active electrode materials with the electrolyte. Moreover, the shape of GCD curve remains same at higher current densities which signifies the high rate capability of Sn-Co-S/NiF electrode. The specific capacitance of electrodes Sn-Co-S/NiF and Sn-S/NiF are calculated at different current densities and plotted as curve in Fig. 6 (e). The specific capacitance (corresponding specific capacity) values for Sn-Co-S/NiF electrode are calculated to be 2319.3 (418.7 mAh g-1), 2170.8 (391.9 mAh g-1), 2117 (382.2 mAh g-1), 1936.4 (349.6 mAh g-1), 1826.1 (329.7 mAh g-1) and 1632.1 (294.6 mAh g-1) Fg-1 at the current densities of 5, 8, 10, 15, 20 and 40 mA cm-2, respectively.  These values are much higher than the specific capacitance values of Sn-S/NiF which are calculated to be 1585.9 (286.3 mAh g-1), 1411.4 (254.8 mAh g-1), 1299.5 (234.6 mAh g-1), 1129.2 (203.8 mAh g-1), 1021.2 (184.3 mAh g-1), 968.9(174.9 mAh g-1) F g-1 at the current densities of 5, 8, 10, 15, 20 and 40 mA cm-2, respectively. Moreover, Sn-Co-S/NiF electrode exhibits higher rate capability of 70.3 % up to a current density of 40 mA cm-2 as compare to Sn-S/NiF electrode (61.1%). Such an excellent performance of Sn-Co-S/NiF electrode is obtained due to the unique architecture of 3D broccoli-like flowers as well as the optimized Co doping into the matrix. Actually, charge transfer between the host and doping element can decrease the kinetic resistance of charge-discharge which improve the electrochemical performance [38]. Thus, to investigate the impedance characteristics of the electrodes, EIS measurements were performed. The as-obtained results from EIS test are plotted as Nyquist plot in Fig. 6 (f).  In high frequency region, the point intersecting with the real axis denotes the internal resistance (Rs) and the diameter of semicircle represents the resistance of charge transfer (Rct). In the low frequency region, the linear line corresponds to the diffusion resistance. From Fig. 6 (f), it can be seen that both Sn-Co-S/NiF and Sn-S/NiF electrodes exhibit nearly linear lines which indicates low value of ion-diffusion resistance. However, the slope of line for Sn-Co-S/NiF is larger than that of Sn-S/NiF which signifies that Sn-Co-S/NiF exhibits better ion diffusion in electrode. In the high frequency region, Sn-Co-S/NiF electrode exhibits lower Rs of 0.91 Ω as compare to Sn-S/NiF electrode (Rs of 1.01 Ω) which signifies that conduction in Sn-Co-S/NiF is improved by Co doping with good electrical conductivity. Moreover, the value of Rct for Sn-Co-S/NiF electrode is calculated to be 0.48 Ω as compare to 0.66 Ω of Sn-S/NiF electrode. 
Further, electrochemical behavior of Sn-Co-S/NiF electrode associated with stored charge can be studied by analyzing the CV data at different scan rate according to the following equation [38]:
i = aνb 
where i is current, ν is scan rate,  a is a constant and b-value is between 0.5 and 1.0. In particular, the b-value close to 0.5 signifies the diffusion-controlled process, whereas b-value 1.0 indicates the capacitive-controlled process [38]. To confirm the charge storage mechanism, a curve log (i) vs. log (ν) is plotted for anodic and cathodic peaks and shown in Fig. 9S. The b-values are calculated to be 0.5 and 0.51 for cathodic and anodic peaks, respectively which indicates that charge storage in the electrode is mainly affected by the diffusion-controlled process and high capacity of the Sn-Co-S/NiF electrode originate mainly from battery behavior.
Therefore as-discussed excellent performance of Sn-Co-S electrode can be attributed to the following factors: (1) The Ni foam substrate provides a platform to grow the microflowers structures and effectively prevent the aggregation. Also a binder free approach avoids the degradation in the performance caused by dead mass. (2) The interconnected ultra-thin nanosheets of broccoli-like microflowers provide a porous structure and a large assess surface area with more number of active sites which allows the smooth transportation of electrolyte ions more deeply into the pores.  (3) Synergistic effect between different metal elements further enhance the electrical conductivity of electrode which improve the specific capacity of the electrode. The electrochemical performance of as-fabricated Sn-Co-S/NiF electrode is compared with the performance of similar kind of electrodes and listed in Table S1. From the comparison table, it further confirmed that the specific capacitance of Sn-Co-S/NiF is best among all the recently-reported similar kind of electrodes.  
