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Abstract

:

The development of superior electrochemical energy-storage devices designed through a facile, cost-efficient, and green synthesis technique is the key to addressing the intermittent nature of renewable energy sources such as solar and wind energy. In our present work, we design a simple, surfactant-free, and low-temperature chemical strategy to prepare novel integrated, MnO2 composite electrodes with two-dimensional (2D) nanosheet film directly supported on three-dimensional (3D) conductive nickel foam. Benefiting from the specific 2D nanosheet architecture to provide a large interfacial contact area and highly conductive metal scaffolds to facilitate fast electron transfer, the novel nanosheet-assembled MnO2-integrated electrodes exhibit higher specific capacitance of 446 F g−1 at the current density of 1 A g−1 compared with nanostructured MnO2 and commercial MnO2 powder electrodes. More importantly, the as-synthesized devices are able to achieve an outstanding cycling performance of 95% retention after 3000 cycles. The present work, which is based on the low-temperature chemical route to deposit active materials on the conductive substrate, provides new insights into designing a binder-free supercapacitor system to improve the specific capacitance, cycling, and rate performance as next-generation, energy-storage devices.
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1. Introduction


The issues of rapid energy depletion and increasing green-house effect owing to the over-consumption of fossil fuel resources urgently require the full use of alternative green energy to meet our ever-growing energy demands [1,2,3,4,5]. The research on renewable energies such as solar and wind energy has intensified in recent years, but the intermittent nature of clean resources requires an effective medium to store and transfer energy. As a new type of energy-storage technology, electrochemical supercapacitors, compared with conventional batteries and dielectric capacitors, have drawn considerable attention due to their high-power density, fast charge/discharge rate, and long cycle life. These are widely used in hybrid electric vehicles, renewable energy storage, mobile auxiliary storage, and other fields in modern life [6,7,8,9].



Regarding their energy-storage mechanism, supercapacitors (SCs) can be classified into two categories: electric double-layer capacitors (EDLCs), depending on the ionic adsorption/desorption at the electrode/electrolytes interface, and pseudocapacitors, storing energy through rapid surface redox reactions [10,11,12]. Typical electrode materials for EDLCs include carbonaceous materials, such as graphene, carbon nanotubes, and activated carbon [13,14,15,16,17]. Pseudocapacitors have the advantage of fast and reversible redox reactions at the electrode surface. Their delivered-specific capacitance could be multiple times larger than that of EDLC materials. Hence, tremendous efforts have been devoted to searching for pseudocapacitive or redox-active materials with high performance to replace the carbon electrode [18,19,20,21].



Among various pseudocapacitive materials, MnO2 stands out as one of the most promising electrode materials because of its natural abundance, low-cost, environmental benignity, and high theoretical specific capacitance (1370 F g−1) based on the Mn3+/Mn4+ redox coupled over the potential window of 0.8 V [18,19,20,21,22,23,24,25]. Unfortunately, bulk MnO2 powder suffers from poor electrical conductivity and low surface area, resulting in the actual specific capacitance being far below the theoretical specific capacitance. To solve these problems, nanostructured MnO2 with controllable particle size, morphology, and good electrical conductivity have been gradually proposed to enhance capacitance, rate capability, and cycling stability, such as nanowire and nanotube, nanosheet, and nanosphere [23,24,25,26,27,28]. For example, Grote et al. reported a three-step, template-assisted method for preparing free-standing MnO2 nanowire and nanotube arrays using porous anodic aluminum oxide as a template [23]. The as-prepared MnO2 nanotube and nanowire arrays delivered a good electrochemical performance with specific capacitances of 210 F g−1 and 231 F g−1 at 1.9 A g−1 and 0.5 A g−1, respectively. Pang et al. successfully fabricated hierarchical MnO2 nanosheets as electrode materials based on a chelation-mediated method by using EDTA as the surfactant, which showed a specific capacitance of 325 F g−1 at the current density of 1 A g−1 [24]. Using the triblock copolymer P123 as a template, Wang et al. prepared ultrafine MnO2 particles as supercapacitor electrodes by combining ultrasonic dispersing and microwave heating. These as-prepared MnO2 samples obtained a high specific capacitance of ~214 F g−1 and showed negligible capacitance decline after 1000 cycles [25]. Although so many effective chemical methods have been used to prepare MnO2-based electrodes, these synthesis routes based on the hydrothermal, template, and surfactant-assisted approaches have disadvantages of long reaction times, complicated removal processes, and high reaction temperatures. Such technologies fail to meet energy conservation and emission reduction requirements. Meanwhile, most reported electrodes in electrochemical energy storage systems are fabricated by traditional coating technologies with PVDF or PTFE binders to enhance physical contact between the active materials and the current collector. This not only results in excessive consumption of adhesives and carbon black (20–30%) but also hinders ion and electron transport in the system [29,30]. Therefore, the development and implementation of well-controlled strategies for synthesizing binder-free, MnO2-integrated electrode materials, with superior electrochemical performance by a simple and low-cost preparation route, is still a significant challenge that is greatly needed.



