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                    Abstract
Spinel LiNi0.5Mn1.5O4 cathode material is a promising candidate for next-generation rechargeable lithium-ion batteries. In this work, BiFeO3-coated LiNi0.5Mn1.5O4 materials were prepared via a wet chemical method and the structure, morphology, and electrochemical performance of the materials were studied. The coating of BiFeO3 has no significant impact on the crystal structure of LiNi0.5Mn1.5O4. All BiFeO3-coated LiNi0.5Mn1.5O4 materials exhibit cubic spinel structure with space group of Fd3m. Thin BiFeO3 layers were successfully coated on the surface of LiNi0.5Mn1.5O4 particles. The coating of 1.0 wt% BiFeO3 on the surface of LiNi0.5Mn1.5O4 exhibits a considerable enhancement in specific capacity, cyclic stability, and rate performance. The initial discharge capacity of 118.5 mAh g−1 is obtained for 1.0 wt% BiFeO3-coated LiNi0.5Mn1.5O4 with very high capacity retention of 89.11% at 0.1 C after 100 cycles. Meanwhile, 1.0 wt% BiFeO3-coated LiNi0.5Mn1.5O4 electrode shows excellent rate performance with discharge capacities of 117.5, 110.2, 85.8, and 74.8 mAh g−1 at 1, 2, 5, and 10 C, respectively, which is higher than that of LiNi0.5Mn1.5O4 (97.3, 90, 77.5, and 60.9 mAh g−1, respectively). The surface coating of BiFeO3 effectively decreases charge transfer resistance and inhibits side reactions between active materials and electrolyte and thus induces the improved electrochemical performance of LiNi0.5Mn1.5O4 materials.
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                                    Introduction
Lithium-ion batteries (LIBs) have attracted widespread attention as one of the most promising energy storage devices for electric vehicles (EVs) and hybrid electric vehicles (HEVs) due to their long circle-life, low cost, and environmental benignancy [1,2,3]. However, the increasing energy density requirement for EVs and HEVs needs further improvement of the present LIBs [4]. One of the most effective methods to raise the energy density is to develop a high-voltage cathode for LIBs [5]. Therefore, LiNi0.5Mn1.5O4 has become an advanced research hotspot with the energy density 20–30% higher than that of the conventional LiCoO2 (540 Wh kg−1) and LiFePO4 (500 Wh kg−1) cathode materials rooted in its operating plateau at 4.7 V (vs. Li/Li+) [6,7,8,9]. As a result, LiNi0.5Mn1.5O4 has been recognized as one of the most considerable high-voltage cathode materials for LIBs [10, 11].
However, the practical application of the LiNi0.5Mn1.5O4 material is limited because LiNi0.5Mn1.5O4 suffers from severe disadvantages: (1) the electrolyte becomes instable and easy to be decomposed at high voltage (4.7 V), leading to the formation of a detrimental solid electrolyte interface (SEI) film that impedes the Li+ ion migration and induces the capacity fading [12, 13], and (2) the dissolution of Mn ion degrades the quality of LiNi0.5Mn1.5O4 cathode during cycling, resulting in the irreversible capacity loss [14, 15]. In order to enhance electrochemical properties of the LiNi0.5Mn1.5O4 material, a series of strategies have been carried out to overcome these drawbacks, including cation substitution and surface modification. Doping of cations (e.g., Al3+ [16, 17], Zn2+ [18], Sm3+ [19], Fe3+ [20], Cr3+ [16, 20, 21], and Ru4+ [22, 23]) has been used to stabilize the electrode structure and enhance the electrochemical properties of LiNi0.5Mn1.5O4 electrode. Although the doping may improve the electrochemical properties, it fails to inhibit the electrolyte decomposition and side reactions between the active material and electrolyte. Surface modification of LiNi0.5Mn1.5O4 is considered as an effective method to enhance the electrochemical properties. Surface coating materials can prevent the immediate contact between the spinel LiNi0.5Mn1.5O4 material and electrolyte so as to protect the active material from HF corrosion. Many compounds, such as metal oxides (e.g., ZnO [24, 25], Bi2O3 [26], Al2O3 [27]), metal fluorides (e.g., AlF3 [28], MgF2 [29], BiOF [30]), and metal phosphates (e.g., FePO4 [31], LiFePO4 [15]), have been used as a coating film of LiNi0.5Mn1.5O4, leading to the improvement in the rate performance and cyclic stability of the LiNi0.5Mn1.5O4 materials. Obviously, electrode materials have been frequently used as coating materials, such as the aforementioned ZnO [32], FePO4 [33], and LiFePO4 [9, 34]. On the other hand, BiFeO3 is an ideal electrode material for LIBs due to its high reversible capacity, excellent capacity retention, and large theoretical Li-storage capacity of 770 mAh g−1 (9 mol Li can be stored in 1 mol BiFeO3) [35, 36]. BiFeO3 has also been used as a multiferroic material due to its particular multiferroicity at room temperature [37, 38]. In general, larger resistivity of most metal oxides leads to larger polarization of the electrode. Nevertheless, BiFeO3 exhibits low resistivity [39]. Considering the excellent electrochemical properties and the semiconductor nature of BiFeO3, it can be reasonably anticipated that the surface coating of BiFeO3 may improve the electrochemical properties of LiNi0.5Mn1.5O4 cathode material.
In this work, the cathode materials were obtained by a BiFeO3 coating on the spinel LiNi0.5Mn1.5O4 via a combined co-precipitation and wet chemical method. During the synthesis, various amounts of BiFeO3 were added to prevent the direct contact between active materials and electrolyte. It was proved that the coating of BiFeO3 can enhance the electrochemical performance of coated materials.


