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Abstract: In this paper, the non-polluting, non-toxic, and eco-friendly material-MnO2 electrodes were deposited on three-dimensional porous nickel (Ni) foam by linear sweep voltammetry, and the entire electrodeposition process did not require sintering of the material, which was fast and convenient while avoiding unnecessary energy consumption and thus was environmentally friendly. Scanning electron microscopy (SEM) and transmission electron microscopy were used to examine the surface and microscopic characteristics of each sample (TEM). Chronoamperometry (CA), cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) were then used to determine the electrochemical characteristics of the manufactured samples. The result suggests that the MnO2-sv80 electrode sample at a scan rate of 80 mV/s−1 has excellent performance for the supercapacitor electrode. The specific capacitance was as high as 531.4 F g−1 at a current density of 1 A g−1 and remained at 223.2 F g−1 at an ultra-high current density of 20 A g−1, with capacitance retention of 42%.
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1  Introduction

The discovery and consumption of fossil fuels have contributed to rapid social development. However, the rapid economic growth has brought about increasingly severe environmental pollution. The goals of peak carbon dioxide emissions and carbon neutrality have triggered a human desire for clean energy. Solar energy and wind energy are high-quality clean energy sources. However, they are often unstable sources due to geographical factors and weather. As a result of this wave of the energy revolution, new, green, safe, and efficient energy storage systems (ESS) have become a hot research and development topic [1–5]. With the development of the new energy industry, energy storage technology also faces significant challenges. For example, in the new energy vehicle industry, to improve the efficiency of vehicle energy utilization, a significant amount of kinetic energy needs to be recovered while braking or parking, which requires energy storage equipment to provide ultra-high power density and requires the system to have a long service life, which traditional energy storage equipment cannot meet the requirements. As a novel energy storage device resembling a cross between a capacitor and a battery, the supercapacitor has many advantages, such as long service life, short charging time, high cycle efficiency, and good temperature characteristics (stable performance at safe operating temperatures). Combining with conventional energy storage devices, the supercapacitor can form a new efficient and eco-friendly energy storage system, compensating for power density and cycle life shortcomings. This system is widely used in different fields, including portable electronics, smart grids, and hybrid vehicles [6–8]. Supercapacitors are classified according to their charge storage method into two categories: electrochemical double-layer capacitors (EDLCs) and pseudocapacitors (PCs) [9,10]. EDLCs often use carbon materials as electrodes, and the energy storage process generally does not involve chemical reactions. EDLCs mainly rely on the rapid adsorption/desorption of pure electrostatic charge on the surface of the electrode for energy storage. Thus, EDLCs usually have a super high-power density, excellent multiplicative performance, and low energy density. On the other hand, PCs energy storage mainly relies on a highly reversible redox reaction between the electrode materials and the electrolyte interfaces, and it has a higher energy density than EDLCs [11]. Currently, the electrode materials commonly used in PCs include metal oxides and conducting polymers such as polypyrrole, nickel oxide, and manganese oxide [12]. However, the cyclic electrochemical reactions bring significant volume changes, resulting in damage to the electrode material structure, thus affecting stability and cycling performance [13].

Electrode materials are the core components directly affecting the performance of supercapacitors [14]. MnO2 has been extensively explored as a supercapacitor electrode material owing to its plentiful resources, cheap cost, ease of synthesis, broad potential window, and non-polluting and non-toxic properties [15–25]. Additionally, MnO2 nanoparticles have a large surface area, which enables additional redox reaction sites when forming electric double-layer capacitors (EDLCs) to achieve high pseudo-capacitances (PCs), resulting in a theoretical specific capacitance of MnO2 of 1370 F g−1 [26–29]. The conventional preparation process of MnO2 electrode materials is mainly based on an approach bonding MnO2 powders or films to the collector with the help of conductive agents and binders after the synthesis of MnO2 powders or films by sol-gel, co-precipitation, and hydrothermal methods. However, the use of a binder and conductive substance not only prevents electron transmission, ion diffusion, and electrode size expansion, but also occupies the void of porous MnO2, blocking the electrode reaction. Several studies have demonstrated that only 9% of Mn atoms of conventional MnO2 powder electrodes are engaged in the electrode reaction process [30], which completely contradicts our expectation that the device should be efficient and eco-friendly. Among numerous methods for preparing MnO2 nanomaterials, the electrochemical method has the advantages of low cost, short time, as well as no need to introduce extra binders and conductive agents. The electrochemical method has been proved to be an efficient approach to improving electrode materials’ electrochemical properties. Additionally, MnO2 electrode reactions often take place near the material’s surface or inside the Shallow-layer bulk phase with a thickness less than 500 nm [31]. The electrochemical deposition approach could help better control the thickness of the film, avoiding needless waste of materials while improving the energy storage efficiency, thus achieving the eco-friendly purpose. Moreover, the film thickness can be well controlled by electrochemical deposition. Additionally, electrodeposition may directly generate a three-dimensional hierarchical structure, most notably by the electrodeposition of nanomaterials on a three-dimensional porous skeleton substrate. This technique increases the material’s specific surface area, hence raising the rate of surface response.