In our present work, a simple, green, and low-cost redox method, without high temperature and complicated post-treatment, is introduced to fabricate nanosheet-assembled MnO2-integrated electrodes. The active materials MnO2 films with a loose porous structure grow directly on the highly conductive nickel foam to form a Ni@MnO2 core–shell composite at room temperature. It not only can enhance the conductivity and effective utilization of the active materials but also avoids the complicated electrode preparation process [29,30,31,32,33]. As expected, the nanosheet-assembled MnO2-integrated materials serving as electrodes for supercapacitors exhibit excellent electrochemical performance, such as a high specific capacitance of 446 F g−1 and a high capacitance retention of ~95% of the initial capacitance after 3000 cycles. The remarkable performances are attributed to their multiple advantages, such as the highly ordered nanosheet configuration, good conductive substrate, and the stronger structural fastness between the active material and current collector. This work provides a new strategy for designing next-generation, high-performance energy-storage devices.




2. Materials and Methods


2.1. Sample Synthesis


All chemical reagents were of analytical grade and used as purchased without further purification. Prior to synthesis, a piece of nickel foam (a rectangle of 1.2 cm × 1 cm) (Shenzhen Kejing Star Technology Company, Shenzhen, China) was carefully cleaned by ultrasonication in 1 M HCl solution (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) to remove the oxide layer on the surface, followed by washing with deionized water and absolute ethanol. In a typical synthesis of nanosheet-assembled MnO2-integrated electrode, 12 mmol of manganese acetate tetrahydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was dissolved in 150 mL of deionized water to form a transparent solution as solution A. Afterward, 24 mmol of potassium permanganate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) was dissolved in 150 mL of deionized water to form a purple solution as solution B. The treated nickel foam was immersed into solution A for 3 min at room temperature and then taken out and soon dipped into solution B for 3 min. Repeating the above steps produced a dark brown, nanosheet-assembled MnO2-integrated electrode. Subsequently, the fabricated Ni@MnO2-integrated electrode was washed repeatedly with deionized water to remove the excess ions and then placed in a vacuum oven at 70 °C for 12 h. For comparison purposes, the nanosheet-assembled MnO2 powder samples were also synthesized using the same solutions A and B, based on a redox precipitation method. Solution A was added into solution B by a constant pressure-dropping funnel, and the dark brown precipitate was formed immediately. The solution was stirred continuously for 10 min at room temperature. The resulting powders were rinsed extensively with deionized water and finally dried in a vacuum oven at 70 °C for 12 h. Commercial MnO2 was purchased from Sinopharm Chemical Reagent Co., Ltd.




