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Na0.67Ni0.33Mn0.67O2 is a prospective layered cathode material for sodium-ion batteries owing to its low cost, ease of synthesis, and high specific capacity. However, due to direct contact with electrolytes during the cycling process, the cyclic stability is not satisfied. To address this issue, magnesium oxide (MgO) surface modification was performed in this study to improve the material’s cycling properties. MgO layers of various thicknesses were successfully coated onto the cathode, and their electrochemical performances were thoroughly investigated. Among the as-prepared samples, the 2 wt% MgO-coated sample demonstrated the best rate capability and cycling stability. It had an initial reversible discharge capacity of 105 mAh g−1 in the voltage range from 2.0 to 4.5 V at 0.2 C with a high cycle retention of 81.5%. Electrochemical impedance spectroscopy (EIS) results showed that the 2 wt% MgO-coated electrode had the highest conductivity due to the smaller charge transfer resistance (Rct) value. All the test results show that the MgO modification improves the electrochemical properties of Na0.67Ni0.33Mn0.67O2 cathode material. This research could lead to the development of a promising strategy for improving the electrochemical performance of next-generation sodium-ion batteries.
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INTRODUCTION
Recently, the rapid development of electronic equipment and low-power electric vehicles has increased the demand for energy storage materials with high energy efficiency, abundant resources, and environmental friendliness (Kundu et al., 2015; González et al., 2016). Lithium-ion batteries (LIBs) are currently recognized as an energy storage product with high energy density and good performance rating. However, given the massive consumption of lithium batteries, the shortage of lithium resources will inevitably be a serious problem (Lu et al., 2013; Peng et al., 2016). In contrast, sodium-ion batteries (SIBs) have the advantages of a wider source of raw materials, lower cost, and more safety than LIBs. In some energy storage fields with low energy density requirements, the shortage of lithium resources can be alleviated to a certain extent (Pu et al., 2019; Hakim et al., 2021). Moreover, the electrochemical performance of SIBs is mainly determined by the cathode material. Prussian blue analogues (Zhu et al., 2019; Du and Pang, 2021), organic compounds (Wang et al., 2014; Huang et al., 2017), polyanionic compounds (Essehli et al., 2020; Lv et al., 2021), and layered transition metal oxide (Yang and Wei, 2020; Zhao et al., 2021) as SIB cathode materials have been extensively researched. Most of them have the fatal issue of low average working voltage, which severely restricts their energy density. Among them, layered transition metal oxides (NaxMO2) with high operating voltage and electrochemical capacity, such as P2-type(Kuan Wang et al., 2018; Kannan et al., 2021) and O3-type cathode materials (Rong et al., 2019), are deemed promising cathode material candidates for commercialization. Among many layered oxides, P2-Na2/3[Ni1/3Mn2/3]O2 has been the focus of research because of its low cost, ease of synthesis, and high theoretical capacity of more than 250 mAh g−1 (Wu et al., 2015). However, an experimental study shows that the irreversible phase transition and volume change of P2 to O2 phase can be observed when charging to 4.2 V, resulting in poor cycling stability, thereby leading to a great restriction for its practical application (Lee et al., 2013; Peng-Fei Wang et al., 2018). Under high voltage, the electrolyte is easily decomposed into hydrofluoric acid and water molecular impurities, resulting in the corrosion of active substances, which makes the cathode material unable to transport ions, and the disembedding of Na+ at high voltage also destroys the crystal structure, eventually decreasing cycling stability (Tanabe et al., 2013). To enhance the cycling stability of P2-type cathode materials, many efforts have been made, such as doping transition metals (Jin et al., 2020; Zhao et al., 2020; Devendrasinh et al., 2021). For example, Wang et al. (2016) prepared Mn and Ni matrix P2-Na0.67Mn0.67Ni0.23Mg0.05 using the sol–gel method, which maintained good structural stability and retained about 85% reversible capacity after 50 cycles. Besides doping, surface modification is another effective method of improving electrochemical performance. Various metal oxides and phosphate coatings [Al2O3 (Kaliyappan et al., 2015), CuO (Dang et al., 2019), ZrO2 (Kaliyappan et al., 2017), ZnO (Yang et al., 2020), TiO2 (Yu et al., 2020), NaPO3 (Jae Hyeon Jo et al., 2018), and NaCaPO4 (Chang-Heum Jo et al., 2018)] have been applied to various anodes and cathodes to achieve the application of high-performance SIBs. Kaliyappan et al. (2015) coated Al2O3 with different thicknesses on the surface of P2-Na2/3(Mn0.54Ni0.13Co0.13)O2 using atomic layer deposition technology. The samples showed good electrochemical properties. The maximum discharge capacity of MNC-2 electrode material at 1 C is 123 mAh g−1, and the cycling stability of the material is better than that of pristine material. Al2O3 coating has been proven to be able to effectively improve the cycling stability of the cathode materials. Dang et al. (2019) coated a layer of CuO on the surface of P2-Na2/3Ni1/3Mn2/3O2, which not only improved the structural stability but also reduced the decomposition degree of the material at high potential. Electrochemical tests showed that the specific capacities of Na2/3Ni1/3Mn2/3O2 at 0.1 and 5 C were 101 and 45 mAh g−1, respectively. The specific capacities of coated Na2/3Ni1/3Mn2/3O2 at the same rate were 107 and 69 mAh g−1, and the coated samples showed higher capacity and cycling stability. Therefore, as regards layered cathode oxide SIBs, an effective coating can reduce the contact with electrolyte, alleviate electrode dissolution, and enhance the cycling stability.
