
  
    Research Article | Volume 2, Issue 1 | DOI: 10.35840/2631-5076/9207


    ISSN: 2631-5076

  


  
    [image: ] International Journal of Metallurgy and Metal Physics

  


  
    [image: ijmmp]

    Facile Hydrothermal Synthesis of Hollow Fe3O4 Nanospheres: Effect of Hydrolyzing Agents and Electrolytes on Electrocapacitive Performance of Advanced Electrodes

  


  
    SR Mishra1*, H Adhikari1, DL Kunwar1, C Ranaweera2, B Sapkota3, Madhav Ghimire1, R Gupta2 and J Alam1


    1Department of Physics and Materials Science, The University of Memphis, USA


    2Department of Chemistry, Pittsburg State University, USA


    3Department of Physics, Northeastern University, USA

  

  

  
    Corresponding author: SR Mishra, Department of Physics and Materials Science, The University of Memphis, Memphis, TN 38152, USA.


    Published Online: September 04, 2017


    Citation: Mishra SR, Adhikari H, Kunwar DL, Ranaweera C, Sapkota B, et al. (2017) Facile Hydrothermal Synthesis of Hollow Fe3O4 Nanospheres: Effect of Hydrolyzing Agents and Electrolytes on Electrocapacitive Performance of Advanced Electrodes. Int J Metall Met Phys 2:007.


    Copyright: © 2017 Mishra SR, et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

  


  
    Abstract


    In this work, the effect of hydrolyzing agents such as urea, Ammonium Bicarbonate (ABC), Dodecylamine (DDA) on morphology, size and electrochemical activity of Fe3O4 nanospheres was investigated. For comparison, Fe3O4 nanospheres were also synthesized without a hydrolyzing agent. The structural and morphological assessment of the synthesized Fe3O4 nanopowder was performed using x-ray diffraction, scanning electron microscopy and surface area analysis. The room temperature magnetic properties were studied via vibrating sample magnetometer. The scanning electron microscopy images showed nanospheres of Fe3O4 with a range of sizes (150-330 nm) which depend on hydrolyzing agents used. All the synthesized samples were crystalline in structure with a distinct signature of magnetite phase. The surface area analysis indicated that these particles were mesoporous in nature. Electrochemical characteristics were investigated using cyclic voltammetry and galvanostatic measurements. Cyclic voltammetry measurements were performed in three different electrolytes viz. KOH, NaOH, and LiOH and observed that specific capacitance of the synthesized Fe3O4 depends on the electrolyte used. The relatively high specific capacitance of 173.8 F/g was observed for Fe3O4 prepared using DDA in 3M KOH electrolyte. Fe3O4-DDA also showed excellent cyclic stability as well, retaining 107% of specific capacitance value at up to 5,000 cycles measured. The study clearly elucidates the effect of the hydrolyzing agent on physical and morphological properties of Fe3O4. In addition, through electrochemical testing, the study illustrates the choice of aqueous electrolyte in optimizing the electrocapacitive performance of Fe3O4 nanospheres.
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    Introduction


    Among various electrical energy storage devices, electrochemical capacitors, aka super capacitors, are unique in terms of high power density, high charge-discharge cycle life, and wide temperature range operation [1]. When the charges are stored on the surface of the electrodes in these capacitors, then these capacitors are known as Electrical Double Layer Capacitors (EDLC). Along with surface charges, if the charge transfer takes place between the electrode and the electrolyte then these capacitors are termed as pseudocapacitors [2]. Usually, carbon based materials fall into the first category of EDLC where no charge transfer takes place (non-Faradic), while many oxides such as RuO2, MnO2, Co3O4, and NiCo2O4 fall under the category of pseudocapacitors where redox reaction takes place between the electrode and the electrolyte (Faradic) [3]. Furthermore, pseudocapacitor metal-oxide electrodes are considered, as suitable cathode materials as it possesses multiple accessible valence states [4,5]. However, these materials are severely restricted when served as the positive electrode materials due to the low hydrogen evolution potential in aqueous solution. Owning higher hydrogen evolution potential in aqueous solution in comparison to other metal oxides (e.g. MnO2 or NiO), iron oxide can serve as promising anode material in asymmetrical electro capacitors [6]. Besides, iron oxide is attractive materials because of natural abundance, low cost, and being environmental friendly material [7].