Fabrication of asymmetric supercapacitor
Further, to assess the Sn-Co-S/NiF electrode for real application, an asymmetric supercapacitor (ASC) was designed in which Sn-Co-S/NiF was used as positive electrode, AC/NiF as negative electrode, and 1 M KOH solution as electrolyte. The as-fabricated device was named as Sn-Co-S/NiF//AC//NiF for further discussion. The detailed information about the fabrication of negative electrode and its electrochemical performance is given in SI and Fig. 10S. To maximize the ASC device performance, charge of both electrodes was balanced by optimizing the active mass ratio as discussed in SI. The optimized mass ratio for positive to negative electrode was calculated to be ~0.17. Further, to optimized the operating potential window of Sn-Co-S/NiF//AC//NiF device, a series of CV test were recorded with different potential range from 1.4 to 1.8 V and shown in Fig. 7 (a). When the voltage is extended to 1.8 V, a slight feature of oxygen evolution reaction start to occur and thus, optimum cell window is determined as 0 to 1.7 V for ASC device. Fig. 7 (b) demonstrate the CV plots of Sn-Co-S/NiF//AC//NiF device at different scan rates. The presence of redox peaks confirmed the pseudocapacitive behavior of the device originating from the positive electrode Sn-Co-S/NiF. The shape of CV plots at higher scan rate remains same indicating fast charge-discharge of device. The GCD plots of Sn-Co-S/NiF//AC//NiF device at different current density are presented in Fig. 7 (c). The nonlinear shape of plots confirmed the pseudocapacitive behavior of device. Further, these discharge curves are used to calculate the specific capacitances of Sn-Co-S/NiF//AC//NiF device at different current densities and thereafter, specific capacitance is plotted as a curve against the current density in Fig. 7 (d).  The specific capacitance of as-fabricated ASC device can reach 166.9, 164.1, 156.4, 142.3, 119.5, 109.7 and 108.2 F g-1 at the current density of 0.66, 1, 1.33, 2, 3.33, 6.66 and 8 A g-1, respectively. The Sn-Co-S/NiF//AC//NiF ASC device exhibits 64.8 % rate capability up to 8 A g-1. The excellent supercapacitive performance of ASC device may be mainly ascribed to the high operating potential of 1.7 V and unique architecture of 3D broccoli-like microflowers. For real application of the device, cycling stability is a crucial parameter. Thus, long term cycling performance of Sn-Co-S/NiF//AC//NiF device was also tested by repeating charge/discharge as shown in Fig. 8 (a). As depicted in figure, first specific capacitance increased, and then starts to decrease and remains up to 95.8 % of the initial value after 10,000 cycles. The recorded 10 cycles before cycling test, after 5,000 cycles and then after 10,000 cycles are shown in Fig. 11S. It is quite interesting to note that specific capacitance of Sn-Co-S/NiF//AC//NiF ASC device increases about 25% during first 4,000 cycles and retains 95.8 % of the initial value after 10,000 cycles. Actually, during the cycling stability, the surface wettability of electrodes increases, which helps the ion-diffusion into the microstructure of electrode with more depth and shorter path. Moreover, the large number of pores formed by the nanosheets allow more electrolyte ions to enter into the electrode. This diffusion enhancement favours the activation of electrode material during the first 4000 cycles. More number of activated sites further boost the redox reaction which enhance the specific capacitance during cycling stability. After reaching to the maximum value the specific capacitance start to decrease, however, maintain the 95.8 % of the initial capacitance. The excellent specific capacitance and long term cycling stability of Sn-Co-S/NiF//AC//NiF ASC device demonstrate its potential application as supercapacitor. To test the stability of device, EIS measurements are performed before and after 10,000 cycles and Nyquist plots are presented in Fig. 8 (b). The as-fabricated Sn-Co-S/NiF//AC//NiF ASC device exhibits a very low internal resistance of (Rs) 0.69 Ω and charge transfer resistance (Rct) of 0.94 Ω which remains almost same even after 10,000 cycle. Moreover, after cycling stability test, the slope of line in slightly decreased which indicates mild decline in ion-diffusion. Further, FESEM image of the Sn-Co-S/NiF electrode was also recorded after cycling test and shown in Fig. 12S which confirms that over-all microstructure of the electrode remain intact, however, the sharpness in flower structure reduced and become rough. These results further confirm that broccoli-like 3D microflowers of Sn-Co-S provide an ideal pathway for charge transport without kinetic limitations which may be responsible for excellent cycling stability of ASC device.  