In this study, the Na0.67Ni0.33Mn0.67O2 sample was prepared by a simple solid-state method, and a facile wet chemistry route method was used to fabricate a MgO-coated Na2/3Ni1/3Mn2/3O2 composites. MgO layers of various thicknesses were successfully coated onto the layered cathode oxide Na0.67Ni0.33Mn0.67O2, and the quantity of MgO was optimized. MgO coating significantly improves the cyclic stability and rate capability of pristine Na0.67Ni0.33Mn0.67O2 because it effectively alleviates electrode dissolution and stabilizes the structure of the electrode. This research demonstrates that MgO modification is an effective strategy for improving the electrochemical performance of layered cathode oxide and expands the potential commercial applications of layered cathode oxide.
MATERIALS AND METHODS
Synthesis
Firstly, Na0.67Ni0.33Mn0.67O2 (NM) was prepared by a facile solid-state reaction. Sodium carbonate, magnesium oxide, nickel oxide, and manganese oxide were mixed according to the stoichiometric ratio. The mixture with 0.3865 g Na2CO3, 0.5825 g MnO2, and 0.2134 g NiO was calcined at 900°C for 12 h to acquire the pristine NM sample. The MgO with different thicknesses was coated on NM using a facile wet chemistry route. For example, 0.053 g of magnesium was firstly acetated in a beaker containing 50 ml alcohol. Then, 1 g of NM was added with stirring for 2 h. The mixed solution was dried in an oven at 80°C for 5 h. The dried powder was heated in air at 550°C for 5 h to obtain 1 wt% MgO-coated NM sample. The 2, 3, and 4 wt% MgO-coated NM samples were synthesized through the same procedure only using the different weights of magnesium.
Characterization
XRD patterns were collected on X-ray diffraction (Rigaku) with Cu Kα radiation (λ = 0.154060 nm) within the 2θ between 10° and 90° at 4° per minute. The evaluation of particle morphology and element distribution was performed using scanning electron microscopy (SEM; ZEISS SUPRA55). TEM (JEM2100) images were used to perform the evaluation of morphology and microstructure of cathode materials. XPS (Axis Ultra DLD) was applied to observe the valence states of Ni, Mn, and Mg elements. The active cathode materials were mixed uniformly with carbon black and polyvinylidene fluoride (PVDF) in N-methyl pyrrolidone (NMP) at a mass ratio of 8:1:1. After mixing and stirring for 2 h, the slurry was uniformly smeared onto Al foils and dried in a vacuum oven at 120°C for 10 h. The mass loading of the active materials was about 2 mg cm−2. The electrolyte was 1 M NaClO4 dissolved in propylene carbonate/fluoroethylene carbonate (19:1 in volume). Then, the as-prepared cathode, sodium discs (Aldrich, >99%), and glass fiber (Whatman) were assembled into the CR2032-type coin cell in glove box. Current–voltage (CV) curves were performed on a CHI1000C electrochemical workstation (Chenhua) at a scan rate of 0.1 mV s−1, and electrochemical impedance spectroscopy (EIS) was measured with a voltage amplitude of 5 mV for the scanning turns for three cycles. Charge/discharge, rate, and long-term cycling properties were analyzed by Land Instruments (Wuhan, China) in a voltage range of 2–4.5 V at room temperature.