2.2. Materials Characterization


The crystalline structure of the as-fabricated sample was tested by powder X-ray diffractometry (XRD, Rigaku 9 kW, Tokyo, Japan). The morphological features and microstructure of the sample were observed using a field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, JEOL JEM-2100F, Tokyo, Japan). To prepare a TEM specimen, the nanosheet MnO2 powder was scratched from the integrated electrode using a doctor blade. It was subsequently dispersed into an alcohol solution under ultrasonic treatment for 30 min. For the SEM testing, a piece of nickel foam-covered MnO2 nanosheet was cut and attached to the conductive adhesive.




2.3. Electrochemical Measurements


The electrochemical measurements of samples were characterized on the CHI 660E electrochemical workstation (Shanghai Chenhua Instrument Company, Shanghai, China). The electrochemical tests were investigated by a standard three-electrode testing system. The nanosheet-assembled MnO2-integrated electrode materials (1.2 cm × 1 cm) acted as a working electrode, the platinum plate acted as a counter electrode, and Ag/AgCl acted as a reference electrode (Figure S1 in the Supplementary Materials). The loading mass of the active materials on each electrode was about 1–2 mg. In the 1 M Na2SO4 aqueous solution electrolyte, the electrochemical performance of the as-synthesized materials was evaluated by cyclic voltammetry (CV), galvanostatic charge and discharge (GCD), and electrochemical impedance spectroscopy (EIS). For comparison, the nanosheet MnO2 powder and commercial MnO2 powder electrodes were fabricated by traditional coating techniques as follows: MnO2 powder, carbon black, and polyvinylidene fluoride (PVDF) in the weight ratio of 80:10:10. They were mixed in a mortar with n-methyl-2-pyrrolidone (NMP) as the solvent to form a homogeneous paste. This was then pressed onto the nickel foam collector and dried at 70 °C for 12 h in a vacuum oven.



The gravimetric and areal capacitance of the sample can be calculated based on GCD and CV, respectively, according to Equations (1) and (2):


   C m  =   I × Δ t   Δ V × m      



(1)






   C s  =     ∫     I × d V   2 × ν × Δ V × S    



(2)







In Equation (1), Cm (F g−1) is the gravimetric capacitance, I (A) represents the current of the working electrode, Δt (s) refers to the discharge time, m (g) stands for the mass of the active materials within the electrodes, and ΔV (V) means the potential drop during discharge. In Equation (2), the symbols Cs (mF cm−2), ∫I × dV, ν, and S represent areal capacitance, integral area of CV curve, scan rate (V s−1), and front working area of the electrode (cm2), respectively.





3. Results


The nanosheet-assembled MnO2-integrated electrodes with 3D architecture were prepared by a facile and low-temperature chemical route. The synthetic process is schematically depicted in Figure 1. First, the treated nickel foam was immersed into a manganese acetate tetrahydrate solution in a glass beaker, and the Mn2+ was fully adsorbed on the surface of the 3D nickel foam skeleton. Subsequently, the precursors were dipped into purple potassium permanganate solution and in contact with Mn7+ to form nanosheet architecture on the nickel backbone through a simple redox reaction. Subsequently, this procedure was repeated several times until the entire layout of nickel foam was completely covered with brown nanosheet MnO2.



To examine the crystallinity and crystal phases, the as-prepared samples were tested by powder X-ray diffraction pattern, (XRD) and the results are shown in Figure 2. It can be observed that the main three strong peaks at around 44.6°, 51.9°, and 76.6° correspond to metal nickel substrate (JCPDS No. 70-0989). Except for diffraction peaks from the nickel substrates, all other diffraction peaks were in good accordance with the Birnessite-type δ-MnO2 (JCPDS No. 80-1098) [34,35]. The broad and weak features indicate the typical characteristic of nanocrystalline for MnO2. The MnO2 powder sample with nanosheet morphology was prepared by a low-temperature redox method for comparison. All of the characteristic signals of the sample match are in good accordance with the Birnessite-type MnO2 phase. Figure S2 shows that, in the XRD pattern of commercial MnO2 powder, all diffraction peaks can be assigned to MnO2 with tetragonal symmetry structure (JCPDS No. 24-0735).