Experimental
Synthesis of LiNi0.5Mn1.5O4
                        
The Ni0.25Mn0.75CO3 precursor was fabricated using a co-precipitation method. Stoichiometric proportion of Ni(CH3COO)2·4H2O (98%) and Mn(CH3COO)2·4H2O (99%) (molar ratio = 1:3) were dispersed in distilled water under magnetic stirring. Na2CO3 (99.8%) solution of 2.0 mol/L was added into the above solution drop by drop to co-deposit metallic ions. The operation temperature was controlled by a water bath at 60 °C. The pH value of the mixture was maintained at 8 using NH3·H2O (25–28%). The precipitates were filtrated and washed with distilled water and ethanol several times. The obtained precursors were dried overnight at 80 °C in air in an oven. The obtained Ni0.25Mn0.75CO3 precursors were homogeneously mixed with stoichiometric LiCH3COO·2H2O (99%, 5% excess to compensate the loss of lithium at high sintering temperature) and sintered at 800 °C for 12 h to get the final product LiNi0.5Mn1.5O4 (LNMO).
Preparation of BiFeO3-coated LiNi0.5Mn1.5O4
                        
BiFeO3-coated spinel LNMO (LNMO@BFO-x) was synthesized by a chemical wet method. The stoichiometric proportion of Bi(NO3)3·5H2O (99%) and Fe(NO3)3·9H2O (98.5%) were dissolved in distilled water under magnetic stirring. The LNMO powders were dispersed into the above solution. In order to evaporate excess water, the mixed solution was stirred at 80 °C. Afterwards, the resultant products were dried in an oven at 120 °C and then sintered at 600 °C for 2 h under air atmosphere to obtain the BiFeO3-coated LNMO materials. The coating amounts of BiFeO3 are 1.0, 2.0, and 3.0 wt% of the LNMO powders, and the resulting materials are denoted as LNMO@BFO-1, LNMO@BFO-2, and LNMO@BFO-3, respectively.
Sample characterizations
The crystalline structure of the as-prepared cathode materials was examined by X-ray diffraction (XRD) with Cu Kα radiation (SmartLab, Rigaku, Tokyo, Japan). The diffraction pattern was recorded in the 2θ range of 10–80° at a scan rate of 2° min−1 at room temperature. Raman spectra were acquired using a confocal Raman microscope (Renishaw RM2000, England) at 514 nm excitation. The particle morphology and size of the LNMO and LNMO@BFO-x samples were observed by a field-emission scanning electron microscope (SEM, Hitachi SU-8020, Japan) and transmission electron microscope (TEM, JEOL JEM-2100, Japan). The analysis of the transition metal dissolution was performed utilizing an inductively coupled plasma-atomic emission spectrometer (ICP-AES, Optima 7000 DV, Pe).
Electrochemical measurements
The cathodes were prepared by mixing active material, acetylene black and polyvinylidene fluoride (PVDF) (weight ratio = 8:1:1) in N-methyl pyrrolidinone (NMP) with sufficient stirring to obtain a homogenous slurry. The slurry was evenly spread onto the Al foil current collector and heated at 120 °C overnight in a vacuum. Lithium metal sheets were used as anodes and Celgard 2400 was used as the separator. 1 mol/L LiPF6 dissolved in the mixture of ethylene carbonate (EC) and diethyl carbonate (DMC) at a volume ratio of 1:1 was used as the electrolyte. CR-2025 cells were assembled in an Ar-filled dry glove box (MB-Labstar, Germany) for electrochemical measurements. The charge-discharge tests were measured on a battery testing system (LANHE CT-2001A, China) with various current densities in a voltage range of 3–5 V (vs. Li+/Li). Cyclic voltammogram (CV) measurements of the cells were tested on an electrochemical workstation (CHI660E, China) at a scanning rate of 0.05 mV s−1 from 3 to 5 V. Electrochemical impedance spectra (EIS) were tested by an electrochemical workstation in the frequency range of 0.01~100,000 Hz with a voltage amplitude of 5 mV. All of the EIS results were simulated via Zview2 software.


