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Abstract

:

Porous materials have superior electrochemical performance owing to its their structure, which could increase the specific and contact area with the electrode. The spinel Li4Mn5O12 has a three-dimensional tunnel structure for a better diffusion path, which has the advantage of lithium ion insertion and extraction in the framework. However, multi-space spherical materials with single morphologies are rarely studied. In this work, waxberry-like and raspberry-like nanospheres for Li4Mn5O12 have been fabricated by the wet chemistry and solid-state methods for the first time. The diameter of a single waxberry- and raspberry-like nanosphere is about 1 μm and 600 nm, respectively. The specific capacitance of Li4Mn5O12 was 535 mF cm−2 and 147.25 F g−1 at the scan rate of 2 mV s−1, and the energy density was 110.7 Wh kg−1, remaining at 70% after 5000th charge-discharge cycles. Compared with raspberry-like nanosphere Li4Mn5O12, the waxberry-like nanoporous spinel Li4Mn5O12 shows the better electrochemical performance and stability; furthermore, these electrochemical performances have been improved greatly compared to the previous studies. All these results indicate that the waxberry-like nanoporous spinel Li4Mn5O12 could provide a potential application in high performance supercapacitors.
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1. Introduction


With the development of global economy and the progress of science and technology, more and more electronic products come to enter the human life. These electronic products provide great help and support for the development of human beings and the progress of science and technology, which improve the level of development of productive social forces greatly. However, for most electronic devices, their operation is inseparable from the supply of energy systems. Nowadays, almost all of the energy supply of electronic equipment is dominated by electricity. In particular, micro energy storage devices are integrated into small- and medium-sized electronic devices, as well as energy storage systems in portable electronic devices; most of these energy storage devices are batteries based on lithium ions, which were widely used due to their high energy density, wide charging voltage, and long discharging time [1]. Although lithium batteries have a wide range of applications in society, due to some unsatisfactory aspects on lithium battery, such as the lower rate capability, reliability, cycling life, and power density [2], seeking high performance storage devices and their electrode materials have become a main problem in some areas of development for science and technology. In recent years, supercapacitors have gained much more attention, due to their superior cycling life, high power density, safety, low cost, stability, and so on [3,4,5]. One of main storage performance factors for supercapacitors is the electrode materials. The different micro or nano-structure lithium manganate materials, such as LiMn2O4, Li2MnO3, and Li4Mn5O12, were widely studied as an anode material, owing to their superior electrical performance [1,6,7,8,9,10,11,12,13,14,15]. The different structure and morphology of electrode materials produce an effect on the performance of the storage device. The porous LiMn2O4 shows the excellent cycling performance at the rate of 9 C (1000 mAg−1) and good stability [2]. Li4Mn5O12 nano-crystallites exhibit an excellent specific capacitance (200 F g−1) and a high specific capacity (76 mAh g−1) [16]. However, Li4Mn5O12 with uniform morphology and a good cycling stability was rarely synthesized and reported; at the same time, Li4Mn5O12 with waxberry-like nanosphere morphology as an electrode material for the supercapacitors and the mechanism of the storage was rarely studied as well. In order to synthesize new morphologies of Li4Mn5O12 and its electrochemical performance, we reported a method that uses the Mn2O3 or MnO2 as the template. Waxberry-like and raspberry-like nanosphere Li4Mn5O12 was synthesized based on the structure of manganese oxide. Waxberry-like nanosphere Li4Mn5O12 has good electrochemical performance and cycle stability, due to its high crystalline and special structure.




2. Material and Methods


Some chemicals were used in the experiments, as follows: manganese (II) chloride tetra hydrate (MnCl2·4H2O, Analytical Reagent Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), sodium bicarbonate (NaHCO3, Analytical Reagent Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China), and lithium hydroxide (LiOH·H2O, Analytical Reagent Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China). All chemicals had purity higher than 99.99% and were directly used without further purification.