The microstructure and morphology of the as-synthesized, MnO2-based electrode were first evaluated by field-emission scanning electron microscopy (FE-SEM). The SEM of pure nickel foam is presented in Figure S3. It can be observed that the bare nickel foam exhibits a 3D macroscopical porous and cross-linked grid structure. The digital photographs of nickel foam before and after MnO2 deposition are shown in Figure 3a, and the color of the nickel foam changed from the original grey to brown. Repeated dip-coating treatments resulted in a significant morphology change in the nickel foam from a relatively smooth surface to a very rough surface. This indicated that a layer of MnO2 film covers the outer surface of the metal nickel backbone to form a Ni@MnO2 hybrid core–shell structure composite (Figure 3b). Furthermore, the high-magnification SEM image viewed from the top further shows that MnO2 nanosheets are densely and uniformly deposited on the nickel backbone. The thickness of nanosheets is estimated to be around several nanometers (Figure 3c,d). More importantly, these nanosheets are interconnected to form a highly open and porous structure as identified by the red dot (Figure 3d). The present cross-linked porous architecture can provide a large interfacial area and a shortened solid-state diffusion path for facilitating the diffusion of electrolyte ions. The direct growth of MnO2 nanosheets on the metal collector enabled good contact and strong binding between active materials and the collector, which is highly beneficial to the improvement of the electrochemical performance. Meanwhile, the morphologies of nanosheet MnO2 powder samples, prepared by the low-temperature redox method, were also investigated in Figure S4, which have a flower-like morphology with an average diameter of 150 nm. Such nanosheet building blocks are the same as the integrated electrode. From Figure S5, it is also seen that the commercial MnO2 powders show a microsphere morphology with an average size of ~50 μm.



Further microstructure characterizations about the MnO2 nanosheet were examined by transmission electron microscopy (TEM). Figure 4a–c present the TEM images of MnO2 nanosheet at low magnification, revealing that the lamellar-like morphology is constructed by numerous ample wrinkles and folds. This is in strong agreement with the results of SEM. In addition, the clear lattice fringes with 0.35 nm and 0.24 nm interplanar distance are observed from the HRTEM image in Figure 4d, corresponding to the (002) and (-111) lattice planes of Birnessite-type MnO2, given in the JCPDS card 80-1098 file. From the HRTEM images, it is found that the lattice fringes are not continuous in the whole nanosheet, indicating that the obtained nanosheets MnO2 are polycrystalline. The select area electron diffraction (SAED) pattern further demonstrates that the nanosheet MnO2 has a polycrystalline characteristic (Figure 4d, inset).



The surface redox reaction, from which the pseudocapacitance originates, only occurs within a very thin layer of the active materials. Hence, the present ultrathin nanoarchitecture blocks (3–5 nm) can provide more beneficial transport routes for electrolyte ions to participate in redox reaction when applied as an electrochemical energy-storage device for a supercapacitor. Moreover, the interconnected 3D nickel backbone with outstanding metallic conductivity can offer an efficient electron transport pathway. Therefore, we foresee that the combination of these advantages can obtain an increased capacitance and improved rate performance. The nickel foam-supported MnO2 nanosheets were directly used as an electrode for electrochemical measurements without any binders or conductive additives in three-electrode systems using 1 M Na2SO4 aqueous solution as an electrolyte.