Moreover, energy density is most important parameter to characterize the performance of any supercapacitor. Thus, energy density and power density of Sn-Co-S/NiF//AC//NiF ASC device are calculated and plotted as Ragone plot in Fig. 8 (c). The as-fabricated ASC device exhibits excellent energy density of 66.9 W h kg-1 at a power density of 560.1 W kg-1 and well maintains the energy density of 43.4 W h kg-1 at 6793.1 W kg-1. The values of energy density of present Sn-Co-S/NiF//AC//NiF device is superior than that of recently reported values of β‑MnO2/SS//O‑SnS/SS (29.8 W h kg-1) [14], Ni0.75Co0.25S2//AC (54.9 W h kg-1) [39], SnS2/RGO//SnS2/RGO (16.67 W h kg-1) [40], (Co, Mn)-NiSe2-dien/NF//AC (50.9 W h kg-1) [41] and Ni-Co-S@Ni-W-O/NiF//AC/NiF (55.1 W h kg-1) [42]. The performance of Sn-Co-S/NiF//AC//NiF device is also compared in detail with the performance of similar type of supercapacitor device in Table S2 which further confirms the superiority of the present device. The excellent performance of Sn-Co-S/NiF//AC//NiF device may be attributed to the various aspects: (i) smartly designed unique 3D broccoli-like microflowers architecture comprised of ultra-thin nanosheets provides a large surface area and porous structure which is highly beneficial for the performance of supercapacitor, (ii) the synergistic effect between Co doping and host, provides the shortest path of lower resistance which allow the fast charge/discharge, and (iii) the wide potential window of ASC device provided by Sn-Co-S/NiF as positive electrode and AC/NiF as negative electrode also improves the performance of device.
Conclusions
In summary, unique 3D broccoli-like microflowers of Sn-Co-S were grown directly on Ni foam (Sn-Co-S/NiF) using one-step solvothermal method as a binder free electrode. The 3D microflowers of Sn-Co-S were comprised of ultra-thin nanosheet arrays. The Co doping into the host matrix was optimized to obtain the best electrochemical performance. The electrochemical performance of optimized Sn-Co-S/NiF electrode was tested in 1 M KOH electrolyte in three-electrode system and exhibited excellent specific capacitance of 2319.3 F g-1 at 5mA cm-2 which was higher than that of Sn-S/NiF (1585.9 F g-1). Also, Sn-Co-S/NiF showed an outstanding rate capability of 70.3 % at a current density of 40 mA cm-2. The synergistic effect between doping element and host element, short pathway for ion-diffusion and enhanced electrical conductivity may be responsible for the superior performance of the Sn-Co-S/NiF electrode. An ASC device was fabricated using Sn-Co-S/NiF as positive electrode and AC/NiF as negative electrode which delivered a very high energy density of 66.9 W h kg-1 and power density of 6793.1 W kg-1. Moreover, as-fabricated Sn-Co-S/NiF//AC//NiF ASC device possess outstanding cycling stability of 95.8% up to 10,000 cycles. These findings confirm the potential use of Sn-Co-S/NiF//AC//NiF ASC device for the application in next generation energy-storage devices.
Acknowledgement
This work was financially supported by the General program of Guangdong Natural Science Foundation (2019A1515011762) and Shenzhen University fund (No. 2019128). This work was also supported by the National Research Foundation (NRF) of The Republic of Korea under the framework of Priority Research Centers Program (2014R1A6A1031189) funded by the Ministry of Education, The Republic of Korea.
Conflicts of interest
There are no conflicts to declare.













References
[1] B. Dunn, H. Kamath and J. M. Tarascon, Electrical energy storage for the grid: a battery of choices, Science 334 (2011) 928–935.
[2] P. Simona and Y. Gogotsi, Materials for electrochemical capacitors, Nat. Mater. 7 (2008) 845–854.
[3] G. Wang, L. Zhang and J. Zhang, A review of electrode materials for electrochemical supercapacitors, Chem. Soc. Rev. 41 (2012) 797–828.
[4] S. Kumar, G. Saeed, L. Zhu, K. N. Hui, N. H. Kim and J. H. Lee, 0D to 3D carbon-based networks combined with pseudocapacitive electrode material for high energy density supercapacitor: A review, Chem. Eng. J. 403 (2021) 126352.