Results and discussion
The XRD patterns of Ni0.25Mn0.75CO3 precursor are shown in Fig. S1. The diffraction pattern of Ni0.25Mn0.75CO3 can be indexed to a hexagonal structure with space group of R-3c, corresponding to MnCO3 with the substitution of Mn by Ni ions in the carbonate matrix. The impurity phase of hydrate Mn-Na oxides (Na0.55Mn2O4·1.5H2O) was detected. This should be attributed to the combination of Na ions with higher valence Mn ions originated from the oxidization of Mn2+ ions, leading to the formation of insoluble and stable hydrated Mn-Na oxide [40].
Figure 1 presents the XRD patterns of the LNMO and LNMO@BFO-x samples with x = 1, 2, and 3. As shown in Fig. 1a, all samples exhibit a typical XRD pattern of spinel LNMO, indicating that the coating of BiFeO3 has no significant influence on the structure of the materials. The main diffraction peaks of all samples are indexed to the standard cubic spinel structure with space group of Fd3m (JCPDS card no. 80-2162) [19]. However, from the enlarged region of the XRD patterns in Fig. 1b, a weak peak at 2θ = 37.5○ should be indexed in a common impurity phase Li
                  x
                Ni1 − x
                        O derived from the loss of oxygen in the LNMO during the high-temperature calcinations [41]. In addition, the peaks at 2θ = 15.8○, 32.1○, 36.0○, 36.9○, 39.7○, 43.8○, and 49.1○ in XRD patterns of all samples can be ascribed to another impurity phase of Na0.7MnO2.05 (JCPDS card no. 27-0751), and the possible reason is that the hydrated Mn-Na oxides (Na0.55Mn2O4·1.5H2O) would turn into a layered Na0.7MnO2.05 structure after calcinations [40]. In addition, the relative intensity of diffraction peaks of Na0.7MnO2.05 becomes weak gradually with the increasing coating content, indicating that the coating of BiFeO3 inhibits the formation of Na0.7MnO2.05. No diffraction peaks of BiFeO3 in the modified LNMO can be detected in Fig. 1, which may be attributed to its low content. In order to further prove the existence of BiFeO3, the coating content of BiFeO3 in the LNMO@BFO complex was increased to 10 wt%. As shown in Fig. S2, the characteristic peaks of BiFeO3 can be clearly detected [42]. Therefore, it can be concluded that the BiFeO3 has been successfully coated on the surface of LiNi0.5Mn1.5O4 by a wet chemical method.
Fig. 1
XRD patterns of the LNMO and LNMO@BFO-x samples


Full size image


                     Raman spectroscopy is an effective tool to verify the cation ordering. Figure 2 exhibits the Raman spectra of LNMO and LNMO@BFO-x materials in the frequency range of 200–800 cm−1. The peak at 635 cm−1 is assigned to the symmetric Mn-O stretching model of MnO6 octahedral, and both peaks at 490 and 400 cm−1 can be attributed to the Ni–O stretching mode in the spinel structure [43]. The split peaks at around 580–600 cm−1 are often considered as the characteristic of a well-ordered structure [44]. For the uncoated LNMO sample, the splitting of peaks in the 580–600 cm−1 region in Raman spectra are not obvious, suggesting a typical feature for the disordered spinel structure with Fd3m space group. In addition, the Raman spectra of LNMO@BFO-x show similar features with the pristine LNMO. The intensity of peaks for the material becomes weak after the coating of BiFeO3, especially the characteristic peaks at 580–600 cm−1, indicating that the coating of BiFeO3 enhances the degree of cation disordering. The results of Raman spectroscopy prove that the samples are indexed to the disordered Fd3m phase, which are consistent with the XRD results.
Fig. 2
Raman spectra of the LNMO and LNMO@BFO-x (x = 1, 2, and 3) materials


