

  energies-13-00036




energies-13-00036







Energies 2020, 13(1), 36; doi:10.3390/en13010036




Article



Hydrothermal Synthesis of Three-Dimensional Perovskite NiMnO3 Oxide and Application in Supercapacitor Electrode



Hyo-Young Kim 1, Jeeyoung Shin 2,3, Il-Chan Jang 4,* and Young-Wan Ju 1,*[image: Orcid]





1



Department of Chemical Engineering, College of Engineering, Wonkwang University, Iksan, Jeonbuk 54538, Korea






2



Department of Mechanical Systems Engineering, Sookmyung Women’s University, Seoul 04310, Korea






3



Institute of Advanced Materials and Systems, Sookmyung Women’s University, Seoul 04310, Korea






4



Gwangju Bio/Energy R&D Center, Korea Institute of Energy Research, Gwangju 61003, Korea









*



Correspondence: jic7421@kier.re.kr (I.-C.J.); ywju1978@wku.ac.kr (Y.-W.J.)







Received: 8 November 2019 / Accepted: 16 December 2019 / Published: 19 December 2019



Abstract

:

Supercapacitors are attractive as a major energy storage device due to their high coulombic efficiency and semi-permanent life cycle. Transition metal oxides are used as electrode material in supercapacitors due to their high conductivity, capacitance, and multiple oxidation states. Nanopowder transition metal oxides exhibit low specific surface area, ion diffusion, electrical conductivity, and structural stability compared with the three-dimensional (3D) structure. Furthermore, unstable performance during long-term testing can occur via structural transition. Therefore, it is necessary to synthesize a transition metal oxide with a high specific surface area and a stable structure for supercapacitor application. Transition metal oxides with a perovskite structure control structural transition and improve conductivity. In this study, a NiMnO3 perovskite oxide with a high specific surface area and electrochemical properties was obtained via hydrothermal synthesis at low temperature. Hydrothermal synthesis was used to fabricate materials with an aqueous solution under high temperature and pressure. The shape and composition were regulated by controlling the hydrothermal synthesis reaction temperature and time. The synthesis of NiMnO3 was controlled by the reaction time to alter the specific surface area and morphology. The prepared perovskite NiMnO3 oxide with a three-dimensional structure can be used as an active electrode material for supercapacitors and electrochemical catalysts. The prepared NiMnO3 perovskite oxide showed a high specific capacitance of 99.03 F·g−1 and excellent cycle stability with a coulombic efficiency of 77% even after 7000 cycles.
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1. Introduction


The supercapacitor has attracted substantial interest as an alternative energy storage system due to its high power density, rapid charging/discharging process, and semi-permanent cycle life [1,2,3]. Supercapacitors can be classified into two types. The first type is an electric double-layered capacitor, which can store electric energy via the formation of an electric double layer at the interface between electrode and electrolyte. The second type is a pseudocapacitor based on the redox reaction of the electrode. In spite of the high power density, issues such as lower energy density still inhibit the widespread application of supercapacitors. Therefore, many research groups have investigated electrode materials that carry high specific surface areas and electrical conductivity for increased energy density [4].



Electrode materials for supercapacitors should store the charge stably without structural transition and exhibit two or more oxidation states and high electroconductivity. Transition metal oxides are suitable due to their multi-oxidation states that enable the charge transfer via oxygen reduction, facilitating multiple-electron transfer and good structural stability [5,6]. In addition, transition metal oxides have been considered as electrode materials in various electrochemical devices due to their high electrical conductivity and rich redox activity compared with the two corresponding single-component oxides [7]. In general, ruthenium oxide has been used as electrode material in pseudocapacitors due to its high theoretical capacitance [8]. However, its high cost and low conductivity prevent the extensive use of ruthenium oxide as an electrode in supercapacitors. Therefore, manganese oxide [9,10,11,12,13,14,15], nickel oxide [9,16,17], and iron oxide [18,19] have been considered as alternative electrode materials due to their low cost, natural abundance, and environmental advantage [20]. Among them, manganese oxide exhibits superior electrochemical performance, mediated via reversible oxygen reduction [21]. However, the commercialization of the manganese oxide electrode is limited by several issues, such as a low specific surface area, poor electrical conductivity, and unstable performance due to structural transition [8]. Perovskite oxide with a mixed transition metal could be an alternative because of its structural stability and high electrical conductivity [22].



