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Abstract:



Lithium-ion batteries (LIBs) have drawn considerable attention due to their high energy density and good cycling stability. As a transition-metal oxide, MgCo2O4 (MCO) is a promising candidate for energy storage applications because of its low-cost and environmental characteristics. Here, MCO porous nanosheets have been successfully synthesized by a microwave-assisted liquid phase method followed by an annealing procedure. As a result, MCO annealed at 600 °C exhibited optimal rate and cycling performances for Lithium storage application. Specifically, when tested as anode materials for Lithium ion batteries, MCO porous nanosheets delivered a high specific capacity of 1173.8 mAh g−1 at 200 mA g−1, and the specific capacity reached 1130.1 mAh g−1 after 100 cycles at 200 mA g−1, achieving 96.3% for the retention rate. The excellent electrochemical performances are mainly attributed to the monolayer porous nanosheet, which provides short transport paths for Li ions and electrons. Results demonstrated that the MCO porous nanosheets are promising electrode materials for Lithium ion batteries applications.
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1. Introduction


The demands for advanced rechargeable batteries have multiplied in recent years because of the need to supply electricity to electronic devices that are used in our daily lives. In this context, Lithium-ion batteries (LIBs) have emerged as one of the most widely used energy storage systems for portable electronic devices due to their high energy density and good cycling stability [1,2,3,4,5,6,7,8]. However, the ever-increasing demands for better LIBs require constant innovation, in terms of higher energy density and power density, improved safety, and longer lifespan, especially for electric vehicles (EVs) and smart grids [9,10,11]. For this expectation, the key to improved LIB performance is in the electrode materials [12,13]. Compared to conventional graphite anodes with limited theoretical specific capacity of 372 mAh g−1, Co3O4with spinel structure has much higher theoretical specific capacity (~890 mAh g−1), and attracts great research attention as anode materials for LIBs [14]. However, due to toxicity and high cost of cobalt, many efforts have attempted to partially replace Co with other eco-friendly and low-cost elements [15,16], such as CuCo2O4 [17], FeCo2O4 [18,19], ZnCo2O4 [20,21], and MgCo2O4 [22,23].



Compared to FeCo2O4 and NiCo2O4, MgCo2O4 (MCO) shows a lower theoretical capacity (~780 mAh g−1); the inactive MgO, which is formed during the first discharge, could remit volume variations effectively during the following electrochemical reactions, resulting in good cycling stability [23]. Up to now, there have been several reports about MCO as anode materials for LIBs. For instance, Wang et al. [23] synthesized MgCo2O4 nanowires on Ni foam via a hydrothermal method followed by annealing treatment. When used as anode materials for LIBs, it could deliver ~940 mAh g−1 at the current density of 2.5 A g−1. Recently, Lee et al. [22] reported multi-shelled MgCo2O4 hollow microspheres synthesized by a solvothermal method and subsequent annealing process. Specifically, the MgCo2O4 hollow microspheres exhibit high capacity of 1360 mAh g−1 at 0.5 A g−1 after 100 cycles. Microwave-assisted methods, due to microwave-induced accelerated kinetics, improved the nucleation rate, reduced in the reaction time, and has drawn large attention in the synthesis of oxide materials [24]. To the best of our knowledge, there is still no report on MgCo2O4 synthesized by a microwave-assisted method.



In this work, porous two-dimensional MgCo2O4 nanosheets were synthesized by a facile microwave-assisted liquid phase method followed by annealing treatments. Through optimizing the annealing temperatures, MCO with a porous nanosheet structure can be attained. The optimal nanostructure can provide cutty transmission routes for Lithium ions and electrons and provide more active sites, resulting in good electrochemical performances. When used as anode materials in LIBs, the MCO with optimal structure exhibits excellent cycling stability and rate capabilities.