Full size image


                     The SEM images of the LNMO and LNMO@BFO-x samples are displayed in Fig. 3. All samples exhibit two types of grains: one is the polyhedral with well-defined edges, while the other one is a small and irregular particle, which can be attributed to the Na0.7MnO2.05 impurity. From Fig. 3a, b, the LNMO and LNMO@LFO-1 possess polyhedral grains with a smooth surface and an irregular shape. With the increasing content of BiFeO3, the LNMO@BFO-2 (Fig. 3c) and LNMO@BFO-3 (Fig. 3d) samples show much rough facets, suggesting that the BiFeO3 has been coated on the surface of LNMO. Furthermore, the LNMO@BFO-2 and LNMO@BFO-3 samples show agglomeration and non-uniform distribution of particles. The agglomeration is detrimental to the permeation of electrolyte, which may deteriorate the electrochemical properties. Figure 4 exhibits the EDS mapping images of the LNMO@BFO-1. It can be seen that the elements of Ni, Mn, and O are evenly distributed. Obviously, the distributions of Bi and Fe are of the same homogeneity as Ni, Mn, and O. This indicates that BiFeO3 is uniformly coated on the surface of the LNMO.
Fig. 3
SEM images of (a) LNMO, (b) LNMO@BFO-1, (c) LNMO@BFO-2, and (d) LNMO@BFO-3


Full size image


                        Fig. 4
EDS mapping images of LNMO@BFO-1


Full size image


                     Figure 5 shows the TEM and high-resolution TEM (HRTEM) images of LNMO and LNMO@BFO-1 samples. As observed in Fig. 5(a1, a2), the pristine LNMO has smooth and well-defined edges. In contrast, the edges of the LNMO@BFO-1 sample become indistinct as shown in Fig. 5(b1, b2). It can be observed from Fig. 5(a3, b3) that all samples show good crystallinity with clear interference fringes. In Fig. 5a3
                        , the lattice spacing of 0.29 nm for the LNMO sample corresponds to the (220) plane of the spinel phase. As displayed in Fig. 5b3, the lattice spacing of 0.25 nm for the LNMO@BFO-1sample is indexed to the (311) plane of the spinel phase. Moreover, a thin BiFeO3 coating layer is observed on the edge of the LNMO@BFO-1 (1.2~1.5 nm) particles in Fig. 5b3. The BiFeO3 coating layer could separate the immediate contact of the active material from the electrolyte to inhibit the side reactions and alleviate the corrosion of electrolyte on the electrode.
Fig. 5
TEM images and HRTEM images of LNMO (a
                                    
                          1
                        –a
                                    
                          3
                        ) and LNMO@BFO-1 (b
                                    
                          1
                        –b
                                    
                          3
                        )


Full size image


                     The initial charge/discharge profiles of the bare LNMO and LNMO@BFO-x electrodes at 0.1 C (1 C = 147 mAh g−1) between 3 and 5 V are presented in Fig. 6a. It can be observed that all the initial charge curves show a long plateau at 4.7 V, deriving from the oxidation reactions of Ni2+ → Ni4+ [31]. Another short plateau at 4.0 V in the charge curves is caused by the oxidation process of Mn3+ → Mn4+, which suggests the existence of a small amount of Mn3+ ions in all electrodes [45]. For the discharge curves of all electrodes, the locations of the discharge plateau are similar to those of the charge plateau, which correspond to the relevant reduction reactions. In addition, the shapes of charge and discharge curves are alike for all electrodes. These results also confirm that there is no change in the structure of the LNMO@BFO-x electrodes with an increase in the amount of BiFeO3 coating, which coincides well with the XRD results (Fig. 1). The initial discharge capacities of the bare LNMO, LNMO@BFO-1, LNMO@BFO-2, and LNMO@BFO-3 electrodes are 113.2, 116.2, 107.5, and 107.5 mAh g−1, respectively. These suggest that the appropriate amount of BiFeO3 coating can efficiently increase the initial discharge capacity, while the excess coating may impede the movement of the electrons, leading to the capacity fade [31]. Obviously, the LNMO@BFO-1 electrode shows the highest discharge capacity among all the electrodes, which may be ascribed to the protection of the BiFeO3 coating layer for active materials from the corrosion of electrolyte.
Fig. 6
(a) Initial charge/discharge profiles of the LNMO and LNMO@BFO-x electrodes; (b) rate performance curves of the LNMO and LNMO@BFO-x electrodes at different rates; (c) cycling performance of the LNMO and LNMO@BFO-x electrodes