A perovskite structure with the general formula of ABO3 (the A site is a rare and alkaline earth metal cation, and the B-site is a 3d transition metal cation) has been extensively explored due to its high redox and thermal stability, high oxygen storage capacity, structural stability at high temperature, and inherent ability to carry oxygen vacancy [23,24]. Therefore, the perovskite structure has been used in various fields, such as electrochemical sensors [25], solar cells [26], fuel cells [27], and metal-ion batteries [28]. The electrode material used in supercapacitors needs to have a high specific surface area as well as excellent catalytic properties. However, the perovskite oxides synthesized via solid-state reactions and sol–gel methods exhibit low specific surface areas due to a high calcination temperature of 1073–1173 K, inducing particle agglomeration [29,30,31]. In recent years, several research groups have reported that transition metal oxides containing small particle sizes and high specific areas can be fabricated via low-temperature heat treatment, resulting in excellent electrochemical properties and structural stability [32,33,34]. Crystalline particles with high purity and uniform crystal size can be obtained via hydrothermal synthesis. The hydrothermal synthesis method can obtain uniform nanoparticles at low crystallization temperature and calcination temperature compared to the sol–gel method. Hydrothermal synthesis at 773 K is known to restrict particle agglomeration. The composition, size, and morphology of crystalline particles and their distribution can be altered by changing experimental variables such as reaction time and temperature, the solvent, and the reaction pH [35,36,37,38].



In this study, NiMnO3 was prepared via hydrothermal synthesis under different reaction times. The prepared perovskite NiMnO3 oxide exhibited three-dimensional hierarchical morphology with an improved specific surface area and structural stability compared with the powder sample. It can be used as an active electrode material for supercapacitors and electrochemical catalysts.




2. Materials and Methods


2.1. Materials


Nickel (II) acetate tetrahydrate (Ni(OCOCH3)2 · 4H2O, 99.99%, Sigma Aldrich), manganese (II) acetate tetrahydrate (((CH3COO)2Mn · 4H2O), 99.99%, Sigma Aldrich), and Urea (NH2CONH2, 98%, Sigma Aldrich).




2.2. Synthesis of Three-Dimensional NiMnO3 via Hydrothermal Method


Three-dimensional hierarchical structures with cubic NiMnO3 were synthesized via a hydrothermal reaction by adding 10 mmol Ni (OCOCH3)2 · 4H2O and 1.6 mmol (CH3COO)2Mn · 4H2O to 30 mL distilled water. The solution was subjected to ultrasonic treatment for 1 h, followed by the addition of urea and stirring for 3 h. The solution was transferred into a Teflon-lined autoclave and heated at 433 K for 4, 5, 6, and 8 h, respectively. Hydrothermal synthesis proceeded with the reaction time as a variable, and the autoclave was cooled down to room temperature. Three-dimensional hierarchical structures with a cube of NiMnO3 were obtained after repeated washing with distilled water and ethanol. The product was dried overnight at 374 K in a vacuum oven and calcined at 773 K for 4 h in the air. The sample names were designated as NMO-4, NMO-5, NMO-6, and NMO-8, corresponding to the hydrothermal synthesis reaction times of 4, 5, 6, and 8 h, respectively.




2.3. Characterization


The crystal structure of the obtained sample was analyzed by X-ray diffraction (MiniFlex 600) with Cu Kα radiation (λ = 1.5406 Å) in the 2θ range of 20° to 80° at 4°/min by using Si powder as a standard internal material. The morphology of the obtained sample was analyzed by scanning electron microscopy and N2 adsorption/desorption isotherms determined the specific surface area and pore size distribution of the samples at 77 K, using by Brunauer–Emmett–Teller (BET, BELSORP-mini II). The sample oxidation was determined via X-ray photoelectron spectroscopy (XPS, on a Thermo ESCALAB 250), using Al Kα radiation. Electrochemical measurements were carried out on a BCS-815 electrochemical workstation. The RRDE-3A electrochemical workstation (RRDE) was used to electrochemically evaluate the oxygen reduction reaction (ORR).