    Among ternary oxides, such as NiCo2O4, Mn2O3, Co3O4, Fe3O4, and some composites have been identified as the potential electrode materials in view of the low-cost and environmentally friendly material as pseudocapacitor [8-14]. Considering the fact that pseudocapacitive behavior of nanostructured oxide depends largely on their surface area, pore volume density, and electrical conductivity various attempts have been made to optimize these parameters to gain high electrochemical activity from these materials. Besides morphological parameters, the type of electrolytes and their molar concentration play an important role in determining the electrochemical behavior of oxide electrodes [14-16]. Therefore, many aqueous electrolytes such as H2SO4, KOH, K2SO4, KCl, KNO3, NaOH, Na2SO4, NaCl, LiOH, Li2SO4 etc. have been explored as electrolytes in supercapacitors [17-21]. Large capacitances in Fe3O4 have been reported in alkali sulfites and sulfate solutions [14,22-25]. In fact, the choice of ideal electrolyte depends on the electrode material properties and intercalation efficiency of the cations, which ultimately lead to the resulting performance of supercapacitor devices [26].


    Considering the influence of above two factors, viz. morphology and electrolyte, on pseudocapacitive behavior oxide electrodes, an attempt is made herein to understand the influence of these two factors with Fe3O4 being a model electrode system. The study focuses on hollow mesoporous Fe3O4 nanosphere as this morphology may offer a high surface area with increased electroactive sites. In this study, facile one-step and template free solvothermal approach was adapted to obtain Fe3O4 nanospheres, using Ethylene Glycol (EG) as a reaction solvent and utilizing different hydrolyzing sources such as urea, ABC and DDA and their electrocapacitive behavior was assessed in three different electrolytes viz. KOH, NaOH, and LiOH. The presented synthesis method for hollow Fe3O4 is comparatively better than the one using surfactants or amines, in terms of cost and hazard [27-30]. The results were compared with Fe3O4 nanospheres prepared without any hydrolyzing agent. Specific capacitance as high as 173.8 F/g at 5 mV/s scan rate and power density approaching 1200 W/g was observed for some Fe3O4 samples. In fact, higher electrocapacitive performance was observed for electrodes assessed with KOH electrolyte.


    Experiment


    Template free synthesis of Fe3O4 hollow spheres


    Ferric Chloride Hexahydrate (FeCl3.6H2O), Urea (H2N-CO-NH2), Ethylene Glycol (EG), Sodium Acetate (NaAc), Ethanol (C2H5OH), Ammonium Bicarbonate (NH4HCO3, ABC), Dodecylamine (CH3(CH2)10CH2NH2, DDA) were purchased from Sigma Aldrich. All the chemicals and solvents were of analytical grade and used without further purification. In the experimental process, the inorganic FeCl3. 6H2O was used as a source of iron and EG as a mild reducing agent during the reaction process. Urea, ABC, and DDA were used to guide the formation of the hollow magnetite spheres, and to control their size distribution.


    In a typical experiment, 6 mmol of FeCl3.6H2O and 0.06 mol of urea (or 12 mmol ABC or 6 mmol of DDA) were dissolved in 35 mL of EG under magnetic stirring to form a clear solution. Then, the mixture was transferred to a 50 mL Teflon-lined autoclave and maintained at 200 ℃ for 12 h [31]. After the autoclave was cooled to ambient temperature, the products were obtained by centrifuging and washing with distilled water and absolute ethyl alcohol several times, followed by drying in a vacuum oven at 60 ℃ for 8 h. The inorganic salt FeCl3.6H2O was used as an iron source. EG as a mild reducing agent, and urea, ABC and DDA were used to as ammonia source ((NH)4-Source) to guide the formation of the hollow magnetite spheres. As prepared samples in the presence of urea, ABC and DDA are labeled as Fe3O4-urea and Fe3O4-ABC, and Fe3O4-DDA, respectively.


    Synthesis of Fe3O4 hollow spheres using carbon template


    Mixtures of 40 mg of glucose derived carbon nanospheres via hydrothermal method [32], 30 ml of Ethylene Glycol (EG), 1.35 gm of FeCl3.6H2O, 2.46 gm of NaAc were mixed using ultrasonication for 30 min. The solution was then transferred to 45 ml Teflon-line autoclave and heated at 180 ℃ for 12 hrs. The autoclave was cooled down to room temperature and the precipitate was washed with DI water and ethanol for several times. Finally, it was dried at 70 ℃ in a vacuum oven for 8 h. Later the samples were heated at 350 ℃ for 5 h. to remove carbon template. The Fe3O4 nanospheres via carbon template are labeled as Fe3O4-CNS.