Combining the advantages of MnO2 in supercapacitor electrodes with the advantages of the electrochemical deposition method, such as its fast results, green and low-carbon features, and no need to introduce conductive agents, this paper presents a method of ultrasonic-assisted preparation of the non-polluting, non-toxic and high-performance nano-MnO2 electrode material on three-dimensional porous nickel (Ni) foam by linear sweep voltammetry with manganese acetate and sodium sulfate as raw materials.

2  Experimental Section

2.1 Electrode Green Preparation

For 15 min, Nickel foam (110 PPI, 1 mm thickness, 350 g m−2, 1.0 × 1.5 cm−2) was submerged in a solution of hydrochloric acid, ethanol, and deionized water to remove any oxides or impurities from the substrate surface [32]. After drying, they were weighed, and their weights were recorded. The deposition of manganese dioxide was carried out using linear sweep voltammetry in a three-electrode system (The French BioLogic electrochemical workstation utilized nickel foam as the working electrode, saturated Ag/AgCl as the reference electrode, and Pt as the counter electrode) by using a mixture of 0.06 mol L−1 of Mn(CH3COO)2 and Na2SO4 as the experimental precursors, as shown in Fig. 1 below. Four sets of samples were set up and scanned for two rounds with a voltage window of 0–1 V at the rates of 40, 60, 80 and 100 mV/s, respectively. After deposition, the samples were cleaned and dried in an airbox at 60°C for 12 h. Weighing and recording the weights of the samples. The difference ∆m between the first and second weighing represents the electrodes’ active material mass, as stated in Table 1 below.
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Figure 1: Schematic diagram of ultrasonic-assisted electrodeposition of MnO2
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2.2 Material Characterization

Scanning electron microscope (SEM, Zeiss ULTRA 55 SEM) and transmission electron microscope (TEM, FEI Tecnai G2 F20) were used to observe the microscopic morphology of the prepared MnO2 films.

2.3 Electrochemical Performance Measurement

Chronoamperometry (CA), cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS) were used to evaluate the electrochemical performance of the MnO2 thin film electrode in a three-electrode system (Each MnO2 electrode served as the working electrode, saturated Ag/AgCl served as the reference electrode, and Pt served as the counter electrode in the French BioLogic electrochemical workstation) at room temperature, using 1 M Na2SO4 solution as the electrolyte. According to the galvanostatic charge/discharge curve and cyclic voltammetry curve, obtained from the test, the following Eqs. (1) and (2) were used to compute the materials’ mass specific capacitance 
Cm
and area specific capacitance 
Cs
, respectively.


Cm=QV⋅m=IgΔtΔV⋅m
(1)

In Eq. (1), 
Ig
represents the mass current density for charging and discharging, Δt represents the time required for charging and discharging, m represents the mass of the MnO2 electrode sheet, and ΔV represents the voltage change during completing charging and discharging.


Cs=∫IdVsΔvV
(2)

In Eq. (2), s represents the area of the MnO2 electrode sheet, 
Δv
represents the scan rate, V represents the scan interval, and ∫Idv represents half of the area of the CV curve integral.

The Faradaic redox reactions of sodium ions embedded and de-embedded on the surface of MnO2 during the charging and discharging process are shown in Eq. (3) below.