RESULTS AND DISCUSSION
MgO-coated NM composites are obtained by a facile wet chemistry route method. The synthesis procedure is described in Figure 1. The NM is prepared by high-temperature solid-state process. The MgO coating is obtained from magnesium acetate solution to stabilize the structure of the material.
[image: Figure 1]FIGURE 1 | Schematic diagram of MgO-coated NM cathodes.
The XRD spectra of the samples are presented in Figure 2. The reflection peaks located at 15.7°, 35.9°, and 43.5° are consistent with the (002), (100), and (103) planes for different thicknesses of MgO/NM cathode materials, which conforms to the P2 structure (JCPDS No. 00-05-0894) of electrodes. Furthermore, the peaks located at 2θ = 37.13°, 43.1°, and 62.6° correspond to (111), (002), and (022) crystal planes of MgO (JCPDS No. 96-901-3247). The above results indicate that the MgO and P2 structures of NM cathode materials are successfully prepared.
[image: Figure 2]FIGURE 2 | X-ray diffraction patterns of the pristine NM and x wt% MgO-modified NM (x = 1, 2, 3, and 4) materials.
The morphologies of samples are investigated by SEM and TEM. Figure 3A–E displays that all samples exhibit hexagonal sheets and a particle size of ∼1–4 μm. X-ray spectrometry elemental mapping is used to indicate that elements exist on the surface of NM cathode along with MgO in Figure 3F. TEM images (Figure 3G, H) of 2 wt% MgO-coated samples show that the morphologies of secondary particles in SEM and TEM are comparable. The MgO surface coating is evidently observed in the high-resolution TEM images, and it can be observed that MgO is greatly coated on the surface with an obvious boundary between the bulk and surface. Selected area electron diffraction (SAED) images of 2 wt% MgO-coated samples are shown in Figure 3I with continuous diffraction rings, indicating the P2-type structure of samples. All results confirm that an MgO-coated layer is successfully synthesized.
[image: Figure 3]FIGURE 3 | SEM images of MgO-coated samples [(A) 0 wt%; (B) 1 wt%; (C) 2 wt%; (D) 3 wt%; (E) 4 wt%]. (F) EDX mappings of Ni, Mn, and Mg in 2 wt% MgO-coated samples, (G) TEM image, (H) HRTEM image, and (I) SAED patters of a single particle of 2 wt% MgO-coated samples.
XPS spectra of 2 wt% MgO-coated samples are presented in Figure 4 to analyze the valence states of elements. It can be found that there are Na, Mn, Ni, Mg, C, and O elements in the entire spectrum of XPS in Figure 4A. In Figure 4B, two binding energy peaks near 854 and 871 eV represent Ni 2p3/2 and Ni 2p1/2, implying the +2 valence state of Ni ion (Lin et al., 2015), and the weaker satellite peaks at ∼881 and ∼861 eV indicate the presence of Ni3+ (Bao et al., 2021). Two domain peaks are divided into four peaks in Figure 4C; the couple of peaks at 641 and 653 eV represents Mn3+, whereas the couple of peaks located at 642 and 653.5 eV can be ascribed to Mn4+ (Li et al., 2013). The spectra of Mg 2p observed at the binding energy of 49 eV of the 2 wt% MgO-coated materials are shown in Figure 4D. The binding energy of Mg corresponds to MgO, implying a +2 oxidation state for Mg (Shi et al., 2013).
[image: Figure 4]FIGURE 4 | XPS spectra of the 2 wt% MgO-coated NM samples. (A) Full spectrum of XPS. (B) Ni 2p. (C) Mn 2p. (D) Mg 2p.
Figure 5 shows the CV plots of various electrodes at scanning rates of 0.1 mV s−1 ranging from 2 to 4.5 V. The reversible redox peaks at 3.4/3.25 V and 3.75/3.5 V are corresponding to the redox reaction of Ni2+/Ni3+ and Ni3+/Ni4+ (Yu et al., 2017). Mn3+/Mn4+ peak couple are observed at low potentials (≤2.4 V) (Yuan et al., 2013; Chen et al., 2018). The anodic/cathodic peaks at 4.25/4 V show more differences in intensity, indicating an irreversible electrochemical process, which can be related to the phase transition from P2 to O2 (Su et al., 2013; Liu et al., 2015). The CV curve of 2 wt%-coated samples own the highest coincidence degree in the first 3 weeks. Compared with other samples, it shows better cyclic stability of the electrode under high voltage.
[image: Figure 5]FIGURE 5 | Cyclic voltammograms of NM and MgO-coated samples. (A) NM; (B) 1 wt%; (C) 2 wt%; (D) 3 wt%; (E) 4 wt%.
