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Abstract

:

A high cut-off voltage is required for nickel-rich layered oxide LiNixCoyMnzO2 (NCM) to meet the high energy density requirement of lithium-ion batteries in electric vehicles. However, such a high voltage application leads to an unstable interface between NCM and liquid electrolytes. To stabilize the interface, the facile wet impregnation method has been developed to apply an ultra-thin Al2O3 coating layer on the NCM particles. This coating layer was found to have a strong interaction with the NCM and resulted in Al-doped NCM at the surface structure of NCM. The change of surface structure can not only reduce the surface resistance of lithium diffusion of LiNi0.5Co0.2Mn0.3O2 (NCM523), but also stabilize the solid electrolyte interface between NCM523 and the electrolyte with the cut-off voltage of 4.5 V vs. Li/Li+. Compared to other coating methods, wet impregnation coating can provide an ultra-thin and uniform coating with surface doping on NCM particles. Furthermore, this scalable coating method can be applied to various electrode materials without adding much additional cost.
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1. Introduction


The nickel-rich layered oxides LiNixCoyMnzO2 (NCM) are promising cathode materials for lithium-ion batteries (LIBs) due to their high energy density, low cost, and low toxicity [1,2,3,4,5,6]. In NCM, a redox reaction centered around Ni2+ and Co3+ accounts for the capacity of the cathode, while the inactive Mn4+ is helpful in stabilizing the structure during charging/discharging [7,8,9,10]. Among all NCM materials, LiNi0.5Co0.2Mn0.3O2 (NCM523) has attracted extensive research effort, since the ratio among nickel, cobalt, and manganese allows it to balance the demand for high capacity and structural stability [3,10,11].



Recently, the demands from the electric vehicle (EV) industry regarding the energy density and cycle life of lithium-ion batteries have dramatically increased. A high cut-off voltage is required for NCM to meet the high energy density requirement of LIBs in EVs. However, a high voltage application leads to an unstable interface between NCM and the liquid electrolyte. Coating the cathode has been widely investigated to improve interfacial stability due to the following benefits: the coating may slow down transition metal dissolution by reducing the direct contact between the cathode and the electrolyte; the coating may also serve as an HF scavenger, locally reducing electrolyte decomposition.



Al2O3 has been widely adopted as a coating for cathode materials due to its excellent electrochemical, chemical, and thermal stability [12,13,14,15]. It can also work as an excellent protective layer for cathode materials. Various coating approaches have been developed including (1) chemical vapor deposition [16,17,18], (2) atomic layer deposition [13,14,15], (3) radio frequency magnetron sputtering [19], (4) organic pyrolysis [12], (5) co-precipitation [20], (6) the sol–gel method [21], (7) electroless plating [22], and (8) the solvothermal technique [23]. In general, the gas-based approaches can offer a uniform coating but are not cost-efficient, which usually implies the need for expensive equipment with low efficiency [24,25,26,27,28,29]. Meanwhile, the liquid-based techniques are cost-efficient but it is difficult to obtain good quality coating. [12,20,21,22,23] Therefore, the cost-efficient approach with a high-quality coating is highly demanded by NCM.



Presented here is a facile approach for coating an ultra-thin Al2O3 layer on NCM523. It is a simple coating process, which not only improves the cycle life of NCM523 with the cut-off voltage of 4.5 V vs. Li/Li+, but also surprisingly increases the specific capacity. A detailed analysis suggested that the coated Al2O3 had a strong interaction with NCM523 and that the surface layer of NCM523 was doped by Al. Therefore, the ultra-thin Al2O3 coating by wet impregnation can not only improve the surface stability of NCM523 during a cycle test, but also reduce the surface resistance.




2. Experimental Section


2.1. Surface Modification Process of NCM523


The surface modification of the NMC523 cathode powder was realized by generating a thin layer of Al2O3 coating on the cathode powder surface via the wet impregnation method, as shown in Figure 1. In this method, the desired amount of an aluminum salt precursor was dissolved in a small volume of deionized water, forming a solution. The solution was then thoroughly mixed with the cathode powder, followed by an overnight drying step at 120 °C. Finally, the mixture was calcined at 450 °C for four hours, during which decomposition of the salt occurred, leading to a thin Al2O3 coating layer.