MnO2+Na++e−⇌MnOONa
(3)

3  Results and Discussion

3.1 TEM and SEM Analysis

Scanning electron microscopy (SEM) pictures of electrodes generated at various scan rates are shown in Fig. 2. Firstly, it can be observed that the manganese dioxide films showed a loose porous structure at lower scan rates. This might be because the water in the solution was electrolyzed to produce H2 and O2 at a high voltage (close to 1 V), and the Mn2+ near the bubbles could not reach the holes produced by the electrode oxidation to MnO2. In fact, it was observed that bubbles were generated in the electrolytic bath during the electrode deposition preparation. Secondly, the decrease in pores with increased scan rate was due to the fact that the electrode was kept for a longer time at high voltages with lower scan rates, while more bubbles were generated by the electrolysis of water in the solution. Besides, cracks on the film surface gradually increased with increasing scan rates due to uneven growth caused by the shorter growth time of the manganese dioxide nanomaterials at higher scan rates.
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Figure 2: SEM images of electrodes at different scan rates (a) 40 mV/s, (b) 60 mV/s, (c) 80 mV/s, (d) 100 mV/s

In electron microscopy images at high magnification, the electrode samples at high scan rates showed a densely packed nanorod morphology with overlapping associations. This structure facilitated the rapid transfer and transport of electrons and ions, resulting in an increase in the number of active sites for electrochemical reactions and an increase in the materials’ specific capacitance. Additionally, at a scan rate of 40 mV/s, the aggregation of nanorods on the MnO2 electrode surface resulted in the formation of nanospheres which was because the longer electrode deposition time at low scan rates could lead to the growth of nanorods for a long time in a preferred orientation. However, the electrochemical redox reaction occurred mainly at the electrode surface. The active materials at the bottom of this structure were covered and cannot participate in the electrode reaction for capacitance provision. Thus, the material mass utilization was low.

To further understand the microstructure of the microstructure of the manganese dioxide electrode samples prepared, the prepared, the prepared samples were observed by using transmission electron microscopy (the selected samples were made at a scan rate of 80 mV/s for observation), as shown in Fig. 3. It can be observed from TEM Figs. 3a–3c that the manganese dioxide is presented as a densely packed nanorod morphology with overlapping associations. This non-dense three-dimensional structure has a high surface area ratio, which improves ion output from the electrolyte and the kinetics of manganese dioxide electrode reactions [33]. Fig. 3d shows the HR-TEM image of the electrode, where the lattice stripes are clearly visible with an interplanar crystal spacing of 0.24 and 0.21 nm, respectively, corresponding to the crystal faces (210) and (211) [34,35], respectively, which belong to the orthogonal crystal system.
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Figure 3: (a) (b) (c) TEM images of MnO2-sv80 at different magnifications, (d) HR-TEM image of MnO2-sv80

3.2 XPS Analysis

To conduct additional research on the sample surface’s oxidation state and chemical makeup, we characterized the MnO2-sv80 through the XPS technique. The results are shown in Fig. 4. Fig. 4a shows the Mn2p energy level diagram of the MnO2-sv80. The two peaks with spin splitting energy difference of 12.8 eV in the diagram are typical MnO2 characteristic peaks, corresponding to the 2p1/2 (641.7 eV) and the 2p3/2 (653.9 eV) of the MnO2, respectively [36]. Fig. 4b presents the O1s energy level diagram of the MnO2-sv80, with a center peak at 529.8 eV, corresponding to the Mn-O-Mn bond; the peak at 531.4 eV corresponds to the C=O bond, which may be due to CO2 in the air.
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Figure 4: (a) Mn2p XPS spectra of MnO2-sv80, (b) O1s XPS spectra of MnO2-sv80