2.4. Electrochemical Measurement


In the RRDE, cyclic voltammetry (CV) and linear sweep voltammetry (LSV) measurements were performed between −0.8 and −0.2 V at a scan rate of 10 mV s−1 in an O2-saturated 0.1 M KOH solution. Before measurement, it was saturated with N2 or O2 for 20 min. Hg/HgO (1 M NaOH) was used as the reference electrode and a Pt foil as the counter electrode. The area of each electrode was about 1 cm2 and a 6 M KOH aqueous solution was used as an electrolyte. The electrochemical measurements were performed using the working electrode fabricated by mixing 80 wt.% of electrode material, 10 wt.% of binder (PVDF), 10 wt.% of Super-P as conductive carbon material, and N-methyl-2-pyrrolidone as the solvent to yield a slurry. The slurry was pressed onto the nickel foam current collector and dried at 100 °C in a vacuum oven for 1 h. The specific capacitance from galvanostatic charge discharge (GCD) was calculated using the following formula:


  C =   I Δ t   m Δ V    



(1)




where C (F·g−1) denotes the specific capacitance, Δt (s) represents the discharge time, I (A) is the discharge current, ΔV (V) refers to voltage, and m (g) indicates the mass of electrode material.





3. Results and Discussion


3.1. Characterization of Samples


Three-dimensional NiMnO3 was prepared via one-step hydrothermal synthesis under various reaction times. Figure 1 shows the morphology of NiMnO3 prepared by a one-step hydrothermal method with different reaction times. In general, the structural change induced by crystal growth can be explained using the Ostwald ripening mechanism [39]. Ostwald ripening is observed in a solid solution that describes the structural variation over time, the small particle agglomeration of a nanocube, and redeposition onto larger crystals. The NMO-4 sample revealed a limited three-dimensional hierarchical structure compared with other samples (Figure 1a,e). Compared with NMO-4, the size of the cube-like nanoparticles increased with hydrothermal synthesis reaction time. NMO-5 showed a three-dimensional hierarchical structure and the edge length of the cube was about 500 nm (Figure 1b,f). NMO-6 presented a smooth nanocube surface due to nanoparticle agglomeration (Figure 1c,g). When the reaction time was extended to 8 h, the nanocube was agglomerated and the hierarchical morphology was destroyed. The prepared NiMnO3 morphology revealed a three-dimensional hierarchical structure, which affected the electrochemical performance of the supercapacitor due to its high specific surface area and stability compared with other general powder samples [8,40].



X-ray diffraction studies revealed the crystal phase and structural properties of the prepared NiMnO3. The XRD pattern of NiMnO3 showed diffraction peaks similar to the perovskite oxide phase, which exhibited structural stability and conductivity, as shown in Figure 2. Additionally, all samples exhibited the NiMnO3 phase (JCPDS No. 75-2089) and small impurity peaks, such as Mn5O8 (JCPDS No. 72-1427) and NiO (JCPDS No.89-7131), along with diffraction peaks of NiMnO3. Diffraction peaks of impurity appeared due to a less-formed solid phase as the reaction time decreased. As can be seen in Figure 2a,b, the diffraction peak of Mn5O8 disappeared when the hydrothermal synthesis reaction time was longer than 6 h. Transition metal oxides should have low impurity that induces low charge mobility and electroconductivity [41]. The other diffraction peaks of impurity diminished as the reaction time increased over 6 h. Compared with other samples, NMO-8 exhibited a lower peak intensity, as shown in Figure 2d, which may be attributed to the low level of crystallization related to redeposition onto larger crystals [41].



Figure 3 shows the specific surface area, pore volume, and size distribution of NiMnO3 via one-step hydrothermal synthesis with different synthesis times. The supercapacitor electrode materials require a high specific surface area, which is related to the large active surface area and electrochemical double layer. The duration of synthesis affected the crystal morphology as well as the specific surface area. The specific surface area of NMO-6 was 40.821 m2·g−1 and was higher than the other samples (Table 1 and Figure 3b). The large surface area of NMO-6 associated with particle size or morphology was controlled by hydrothermal synthesis at low temperatures. The specific surface area of the NMO-8 sample decreased due to the agglomeration of nanocube morphology, as shown in Figure 1d,h. The dense nanocubes in the three-dimensional hierarchical structure reduced the pore diameter and increased the surface area (Table 1). A high specific surface reduced the overpotential of ORR via the accelerated mass transfer of reactants and reaction products [42], increasing the stability of the material for efficient charge transport and enhanced ORR electrochemical catalytic activity.