    The X-Ray Diffraction (XRD) patterns were collected using Bruker D8 Advance X-ray diffractometer using Cu Kα radiation (λ~0.154056 nm). Scanning Electron Microscopy (Philips XL 30 environmental scanning electron microscope, SEM) operated at 3 keV was employed to analyze the morphology of the samples. The surface area and pore volume analysis were performed using N2 adsorption-desorption isotherms using carried out using Autosorb-1, (Quantachrome, Boynton Beach, FL 33426, model No. AS1MP) using nitrogen as adsorbing gas at 77 K. The magnetic properties of the samples were investigated at room temperature using Vibrating Sample Magnetometer (VSM).


    Electrochemical measurements were performed using the standard three-electrode system on a Versastat 4-500 electrochemical workstation (Princeton Applied Research, USA). The working electrode was prepared by mixing 80 wt.% of the synthesized sample, 10 wt.% of acetylene black and 10 wt.% of Polyvinylidene Difluoride (PVDF) in the presence of N-Methyl Pyrrolidinone (NMP). After mixing the components, the slurry was pasted onto nickel foam. The prepared electrode was dried at 60 ℃ under vacuum for 10 hrs. The loading mass of all samples on nickel foam was about 2-3 mg. The deposited weight was accurately measured by weighing the nickel foam before and after deposition with an analytical balance (model MS105DU, Mettler Toledo, max. 120 g, 0.01 mg of resolution). A platinum wire as a counter electrode, Saturated Calomel Electrode (SCE) as a reference electrode, and synthesized samples on nickel foam as a working electrode were used. The electrochemical performance of the electrodes was evaluated by Cyclic Voltammetry (CV) and galvanostatic charge-discharge techniques in three different electrolytes viz. 3M KOH, NaOH, and LiOH.


    Results and Discussion


    The phase of the prepared-Fe3O4 was determined by using powder X-Ray Diffraction (XRD) spectroscopy, Figure 1. The diffraction peaks for all samples could be indexed to the magnetite syn - Fe3O4 phase having a cubic spinel structure (ICDD Card No. 76-5948). The peaks indexed as planes (220), (311), (400), (422), (511) and (440) corresponded to a cubic unit cell, characteristic of a cubic spinel structure [33]. The absence of other peaks reflects that high-purity Fe3O4 hollow nanospheres were synthesized. Also, the diffraction peaks are narrower for samples prepared using hydrolyzing agents where as Fe3O4-CNS show broad diffraction peaks, indicating the presence of finer crystallites in later samples. The peaks of (220), (311), (400), (422), (511) and (440) have been deconvoluted to Lorentzian curves, using Peak Fit software for the determination of FWHM value of the indexed peaks [34]. The crystallite size of Fe3O4 was obtained using Scherrer's formula [35] using the FWHM value of the respective indexed peaks. The average crystallite size was 48, 40, 56, and 8 nm for Fe3O4-urea, Fe3O4-ABC, Fe3O4-DDA, and Fe3O4-CNS samples, respectively. Higher crystallinity displayed by Fe3O4-DDA sample indicate better ionic bonding of ions in Fe3O4.


    
      Figure 1: XRD pattern of Fe3O4 prepared with different hydrolyzing agents. View Figure 1

    


    The morphology of samples was investigated by Field Emission Scanning Electron Microscope (FE-SEM). Figure 2 shows the representative SEM images of as-obtained Fe3O4 synthesized using different hydrolyzing agents. It is observed that the samples were monodispersed nanostructured hollow spheres without any agglomeration. The rough surface of the spheres implies that the surface of the hollow spheres is composed of closely packed nanoparticles. Figure 3 shows SEM based diameter distribution of Fe3O4 nanospheres as prepared using different hydrolyzing agents. The average diameter for Fe3O4-urea, Fe3O4-ABC, Fe3O4-DDA, and Fe3O4-CNS samples was observed to be ~172, 206, 322, 157 nm, respectively. Overall, smallest size Fe3O4 were obtained without the use of any hydrolyzing agent.