Full size image


                     Figure 6b exhibits the rate performance of the uncoated LNMO and LNMO@BFO-x electrodes between 3 and 5 V. All the cells were charged at 0.1 C and discharged at various rates from 0.1 to 10 C and then back to 0.1 C for five cycles at room temperature. It can be clearly seen that the LNMO@BFO-1 electrode exhibits the highest discharge capacities at different discharge rates among all the electrodes. The LNMO@BFO-1 cathode delivers discharge capacities of 85.8 and 74.8 mAh g−1 at different rates of 5 and 10 C, respectively, while the LNMO electrode exhibits 77.5 and 60.9 mAh g−1 at the same conditions, respectively. These results indicate that the rate performance of the LNMO electrode is significantly enhanced after being coated with 1.0 wt% BiFeO3. It shows that the discharge capacities for the LNMO@BFO-2 and the LNMO@BFO-3 electrodes are lower than that for the pristine LNMO electrode at low discharge current density. However, as the discharge current density increases to 10 C, the higher discharge capacities of LNMO@BFO-2 (77.6 mAh g−1) and LNMO@BFO-3 (64.9 mAh g−1) electrodes are obtained when compared to that of the pristine LNMO electrode (60.9 mAh g−1). Obviously, the rate capability of LNMO electrodes has been markedly improved by the surface modification of BiFeO3. Moreover, when the discharge current density reduces to 0.1 C again, the capacities of all electrodes regain their initial values, indicating that the quick intercalation and deintercalation processes of Li+ under high current density do not cause any damage to the crystal structure of spinel cathode materials.
The cycling performance of the LNMO and LNMO@BFO-x electrodes at 0.1 C between 3 and 5 V at room temperature is displayed in Fig. 6c. The discharge capacities of the LNMO and LNMO@BFO-x electrodes are slightly enhanced in the initial three cycles, which is caused by the activation effect of the batteries. A similar phenomenon has been frequently observed in the LIBs [46, 47]. Among four electrodes, the LNMO@BFO-1 electrode possesses the highest specific capacity, while LNMO@BFO-2 and LNMO@BFO-3 show relatively low specific capacities. These suggest that the appropriate BiFeO3 coating can significantly improve the discharge capacity of the materials. However, the excess BiFeO3 leads to the degradation in the discharge capacity. This is because the excess coating may impede the movement of the electrons, leading to the capacity fade [31]. The discharge capacity of the LNMO electrode is 113.4 mAh g−1 at the first cycle and decreases to 88 mAh g−1 with the capacity retention of 77.6% after 100 cycles. Compared with the LNMO electrode, all the LNMO@BFO-x electrodes exhibit much higher discharge capacities of 105.6, 103.3, and 92.9 mAh g−1 with capacity retentions of 89.1, 96.0, and 89.9% after 100 cycles for the LNMO@BFO-1, LNMO@BFO-2, and LNMO@BFO-3 electrodes, respectively. Obviously, with the coating of BiFeO3, the capacity retentions of the materials are greatly enhanced. The BiFeO3 coating layer can prevent the direct contact between the active material and electrolyte, suppress the erosion of active material, and thus promote the structural stability. As a result, the cyclic stability of the LNMO@BFO-x materials is improved.
To further evaluate the impact of the BiFeO3 coating on the cycle stability of the LNMO electrode at extreme temperature, the charge and discharge performances of the LNMO and LNMO@BFO-1 electrodes were measured at 0.1 C at 55 °C and are displayed in Fig. 7. The bare LNMO electrode suffers from capacity fading with the capacity retention of 80.3% after 50 cycles. The elevated temperature cycle performance of the bare LNMO electrode is similar to previous reports (e.g., 79% after 50 cycles at 55 °C [48] and 81.4% at 1.0 C after 100 cycles at 55 °C [49]). However, the LNMO@BFO-1 electrode shows excellent cycling stability with the capacity retention of 92.9%. Analogously, it is found that the high temperature cycling stability of the LNMO@BFO-1 electrode is the same as aforementioned reports (e.g., Li/Fe2O3-coated LNMO (92% after 50 cycles at 55 °C) [48] and the 5 wt% PPy-coated LNMO (91% at 1.0 C after 100 cycles at 55 °C) [49]). Meanwhile, it is found that the relationship with discharge capacity and cycling number at high temperature has three types: (1) the capacity of pristine LNMO sharply decreases at high temperature during cycling [50,51,52] and (2) the capacity of LNMO declines slowly before 50 cycles. However, the capacity of LNMO drops sharply with the further increasing cycling number [14, 53], and (3) the pristine LNMO presents a trend of monotonic decline in discharge capacity or the straight cycling curve with high capacity retention [54,55,56,57]. From the aforementioned references [14, 48,49,50,51,52,53,54,55,56,57], it can be concluded that the dependence of capacity on the cycling number at high temperature may be significantly influenced by many factors, such as the preparation method, microstructure, phase structure, measurement temperature, and so on. Our experimental result is similar to the results reported in literatures [48, 49, 54]. By contrast, the trends of discharge capacities are alike for both electrodes at 55 and 25 °C. Based on the analysis of previous reports [58, 59], the good crystallinity may lead to the similar slope of capacity degradation between the results at elevated and room temperatures. In spite of this, the capacity fading is much obvious at 55 °C (e.g., LNMO with retentions of 87.1% (25 °C) and 80.3% (55 °C) after 50 cycles; LNMO@BFO-1 with retentions of 93.9% (25 °C) and 92.9% (55 °C) at the same condition). Thus, the BiFeO3 coating is in favor of enhancing the elevated temperature cycling stability for LNMO, which is attributed to the alleviation of the undesired side reactions between active materials and electrolyte caused by BiFeO3 coating layer.
Fig. 7
Cycling performance of the LNMO and LNMO@BFO-1 electrodes at 0.1 C at 55 °C


