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Abstract

:

Herein, the lithium-rich material Li[Li0.2Mn0.56Ni0.16Co0.08]O2 is successfully prepared by a sucrose-assisted gel method. With the assistance of sucrose, Li[Li0.2Mn0.56Ni0.16Co0.08]O2 precursors can be uniformly dispersed into sticky sucrose gel without aggregation. XRD shows that the lithium-rich material Li[Li0.2Mn0.56Ni0.16Co0.08]O2 has a well-organized layered structure. The electrochemical performance is influenced by calcination temperature. The results show that the sample Li[Li0.2Mn0.56Ni0.16Co0.08]O2 calcined at 900 °C possess significant performance. This sample delivers higher discharge specific capacity of 252 mAh g−1; rate capability with a capacity retention of 86% when tested at 5C; and excellent cyclic stability with a capacity retention rate of 81% after 100 cycles under 1C test. The sucrose-assisted method shows great potential in fabricating layered lithium-rich materials.
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1. Introduction


Lithium-ion batteries (LIBs) are widely used in consumer electronics, electric vehicle (EVs), and hybrid electric vehicles (HEVs), due to their high specific capacity, long cycle life and environmental friendliness [1,2,3,4]. However, the energy density of LIBs still needs to increase to meet current needs. Among a variety of factors associated with performance, the electrode material is a major factor in determining the electrochemical performance [5]. Currently, cathode materials, including LiCoO2(LCO, ~140 mAh g−1)[6], LiFePO4 (LFP, ~170 mAh g−1) [7], and LiMn2O4 (spinel, ~120 mAh g−1) [8], show relatively lower specific capacity (<200 mAh g−1) than that of anode material, such as graphite and Si-based composites (>300 mAh g−1) [9,10], which hinder development of LIBs with high energy density. In other words, improvement of the specific capacity and energy density is largely dependent on the development of innovative cathode materials [11,12,13]. Therefore, there is an urgent need to develop high-performance cathode materials. Thereby, cathode materials with high capacity and high rate have been attracted great attention.



Among these innovative materials, layered lithium-rich ones are extraordinarily attractive for the cathode electrode of a battery, due to high discharge capacity of over 250 mAh g−1, high operating potentials (4.8–2.0 V), and a well-organized layered structure [14,15]. In general, lithium-rich materials contain two types of phase structure: the Li2MnO3 phase and LiMO2 phase (M = Ni, Co, Mn) [16]. Therefore, lithium-rich cathode materials can be marked as xLi2MnO3·(1-x) LiMO2 (M = Ni, Co, Mn, 0 ≤ x ≤ 1)), the stability of the corresponding structures is better than the pure Li2MnO3. Moreover, as compared to commercial LiCoO2, lithium-rich cathode materials are safer, environment-friendly, and lower cost, due to a large amount of Mn. It is worth noting that the Co element in layered lithium-rich materials plays an important role in reducing the electrode polarization and improving Li2MnO3 activation. Therefore, the lithium-rich materials Li[Li0.2Mn0.54Ni0.13Co0.13]O2 (marked as 0.6Li2MnO3·0.4LiMn1/3Ni1/3Co1/3O2) exhibit better lithium storage performance than Li[Li0.2Mn0.6Ni0.2]O2 (marked as 0.6Li2MnO3·0.4LiMn0.5Ni0.5O2)



However, there exist some disadvantages for further commercial application of layered lithium-rich materials, such as its larger irreversible capacity losses, poor cyclic stability, and low rate capability [17]. So far, significant efforts have been focused on the improvement of the electrochemical performance of these layered lithium-rich cathodes. The main strategy is to add a protective layer, such as Al2O3, AlF3, and LiF on the surface of lithium-rich materials through surface modification. The rate capability and the cyclic stability have been improved greatly under the synergy of a protective layer and layered lithium-rich cathodes [18,19,20]. However, these coating materials also increase the interfacial resistance, decrease the specific capacity and energy density, due to their insulativity. In addition, the coating process of the protective layer is quite complicated, which will increase the cost of production. With the development of nanotechnology, the introduction of the nanostructure can improve the rate capability and the cyclic stability of lithium-rich materials to some extent [21,22,23]. In addition, the co-precipitation method is often used to prepare lithium-rich materials, but it is not easy to obtain phase-pure composite and nanostructure materials. Therefore, many challenges still exist to achieve better performance for layered lithium-rich materials with a nanostructure.