    
      Figure 2: FE-SEM images of Fe3O4nanospheres prepared using different hydrolyzing agents. View Figure 2

    


    
      Figure 3: Size distribution of Fe3O4nanospheres prepared using different hydrolyzing agents. View Figure 3

    


    Schematic illustration of the formation mechanism of hollow assembly of iron-hydroxyl ions is shown in Figure 4. Under the hydrothermal condition, the ammonia source ((NH)4-sources) gradually decomposed into NH3 and CO2 [36]. Further NH3 reacts with water to produce NH4+ and OH-. In the oxide crystal growth process, tiny crystalline nuclei are formed, and nanoparticles of this oxide get precipitated by an increase in pH due to NH4+ ions generated from of NH3 as a result of decomposition of ammonia-source with increased temperature. The hydrolysis of ammonia-source leads to a rise in the pH due to increased release of NH4+ in the solution. The hydrolysis progresses slowly, and the basic solution undergoes supersaturation of the metal-hydroxide species [37,38]. At the same time, gaseous bubbles of ammonia and carbon dioxide having high surface energy may provide the heterogeneous nucleation site for newly formed nanocrystallites to aggregate around the surface of the bubbles. The spherical shape is then formed by aggregation of the original crystals of iron-hydroxyl nucleated on the liquid-bubbles interface to minimize the surface energy, and then an original inner core was formed. Thus, the formation of metal-hydroxide crystal assembly into spherical order. It is worth mentioning the fact that the crystal growth process proceeds with the delicate balance of crystal nucleus formation and the growth rate of the nucleus. If the formation speed of the crystal nucleus is faster than the growth rate of the nucleus, it will tend to form smaller size products and vice a versa. In addition, crystal growth process is assisted by gas bubbles, which serve as seeds to assist the Ostwald ripening process. According to the formation of crystals, the rate of the generation or the quantity of the gas bubbles play a key role in modifying the particle sizes. At the higher rate of bubble production at the same time during nucleus formation, the quantity of oxide crystal aggregation in each bubble will be reduced, and the sizes of the obtained spheres will be decreased and vice a versa. In fact, the rate of hydrolysis and ammonia content can be tuned to obtain oxide hollow spheres of different sizes. Spherical Fe3O4 nanospheres are formed upon oxidation at high temperature. The reaction leading to magnetite formation in presence of hydrolyzing agent rich in ammonia can be summarized as follow. Ammonium salts can be hydrolyzed in presence of trace amount of water coming out of FeCl3.6H2O), resulting in NH3, H2O, and CO2 as a byproduct. NH3 further reacts with water to form hydroxide anions as follow,


    
      Figure 4: Schematic illustration of the formation mechanism of hollow assembly of iron-hydroxyl ions. View Figure 4

    


    N H 3 + H 2 O⇔N H 4 + +O H − (1)


    The use of Fe(III) salt leads to precipitation of hydroxide as follow:


    F e 3+ +3O H − ⇔Fe ( OH ) 3 (2)


    This leads to the formation of Fe2O3 as follow:


    2Fe ( OH ) 3 ⇔F e 2 O 3 +3 H 2 O(3)


    A mild reducing agent ethylene glycol was used in reaction to reduce Fe(III) to Fe(II) thus leading to the formation of Fe3O4 as follow. EG can undergo dehydration and the so-formed acetaldehyde, which reduces Fe(III) to Fe(II) [39-41],


    2HOC H 2 −C H 2 OH⇔2C H 3 CHO+2 H 2 O(4)


    2C H 3 CHO+2F e 3+ ⇔C H 3 CO−COC H 3 +2F e 2+ +2 H + (5)


    F e 2+ +2O H − ⇔Fe (OH) 2 (6)


    Usually iron exist in both ferrous and ferric oxidation state leading to the formation of magnetite when subjected to high temperature,


    2Fe (OH) 3 +Fe (OH) 2 ⇔F e 3 O 4 +4 H 2 O(7)