Firstly, cyclic voltammetry (CV) tests were carried out to evaluate the electrochemical properties of MnO2-based systems at a scan rate of 10 mV s−1. As shown in Figure 5a, it is noted that the CV curve of both nanosheet-assembled MnO2-integrated electrodes and powder electrodes showed significantly higher current and much larger enclosed area compared with those of pure nickel foam and commercial MnO2. This revealed a pseudocapacitive contribution from the MnO2 nanoarchitecture. In particular, the nanosheet-assembled MnO2-integrated electrode has the largest specific current among these MnO2-based electrodes and displays a nearly ideal rectangular shape. In contrast, the blank nickel foam has only negligible current, indicating a rather small contribution for the capacitance of an integrated electrode (Figure S6). Moreover, when the scan speed increases from 1 to 10 mV s−1, the nanosheet-assembled MnO2-integrated electrodes still exhibit quasi-rectangular-shaped CV curves and show approximately upper and lower symmetric oxidation and reduction peaks. This indicates a reversible reaction and ideal pseudocapacitive behavior, which is derived from the reversible Faradaic redox reaction between Mn3+ and Mn4+ according to the previous reports [36] (Figure 5b). As the scanning rate increased, there was no obvious shape deformation in rectangular CV curves except for a small shift of the peak position, demonstrating the favorably reversible and sF capacitive behaviors of nanosheet-assembled MnO2-integrated electrodes.



The galvanostatic charge and discharge (GCD) measurements of MnO2-based electrodes were performed to evaluate the electrochemical specific capacitance in a potential window of 0–1 V at the current densities of 1 A g−1 (Figure 6a). In accordance with the CV results, all galvanostatic charge/discharge curves of MnO2-based electrodes show symmetrical features with a nearly linear slope, further verifying the dominating, highly reversible reaction and pseudocapacitive behavior of the fabricated electrode. The nanoarchitecture MnO2 electrodes exhibit higher capacitance than commercial MnO2 powder materials, indicating that nanostructured engineering is an effective method used to improve energy-storage performance of active materials. According to Equation (1) and the galvanostatic discharge curves, the specific gravimetric capacitances of nanosheet-assembled MnO2-integrated electrode, nanosheet-assembled MnO2 powder, and commercial MnO2 powder are 446 F g−1, 347 F g−1, and 139 F g−1, respectively. In accordance with Equation (2), the areal capacitance of MnO2-based electrodes based on CV curves was also calculated. At 10 mV s−1, nanosheet-assembled MnO2-integrated electrodes, nanosheet-assembled MnO2 powder, and commercial MnO2 powder deliver areal capacitances of 362 mF cm−2, 306 mF cm−2, and 102 mF cm−2, respectively. From the above data, it can be observed that the nanosheet-assembled MnO2-integrated electrodes exhibit the highest specific capacitances, suggesting the important role that integrated designs play in enhancing the electrochemical performance of MnO2-based electrodes.



To further evaluate the performance of the nanosheet-assembled MnO2-integrated electrode, the galvanostatic charge/discharge testing is employed at various current densities, with the results shown in Figure 6c. The specific capacitances of nanosheet-assembled MnO2-integrated electrodes are calculated to be 446 F g−1, 386 F g−1, 345 F g−1, 299 F g−1, and 238 F g−1 at currents of 1 A g−1, 2 A g−1, 4 A g−1, 8 A g−1, and 16 A g−1, respectively. For the comparative electrochemical properties of three MnO2-based electrodes, the rate performance of the nanosheet and commercial powder also could be obtained from Figure 6c. In terms of specific capacitance and rate capability, the nanosheet-assemble MnO2-integrated electrode exhibits higher capacitance than both the MnO2 nanosheet and the commercial MnO2 powder electrode at different scan speeds, demonstrating the advantage of the integrated electrode. Such a specific capacitance for the nanosheet-assembled MnO2-integrated electrode is also higher than that of most previously reported materials (Table S1).