In this work, Li[Li0.2Mn0.56Ni0.16Co0.08]O2 was prepared by a sucrose-assisted gel method followed by calcination treatment. Li[Li0.2Mn0.56Ni0.16Co0.08]O2 precursors dispersed uniformly without aggregation. In the assistance of sucrose, the agglomeration of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 particles was solved. The effect of different calcination temperature on morphology, structure, electrochemical properties was investigated to explore the best preparation route.




2. Experimental


2.1. The Preparation of Li[Li0.2Mn0.56Ni0.16Co0.08]O2


The precursor solution was prepared by dissolving manganese acetate (Mn(CH3COO)2·4H2O, 14 mmol), nickel acetate (Ni(CH3COO)2·4H2O, 4 mmol), cobalt acetate (Co(CH3COO)2·4H2O, 2 mmol), and lithium nitrate (LiNO3, 31 mmol) in deionized water (100 mL), and then adding sucrose (31 mmol), and stirring at room temperature for 50 min on a magnetic stirrer. Then the precursor solution was dried at 90 °C for 5 h to evaporate half of the water. Finally, the obtained viscous solution was dried at 150 °C for 48 h again. In this process, the viscous solution underwent a series of changes to form a sticky gel with the evaporation of water, and in a short time, then sticky gel began to swell, and its volume increased. The loose solid gel was obtained after 48 h.



The loose solid gel was calcined under air atmosphere at 500 °C for 5 h, then at 700 °C for 1 h, and finally calcined at different temperatures (800 °C, 900 °C, and 1000 °C, marked as LNCM-800, LNCM-900, and LNCM-1000, respectively) for 15 h.




2.2. Electrochemical Measurements


The electrochemical performances were evaluated using 2032-type coin cells (MTI Corporation, Shanghai, China). The as-prepared lithium-rich material Li[Li0.2Mn0.56Ni0.16Co0.08]O2, carbon black, and polyvinylidene fluoride (PVDF) were mixed in N-methyl-2-pyrrolidone (NMP) based on weight ratio (80:10:10) to form cathode slurry. Then the obtained slurry was coated on aluminum foil and dried in a vacuum oven at 120 °C for 8 h to obtain the cathode sheet. The mass loading of the active material was ~1.82 mg cm−2. Lithium foil was used as a counter and the reference electrode. The coin cells assembled in an argon-filled glove box were composed of a cathode disk with a diameter of 10 mm and lithium foil by separator and using LiPF6 in EC: DMC as the electrolyte. Charge–discharge measurements under different C rates were performed on an Arbin electrochemical workstation (Arbin Instruments, College Station, Texas 77845, USA) in the range of 2.0 to 4.8 V. The cyclic voltammograms (CV) tests were performed on an electrochemical workstation (Gamry Reference 3000, Gamry Instruments, Westminster, PA, USA) at a scan rate of 0.1 mV s−1 in range of 2.0 to 5.0 V. The electrochemical impedance spectroscopy (EIS) was also performed on Gamry electrochemical workstation in range of 100 kHz to 0.01 Hz.




2.3. Material Characterizations


The structures and morphologies of the as-prepared Li[Li0.2Mn0.56Ni0.16Co0.08]O2 materials were recorded by using X-ray diffraction measurements (Rigaku Mini flex 600 diffractometer, Tokyo, Japan) and scanning electron microscopy (SEM, JSM-6510A, Tokyo, Japan), respectively.





3. Results and Discussion


3.1. Analysis of Structure and Morphology


Figure 1 shows the XRD pattern of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 cathode material. All samples show a hexagonal α-NaFeO2 layered structure with R-3m symmetry (PDF#70-2685) [24,25]. Two small satellite peaks located at near 23° indicate the presence of Li2MnO3 with a C2/m space group [26]. For the samples LNCM-800 and LNCM-900, the clear splitting peaks (006)/(102) and (108)/(110) were observed in the XRD pattern, indicating a well-organized layered structure [27,28]. However, the peak intensity of LNCM-800 and LNCM-1000 was less than that of LNCM-900. Moreover, the splitting peaks in LNCM-1000 were hard to distinguish, suggesting a bad layered structure.



The SEM images of the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 materials calcined at different temperatures were used to observe their morphology, as shown in Figure 2. It can be observed that the LNCM-800 exhibited a small grain with 1 μm in size. When the temperature increased, the grain size of the LNCM-900 and LNCM-1000 became larger.