2. Materials and Methods


2.1. Synthesis of MgCo2O4 Nanosheets


The chemical reagents were of analytical grade and used as received. In a typical synthesis, 1 mmol of Mg(NO3)2·6H2O, 2 mmol of Co(NO3)2·6H2O, and 12 mmol of CO(NH2)2 were initially dissolved in a solvent that consisted of 210 mL of ethylene glycol(EG) and 30 mL of deionized water to form a transparent solution and then stirred for about 30 min. The attained pink solution was poured into a three-necked flask (500 mL) and fixed in a microwave reactor (SINEO MAS-II, Shanghai China). A continuous microwave heating mode was set up to provide a stable heat source at a microwave power of 700 W. The temperature of the mixed solution quickly rose from room temperature to 140 °C, and was then maintained at 140 °C. After refluxed for 30 min, the resulting precipitates were filtered and washed with absolute ethanol and deionized water several times, and then the collected precipitation was dried at 80 °C for 12 h. Finally, to attain MgCo2O4 nanosheets, the above dried powder was calcinated at 500, 550, 600, and 650 °C for 4 h in air with a heating rate of 5 °C min−1, denoted as MCO-500, MCO-550, MCO-600, and MCO-650, respectively.




2.2. Material Characterization


The crystallographic phase of the as-synthesized samples was characterized by X-ray diffraction (XRD, Bruker D8 ADVANCE, Cu kα source). And the microstructures and morphology were observed by scanning electron microscopy (SEM, JSM-5610LV, JEOL, Akishima, Japan), and Transmission electron microscopy (TEM, JSM-2100F, 200 kV, Hitachinaka, Naka, Japan) and high-resolution transmission electron microscopy (HRTEM, FEI, TecnaiG2 F30, 200 kV, Hitachinaka, Naka, Japan).




2.3. Electrochemical Measurements


The electrochemical lithium storage performances were evaluated through a two-electrode system. Specifically, high-purity lithium foil (15.8 × 0.5 mm) was employed as the counter and reference electrode. To fabricate the working electrode, the slurry was first made by mixing the MgCo2O4 samples, Super P carbon and the polyvinylidene fluoride (PVDF) binder at a weight ratio of 70:15:15 in N-methyl pyrrolidone (NMP) solvent. After fully stirring, the steady slurry was coated onto conductive copper foil and dried at 80 °C for ~12 h. The current collector then punched into a 12 mm-diameter disk as working electrode, and the active material loading in each disk was weighed to be 0.9 mg to 1.1 mg, corresponding to 0.8–0.97 mg cm−2. The coin cells (type CR2025) were assembled in an Ar-filled glovebox with low concentrations of water vapor and oxygen (lower than 0.5 ppm). During assembly, the Celgard 2400 was used as separator, while the electrolyte was made of dissolving 1M LiPF6 into a solvent consisting of ethylene carbonate (EC) and dimethyl carbonate (DMC) (EC/DMC, 1:1 in volume ratio). The galvanostatic charge-discharge performances were evaluated by LAND system (CT2001A, Wuhan, China) between 0.01 and 3.0 V vs. Li/Li+. Electrochemical impedance spectroscopy (EIS) was conducted ranging from 100 kHz to 0.01 Hz, and cyclic voltammetry was measured in the range of 0.01–3.0 V (vs. Li/Li+) at 0.5 mVs−1, the above two electrochemical testing were carried out on electrochemistry workstation (CHI660C, Shanghai, China).





3. Results and Discussion


3.1. Structure and Morphology


The XRD patterns of MgCo2O4samples synthesized by the microwave-assistant process and subsequent calcination at different temperatures (500, 550, 600, 650 °C) are shown in Figure 1. The diffraction peaks of MgCo2O4 calcinated at different temperatures agreed with the standard JCPDS card No. 81-0667 [25]. No other additional phases or impurities can be observed, indicating that MgCo2O4 with cubic spinel structures were successfully synthesized. As the calcination temperatures increased, the diffraction peaks become stronger and sharper, which could be clearly observed in the samples calcinated at 500 °C or above, indicating that the crystal size appears larger with the increase in the crystallinity [24].