Long cycling stability is another important requirement to study the superiority of the as-prepared nanosheet-assembled MnO2-integrated electrode in supercapacitors. In this context, the cycling life test for the MnO2-based electrode is performed by repeating GCD test between 0 and 1 V at a current density of 1 A g−1, as depicted in Figure 6d. After 3000 cycles, the specific capacitance retention of nanosheet-assembled MnO2-integrated and powder electrodes could retain 95% and 90.3% of their initial value, respectively. In contrast, commercial MnO2 powder electrodes showed a lower value of 61.8% in the same potential window. Moreover, the Coulombic efficiency of MnO2-based electrodes was estimated, according to the reported method [37,38,39,40]. These MnO2-based electrodes can retain almost 100% after 3000 cycles. Such results further suggest that the nanosheet electrodes possess excellent cycle stability for the present MnO2-based materials. The integrated design leads to significant improvement of the specific capacitance, rate performance, and long-term stability.



Such an outstanding electrochemical performance of the nanosheet-assembled MnO2-integrated electrode comes from the unique integrated design strategy and nanoarchitecture engineering, which can increase conductivity and provide a significant amount of redox-active sites to have greater redox reaction. To support this, the available active sites (Z) are calculated from the specific capacitance of MnO2-based materials using the following equation [38,39,40,41,42]:


Z = CΔVM/F



(3)







In this equation, C, ΔV, M, and F are the specific capacitance, potential window, molecular weight of MnO2, and Faradaic constant, respectively. If Z value is 1, it indicates that all if the active sites participate in the redox reaction [38,39,40,41,42]. The calculated date of the active sites at 1 A g−1 shows that nanosheet-assembled MnO2-integrated electrodes and nanosheet-assembled MnO2 powder electrodes possess higher values of 0.4 and 0.31, respectively. Only 0.12 of the commercial MnO2 electrode has been involved in a redox reaction.



The charge storage mechanism of the nanosheet-assembled MnO2-integrated electrode is investigated using Dunn’s method to further validate the pseudocapacitive behavior [43,44,45,46]. The relationship between the measured CV current (i) and the sweep rate (ν) complies with the following power law:


i = aνb



(4)




which can be rewritten as follows:


log i = log a + blog ν



(5)




where i presents the current at a given potential, ν stands for the scan rate, and a and b are adjustable parameters. The parameter b (0.5–1.0) can be determined from the slope of the linear plot log i versus log ν. It can be used to provide kinetic information about the electrochemical reactions in the supercapacitor. Overall, when b equals 0.5, the charge storage process belongs to the diffusion-controlled behavior. While b is 1.0, it is an ideal capacitive-controlled process. As shown in Figure 7, the b values of anodic and cathodic are fitted to be 0.874 and 0.837, respectively, which indicates that the present electrochemical response is mainly controlled by pseudocapacitive behavior.



To gain further insight into the cause behind the differences in capacitance among the three electrodes from the point of view of the ion transport kinetic, the electrochemical impedance spectrum measurements were performed in the frequency range from 0.1 Hz to 100 kHz; the corresponding Nyquist plots are shown in Figure 8. It is clearly observed that the tested impedance spectrums of MnO2-based electrode exhibit a quasi-semicircle at high frequency and a straight line at low frequency. Based on the equivalent circuit model, such impedance data can be fitted as shown in the inset of Figure 8. At the high-frequency region, the intersection point of the semicircle on the X-axis represents the equivalent series resistance (Rs), including electrolyte resistance, intrinsic resistance of MnO2-based materials, and contact resistance at the electrode/collector interface [24,38,47,48,49,50]. The nanosheet-assembled MnO2-integrated electrode shows the lower Rs value of ~0.87 ohms when compared with other MnO2-based powder electrodes. This implies that an excellent conductivity and good interfacial contact between MnO2 nanosheets and metal nickel. Meanwhile, the nanosheet-assemble MnO2-integrated electrode has a lower charge transfer resistance (Rct) evaluated through the diameter of the semicircle located at the high-to-medium frequency. This suggests that the nanoarchitecture MnO2 can reduce the charge-transfer resistance and can provide a short path for ion diffusion. Meanwhile, the lower Rs and Rct values are also attributed to the binder-free nature of the electrode and a very tight connection between the nanosheets MnO2 film and metal nickel. Therefore, the EIS results clearly demonstrate that the integrated electrode exhibits favorable charge/discharge kinetics and good electrical conductivity, thusly showing excellent electrochemical performance.