3.2. Electrochemical Properties


The electrochemical performance of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 cathode material was evaluated by a charge–discharge test, electrochemical impedance spectroscopy (EIS) and cyclic voltammograms (CV). Figure 3a shows the initial charge–discharge curve of three samples. The initial charge curves display two platforms during the charging process: (i) A platform ranging from 3.9 to 4.5 V corresponded to the oxidation of metal ions (Ni2+/Ni4+ and Co3+/Co4+) and the extraction of Li+ from LiMO2 (M = Ni, Co, Mn), (ii) another platform around 4.5 V is ascribed to the Li2MnO3 activation process, which is a typical characteristic of layered lithium-rich material [29,30]. During this activation process, Li+ was extracted from the Li2MnO3 phase accompanied by oxygen release and then formed the Li2O component, resulting in an irreversible capacity loss [31,32]. But the process occurred only in the first charge process of lithium-rich material. Therefore, this is an irreversible structural phase transition. However, no platform could be observed during the discharge process, due to the merging of the voltage profiles. The first discharge capacity of LNCM-900 was higher, up to 252 mAh g−1 than that of LNCM-800 (219 mAh g−1) and LNCM-1000 (171 mAh g−1), suggesting that LNCM-900 should have the best electrochemical performance in all samples.



Figure 3b shows the charging and discharging curves of the LNCM-900 at the first, second, and fifth cycles, respectively. As analyzed above, there was a charging platform at 3.9–4.5 V and 4.5 V for the first cycle. The coulombic efficiencies of the electrode were approximately 66.1%, 92.7%, and 91.8% for the first, second, and fifth cycles, respectively. The first-time charge–discharge coulomb efficiency of LNCM-900 was very low, due to the formation of an SEI film on the surface of the electrode material and an irreversible phase transition process of lithium extraction and oxygen release from Li2MnO3. In the second and fifth charge process, the platform around 4.5 V disappeared, the coulombic efficiencies returned to normal, and the corresponding discharge capacities were 242 and 234 mAh g−1, respectively.



The rate capability of three samples was investigated by cycling at charge/discharge rates range from 0.1C to 5C for 5 cycles and then back to 01 C for 5 cycles, as shown in Figure 3c. LNCM-900 exhibited obviously higher discharge capacities than that of LNCM-800 and LNCM-1000. The discharge capacities of LNCM-900 were 252, 188m, 164, 136, and 98 mAh g−1 at charge/discharge rates of 0.1, 0.2, 0.5, 1, 2, and 5C, respectively. When the charge/discharge rate was back to 0.1 C after being cycled at 5C, the discharge capacity of LNCM-900 was 216 mAh g−1, yielding a capacity retention of 86%. The results indicate that the combination of the sucrose-assisted method and a suitable calcination temperature can improve the high-rate capability of the Li-rich layered oxides.



The cycle performance of LNCM-800, LNCM-900, and LNCM-1000 samples was evaluated by repeating the charge/discharge test at 1C, as shown in Figure 3d. After 100 cycles, it was clear that the capacity of LNCM-900 was larger than that other samples. The first discharge capacity of LNCM-900 was 166 mAh g−1 and maintained 136 mAh g−1 at 1C after 100 cycles, corresponding to a capacity retention of 81%. This result was superior to the cycle performance of samples LNCM-800 and LNCM-1000, indicating the excellent cyclic stability of LNCM-900. The capacity retention of LNCM-1000 was only 45% after 100 cycles. The reasons may be ascribed to the fact that the layered structure of the material is disordered when calcined at a high temperature of 1000 °C and occurs irreversible changes after several cycles, resulting in the discharge capacity decreasing rapidly. The cycle performance of sample LNCM-900 was better than of a hierarchically porous layered lithium-rich oxide 0.5Li2MnO3·0.5LiMn1/3Ni1/3Co1/3O2[33].