Full size image


                     Figure 8 shows the cyclic voltammetry curves of the pristine LNMO and LNMO@BFO-1 electrodes in the first, second, and third cycles. From Fig. 8a, during the first charge-discharge process, two pairs of redox peaks for the LNMO electrode at 4.73/4.62 and 4.79/4.68 V can be attributed to the Ni3+/Ni2+ and Ni4+/Ni3+ redox couples [31], respectively. Another pair of small redox peaks for the LNMO electrode at 4.0 V corresponds to the Mn3+/Mn4+ redox couple, suggesting that the LNMO electrode contains a small amount of Mn3+ ions [31, 45]. These are in accordance with the voltage plateaus in the initial charge/discharge curves (Fig. 6a). From Fig. 8b, the main peak positions of the LNMO@BFO-1 electrode (4.73/4.60 and 4.78/4.68 V) are similar to those of the bare LNMO electrode in the first cycle. However, the oxidation peaks of the LNMO@BFO-1 electrode move to lower potential (4.74 V → 4.73 V), while the reduction peaks move to higher potential (4.68 V → 4.69 V, 4.60 V → 4.64 V) in the second and third cycles compared with the LNMO electrode. This implies that the LNMO@BFO-1 electrode exhibits smaller potential difference than the LNMO electrode, indicating the decreased potential polarization of the LNMO@BFO-1 electrode. The CV curves of the LNMO@BFO-1 electrode are highly overlapped in the second and third cycles, which suggest the better repeatability of electrochemical reactions. Moreover, the intensity of the 4.0-V redox peaks for the LNMO@BFO-1 electrode becomes weak compared to that of the pristine LNMO, indicating the lower content of Mn3+ ions in the material, which would alleviate Jahn-Teller distortion and stabilize the spinel structure. Consequently, the surface modification of BiFeO3 is beneficial to the reversible intercalation/deintercalation of Li+ ions [60], leading to the excellent cycle performance.
Fig. 8
Cyclic voltammogram of LNMO (a) and LNMO@BFO-1 (b) electrodes between 3.0 and 5.0 V