4. Conclusions


In summary, we reported a simple, cost-effective, low temperature, and green chemical method used to grow nanosheets MnO2 directly on the porous metal substrate to prepare an integrated electrode that is binder-free and conductive-agent-free. Compared with other synthetic methods, the present strategy avoids using surfactants, electric power, and high-temperature treatments. The as-fabricated integrated electrodes also exhibit high electrochemical storage performance with a specific capacitance of 446 F g−1 at 1 A g−1 and a good cycle life. The excellent electrochemical performance of this nanosheet-assembled MnO2-integrated electrode is mainly attributed to its distinctive nanosheet building blocks and bind-free integrated design. The ultrathin thickness, sufficient spaces between the nanosheets, and good contact with substrate could greatly shorten the transport path of the ion/electron and provide more electroactive sites for electrochemical reaction. This work provides a promising strategy for the preparation of integrated electrodes through a simple and green method for next-generation, high performance energy-storage systems.
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Figure 1. Schematic illustration of the fabrication procedure of nanosheet-assembled MnO2-integrated electrode. 
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Figure 2. XRD pattern of the nanosheet-assembled MnO2-integrated electrode (black) and MnO2 powder (blue). 
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Figure 3. (a) Photographs of the nickel foam before and after MnO2 deposition; SEM images of (b) low-magnification image of the nickel foam surfaces; (c,d) high-magnification images of MnO2 nanosheet. 
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Figure 4. (a–c) Typical TEM images of the nanosheet MnO2; (d) HRTEM images of the nanosheet MnO2. The inset of d shows that these nanosheets are polycrystalline. 
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Figure 5. (a) CV curves of MnO2-based electrode materials (nanosheet-assembled MnO2-integrated electrode, nanosheet-assembled MnO2 powder, and commercial MnO2 powder) and nickel foam at a scan rate of 10 mV s−1; (b) the CV curves of nanosheet-assembled MnO2-integrated electrode at different voltage scan rates, from 1 to 10 mV s−1. 
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Figure 6. (a) GCD curves of MnO2-based electrode materials (nanosheet-assembled MnO2-integrated electrode, nanosheet-assembled MnO2 powder, and commercial MnO2 powder) at a scan rate of 1 A g−1; (b) the specific capacitance of nanosheet-assembled integrated electrode at different charge/discharge current densities (1 A g−1, 2 A g−1, 4 A g−1, 8 A g−1, and 16 A g−1); (c) comparative rate performance of MnO2-based electrode materials (1 A g−1, 2 A g−1, 4 A g−1, 8 A g−1, and 16 A g−1); and (d) cycle performance of MnO2-based electrode materials at a current density of 1 A g−1 for 3000 cycles (left: retention; right: Coulombic efficiency). 
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Figure 7. Determination of the b value using the relationship between peak i and scan rate ν. 
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Figure 8. EIS plot of MnO2-based electrode in the frequency range from 0.01 Hz to 100 kHz. Inset: the electrical equivalent circuit. 






Figure 8. EIS plot of MnO2-based electrode in the frequency range from 0.01 Hz to 100 kHz. Inset: the electrical equivalent circuit.