2.1. Synthesis of Sphere MnCO3


The MnCO3 microspheres were prepared by a modified precipitation method from a prior report [17]. Firstly, 1.682 g NaHCO3 was dissolved in 80 mL water under vigorous stirring which was named solution A. Secondly, 3.167 g MnCl2·4H2O and 8 mL ethanol were dissolved in the other 80 mL water and stirred for 10 min, which was named solution B. Finally, solution A and B were mixed together under constant stirring for at least 1 h. The product was filtered and dried in a vacuum at 60 °C for all night. The pink precipitate MnCO3 was finally obtained.



2.1.1. Synthesis of Waxberry-Like Nanosphere Mn2O3


The as-obtained MnCO3 was loaded in a ceramic crucible and heated in a tube furnace under the temperature of 550 °C for 6 h at the rate at 2 °C min−1. The black powder was directly obtained after heating treatment.




2.1.2. Synthesis of α-MnO2


The prepared α-MnO2 was obtained by a previously-listed method [18]. In a typical process, 40 mL KMnO4 (0.1 mol L−1) and MnSO4·4H2O (0.15 mol L−1) were mixed together with constant stirring for 6 h. The dark precipitate was filtered and washed with ethanol and deionized water several times. The finally product was collected and dried in vacuum at 70 °C for 12 h.




2.1.3. Synthesis of Waxberry-Like Nanosphere and Raspberry-Like Nanosphere Li4Mn5O12


The as-prepared Mn2O3/α-MnO2 and LiOH·H2O were mixed together at the stoichiometric ratio of 5:8/5:4 in the water and 10 mL of ethanol. The mixed solution was stirred and dried under the temperature at 50 °C. Then, the dried power was loaded in a ceramic crucible and heated at 600 °C for 6 h with the rate of 2 °C min−1. The final black product Li4Mn5O12 was obtained.



The morphology, formation mechanism, and synthesis method of Li4Mn5O12 are shown in the Figure 1. Firstly, the Mn+ and CO32− ions in the solution combine to form the MnCO3 nanosphere at room temperature, and the MnCO3 nanosphere then forms a porous manganese oxide nanosphere with a porous structure at 550 °C. The obtained nanosphere was put into the solution with sufficient contact with LiOH. Finally, the materials after drying at room temperature were heated at 600 °C in tube furnace to form the waxberry-like nanosphere Li4Mn5O12.





2.2. Assembly of the Working Electrode


The working electrode was fabricated as follows. Firstly, the prepared Li4Mn5O12 powder (both nanosphere and raspberry-like nanosphere Li4Mn5O12) was mixed with carbon black and polytetra-fluorene-ethylene (PTFE) binder with a mass ratio at 80:15:5 in 5 mL of ethanol. The mixed slurry was directly painted onto a carbon cloth (6 cm × 2 cm) and dried in the vacuum at 60 °C for 24 h to remove the ethanol on the electrode [4,19,20]. Secondly, the carbon cloth was then cut into three parts (2 cm × 2 cm each) after drying. Finally, the electrode holder was used to clamp the prepared individual electrode and directly immerse it into the 1 mol L−1 LiNO3 solution as the working electrode for the characterization and measurement in the three-electrode system. The Pt (platinum) and the Ag/AgCl electrodes were used as the opposite electrode and reference electrode, respectively.




2.3. Characterization and Measurement


The surface morphologies and structural properties of the products were characterized by field-emission scanning electron microscopy (JEOL JSM-7800F, Japanese electronics JEOL, Tokyo, Japan), X-ray diffraction (XRD, BDX3200 China with CuKα radiation), and transmission electron microscopy (TEM, TECNAI20, Philips, Amsterdam, Holland). The chemical workstation (CHI660e, Chenhua, Shanghai, China) was used for the measurement of the galvanostatic cycling (GCD), cyclic voltammeter (CV), and electrochemical impedance spectroscopy (EIS) about the working electrode.