Figure 1. X-ray diffraction (XRD) patterns of MCO-500, MCO-550, MCO-600 and MCO-650.
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The SEM images of MgCo2O4 samples calcinated at 500, 550, 600, and 650 °C in air for 4 h at a heating rate of 5 °C min−1 are shown in Figure 2. As shown in Figure 2a–c, the as-synthesized MCOs exhibit geometrical sheet-like 2D structures, and the thickness of the nanosheets is about 15–30 nm. Specifically, according to Figure 2a, MCO-500 sample exhibits shaggy and compact nanosheets. When the calcination temperatures increased to 550 and 600°C, as shown in Figure 2b,c, MgCo2O4 samples display unilaminar porous, cross-linked nanosheets with certain dispersity, which could ensure sufficient space between nanosheets for infiltration of electrolyte and buffering volume changes during electrochemical charge–discharge cycling. By contrast, when the calcination temperature continued to increase to 650°C, there were more macropores on nanosheets; nanosheets changed into nanoparticles, as shown in Figure 2d.


Figure 2. SEM images of (a) MCO-500; (b) MCO-550; (c) MCO-600; (d) MCO-650.
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To further explore the microstructure of MgCo2O4 nanosheets, TEM, HRTEM, and selected area electron diffraction (SAED) of the MCO-600 sample were carried out, which are shown in Figure 3a–c, respectively. To be specific, as shown in Figure 3a, the TEM image indicates that as-prepared MCO-600 has porous nanosheets morphology with many micropores, and the size of the micropore is 30–150 nm. The HRTEM image shows regular crystal orientation, as shown in Figure 3b, and the lattice spacing is ~0.290 nm, which is corresponding to (220) plane in standard JCPDS card No. 81-0667. Figure 3c shows the SAED image of MCO-600, which indicates that the crystalline structure of as-prepared MCO-600 is spinel structure that is well consistent with the XRD pattern shown in Figure 1.


Figure 3. (a) Transmission electron microscope (TEM) image of MCO-600; (b) High resolution transmission electron microscope (HRTEM) image of MCO-600; (c) Selected area electron diffraction (SAED) pattern of MCO-600.
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3.2. Electrochemical Properties


The lithium storage properties of MgCo2O4 nanosheets at a calcination temperature of 600 °C (MCO-600) was evaluated by cyclic voltammetry (CV) at the scan rate of 0.5 mV s−1 in the voltage range of 0.01–3.0 V, and the first four cycles of CV curves are shown in Figure 4a. The first cathodic peak centered at ~0.75 V could be ascribed to the formation of the solid electrolyte interphase (SEI) layer, which corresponds to the reduction of Co3+ to metallic Co0without Mg2+ reduction to metallic Mg0 because of the strong bond energy in MgO [23]. In the following anodic polarization process, one broad peak centered at around 2.12 V could be ascribed to oxidation of Co to Co2+. At the same time, the peak current in the initial cathodic scan is much higher than those in subsequent three cathodic scans, the reason may be that a dramatic reaction comes up when the electrolyte contacts fresh active material in the charge–discharge process, along with fast formation of SEI which is hardly dissolved [26]. In the subsequent three CV cycles, they have similar cathodic peak and anodic peak at ~1.06 V and ~2.16 V, respectively, indicating excellent cycling performance of MgCo2O4 [27]. In comparison to the initial CV cycle that has a cathodic peak at 0.75 V and an anodic peak at 2.12 V, the latter three cycles have smaller electrochemical polarization, which indicates that there are better and steady electrochemical kinetics after the initial cycle. On the other hand, the peak area at cathodic scan and anodic scan are similar, which in a certain extent indicates there may be reversible capacity and high coulombic efficiency during charge–discharge cycles. On the basis of the cyclic voltammograms, the entire electrochemical process is classified as follows [22,23]:


MgCo2O4 + 6Li+ +6e−→ 2Co + 2Li2O + MgO



(1)






2Co + 2Li2O ↔2CoO + 4Li+ + 4e−



(2)






2CoO + 2/3Li2O ↔ 2/3Co3O4 + 4/3Li+ + 4/3e−



(3)