3.3 Electrochemical Properties

Fig. 5a shows each electrode sample’s constant current charge/discharge curves a with varying current densities (1 A g−1, 2 A g−1, 5 A g−1, 10 A g−1, 20 A g−1). To begin, it is discovered that each electrode’s charge/discharge curves resemble equilateral triangles, which indicates good electrode reversibility. Secondly, there is a voltage drop when each electrode is discharged. The reason for the IR drop is the self-induction electromotive force, which is generated during the conversion process from charging to discharging between the equivalent series resistance of the electrodes and inductive coupling. Additionally, MnO2-sv80 has a significantly longer discharge time than the other electrodes, indicating the highest specific capacitance. The specific capacitance of each electrode with varying current densities can be computed using GCD curves and Eq. (1), as shown in Fig. 5b. The MnO2-sv80 electrode has an overlapping-associated nanorod structure characterized by a large specific surface area, which can provide more Na+ embedding/de-embedding sites. As a result, the MnO2-sv80 electrode obtained an ultra-high specific capacitance of 531.4 F g−1, and it also had a high specific capacitance of 223.2 F g−1 and a capacitance retention of 42% at a current density of 20 A g−1. However, at a current density of 1 A g−1, the specific capacitance of the MnO2-sv40 electrode samples was only 220 F g−1, which was because MnO2 had a longer deposition time at low scan rates, resulting in an increase in film thickness, and even the selective growth of MnO2 nanosphere structure on the surface of this electrode. However, the electrode reaction occurred mainly on the surface of the electrode sheet. The covered MnO2 inside could not participate in the electrode reaction and then could not provide specific capacitance, which led to extremely low utilization of material mass. Moreover, all samples’ specific capacitance falls as the current density increases, owing to the active materials’ inability to complete their reaction at high current densities. We obtained the non-toxic and non-polluting MnO2 electrode material was prepared using a simple linear sweep voltammetry procedure by electrodeposition on a three-dimensional porous nickel foam substrate. Then, the higher specific capacitance was obtained without extra doping or a secondary processing process (see Table 2 for a comparison with previous research).
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Figure 5: (a) GCD curves of each sample at 1 A g−1, (b) The specific capacitance (F g−1) at different current densities of each sample, (c) CV curves of each sample, (d) The specific capacitance (mF cm−2) of each sample, (e) The image of the current time obtained using the timing current method, (f) Capacitance retention of each electrode at a current density of 2 A g−1
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Additionally, cyclic voltammetry is a critical technique for determining the electrochemical properties of materials. Fig. 5c shows at the scan rate of 5 mV/s, the cyclic voltammetry curves of those samples were prepared at different scan rates. It can be seen that all samples have a pair of obvious redox peaks around 0.7–0.9 V. The cyclic voltammetry curve of MnO2-sv80 is approximately rectangular curve shape and has good symmetry plus, the ratio of the absolute values of the oxidation and reduction peaks is closer to 1. This indicates that this electrode material’s charging and discharging process is dynamic and reversible. Moreover, the CV curve of the sample with an 80 mV/s scan rate has the largest area, indicating that the sample has a higher area specific capacitance. As illustrated in Fig. 5d, the area specific capacitance of each electrode sample can be calculated using the CV curve and Eq. (2). At first, as the scan rate increased, the active material deposition became smaller, and the thin film electrode thickness became thinner. Thus, the MnO2 nanomaterial could fully contact and react with the electrolyte, which improved the utilization of the active material mass. Then, as the scan rate further increased, the electrode specific capacitance decreased due to the low MnO2 deposition despite the high mass utilization rate. Thus, as the scan rate increased, the electrode area specific capacitance increased first and then decreased due to the synergistic effect of these two factors. However, the mass of active material increases as the specific capacitance decreases. This is due to inadequate reaction and low utilization, mainly caused by surface intercalation or electric double-layer adsorption.

Chronoamperometry is an important technique used to study the electrode reaction process and the stability of electrode materials. Fig. 5e shows the CA curves of each MnO2 electrode sample. As can be seen from the figure, the electric currents of all samples are rapidly decreasing. The electrode reaction process is mainly influenced by diffusion at the same time, thereafter, the decline is gradually slowed down until it stabilizes. Among them, the sample with a scan rate of 80 mV/s has a relatively flat decline and a high current density, which indicates its relatively sensitive electrochemical response and relatively stable electrochemical performance. This is attributed to the relatively stable interlacing-associated nanorod structure of the MnO2-sv80 sample.

Fig. 5f shows the long-term cycling performance of each electrode. The cyclic charge/discharge characteristics were obtained through 5000 times charging and discharging in the 1 mol·L−1 Na2SO4 electrolyte at a current density of 2 A g−1. It can be observed that the specific capacitance of each electrode at the preliminary stage gradually decreases as the charging frequency increases. This is owing to the cyclic charging and discharging process, in which sodium ions are adsorbed on the surface and embedded into MnO2 through ion channels, forming MnOONa and transforming manganese from tetravalent to trivalent. Thus, further embedding will form divalent MnOONa2. Thus, further embedding will form divalent MnOONa2, leading to the collapse of the manganese dioxide material structure. Also, Mn2+ dissolving in the electrolyte results in an irreversible capacity decay. In fact, we observed that the sodium sulfate solution turned brown during the testing phase. Additionally, the MnO2-sv80 electrode exhibits the highest cycle retention rate, up to 85.4 percent, which is attributed to its interlaced nanorod structure with a high specific surface area, which results in increased stability while minimizing the effect of electrode volume expansion during the cyclic charging and discharging process, thereby increasing the electrode’s cycle retention rate.