In the perovskite structure, manganese oxidation in the B-site is relevant to the lack of oxygen ion and the oxygen vacancy. In NiMn(Ⅳ)O3, a transition from Mn4+ to Mn3+ of manganese oxidation in the B-site decreases the number of oxygen ions in order to achieve electrical neutrality. As a result, an oxygen vacancy is formed, which affects electroconductivity and pseudocapacitance due to the charge transfer. In order to confirm the oxidation state of manganese, X-ray photoelectron spectroscopy was performed and Figure 4a shows the XPS spectra of Mn 2p3/2. The area ratios of the Mn3+/Mn4+ spectra of NMO-4, NMO-5, NMO-6, and NMO-8 were 0.711, 0.867, 1.575, and 1.342, respectively. NMO-6 showed a higher ratio of Mn3+ than the other prepared samples. The higher ratio of Mn3+ in NMO-6 indicates that the reduction of the Mn5O8 oxide caused the manganese oxidation number to reduce to Mn3+ in the perovskite NiMnO3 oxide by increasing the reaction time to 6 h. The ratio of Mn3+/Mn4+, depending on the reaction period, and the high ratio of Mn3+ improved electroconductivity due to oxygen vacancy [23,43,44]. Figure 4b shows that the O 1s spectra of NMO-8 shifted to lower binding energy than other samples and the peak width was narrower compared with other samples due to the reduced crystallization of NMO-8 [41].




3.2. Oxygen Reduction Reaction (ORR) Activity


RRDE experiments were conducted to identify the performance of the perovskite oxide as ORR electrochemical catalytic material. Because the commercial ORR catalyst, Pt/C, is expensive, cost-effective perovskite oxide was considered as an ORR electrochemical catalyst in this study. Perovskite oxide is a good electrochemical catalyst for energy conversion and storage devices as it enhances the movement of oxygen ions through the oxygen vacancies [45]. The electrochemical catalytic activity is determined by the B-site transition metal in the perovskite structure [46]. The diffusion of oxygen vacancy or cation in the transition metal oxide affects ORR catalytic activity due to changes in the lattice and electronic structures. The high specific surface area and oxygen vacancy improve the conductivity and ORR catalytic activity due to multiple catalytic active sites on the surface. Despite the difference in onset potential compared with commercial catalysts such as Pt/C, NMO-6 exhibited higher electrocatalytic activity compared with other samples due to high specific surface area and oxygen vacancy (Figure 5a). The transition state of the Mn in the B-site of NiMnO3 from Mn4+ to Mn3+ increased the active site on the surface, conductivity, and the catalytic activity of the electrode material due to the oxygen vacancies generated. NMO-6 samples with a high ratio of Mn3+ in the B-site had high ORR catalytic activity compared to other samples because the higher Mn3+ caused many oxygen vacancies to satisfy the electrical neutrality. Oxygen vacancies can provide multiple catalytic active sites. Therefore, NMO-6 exhibited higher catalytic activity than other samples. The ORR catalyst also exhibited high current density at the same potential state. To confirm this finding, the potential of each sample was compared at a constant current. As a result, NMO-6 displayed higher potential state than the other prepared samples. ORR can proceed by a two-electron pathway or a four-electron pathway [47]. The two-electron reaction is associated with a low conversion efficiency due to hydrogen peroxide as a by-product, which damages the electrolyte membrane. Therefore, the four-electron reactions are preferred by the ORR catalyst. Compared with the commercial catalyst Pt/C, the prepared NiMnO3 underwent a close four-electron reaction (Figure 5b). A diffusion-limited current region of the Pt/C was observed under −0.2 V. While the prepared NiMnO3 had good ORR catalytic activity and the number of reaction electron numbers was close to four, the diffusion-limited current region of NiMnO3 was not clearly detected due to the poor reaction rate.