    The BET specific surface areas of the Fe3O4 was determined by N2 adsorption-desorption isotherm curves measured at 77K between relative pressure p/po ~0.029 to 0.99. All samples display a type IV isotherm with adsorption-desorption hysteresis, indicating the presence of mesopores in the sample [42], Figure 5. The measured BET surface area of Fe3O4-urea, Fe3O4-ABC, Fe3O4-DDA and Fe3O4-CNS samples are ~17, 23, 53, 67 m2/g and are listed in Table 1. Figure 5 inset show pore size distribution obtained from BJH analysis. From the curve, it can be observed that the largest number of pores is distributed at around 2-6 nm for all Fe3O4 samples. These pores are attributed to the interparticle spaces. The narrow adsorption-desorption hysteresis loops are indicative of the presence of independent mesopores in Fe3O4. The Fe3O4-CNS samples show much higher surface area (67 m2/g) and pore volume density. This indicates the fact that Fe3O4-CNS might have relatively large number of pores as compared to samples prepared using hydrolyzing agents. The observed surface area of Fe3O4 samples is in fact much larger than the value of hollow spheres reported previously [43]. It is important to understand that the electrochemical super capacitance does heavily depend on the specific surface area of the electrode materials but as not all the specific surface area is electrochemically accessible when the material is in contact with an electrolyte, thus measured the capacitance of various materials does not linearly depend on the specific surface area. In fact, it largely depends upon the electrochemically useful area called electroactive surface area. The pore size of the electrode material also plays an important role in the electrochemical active surface area. According to Largeot, et al. [44] the pore size of electrode materials that yield maximum double-layer capacitance was very close to the electrolyte ion size (with respect to an ionic liquid electrolyte), and both larger and smaller pores led to a significant drop in capacitance. Considering the diameters of solvated ions ~3 nm [26,45], the best electrode materials for electrical double layer capacitor are those which use mesoporous electrode materials with open pores of 2.0-6.0 nm [44-47]. It is expected that the large BET surface area, as displayed by porous Fe3O4 nanospheres, can provide plenty of superficial electrochemical active sites to participate in the Faradaic redox reactions. Furthermore, appropriate pore size distribution, between 2-6 nm as observed for all Fe3O4 samples, Figure 5, can offer additional efficient transport pathway for electrolyte molecules to their interior voids during the charge/discharge storage process and give rise to the excellent electrochemical property of the electrode material, which is critical for the electrochemical performance [26].


    
      Figure 5: N2 adsorption-desorption curves of Fe3O4nanospheres prepared using a different hydrolyzing agent. The inset shows pore size distribution. View Figure 5

    


    
      Table 1: Physical and magnetic properties of as synthesized Fe3O4 nanospheres prepared with different hydrolyzing agents. View Table 1

    


    The magnetic properties of Fe3O4 nanospheres were investigated by Measuring Magnetization vs. Applied Field (M vs. H) using Vibrating Sample Magnetometer (VSM) at room temperature in the field up to 1.2 T. The M vs. H plots are shown in Figure 6. The magnetic parameters extracted from M vs. H plots are listed in Table 1. Except for Fe3O4-CNS all the hysteresis loops are well saturated within the field sweeping from -1.2 to 1.2 T. It is evident that the crystalline Fe3O4 prepared with the hydrolyzing agents show marked Saturation Magnetization (Ms) value of ~80 emu/g and display ferromagnetic behavior. The saturation magnetization values, Ms, for Fe3O4-urea, Fe3O4-ABC, Fe3O4-DDA, and Fe3O4-CNS samples are 82.8, 85.0, 84.6, and 60.5 emu/g, respectively. These measured Ms values are lower than the Ms value of the bulk Fe3O4 (Ms ~92 emu/g) [48,49]. However, these Ms values are much higher than the values reported for hollow structured magnetite [48,50]. The relative low observed Ms value of Fe3O4 hollow spheres as compared bulk could be due to canted spins, magnetically dead layer on the surface of the Fe3O4 nanospheres and could also be attributed to anisotropy, including crystal anisotropy and shape anisotropy [51]. The Fe3O4-CNS display low Ms of ~60.5 emu/g with a component of super paramagnetic behavior. The small crystallite size of Fe3O4-CNS sample may fall under the super paramagnetic limit, thus its magnetization does not saturation even in the high field range of 1.2 T value. All samples display significant coercivity. The coercivity value of Fe3O4-urea, Fe3O4-BC, Fe3O4-DDA, and Fe3O4-CNS is 160, 150, 154 and 64 Oe, respectively. It is not easy to point out single contribution to the coercivity in nanoparticles. The much-accepted rule of increase in coercivity with a decrease in particle size may not apply here, as several contributions to the coercivity such as size, oxygen vacancies, surface coordination, anisotropy constant determine the net coercivity of the material [52,53]. However, it can be argued that the spheres are made of nanosized Fe3O4 crystallites, thus higher values of HC could be attributed to the oriented assembly of particles into hollow spheres. This oriented assembly changes the single domain configuration of nanoparticles into multi-domain [54]. The observed low coercivity of Fe3O4-CNS is again attributed to the presence of superparamagnetic nanocrystallites [55].