3. Result and Discussion


3.1. Material Characterization


Figure 2a,b,e,f shows the SEM images of porous- and hollow-nanosphere Li4Mn5O12. The porous nanosphere looks like a waxberry, so it called “waxberry-like” nanosphere Li4Mn5O12 (WLN), and the hollow nanosphere Li4Mn5O12 looks like a raspberry, so it called “raspberry-like” nanosphere Li4Mn5O12 (RLN). As can be seen in the images, the two prepared samples showed uniform morphology and diameter; the radius of the waxberry-like nanosphere and raspberry-like nanosphere Li4Mn5O12 were about 500 nm and 300 nm, respectively. More surface details of two samples were further identified though high magnification, shown in Figure 2c,d,g,h. It can be seen that the surfaces of raspberry-like nanosphere Li4Mn5O12 (Figure 2c,d) contains the nanosheet structure and is not smooth, and the surface of the waxberry-like nanosphere Li4Mn5O12 (Figure 2g,h) also shows the unsmooth surface containing the porous structure that was assembled by a lot of smaller nanospheres. The waxberry-like nanosphere Li4Mn5O12 consists of many small Li4Mn5O12 balls that have unsmooth surfaces and multiple pores—the result corresponds to the SEM image above. It is worth noting that the morphologies of waxberry-like nanosphere and raspberry-like nanosphere Li4Mn5O12 had not been attained by the simple methods reported before [1,16,21,22,23,24,25]. The distribution of elements in the material is characterized by mapping, which was shown in Figure S1. Those elemental mapping studies further confirmed the homogeneously distributed O and Mn elements, both in the waxberry-like nanosphere Li4Mn5O12 Figure S1a–d and raspberry-like nanosphere Li4Mn5O12 (Figure S1e–h).



Figure 3a shows the XRD pattern of raspberry-like nanosphere and waxberry-like nanosphere Li4Mn5O12. After heating treatment at 600 °C, both of the samples showed the same diffraction peaks in the XRD patterns, which can be assigned to a pure phase of well-crystallized spinel structure Li4Mn5O12 that belongs to the Fd3m space group (JCPDS: No. 46-0810) [1]. The small redundant peaks were considered to be Mn2O3; due to the absence of reaction during the synthesis of Li4Mn5O12 at 600 °C, the MnO2 turn into Mn2O3 in the process above [26]. Figure 3b,c reveals the spectra of energy dispersive spectroscopy (EDS) of the two samples. Both spectra demonstrate that the samples contain manganese and oxygen, which are in agreement with the XRD patterns [27]. The reason for lacking the Li peaks could be explained as follows: the window of EDS is usually made of beryllium, and the characteristic X-ray produced by elements below atomic number 11 is significantly absorbed. Therefore, elements with a small atomic number are not suitable for EDS measurement.




3.2. Electrochemical Test


Here we will mainly study the electrochemical performance of WLN. The current of galvanostatic cycling was 10 mA with the potential range of 0–1 V. The potential windows of the CV were 0–1 V with different scan rates at 2, 5, 10, 20, 30, 40, 50, and 100 mV, respectively. The frequency of EIS was 0.01–10,000 Hz. The specific capacitance of the Li4Mn5O12 was calculated by the following equations [28,29].
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where the E (Wh kg−1) is the energy destiny; P (W kg−1) is the power destiny; V1 and V2 are the end-of-charge voltage and the end-of-discharge voltage, respectively; Cs (mF cm−2) is the specific capacitance; Cm is the integral capacitance of the electrode, calculated from the CV curves;   dV / dt   is the voltage scan rate; m (g) is the mass of the Li4Mn5O12 loaded on the working electrode; S (cm2) is the area of the measured single electrode; I (A) is the current on the charge and discharge procession; Δt (s) is the discharging time; and Δv (V) is the potential window.