Figure 4. The electrochemical performances of MgCo2O4: (a) the initial four CV cycling curves of as-prepared MCO-600 at 0.5 mV/s ranging from 0.01 V to 3.0 V; (b) the initial three galvanostatic charge-discharge curves of MCO-600 at 200 mA g−1; (c) cycling performances of MgCo2O4 prepared at various temperatures; (d) rate capability of MgCo2O4 prepared at various temperatures; (e) the Nyquist plots of MgCo2O4 prepared at various temperatures; (f) long cycling performances of MCO-600 at 200 mA g−1 ranging from 0.01 V to 3.0 V.
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Figure 4b shows the charge and discharge curves of MCO-600 electrode for the first three cycles at the current density of 200 mA g−1. In the first cycle, the specific charge and discharge capacities are about 916.2 mAh g−1 and 1173.8 mAh g−1, respectively. Accordingly, the initial coulombic efficiency is ~78.1%. The charge and discharge capacities are higher than the theoretical capacity of MgCo2O4, and extra capacity can be ascribed to SEI formation and the decomposition of electrolyte [23]. In the subsequent cycles, the coulombic efficiency easily reached ~93.3% and 96.6% at the 2nd and 3rd cycles, respectively. Figure 4c gives a comparison of reversible capacity versus cycle number for MgCo2O4 annealed at different temperatures (500, 550, 600, and 650 °C). The initial specific discharge capacities of MgCo2O4 prepared at 500, 550, 600, and 650 °C, are 983.1, 844.3, 1173.8, and 1030.3 mAh g−1, respectively. As we can see, the specific capacities decrease in the initial cycles, and then increase gradually, which have the same trend as results reported elsewhere [22]. After cycling for 50 cycles, the discharge capacity of MCO-500, MCO-550, MCO-600, and MCO-650 are 1023.4, 720.9, 1254.3, and 990.4 mAh g−1, respectively, and the corresponding capacity retention ratesare104.1%, 85.4%, 106.9%, and 96.1%, respectively. Obviously, as compared to MCO-500, MCO-550, and MCO-650, the MCO-600 shows the highest discharge capacity and superior cycling stability, which may be attributed to the unique porous nanosheet structure of MgCo2O4 calcinated at 600 °C. With such an optimal structure, the MCO-600 may not only provide sufficient reaction active sites for Li storage, but also could cope with the volume change during cycling [22].



The rate performances of MgCo2O4calcinated at various temperatures are tested in 0.01–3.0 V at different current densities of 200, 500, 1000, and 200 mA g−1, as shown in Figure 4d. At the current density of 200 mA g−1, the reversible capacity of MCO-600 was 968.5 mAh g−1, while the reversible capacities of MCO-500, MCO-550, and MCO-650 were 921.7, 962.8, and 899.9 mAh g−1, respectively. With the increase of the current density, their reversible capacities were decreased. The MCO-600 anode can still deliver 965.3 and 732 mAh g−1 when the current density increased to 500 and 1000 mA g−1, respectively, which is higher than the anodes prepared from MCO-500, MCO-550, and MCO-650. For example, the corresponding reversible capacity of MCO-650 anode was 853 and 684.3 mAh g−1. The better rate capability of MCO-600 anode may be attributed to unique nanosheet structure, facilitating fast Li+ diffusion and transportation. Figure 4e shows electrochemical impedance spectroscopy (EIS) of MgCo2O4 tested ranging from 100 kHz to 0.01 Hz before cycling. The resistance of MCO-600 battery (70.3 Ω) is much smaller than those of MCO-500 (510 Ω), MCO-550 (605 Ω), and MCO-650 batteries (200.1 Ω), which is consistent with the superior cycling performance and cycling capability of MCO-600 anode. When the MCO-600 anode cycled for another 50 cycles, as shown in Figure 4f, the reversible capacity became stable and slightly decreased with the cycle number increased. After 100 cycles, the reversible capacity of MCO-600 was 1130.1 mAh g−1 at a current density of 200 mA g−1, and the corresponding retention rate is~96.3%, demonstrating good cycling stability of the MCO-600 anode.





4. Conclusions


In summary, MgCo2O4porous nanosheets have been successfully synthesized by a microwave-assisted method and subsequent annealing. According to the comparison of cycling performances and rate capabilities of MgCo2O4 calcinated at various temperatures, the MgCo2O4 after calcination at 600 °C exhibited good electrochemical performances (with a discharge capacity of 1130.1 mAh g−1 after 100 cycles at a current density of 200 mA g−1). The optimal performance of MCO-600 anode may be attributed to appropriate porous nanosheets structure, which not only provides more active sites for Li ion and electron transportation, but also can cope with the volume expansion of the active materials, demonstrating that the MCO-600 is a promising anode material for Lithium-ion batteries.
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