    
      Figure 6: Magnetization vs. field plot of Fe3O4 nanospheres. View Figure 6

    


    Cyclic Voltammetry (CV) and charge-discharge curves were measured to investigate the electrochemical behavior of Fe3O4 nanoparticles. Figure 7 show CV curves of Fe3O4 measured in three different electrolytes, viz. KOH, NaOH, and LiOH. The CV curves were measured in the voltage window of 0.0 to 0.6 V and were obtained at different scan rate from 5 to 200 mV/s. All the CV plots exhibit a pair of redox peaks associated with the redox reactions involved in the alkaline electrolyte during the charging and discharging process. A pair of redox peaks associated with the reversible reaction between Fe2+ and Fe3+ [56-58] is as follow,


    
      Figure 7: CV curves of Fe3O4 nanospheres measured in different electrolytes in a potential window of 0.0-0.6 V at different scanning rate from 5 mV/s to 300 mV/s. View Figure 7

    


    FeO+2O H − ⇔Fe ( OH ) 2 +2 e − (8)


    2F e II O+2O H − ⇔ ( F e III O ) + (O H − ) 2 ( F e III O ) + +2 e − (9)


    The specific capacitance was calculated from the CV plot using the following equation [59].


    C sp = ∫ v 1 v 2 i ×V×dv m×v×( V 2 -V 1 ) (10)


    Where V1 and V2 are the limits of the working potential, i is the corresponding current, m is the mass of the electroactive materials, and v is the scan rate in mV/s. It is clear from the CV curves that the current response shows a proportional increase with the scan rate, indicating the good capacitive behavior of the electrode materials, which in turn can be ascribed to facile ion diffusion and large specific surface area of the electrode materials. Moreover, the shape of the CV curves is nearly independent of the scan rates, which can be attributed to the improved mass transportation and electron conduction of the electrode material [60]. Table 2 lists the specific capacitance of electrodes as obtained in the different electrolyte solution at 5 mV/s scan rate. Figure 5 compares specific capacitance as a function of scan rate of electrodes measured in different electrolytes. Highest specific capacitance was obtained for all samples measured in KOH electrolyte. For example, the specific capacitance measured for Fe3O4-urea, Fe3O4-ABC, Fe3O4-DDA, and Fe3O4-CNS in 3M KOH, at a low scan rate of 5 mV/s are, 173.5, 164.1, 173.8 and 190.1 F/g, respectively. However, among all samples, Fe3O4-DDA displayed relatively higher specific capacitance for all electrolytes and higher scan rates, Figure 8. This could be attributed to optimal electroactive surface and pore size distribution in Fe3O4-DDA as discussed below. Overall, the specific capacitance was observed to decrease with the increase in scan rate. Previous results on Fe3O4 electrode prepared via sol-gel technique and studied under similar experimental conditions showed Csp of ~185 F/g [61], hydrothermally prepared Fe3O4 thin film displayed Csp~118.2 F/g [62], while Fe3O4-carbon nanotube composite showed Csp of ~117.2 F/g [63]. In line with these observations, the Fe3O4 electrodes studied herein show high specific capacitance of ~170-190 F/g at 5 mV/s in 3M KOH solution.


    
      Figure 8: Comparison of specific capacitance vs. scan rate of Fe3O4 measured in different electrolytes. View Figure 8

    


    
      Table 2: Specific capacitances of Fe3O4 nanospheres evaluated in different electrolytes at a fixed scan rate of 5 mV/s. View Table 2

    