3.3. Supercapacitor Performance


The electrochemical performance of the prepared NiMnO3 was investigated via cyclic voltammogram (CV) and galvanostatic charge–discharge measurements using 6.0 M KOH. Figure 6 shows the CV curves of the symmetric supercapacitor device at scan rates from 10 to 100 mV·s−1. All samples displayed nearly-rectangular and asymmetric CV curves, indicating a fast ion diffusion rate and a low internal resistance of the device. In addition, even at a high scan rate, all supercapacitors exhibited the nearly rectangular and asymmetric CV curves, indicating that the perovskite electrode materials have pseudocapacitive properties [48]. As shown in Figure 7a, NMO-6 showed a high specific capacitance of 99.03 F·g−1, which is attributed to the reduction in diffusion distance by well-developed mesoporous and a larger active catalytic surface area due to the high specific surface area. To evaluate the electrochemical performance of the NiMnO3 electrode at a high current density, constant charge/discharge experiments were conducted at the current densities of 1, 3, 5, and 7 mA·cm−2 in the voltage range of 0–0.9 V under 6.0 M KOH electrolyte. The higher current density restricts electrolyte ion movement and decreases specific capacitance [49]. As shown in Figure 7b, the specific capacitance at 1 mA·cm−2 was higher compared with the other current densities because the electrolyte ion diffusion occurs easily at a low current density. Figure 7c shows that the NiMnO3 electrode after 7000 charge/discharge cycle tests at a current density of 1 mA·cm−2 had 77% specific capacitance compared with the initial capacitance. Despite the charge storage of the supercapacitor electrode via redox reaction, continuous redox reaction leads to the loss of the transition metal oxide, which can reduce the electrochemical properties [50].





4. Conclusions


A nanocube-like NiMnO3 perovskite oxide was fabricated using the hydrothermal method by simply adjusting the reaction time. NMO-6, which was prepared via hydrothermal synthesis for 6 hours, showed superior specific capacitance compared with other samples due to the larger specific surface area and the increased ratio of Mn3+ and oxygen vacancy. The enhanced electrochemical performance showed excellent cycle stability with a coulombic efficiency of 77% even after 7000 cycles. The performance was relevant to the increase of the active site due to the three-dimensional structure of the sample and the well-developed mesopore, which reduced the diffusion distance of the electrolyte ion. Based on the results, the fabricated NiMnO3 perovskite oxide can be used as an active electrode material in supercapacitors and electrochemical catalysts.
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Figure 1. (a,e) SEM images of NMO-4; (b,f) NMO-5; (c,g) NMO-6 and (d,h) NMO-8. 
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Figure 2. XRD pattern of (a) NMO-4; (b) NMO-5; (c) NMO-6 and (d) NMO-8. 
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Figure 3. (a) Pore size distribution; (b) the nitrogen adsorption-desorption isotherms of NiMnO3. 
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Figure 4. (a) Mn 2p 3/2 spectra; (b) O 1s spectra of NiMnO3 via hydrothermal synthesis at 433 K. 
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Figure 5. (a) Linear sweep voltammogram (LSV) curves for oxygen reduction reaction (ORR) polarization curves of NiMnO3 obtained by the RRDE-3A electrochemical workstation (RRDE) in O2-saturated 0.1 M KOH; (b) Electron transfer number of the NiMnO3. 
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Figure 6. (a) Cyclic voltammograms of NMO-4; (b) NMO-5; (c) NMO-6; (d) NMO-8 electrode at various scan rates (10–100 mV·s−1) in 6 M KOH. 
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Figure 7. (a) Electrochemical performance of NiMnO3 electrode material with different reaction times; (b) galvanostatic charge discharge (GCD) curve of NMO-6 at different currents; (c) cycling performance of NiMnO3 at 1 mA·cm−2 current density. 
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Table 1. The specific surface areas calculated by the Brunauer–Emmett–Teller (BET) method.
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	Sample
	Surface Area (m2·g−1)
	Pore Volume (mL·g−1)
	Average Pore Diameter (nm)





	NMO-4
	32.036
	0.2821
	36.361



	NMO-5
	33.301
	0.2693
	33.881



	NMO-6
	40.821
	0.2445
	23.956



	NMO-8
	32.645
	0.2440
	29.899
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