Figure 4 shows the EIS curves of three samples were composed of a semicircle in the high-frequency region and a sloping line in the low-frequency region, which represents surface charge-transfer transfer resistance (Rct) and a semi-infinite warburg diffusion of the lithium-ion in Li[Li0.2Mn0.56Ni0.16Co0.08]O2, respectively. Further, EIS plots can be fitted by using an equivalent circuit (inset of Figure 4), which is composed of the solution resistance of the battery (Re), the diffusion resistance of Li+ on the material surface (Rsf, also named SEI resistance), charge transfer resistance (Rct), Warburg resistance (Zw), the non-ideal capacitance (CPE), and the capacitance of the surface layer (Csf) is the charge transfer capacity (Cct) and lithium-ion insertion capacitance (Cint). The Rct value of LCNM-900 was 160 Ω, smaller than that of LCNM-800(298 Ω) and LCNM-1000 (406 Ω), indicating the fast transport of lithium ions at the electrode/electrolyte interface and improvement of the diffusion ability of lithium ions.



Cyclic voltammograms (CV) of the as-prepared Li[Li0.2Mn0.56Ni0.16Co0.08]O2 samples (LCNM-800, LCNM-900, and LNCM-1000) were used to evaluate the redox reaction and the reversibility of the electrochemical process. Figure 5 exhibits the first CV curves of the three samples in the range of 2.0 to 5.0 V at a scan rate of 0.1 mV s−1. All samples had two oxidation peaks located at around 4.2 and 4.7 V in the charging process. The peak at around 4.2 V is assigned to the oxidation of metal cations, such as Ni2+ to Ni4+and Co3+ to Co4+ [29,30,31,32,33]. Another peak at around 4.7 V corresponds to the extraction of Li+ and the irreversible oxygen loss from Li2MnO3 phase, resulting in the formation of Li2O, which is consistent of the above analysis in the initial charge and discharge curves. For the discharge curves, an obvious peak (3.6 V) and two weak peaks (3.2 V and 4.3 V, respectively) can be observed. The peaks located at around 3.6 and 4.3 V are associated with the reduction of metal cations, and another peak at around 3. 3 V is ascribed to the lithiation of the layered active MnO2 [20]. Figure 5b shows CV curves of the LNCM-900 at the first, second, and third cycles, respectively. As analyzed above, after the first cycle, the sharp oxidation peak at around 4.7 V disappears, indicating the removal of the Li2O.





4. Conclusions


In conclusion, Li[Li0.2Mn0.56Ni0.16Co0.08]O2 with high crystallinity and a layered structure was successfully prepared by the sucrose-assisted gel method. The sucrose-assisted method is feasible and effective for fabricating layered lithium-rich materials. The morphology, structure, electrochemical properties were analyzed to explore the best preparation route. XRD showed that the lithium-rich material Li[Li0.2Mn0.56Ni0.16Co0.08]O2 had a well-organized layered structure. When the Li[Li0.2Mn0.56Ni0.16Co0.08]O2 sample was obtained by calcining at 900 °C, it exhibits an excellent rate performance, good cycle stability, and a higher discharge specific capacity (252 mAh g−1). Its discharge capacity decreased from 166 mAh g−1 to 136 mAh g−1 at 1C after 100 cycles, and the capacity retention rate was 81%. The good performance of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 calcined at 900 °C is due to the fast transport of lithium ions at the electrode/electrolyte interface and improvement of the diffusion ability of lithium ions.
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Figure 1. XRD patterns of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 prepared at different temperature. 
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Figure 2. SEM images of Li[Li0.2Mn0.56Ni0.16Co0.08]O2 prepared at different temperature of (a) 800 °C, (b) 900 °C, (c) 1000 °C. 
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Figure 3. (a) Initial charge and discharge curves of LNCM-800, LNCM-900, and LNCM-1000 at 0.1C in the potential range from 2.0 to 4.8 V, (b) Charge-discharge curves of LNCM-900 at 0.1C, (c) The rate capability, (d) Cycle performance of all samples at 1 C. 






Figure 3. (a) Initial charge and discharge curves of LNCM-800, LNCM-900, and LNCM-1000 at 0.1C in the potential range from 2.0 to 4.8 V, (b) Charge-discharge curves of LNCM-900 at 0.1C, (c) The rate capability, (d) Cycle performance of all samples at 1 C.



[image: Crystals 09 00436 g003]







[image: Crystals 09 00436 g004 550] 





Figure 4. The electrochemical impedance spectroscopy (EIS) curves of LCNM-800, LCNM-900, and LNCM-1000. 
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Figure 5. (a)The initial cyclic voltammograms (CV) curves of LCNM-800, LCNM-900, and LNCM-1000, (b) The CV curves of LNCM-900. 
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