[5] S. Kumar, G. Saeed, N. H. Kim, and J. H. Lee, Fabrication of Co–Ni–Zn ternary Oxide@NiWO4 core-shell nanowire arrays and Fe2O3-CNTs@GF for ultra-high-performance asymmetric supercapacitor, Compos. Part B Eng. 176 (2019) 107223.
[6] G. Saeed, S. Kumar, N. H. Kim, and J. H. Lee, Fabrication of 3D graphene-CNTs/α-MoO3 hybrid film as an advance electrode material for asymmetric supercapacitor with excellent energy density and cycling life, Chem. Eng. J. 352 (2018) 268–276.
[7] G. Saeed, S. Kumar, P. Bandyopadhyay, N. H. Kim, and J. H. Lee, Hierarchical design of Cu-Ni(OH)2/Cu-MnxOy core/shell nanosheet arrays for ultra-high performance of asymmetric supercapacitor, Chem. Eng. J. 369 (2019) 705–715.
[8] P. Kulkarni, S. K. Nataraj, R. G. Balakrishna, D. H. Nagaraju and  M. V. Reddy, Nanostructured binary and ternary metal sulfides: synthesis methods and their application in energy conversion and storage devices, J. Mater. Chem. A 5 (2017) 22040–22094.
[9] G. Saeed, P. Bandyopadhyay, S. Kumar, N. H. Kim, and J. H. Lee, ZnS–Ni7S6 Nanosheet arrays wrapped with nanopetals of Ni(OH)2 as a novel core–shell electrode material for asymmetric supercapacitors with high energy density and cycling stability performance, ACS Appl. Mater. Interfaces 12 (2020) 47377–47388.
[10] N. Choudhary, C. Li, H. Chung, J. Moore, J. Thomas and Y. Jung, High-performance one-body core/shell nanowire supercapacitor enabled by conformal growth of capacitive 2D WS2 layers, ACS Nano 10 (2016) 10726–10735.
[11] L. Wang, X. Zhang, Y. Ma, M. Yang and Y. Qi, Supercapacitor performances of the MoS2/CoS2 nanotube arrays in situ grown on Ti plate, J. Phys. Chem. C 121 (2017) 9089.
[12] W. Fu, W. Han, H. Zha, J. Mei, Y. Li, Z. Zhang and E. Xie, Nanostructured CuS networks composed of interconnected nanoparticles for asymmetric supercapacitors, Phys. Chem. Chem. Phys. 18 (2016) 24471.
[13] A. M. Patil, V. C. Lokhande, U. M. Patil, P. A. Shinde, and C. D. Lokhande, High performance all-solid-state asymmetric supercapacitor device based on 3D nanospheres of β‑MnO2 and nanoflowers of O‑SnS, ACS Sustainable Chem. Eng. 6 (2018) 787.
[14] T. Li, Y. Zuo, X. Lei, N. Li, J. Liu and H. Han, Regulating the Oxidation Degree of Nickel Foam: a Smart Strategy to Controllably Synthesize Active Ni3S2 Nanorod/Nanowire Arrays for High-performance Supercapacitors. J. Mater. Chem. A 4 (2016) 8029.
[15] K. T. R. Reddy, N. K. Reddy and R. W. Miles, Photovoltaic properties of SnS based solar cells, Sol. Energy Mater. Sol. Cells 90 (2006) 3041.
[16] Z. Deng, D. Cao, J. He, S. Lin, S. M. Lindsay and Y. Liu, Solution synthesis of ultrathin single-crystalline SnS nanoribbons for photodetectors via phase transition and surface processing, ACS Nano 6 (2012) 6197.
[17] Q. Wu, L. Jiao, J. Du, J. Yang, L. Guo, Y. Liu, Y. Wang and H. Yuan,  One-pot synthesis of three-dimensional SnS2 hierarchitectures as anode material for lithium-ion batteries, J. Power Sources 239 (2013) 89.
[18] N. Parveen, S. A. Ansari, H. R. Alamri, M. O. Ansari, Z. Khan and M. H. Cho, Facile synthesis of SnS2 nanostructures with different morphologies for high performance supercapacitor applications, ACS Omega 3 (2018) 1581−1588.
[19] H. Chauhan, M. K. Singh, S. A. Hashmi and S. Deka, Synthesis of surfactant-free SnS nanorods by a solvothermal route with better electrochemical properties towards supercapacitor applications, RSC Adv. 5 (2015) 17228–17235.
[20] C. Liu, S. Zhao, Y. Lu, Y. Chang, D. Xu, Q. Wang, Z. Dai, J. Bao, and M. Han, 3D porous nanoarchitectures derived from SnS/S-Doped graphene hybrid nanosheets for flexible all-solid-state supercapacitors, Small  (2017) 1603494.