The charge and discharge tests of NM and MgO-coated samples are conducted at 0.2 C as presented in Figure 6. It is worth noting that the initial discharge capacities of pristine and MgO-NM (the MgO is 1, 2, 3, and 4 wt%) are 110, 108, 105, 96, and 84 mAh g−1, respectively. Furthermore, the capacity retention rates after 100 cycles are 78.2%, 81.5%, 87.6%, 76%, and 71.4%, respectively. However, the sample has the best capacity retention when the MgO coating thickness is 2 wt% compared with other samples.
[image: Figure 6]FIGURE 6 | Charge/discharge profiles of NM and MgO-coated samples. (A) NM; (B) 1 wt%; (C) 2 wt%; (D) 3 wt%; (E) 4 wt%.
The rate properties and cycling stability are important factors affecting the commercial application of SIBs. The rate performance and cycling stability of materials are revealed in Figure 7. As a result, the capability rate of all samples is analyzed within a 2.0–4.5-V voltage range at current densities from 0.2 to 2 C. As shown in Figure 7A, 2 wt% MgO-coated materials have the best performance rate among various materials. When the current density reaches up to 2 C, the average discharge capacity of the material is about 66 mAh g−1. However, after a large current density cycle, the material still remains at 89 mAh g−1 reversible specific capacity at 0.2 C in the 100th cycle, which is significantly higher than any other coated thickness samples. Figure 7B displays the cycling performance of the above samples at 0.5 C. The capacity of the pristine sample NM decreases the most. However, the 2 wt% MgO-coated sample exhibits an 84-mAh g−1 initial discharge capacity at 0.5 C with a capacity retention of 66.7% after 200 cycles. Based on the foregoing, when the MgO coating thickness is 2 wt%, the comprehensive electrochemical performance of the material is the best. All results show that MgO with an appropriate thickness improves the conductivity and cycling stability of the pristine. Table 1 is listed to intuitively show the comparison of the initial capacity and cycling stability of layer cathodes modified by coating in recent reports.
[image: Figure 7]FIGURE 7 | (A) Rate and (B) long-term cycling performance and Coulombic efficiencies of NM and MgO-modified materials. Nyquist plots of samples (C) before and (D) after 200 rounds of cycling.
TABLE 1 | Comparison of initial capacity and cycling stability of layer cathodes modified by coating in recent reports.
[image: Table 1]The performances of conductivity and charge transport of the above electrodes are investigated using electrochemical impedance spectroscopy measurements from 100 kHz to 0.01 Hz as presented in Figures 7C,D. Nyquist plots are composed of one semicircle and a sloped straight line. In the middle and high frequencies, the diameter of the impedance curve represents the charge transfer impedance (Rct). The lowest Rct values of samples indicate that they have the highest conductivity and fastest charge transfer rate. It should be noted that the Rct value of the pristine sample increases sharply. However, the growth trend of Rct has been significantly inhibited due to the existence of an MgO coating layer. The results suggest that a thin MgO coating layer can effectively alleviate electrode dissolution and prevent the formation of SEI film on the surface of the active material, so as to enhancing the long-term cycling performance of the material. Hence, considering the charge and discharge, rate, and long-term cycling performances, comprehensively, the cathodic material with 2 wt% MgO/NM has the best electrochemical performance. The 2 wt% MgO-coated NM was used as a cathode material to assemble a battery pack with two SIB half-batteries in series as illustrated in Figure 8. As can be seen, the battery pack can light up six small LED bulbs. The result confirms that the as-prepared MgO-coated cathode materials have excellent electrochemical properties and practical application ability.
[image: Figure 8]FIGURE 8 | Digital photograph of colored LEDs lighted by two 2 wt% MgO-coated NM devices.
CONCLUSION
In this paper, the layered cathode oxide material of NM was synthesized by a simple solid-state method. Different-thickness MgO/NM were further synthesized by using a facile wet chemistry route as the electrode material of SIBs. Owing to the presence of an MgO coating layer on the surface of NM cathode materials, which prevents direct contact with electrolyte, stabilizes the surface structure, and effectively improves the electrochemical performance of the pristine material, the results of electrochemical test show that the cycling stability and rate capability are greatly improved. The 2 wt% MgO-coated cathode has a smaller Rct value, superior rate properties, and high cycling stability. Therefore, MgO modification is an effective strategy for layered cathode oxide and a promising candidate for practical applications in next-generation sodium batteries.
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