Figure 4a shows the CV image of waxberry-like nanosphere Li4Mn5O12 in 1 mol L−1 LiNO3 electrolyte with the scan rate at 20 mV s−1 in a different potential window. Figure 4b displays the CV image of waxberry-like nanosphere Li4Mn5O12 in 1 mol L−1 LiNO3 electrolyte with different scan rates; the cut-off range was chosen from 0 to 1 V, which coincides with the charge and discharge voltage range. The redox peaks can be easily observed at the slow scan rate, which could be explained by the inserting and blocking of Li+ in Li4Mn5O12. The redox reactions could then easily happen at the slow scan rate. At the high scan rates, the redox peaks disappear and the electric polarization appears. This might be because electric polarization becomes serious with the increase of scan rate [2,30]. The integral capacitance is 147.25 F g−1 at the scan rate of 2 mV s−1, and remains at 31 F g−1 at 20 mV s−1, according to Equation (4). Figure 4c shows the charging and discharging curves at different voltages. With the increase of charge–discharge voltage, the discharging time increased gradually, and the curves are parallel and consistent, indicating that this material has good electrochemical performance. At the same time, we can also observe that at the small current intensity, there will be an obvious discharge platform, which corresponds to the peak appearing at a smaller scanning rate in Figure 4b. Figure 4d reveals the charge–discharge curves of different currents. An obvious internal resistance (IR) drop could be observed from 1 V to 0.9 V in Figure 4d, indicating the existence of the intrinsic resistance of the material itself. Based on the above equations, the waxberry-like nanosphere Li4Mn5O12 shows good capacitance; the specific capacitance of waxberry-like nanosphere Li4Mn5O12 was about 535 mF cm−2, and the energy density was 110.7 Wh kg−1 when the power destiny is 70 W kg−1. The performance parameter of the waxberry-like nanosphere Li4Mn5O12 electrode material has been improved as reported earlier [1,16,21,24,31]. When the charge and discharge current becomes larger, the capacitance of waxberry-like nanosphere Li4Mn5O12 becomes smaller The image also shows that the waxberry-like nanosphere Li4Mn5O12 has a charging and discharging platform even at the large current, which indicates that the redox reaction has occurred again during the charge–discharge process. Figure 4e displays the partial charge discharge curve at 2.5 mA cm−2 in the cyclic charge discharge test. It exhibits the charge discharge stability. Figure 4f shows the lattice structure of Li4Mn5O12. A part of the Li+ ions occupies the tetrahedral 8a sites, while the Mn4+ and the remaining Li+ ions are located at octahedral 16d sites with the ratio of 1:5; randomly, the O2− ions occupy the sites at 32e. Therefore, the materials can be described as [Li]8a[Li1/3Mn5/3]16d[O4]32e [27].



Figure 5a displays the charge–discharge transport mechanism of waxberry-like nanosphere Li4Mn5O12 in 1 mol L−1 LiNO3 electrolyte. During the charging process, for the micro mechanism of waxberry-like nanosphere Li4Mn5O12, the Li+ ions in the electrolyte are embedded in the lattice of materials. The possible mechanism of this phenomenon can be described as follows [22,32]:


Li4Mn5O12 + αLi− + αe− ↔ Li4+αMn5O12



(5)







Figure 5b shows the charge–discharge transport mechanism of waxberry-like nanosphere Li4Mn5O12 on the atomic scale in 1 mol L−1 LiNO3 electrolyte. The Li+ ions make contact between the surface of materials and the electrolyte, and the porous structure allows the material to have more contact area with the electrolyte, making the transport process of Li+ ion occur more rapidly. Figure 5c reveals the diagram of charge and discharge in macro scale. The carbon cloth has superior electrical conductivity, which is known to us, making the material adsorbed on the carbon cloth have good stability and conductivity.