[21] B. Wang, R. Hu, J. Zhang, Z. Huang, H. Qiao, L. Gong and X. Qi, 2D/2D SnS2/MoS2 layered heterojunction for enhanced supercapacitor performance, J. Am. Ceram. Soc. 103 (2020) 1088–1096.
[22] X. Han, B. Wang, C. Yang, G. Meng, R. Zhao, Q. Hu, O. Triana, M. Iqbal, Y. Li, A. Han, and J. Liu, Inductive effect in Mn-Doped NiO nanosheet arrays for enhanced capacitive and highly stable hybrid supercapacitor, ACS Appl. Energy Mater. 2 (2019) 2072−2079.
[23] L. Ma,   L. Xu, X. Zhou, X. Xu and L. Zhang, Molybdenum-doped few-layered SnS2 architectures with enhanced electrochemical supercapacitive performance, RSC Adv. 5 (2015) 105862–105868.
[24] R. Dong, Q. Ye, L. Kuang, X. Lu, Y. Zhang, X. Zhang, G. Tan, Y. Wen, and F. Wang, Enhanced supercapacitor performance of Mn3O4 nanocrystals by doping transition-metal ions, ACS Appl. Mater. Interfaces 5 (2013) 9508−9516.
[25] Q. Wang, Y. Huang, J. Miao, Y. Zhao and Y. Wang, Synthesis and electrochemical characterizations of Ce doped SnS2 anode materials for rechargeable lithium ion batteries, Electrochim. Acta 93 (2013) 120−130.
[26] X. An, J. C. Yu and J. Tang, Biomolecule-assisted fabrication of copper doped SnS2 nanosheet–reduced graphene oxide junctions with enhanced visible-light photocatalytic activity,  J. Mater. Chem. A 2 (2014) 1000–1005. 
[27] J. Zhang, J. Jiang, H. Lib and X. S. Zhao, A high-performance asymmetric supercapacitor fabricated with graphene-based electrodes, Energy Environ. Sci. 4 (2011) 4009–4015.
[28] D. Xuan, W. Chengyang, C. Mingming, J. Yang and W. Jin, Electrochemical performances of nanoparticle Fe3O4/activated carbon supercapacitor using KOH electrolyte solution, J. Phys. Chem. C 113 (2009) 2643–2646.
[29] P. Tang, L. Han and L. Zhang, Facile synthesis of graphite/PEDOT/MnO2 composites on commercial supercapacitor separator membranes as flexible and high-performance supercapacitor electrodes, ACS Appl. Mater. Interfaces 6 (2014) 10506–10515.
[30] P. Simon and Y. Gogotsi, Capacitive energy storage in nanostructured carbon–electrolyte systems, Acc. Chem. Res. 46 (2013) 1094–1103.
[31] L. Wang, Y. Ouyang, X. Jiao, X. Xia, W. Lei and Q. Hao, Polyaniline-assisted growth of MnO2 ultrathin nanosheets on graphene and porous graphene for asymmetric supercapacitor with enhanced energy density, Chem. Eng. J. 334 (2018) 1–9.
[32] B. Parveen, M. Hassan, S. Atiq, S. Riaz, S. Naseem, and S. Zaman, Structural, dielectric and ferromagnetic properties of nano-crystalline Co-doped SnS, J. Mater. Sci. 52 (2017) 7369–7381.
[33] C. Liu, S. Zhao, Y. Lu, Y. Chang, D. Xu, Q. Wang, Z. Dai, J. Bao, and M. Han, 3D porous nanoarchitectures derived from SnS/S-Doped graphene hybrid nanosheets for flexible all-solid-state supercapacitors, Small (2017) 1603494.
[34] J. Shi, Y. Wang, Q. Su, F. Cheng, X. Kong, J. Lin, T. Zhu, S. Liang and A. Pan, N-S co-doped C@SnS nanoflakes/graphene composite as advanced anode for sodium-ion batteries, Chem. Eng. J. 353 (2018) 606–614.
[35] X. Chen, E. Tervoort, H. Huang, T. Liu and M. Niederberger, SnS/N-Doped carbon composites with enhanced Li+ storage and lifetime by controlled hierarchical submicron and nano-structuring, CrystEngComm. 22 (2020) 1547–1554.