Full size image


                     The EIS profiles of the LNMO and LNMO@BFO-x electrodes are shown in Fig. 9. Before the EIS measurements, the cells of the LNMO and LNMO@BFO-x electrodes were cycled for 20 cycles at 0.1 C. From Fig. 9, the EIS plots of four electrodes contain two semicircles at the high-to-medium frequency region and the oblique line at the low-frequency region. As reported previously [61, 62], the first semicircle is attributed to the migration of lithium ion through the surface layer (SEI layer and coating layer), while the second semicircle is ascribed to the charge transfer resistance in the electrode/electrolyte interfaces. The oblique line is associated with the Warburg impedance of lithium-ion diffusion in the bulk material. The first semicircle provides the information about the deposition of the electrolyte decomposition product on the electrode surface [63]. The impedance spectra are modeled by a simplified equivalent circuit as displayed in the inset of Fig. 9. In the equivalent circuit, R
                        s, R
                        sl, and R
                        ct represent the solution resistance, the surface layer resistance, and the charge transfer resistance [64], respectively. The values of resistances calculated from the Nyquist plots are presented in Table 1. Compared with the LNMO electrode, the LNMO@BFO-1 electrode exhibits much lower values of R
                        s, R
                        sl, and R
                        ct (4.13, 133.90, and 56.42 Ω, respectively). However, the resistance values of the LNMO@BFO-2 and LNMO@BFO-3 electrodes increase with the excess amount of BiFeO3 coating. It is noteworthy that the values of R
                        ct for the LNMO@BFO-2 and LNMO@BFO-3 electrodes are higher than those of the LNMO and LNMO@BFO-1 electrodes, implying that the excess BiFeO3 coating increases the charge transfer impedance due to the blocking effect for electron transfer between particles [65]. The increase in R
                        ct is not beneficial to the electrochemical properties for the cells. Therefore, it can be concluded that the optimal coating level of BiFeO3 is 1.0 wt% for LNMO. The LNMO@BFO-1 electrode has the lowest R
                        sl and R
                        ct values, suggesting that the surface modification of 1.0 wt% BiFeO3 is a promising method to alleviate the formation of the SEI layer for LNMO and reduce the charge transfer resistance [66]. To further understand the protective effect of BiFeO3, the dissolution of Mn ions has been carried out utilizing the ICP-AES technique. The electrodes were cycled for 20 cycles and then the dissolved amount of Mn was measured, and the results are presented in Table 1. As shown in Table 1, the BiFeO3-modified electrodes exhibit lower Mn dissolution than the LNMO electrode. According to the previous reports [67,68,69], the dissolution of transition metal ions is due to the attack of HF from the decomposition of the electrolyte, resulting in fast degradation of the electrochemical cycle performance. The small dissolved amount of Mn ions was detected for the BiFeO3-coated LiNi0.5Mn1.5O4 electrodes. Obviously, the BiFeO3 coating layer can effectively alleviate the dissolution of transition metal ions and suppress the occurrence of undesired interfacial side reactions. As a result, the significant improvement in the rate performance of the LNMO@BFO-1 electrode is obtained.
Fig. 9
EIS plots of the LNMO and LNMO@BFO-x electrodes after 20th cycles (a simplified equivalent circuit as shown in the inset)


Full size image


                        Table 1 Measured EIS data and the dissolved Mn concentration for pristine LNMO and LNMO@BFO-x electrodes after the 20th cycleFull size table


                     

Conclusions
BiFeO3-coated spinel LiNi0.5Mn1.5O4 material has been prepared using a combined co-precipitation and wet chemical method. The coating of BiFeO3 has no obvious influence on the crystal structure of LiNi0.5Mn1.5O4. All LiNi0.5Mn1.5O4-based materials exhibit the cubic spinel structure with space group of Fd3m. The electrochemical properties of the materials have been significantly improved after being coated with BiFeO3. The 1.0 wt% BiFeO3 LiNi0.5Mn1.5O4 electrode exhibits the excellent cyclic stability with the capacity retention of 89.11% after 100 cycles that is higher than that of the LNMO (77.6%). The rate capability of 1.0 wt% BiFeO3 LiNi0.5Mn1.5O4 has been obviously enhanced, exhibiting discharge capacities of 85.8 and 74.8 mAh g−1 at 5 and 10 C, respectively. The enhanced rate capability and excellent cyclic stability of BiFeO3-coated LiNi0.5Mn1.5O4 electrode should be attributed to the surface modification of BiFeO3 that inhibits side reactions at the cathode and electrolyte and lowers the charge transfer resistance. Our study shows that the BiFeO3-coated LiNi0.5Mn1.5O4 cathode material is a promising high-voltage cathode for new-generation rechargeable LIBs.
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