[image: Crystals 12 00115 g008]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  crystals-12-00115


  
    		
      crystals-12-00115
    


  




  





media/file8.jpg
0.010| oo ot D 0010
20005 2005
go.mm Eoon
s Soons|

0.010 0,010
00

06 08 10 00 02
il (V vs. Ag/ARCY)

04 06 08 10
Potential (V vs. Ag/AgCl)





media/file11.png
1.0

( a) Nanosheet-assembled MnO,
integrated clectrode
0.8
>
~ 0.6}
p—
=
l;
S 04f
& Nanosheet-assembled
Q-‘ Mn{), powder
0.2
Commercial Mn().
0.0 L 2 L L L
0 200 400 600 800 1000
Time (s)
600
—'bﬂ (C) —M— Nanosheet-assembled MnO, integrated electrode
m 500 L —A— Nanosheet-assembled MnO, powder electrode
— = —@— Commercial MnO, powder clectrode
P
P
= 400 \.\
= A, =
“ 200} b
= .
= o
2 0 L 1 L L 1 L I L L
0 2 4 6 8 1012 14 16 18

Current density (A g'l)

Potential (V)

Retention (%)

0.0

120
100
80
60
40

20

(b)

—lAg_
— A g

—4Ag_

o e i

— 16 A ¢!

0

200 400 600 800 1000
Time (s)

O Nanosheet-assemble MnO, integrated electrode
C  Nanosheet-assemble MnO, powder electrode 4120
O Commercial MnO, powder elecirode
L 1 - 1 1 1 1 1 0
0 500 1000 1500 2000 2500 3000

Cycle Number (n)

Coulombic Efficiency (%)





media/file6.jpg





media/file1.png
®o-%-@-&

Mn(CH3COO): solution Mn’" adsorbed on Ni foam KMnO: solution Ni@MnO: electrode






media/file13.png
log (peak current, A)

-2.0F
-2.2F
2.4+
-2.6
-2.8}
-3.0

b =0.874

anodic

b =0.837

cathodic

3.0 28 2.6 24 22 -2.0
log (sweep rate, Vs™)






media/file10.jpg
Potential (V)

‘Specific capacitance (F g')

setese

Potential (V)

200 400 600 800 1000
Time (5)

Y0~ 200 400 600 800 1000
Time (5)

(©) ottt ecomitne

S
—

Retention (%)

120, -

80

60

40

M el

T i e swiziies

Current density (A g)

©'6S0o_ 1000 1500 2000 2500 3000
Cycle Number (n)

Coulombic Efficiency (%)





media/file7.png





media/file12.jpg
log (peak current, A)

-2.0
=22t
24}
-2.6+
-2.8¢
-3.0¢

b, =0.837

cathodic

3.0 28 26 24 22 20
log (sweep rate, Vs™)






media/file9.png
0.010}

Nanosheet-assembled MnO, integrated electrode (a)

Nanoshecet-assembled MnO, powder
Commereial Mn{), powder

Nickel foam

2 0.005
= 0.000
»
-
0-0.005

o ol

0.0

0.2 04 06 08
Potential (V vs. Ag/AgC(Cl)

1.0

C

urrent (A)

0.010

0.005¢

=
—
S
S

-0.005

-0.010

0.0

0.2 04 0.6 08
Potential (V vs. Ag/AgCl)

1.0





media/file14.jpg
0

T
e

—e— Nanosheet-assembled MO, integrated electrode
—e— Nanosheet-assembled Mn0, powder electrade

¢ Commercial MO, powder clectrode

Y Ret 20 c»
=
ca

5 10 15 20 25 30 35 40
Z' (ohm)





media/file5.png





media/file15.png
—®— Nanoshcet bled MnO, integrated clectrode

—®— Nanosheet bled Mn(), powder electrode

.—.— Commercial MnO, powder clectrode

0 S5 10 15 20 25 30 35 40

Z' (ohm)





media/file3.png
Intensity (a.u.)

# Ni #
*MnO, # #

|
M =]

Nanosheet-assembled MnO, integrated electrode

Nanmheet MnQO, powder

10 20 30 40 50 60 70 80
20(degree)






media/file4.jpg





media/file0.jpg
e -t-a-%






media/file2.jpg
Intensity (a.u.)

Nanosheet-assembled MnO, integrated electrode

Nanosheet MnO, powder

10 20 30 40 50 60 70 80
20(degree)