[36] Z. Zhang, F. Bao, Y. Zhang, L. Feng, Y. Ji, H. Zhang, Q. Sun, S. Feng, X. Zhao and X. Liu, Formation of hierarchical CoMoO4@MnO2 core-shell nanosheet arrays on nickel foam with markedly enhanced pseudocapacitive properties, J. Power Sources 296 (2015) 162–168.
[37] S. Kumar, G. Saeed, N. H. Kim, and J. H. Lee, Hierarchical nanohoneycomb-like CoMoO4-MnO2 core–shell and Fe2O3 nanosheet arrays on 3D graphene foam with excellent supercapacitive performance, J. Mater. Chem. A 6 (2018) 7182–7193.
[38] Y.G. Wang, Y.F. Song and Y.Y. Xia, Electrochemical capacitors: mechanism, materials, systems, characterization and applications, Chem. Soc. Rev. 45 (2016) 5925–5950.
[39] S. Xie, J. Gou, B. Liu and C. Liu, Synthesis of cobalt-doped nickel sulfide nanomaterials with rich edge sites as high-performance supercapacitor electrode materials, Inorg. Chem. Front. 5 (2018) 1218–1225.
[40] H. Chauhan, M. K. Singh, P. Kumar, S. A. Hashmi and S. Deka, Development of SnS2/RGO nanosheet composite for cost-effective aqueous hybrid supercapacitors, Nanotechnology 28 (2017) 025401.
[41] H. Dan, K. Tao, Y. Hai, L. Liu and Y. Gong, (Co, Mn)-Doped NiSe2-diethylenetriamine (dien) nanosheets and (Co, Mn, Sn)-doped NiSe2 nanowires for high performance supercapacitors: compositional/morphological evolution and (Co, Mn)-induced electron transfer, Nanoscale 11 (2019) 16810–16827.
[42] W. He, Z. Liang, K. Ji, Q. Sun, T. Zhai and X. Xu, Hierarchical Ni-Co-S@Ni-W-O core–shell nanosheet arrays on nickel foam for high-performance asymmetric supercapacitors. Nano Res., 11 (2018) 1415–1425.


Figure Captions

[image: ]
Figure 1. Schematic presentation of the synthesis of 3D broccoli-like microflowers of Sn-Co-S directly on Ni foam.
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Figure 2. (a-d) FESEM images of 3D broccoli-like microflowers of Sn-Co-S/NiF at different scale.









[image: C:\Users\abc\Desktop\sachin\journal article\ppt images\Picture10.tif]
Figure 3. (a-b) TEM and HRTEM images of Sn-S/NiF, (c) zoomed HRTEM image of Sn-S/NiF. (d-e) TEM and HRTEM images of Sn-Co-S/NiF, (f) zoomed HRTEM image of Sn-Co-S/NiF.
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Figure 4. (a) Dark field STEM image of the selected area for which elemental mapping was recorded for Sn-Co-S/NiF, corresponding STEM/EDS elemental mapping of (b) Sn (c) S and (d) Co.
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Figure 5. (a) XRD patterns of Sn-S and Sn-Co-S scratched from Ni foam. (b) Sn 3d (c) S 2p and (d) Co 2p, high resolution scan of Sn-Co-S/NiF.
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Figure 6. (a) CV curves of bare Ni foam, Sn-S/NiF and Sn-Co-S/NiF at a scan rate of 2 mV s-1, (b) CV curves of Sn-Co-S/NiF at different scan rates, (c) GCD curves of Sn-Co-S/NiF at different current densities, (d) GCD curves of Sn-S/NiF at different current densities, (e) Specific capacitance vs. current density curve for Sn-Co-S/NiF and Sn-S/NiF, (d) EIS curves for Sn-Co-S/NiF and Sn-S/NiF (Inset shows zoom curve).
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Figure 7. (a) CV curves of Sn-Co-S/NiF//AC/NiF ASC device at scan rate of 40 mV s-1 for different potential ranges, (b) CV curves of Sn-Co-S/NiF//AC/NiF ASC device at different scan rates, (c) GCD curves of Sn-Co-S/NiF//AC/NiF ASC device at different current densities, (d) Specific capacitance vs. current density curve of Sn-Co-S/NiF//AC/NiF ASC ASC device.
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Figure 8. (a) (f) Cycling stability performance of Sn-Co-S/NiF//AC/NiF ASC device up to 10,000 cycles (Inset shows first and last 10 cycles), (b) EIS curve for Sn-Co-S/NiF//AC/NiF ASC device before and after cycle test (inset shows the zoom curve),  (c) Ragone plot of Sn-Co-S/NiF//AC/NiF ASC device. 
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