Figure 6a,b reveals the charge–discharge curves and CV image after being cycled at 1500, 3500, and 5000 times, respectively. The charging time gradually decreased with the increasing of cycle times; at the same time, the discharging time is not obviously shortened, while the initial voltage drop also changed with the discharge process This may be due to increased contact area between the electrolyte and the internal interface of the waxberry-like nanosphere Li4Mn5O12; during the activation process of material during charging and discharging during the process listed above, the electrolyte passes through the hole into the waxberry-like nanosphere Li4Mn5O12, which leads to the faster charge time to the expected voltage. The CV of waxberry-like nanosphere Li4Mn5O12 showed no obvious change at the cycle process, which confirms its excellent cycle life in 1 mol L−1 LiNO3 solution. The electrochemical impedance spectroscopy (EIS) of waxberry-like nanosphere Li4Mn5O12 was displayed in Figure 6c,d, the resistance of the waxberry-like nanosphere Li4Mn5O12 increased from the first cycles to the 2000th cycles, with the angle of inclination increasing gradually, and then continued to increase from the 2000th to the 5000th cycle, while at the same time the inclination angle decreased gradually. The EIS shape in the first, 2000th, and 5000th cycles had no significant change, indicating that the ion transport mechanism has not changed much in the charge–discharge process. The decrease in cycles may be due to the reason that besides the redox reaction of lithium ion intercalation, there are a lot of side reactions, such as electrolyte decomposition, dissolution of active substances, and deposition of lithium metal. In the subsequent charge and discharge tests (from 2000th to 5000th), the attenuation of the capacitance is mainly due to the normal capacity attenuation of the material itself.



The reason for the long cycling life of Li4Mn5O12 can be explained as follows: (1) the stability of the waxberry-like nano-spherical structural material improves the insertion and blocks the efficiency of Li+ ions during the charging and discharging process [33]; (2) proper charging voltage avoids manganese depletion caused by the change of the valence state of manganese [34]. Because of the reasons above, the material has a good stability during the cycling process.



Figure 7a,b shows the comparison of the charge–discharge curves at 0.25 mA cm−2 and the CV image between raspberry-like nanosphere and waxberry-like nanosphere Li4Mn5O12. The weight of the two samples is both 12 mg. From the CV image, we can see that the area of waxberry-like nanosphere Li4Mn5O12 is larger than raspberry-like nanosphere Li4Mn5O12. The charge-discharge time of the former is longer than that of the latter too, which shows that the electrochemical performance of the waxberry-like nanosphere Li4Mn5O12 is better than that of the raspberry-like nanosphere Li4Mn5O12. This may because that the waxberry-like nanosphere material inside the porous sphere can also participate in the reaction. Therefore, in this paper, we chose WLN for a complete study of electrochemical properties. The capacitance of the two samples during charge-discharge cycling at the current at 2.5 mA cm−2 can be seen in Figure 7c. The capacitance of waxberry-like nanosphere Li4Mn5O12 was about 240 mF cm−2 at the first cycling, decreasing sharply to 170 mF cm−2 and gradually to 160 mF cm−2 after 1000 cycles; then, the capacitance remained at 160 mF cm−2 from the 1000th to the 5000th cycle without obviously decreasing. This may because the contribution of reactive manganese oxide in the material to the capacitance and the manganese oxide in the electrolyte dissolves rapidly with the charging and discharging process; the capacitance is gradually contributed by lithium manganate, resulting in a rapid drop of capacitive [34]. The cycling stability of raspberry-like nanosphere Li4Mn5O12 is almost the same as that of the waxberry-like nanosphere Li4Mn5O12, but its capacitance is lower, which may be the reason that the porous structure of the Li4Mn5O12 could allow the electrolyte to have the contact with the inside material; in addition, the hollow structure of nanosphere Li4Mn5O12 could not have the same path as the above process. Both of two samples have the good cyclic stability after the 1000th charge–discharge cycle, showing that waxberry-like nanosphere Li4Mn5O12 has the better electrochemical performance in the voltage range of 0–1 V.



The electrochemical performance of this work with the other reports are displayed in Table 1. Compared with the other work, Waxberry-like nano porous spinel Li4Mn5O12 has the better electrochemical stability and better capacitance performance.




3.3. Application


We used three assembled working electrodes (6 cm × 2 cm) as the power source. After charging at 10 mA for 180 s, the power source showed good performance in lighting ten LEDs that connected in parallel in the circuit. The working electrode could light ten LEDs for about 20 min (Figure 7d and in video). Furthermore, The CV performance of the assembled devices under flexible bending were also tested, as can be seen in Figure S2; with the change of the bending degree of the device, the CV diagram of the supercapacitors did not change significantly, which proves that the device has good flexibility, and for the future application of the device. All those results indicate that this material has the potential to be a power source in the further application.