    To study the effect of the hydrolyzing agent on their electroactive surface areas, CV data of Fe3O4 oxide electrodes has been analyzed by using the Randles-Sevcik mechanism: i = (2.69 × 105)n3/2 AD1/2 Coυ1/2 [64,65]. Here, i represents the peak current (in Amp), n is ascribed to the electron number transferred during the charge/discharge process, A is attributed to the electroactive surface area (cm2), D is the diffusion coefficient (cm2/s), Co is the electrolyte concentration (mol/cm3), and v is the scan rate (V/s) [66]. The electroactive surface area, i.e., the area that effectively transfers the charge to the species in solution. It depends on how well the electrolyte accesses the pores and is also influenced by the magnitude of the diffusion or Nernst layer in the electrolyte and the surface roughness, surface defects, and surface species of the electrode. It has a complex function of total surface area, pore size distribution, electrolytes used and temperature. Due to the similar redox reaction in the in a particular electrolyte solution for these electrodes, the diffusion coefficient, electrolyte concentration, and the scan rate are the same. Accordingly, i is mainly determined by the electron transfer number (n3/2) and the electroactive Surface Area (A), which are the two dominant roles to improve capacitance performance of supercapacitors. The peak currents for the anodic and cathodic processes can be obtained from the CV curves from Figure 7. By plotting these peak current magnitudes vs. square roots of the scan rate (V/s), Figure 9, a linear fit with the surface area of the electrode equal to the slope (S)/(2.69 × 105 n3/2 D1/2C0) was obtained. For 3M KOH concentrated solution, with n=1, and D=1.957 × 10-5 cm2/s [66,67], the electroactive area A can be derived as A = (slope)*28.01. For example, the slope of i vs. v1/2 for Fe3O4-DDA-KOH is 0.0054 A/v/s, thus the electroactive area is ~15.12 × 10-2 cm2 of the active electrode, while samples Fe3O4-ABC, Fe3O4-Urea and Fe3O4-CNS displayed the value of ~8.68 × 10-2, 9.8 × 10-2, and 9.81 × 10-2 cm2, respectively. Because of the observed lower slope values of samples in NaOH and LiOH, the effective electroactive area was lower than that observed in KOH solution. Furthermore, the linear behavior of the curves, Figure 9, for all samples, shows the presence of diffusion controlled processes. The observed non-zero intercept for Fe3O4 samples measured in KOH is caused by non-faradic currents contributing towards overall ip. It is to be understood that the electrocapacitive performance of oxide nanostructured material complexly depends on surface area, size, crystallinity, band-gap, the number of electroactive sites, hydrophobicity, type of electrolyte used, etc [68].


    
      Figure 9: Comparison of peak current vs. square root of scan rate of Fe3O4 nanospheres measured in different electrolytes. View Figure 9

    


    Galvanostatic Charge-Discharge (GCD) measurements were performed in the voltage window of 0.0 to 0.6 V at different current densities between 0.5 A/g to 5 A/g is shown in Figure 10. The non-linearity between the potential and time indicates that the capacitance of the studied materials is not constant over the potential ranges both in charge and discharge cycle, as also confirmed by the CVs (see Figure 7). The GCD curves with a plateau show ideal pseudocapacitive property with respect to their discharging time for all electrolytes. Additional contributions to non-linear discharge curve may come from either change in equivalent series resistance and redistribution of charges within the pores of the material structure during discharging cycles [69,70]. The specific capacitance of electrodes was calculated using following equation:


    
      Figure 10: GCD characteristics of Fe3O4 nanospheres evaluated in different electrolytes. View Figure 10

    


    C sp = I×t m×ΔV (11)


    Where Csp is the specific capacitance (F/g), I (A) is the charge-discharge current, ΔV (V) is the potential range, m(g) is the mass of the electroactive materials, and t(s) is the discharging time. The dependence of Csp on current density is displayed in Figure 11. Also, the Csp value is listed in Table 3 measured at 1 A/g current densities. It is observed that the Csp of all Fe3O4 electrodes decreases with increase in current density in all electrolytes. This result suggests that at high current density due to the fast charging and discharging, only part of the redox active sites of the sample contribute to Csp [71]. Fe3O4-DDA sample displays highest Csp of ~56, 54, and 70 F/g at 1 A/g current density in KOH, NaOH and LiOH electrolyte, respectively.


    
      Table 3: Specific capacitances of Fe3O4 nanospheres measured evaluated in different electrolytes at a fixed current density of 1 A/g. View Table 3

    


    
      Figure 11: Comparison of specific capacitance of Fe3O4 nanospheres measured as a function of current density in different electrolytes. View Figure 11

    


    The cycling performance of any electroactive material is a significant parameter to be studied for its practical applications. The cyclic performance of Fe3O4-CNS and Fe3O4-DDA nanospheres was carried out at 1 A/g in 3M KOH and is shown in Figure 12. Percentage retention in specific capacitance was calculated using the formula: % retention in specific capacitance = (C#/C1) × 100


    
      Figure 12: Comparison of cycling performance as percent capacitance retention measured for Fe3O4-CNS and Fe3O4-DDA in 3M KOH at 1 A/g current density. View Figure 12

    