To further investigate the electrode materials’ electrochemical characteristics, we employed electrochemical impedance spectroscopy (EIS) to determine their charge transfer kinetics and chemical process. The electrode’s electrochemical reaction process is depicted in Fig. 6a, and it may be classed as either Faradaic or double-layer capacitive. Additionally, the faradaic process generates charge transfer resistance (Rct) and Warburg impedance (Zw). Into a result, the reaction process may be abstracted as comparable circuits, as seen in Fig. 6b, where RΩ represents the resistance between the electrode material and electrolyte, Cd represents double-layer capacitance, Zf represents the Faradaic impedance produced for the redox reactions and Zf = Rct + Zw. Fig. 6b shows the frequency variation curve of the electrical impedance modulus of the electrode. Electrical impedance is less than ten ohms in the high-frequency range and up to in the low-frequency region, which is characteristic of capacitive behavior. The magnified views in Figs. 6c and 6d show the Nyquist plot of each MnO2 thin film electrode with its high-frequency area. At the high-frequency intercept on the real axis, the equivalent series resistance (ESR) is composed of the ionic resistance of the electrolyte, the contact resistance between the electrolyte and the electrode, and the resistance of the active material [40]. When the Warburg impedance is between the middle and high-frequency ranges, the plot of the impedance spectroscopy is a semicircle, and the intercept between the semicircle and the real axis is RΩ, which can be analyzed in combination with the equivalent circuit. The low impedance module on the curve corresponds to the high-frequency region. The changing cycle in the high-frequency region is so short that the material transfer does not occur in time. Hence, the role of Zw in the equivalent circuit can be ignored. And in the high-frequency region, capacitor Cd shortens the circuit between Rct and Zw. Thus, the impedance is only RΩ. This situation corresponds to the intersection of this curve on the X-axis, As a result, the intercept size of the curve on the X-axis is equal to RΩ. Additionally, the diameter of the circle represents the charge transfer resistance (Rct) [41]. At low frequencies, the time of substance transfer is adequate, thus being dominant. The Warburg (Zw) impedance increases with decreasing frequency, and the curve depicts a straight line with a slope near one. The smaller Warburg (Zw) impedance of MnO2-sv80 accelerates the ionic diffusion in the active materials and electrolytes, as well as the transfer of electrons and ions, having a positive impact on the reaction of the Faradaic processes, which can provide a larger specific capacitance [42]. Table 3 below shows values of Rct and RΩ which are determined by fitting the curves and the corresponding circuit. The smaller Rct and RΩ of MnO2-sv80 with the smaller loaded fraction of active substance is due to the poor electronic conductivity of MnO2, and the thinner electrode thickness and larger electrode surface area further reduce the electrode impedance.
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Figure 6: (a) The electrochemical reaction at the electrode, (b) Fitting circuit and Variation of impedance modulus with frequency, (c), (d) Nyquist plot of each MnO2 film electrode
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4  Conclusion

In conclusion, in the preparation of the MnO2 thin-film electrode, the electrochemical deposition method could help better control the thickness of the film, avoiding needless waste of materials while improving the energy storage efficiency. Meanwhile, the entire electrodeposition process did not require sintering of the material, which avoided unnecessary energy consumption and was therefore environmentally friendly. We prepared MnO2 thin-film electrodes through modified ultrasound-assisted sweep voltammetry and four sets of samples were obtained by scan rate control to regulate the electrodeposition process. These measurements were employed to investigate the mechanism by which the scanning rate affects the growth of MnO2. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to observe each sample’s surface morphology and microscopic morphology. The electrochemical characteristics of the produced samples were then determined using chronoamperometry (CA), cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical impedance spectroscopy (EIS). The result suggests that the MnO2-sv80 electrode sample at a scan rate of 80 mV/s has excellent performance for the supercapacitor electrode. The specific capacitance was as high as 531.4 F g−1 at a current density of 1 A g−1, and remained at 223.2 F g−1 at an ultra-high current density of 20 A g−1, with capacitance retention of 42%.
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Table 1: Active material mass of sample electrodes

Electrode MnO,-sv40  MnO,-sv60 MnO,-sv80 MnO,-sv100

mass (mg) 1.2 1.1 0.8 0.6
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Table 3: The values of R and R, for sample electrodes

Electrode MnO,-sv40 MnO,-sv60 MnO,-sv80  MnO,-sv100

R, (Q) 094 1.08 0.88 0.86
Ry (Q)  1.27 1.21 1.25 1.24
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Table 2: Comparison of the Electrodes’ specific capacitance

Specific capacitance  Current density  Electrode Reference
158 F g 1 Ag! §-MnO, [37]
239 F g 1 Ag! SSM-MnO,/PPy  [38
410 F g 1Ag? GP/MnO, 39]

5314F g 1A gt MnO,-sv80 Our work
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