4. Conclusions


In summary, Li4Mn5O12 with the waxberry-like and raspberry-like nanosphere structures were successful synthesized under the temperature at 600 °C by wet chemistry and the template method. Compared with raspberry-like nanosphere structure and previous work, Li4Mn5O12 with the waxberry-like nanosphere shows better electrochemical performance (the specific capacitance of 535 mF cm−2 and the energy destiny of 110.7 Wh kg−1) and good stability at room temperature. Moreover, the performance parameter of the waxberry-like nanosphere Li4Mn5O12 has been improved as reported earlier [16,24]. All of these results indicate that the waxberry-like nano-porous spinel Li4Mn5O12 could provide potential applications in high-performance supercapacitors.
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Figure 1. The synthesis mechanism of Li4Mn5O12 under micro-scale. 
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Figure 2. SEM images (a,b) and TEM images (c,d) of waxberry-like nanosphere Li4Mn5O12. SEM images (e,f) and TEM images (g,h) of raspberry-like nanosphere Li4Mn5O12. 
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Figure 3. XRD (a), XPS (b) images of waxberry-like nanosphere Li4Mn5O12 and raspberry-like nanosphere Li4Mn5O12 (c). 
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Figure 4. (a) The cyclic voltammeter (CV) image of waxberry-like nanosphere Li4Mn5O12 in 1 mol L−1 LiNO3 electrolyte with the scan rate at 20 mV s−1 in different potential windows. (b) The CV image of waxberry-like nanosphere Li4Mn5O12 in 1 mol L−1 LiNO3 electrolyte with different scan rates. (c) The charging and discharging curves at different voltages. (d) The charge–discharge curves at different currents. (e) Charge and discharge curves in cycling test. (f) Lattice structure of Li4Mn5O12. 
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Figure 5. (a) The charge–discharge transport mechanism of waxberry-like nanosphere Li4Mn5O12 on the lattice scale. (b) The charge–discharge transport mechanism of waxberry-like nanosphere Li4Mn5O12 on the atomic scale. (c) The diagram of charge and discharge in macro scale. 
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Figure 6. (a) The charge–discharge curves after being cycled 1500, 3500, and 5000 times, respectively. (b) The CV image after being cycled 1500, 3500, and 5000 times, respectively. (c,d) The electrochemical impedance spectroscopy (EIS) of waxberry-like nanosphere Li4Mn5O12 in the cycling process. 
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Figure 7. The comparison of charge–discharge curves at 0.25 mA cm−2 (a) and CV curves (b) at 100 mV s−1 between porous nanosphere and waxberry-like nanosphere Li4Mn5O12. (c) The capacitance of the two samples during charge–discharge cycling at the current at 2.5 mA cm−2. (d) The practical application of waxberry-like nanosphere Li4Mn5O12 supercapacitors for lighting up ten LEDs. 
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Table 1. Comparison with the work of other reports.
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	Materials
	Capacitance
	Scan Rate
	Current
	Cyclic Stability
	Power Density
	Energy Density
	Reference





	Nano crystalline Li4Mn5O12
	33 F g−1
	2 mV s−1
	----
	45.5% after 100 cycles
	22.5 w Kg−1
	100 Wh kg−1
	[16]



	Li4Mn5O12@MnO2
	51.3 F g−1
	----
	0.1 A g−1
	61.1% after 600 cycles
	43.3 W kg−1
	65 Wh Kg−1
	[24]



	Waxberry-like nano porous spinel Li4Mn5O12
	147.25 F g−1/535 mF cm−2
	2 mV s−1/0.25 mA cm−2
	----
	70% after 5000 cycles
	70 W kg−1
	110.7 Wh kg−1
	This work



	Cubic spinel Li4Mn5O12
	149.5 F g−1
	----
	0.2 A g−1
	98.2% after 900 cycles
	146.2 W kg−1
	140 Wh Kg−1
	[27]
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