    Where C# and C1 are specific capacitance at various cycles and at the 1st cycle, respectively. The specific capacitance of the Fe3O4-CNS electrode gradually decreased at higher cycle numbers such that 39% of the initial capacitance was retained after 5,000 cycles. However, Fe3O4-DDA performed well and retained 107% of its full capacitance value even after 5,000 cycles. The initial increase of the specific capacitance of Fe3O4-DDA can be explained by considering the gradual wetting of electrode during the GCD measurements. The fast charging and discharging leads to slow activation of the electrode materials at the initial cycles. As the cycle, the number increases the electrolyte ions gradually penetrate into the electrode materials, which activate and exposes more electroactive surface area, and thus the contribution towards specific capacitance increase. The poor cyclic performance of Fe3O4-CNS can be attributed to the poor conductivity of Fe3O4 nanosized crystals with some degree of amorphicity. Cyclic stability test performed on Fe3O4 cubes prepared by hydrothermal process achieved a specific capacitance of ~118 F/g at 6 mA but only retained ~88.7% of its initial capacitance after 500 cycles [62], while Fe3O4 nanoparticles synthesized by a sol-gel technique delivered a specific capacitance of ~185 F/g at 1 mA/cm2 [72], however, its Csp deteriorated only after 200 cycles. Such poor capacitive performance and cycling stability are mainly due to the easy agglomeration of Fe3O4 during the charging/discharging process, which results in a low surface area and structural changes. On the other hand, Fe3O4-DDA nanospheres clearly display outstanding cyclic stability even up to 5,000 cycles. Thus, Fe3O4-DDA electrode meets the requirement of both long cycling performance and good rate capability, parameters that are important for the practical energy storage devices.


    Figure 13 shows Ragone plots of as synthesized cobaltites [73]. The measured energy and power density for cobaltites is listed in Table 3. The Energy densities (E) and Power densities (P) of the electrochemical cells are calculated using the following equations [74]: E = 1/2 CV2 and P = E/t, where C is the specific capacitance that depends on the mass of the electrodes, V is the operating voltage of the cell and "t" is the discharge time in seconds. As known, the most important point for high-performance supercapacitors is to obtain a high energy density and meanwhile providing an outstanding power density. Although energy density performance of Fe3O4 hollow spheres is poor but have shown the promisingly high value of power density ~13000 W/kg at energy density value below 1.5 Wh/kg. Among all Fe3O4 electrode Fe3O4-DDA, display higher energy density while Fe3O4-ABC display better power density performance in all electrolytes.


    The superior performance of electrodes in KOH electrolyte can be understood in terms of the molecular size of the hydrated ions. As per the literature Li+ with ionic radii 0.6 Å is much smaller than Na+ ionic radii of 0.95 Å and K+ ionic radii of 1.33 Å [26,45]. This implies that Li+ can easily intercalate compared to Na+ and K+. However, Fe3O4 electrodes display highest specific capacitance in KOH followed by NaOH and LiOH, Table 2 and Table 3. This result contrary to the expectation is explained on the basis of the ionic radii of hydrated ions [75,76]. The smaller ions, in fact, form larger hydrated ions. The hydrated cation of Li+ has ionic radii of 3.82 Å, which is larger than the hydrated cation ionic radii of Na+ of 3.58 Å and hydrated cation ionic radii of K+ of 3.31 Å [26], which implies that Fe3O4 electrodes exhibit superior specific capacitance with KOH electrolyte as compared to LiOH and NaOH.


    Conclusion


    In summary, simple and effective surfactant and template free synthesis of magnetite hollow particles are reported. The as-synthesized Fe3O4 with different hydrolyzing agent show high surface area and display ferromagnetic behavior. These Fe3O4 hollow spheres display excellent electrocapacitive behavior with specific capacitance over 170 F/g and high rate performance. Among different hydrolyzing agents used, DDA assisted Fe3O4 nanospheres displayed better supercapacitor performance in all electrolytes but especially observed to have better performance in KOH. While Fe3O4-ABC displayed overall poor performance in terms of electrocapacitive behavior. Furthermore, among all electrolytes used in this study, KOH electrolyte showed comparatively better electrocapacitive performance owing to its smaller hydrated molecular size. Overall, high power density of ~1300 W/kg was achieved with these Fe3O4 electrodes. The reason for the observed superior electrocapacitive performance of Fe3O4-DDA sample could be attributed to its higher crystallinity, porosity and surface area. Fe3O4 being low-cost material in addition to simple processing strategy offers new possibilities towards high-performance electrochemical energy storage materials.
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