2.2. Characterization of Pristine and Surface-Modified NCM523


The surface of the pristine and modified NCM523 powders were characterized using a scanning electron microscope (SEM, Hitachi S-4700 at 10 kV) equipped with energy dispersive spectroscopy (EDS). Additionally, the surface elements and their chemical status for the NCM523 powder with/without modification were further characterized by X-ray photoelectron spectroscopy (XPS). The XPS data were collected using a scanning XPS microprobe. The background pressure in the XPS was between 6 × 10−10 and 3 × 10−9 Torr, while the pressure during work was about 2 × 10−8 Torr. XPS spectra were obtained in a fixed analyzer mode with the X-ray beam of the 100 mm diameter from the Al Ka source (1486.7 eV). The source output offered a power of 60 W with the emission current of 4 mA and an acceleration voltage of 15 kV. The different elemental regions were recorded using a pass energy of 23.5 eV and a step size of 0.2 eV. Meanwhile, the number of scans and dwell time were adjusted to optimize the signal-to-noise ratio. All scans were averaged and normalized by the dwell time. Further peak position correction was carried out by referencing the C 1s peak position. With this native resolution set, peaks were added.




2.3. The Preparation of the Cathode Using Pristine and Modified NCM523 and the Corresponding Anode


The preparation of the cathodes using pristine and NCM523 with surface modification was carried out as follows: slurry making, casting, drying, and calendering. The pristine/modified NCM523 and carbon black (Timcal C45, 5 wt.%) were mixed with a solution of polyvinylidene difluoride (PVDF, Solvay 5310) in N-methyl-2-pyrrolidone. The slurry was mixed using a Thinky mixer ARE-310 and then coated onto an aluminum (Al) foil. The coating was dried at 75 °C for 4 h and further dried at 75 °C in a vacuum for 12 h to the electrode. The electrode was then calendered to the target thickness. The electrodes were finally dried at 120 °C in a vacuum for >4 h before being assembled into the coin cells (2032). The final composition of the electrodes was 90% NCM523, 5% PVDF, and 5% carbon black. The electrode coating on the Al foil was kept at ~8.7 mg/cm2 and 30% porosity. Electrode area was 1.54 cm2. Lithium metal was used as a counter electrode for half-cells. For the full cell, the formulation of the corresponding anode was 91.8% graphite, 2% carbon black (Timcal Super C45), 6% PVDF (Kureha 9300), and 0.17% oxalic acid, which was provided by Argonne National Laboratory’s Cell Analysis Modeling Prototyping (CAMP) Facility. The loading of anodes on copper was ~5.9 mg/cm2, with 38% porosity. The electrode area of the anode was 1.77 cm2. The electrolyte of 1.2 M LiPF6 in ethylene carbonate (EC)/ethyl methyl carbonate (EMC) (30/70 by weight) was used in the cells.




2.4. Electrochemical Measurements of the Half and Full Cells Using Pristine and Modified NCM523


Galvanostatic cycling tests of the half and full cells using pristine and modified NCM523 were conducted using a Maccor series 4000 potentiostat at room temperature. The initial three formation cycles of the half-cells were carried out between 3.0 V and 4.5 V vs. Li/Li+ at 0.1 C and the room temperature to obtain the capacities and voltage profiles. Then, the half-cells were tested at rates from C/5, C/3, C/2, 1C, to 2C and between 3.0 V and 4.5 V. Finally, the cycling tests of the half-cells were carried out at C/3 and room temperature.



Hybrid pulse power characterization (HPPC) was conducted during the cycling test. During the HPPC, a 2 C discharge pulse (10 s) and a 1.5 C regenerative charge pulse were applied to the half-cell with 40 s rest periods between discharge and regenerative pulses. The test profile was conducted each 10% depth of discharge (DOD). The area-specific impedance (ASI), as a function of the DOD, was obtained by calculating the voltage changes during the pulses. The test procedures for the full cell were the same as those for the half-cell except for a voltage range change from 3.0–4.5 V to 3.0–4.4 V to accommodate the potential difference between the lithium and graphite anodes in the cells.





3. Result and Discussion


The surface modification of NCM523 was achieved by impregnating the aqueous aluminum salt solution on the NCM523 surface, targeting 0.1% Al2O3. Based on the loading amount and calculation, the average thickness of the coating on NCM523 particles was ~3 nm. This has been confirmed by XPS results later, which is a surface analytical tool with about 5 nm of detection depth. As shown in low and high magnification, SEM images of the pristine NCM523 (Figure 2a,b, respectively) and the modified NCM523 (Figure 2c,d, respectively), the surface morphologies of the NCM523 particles before and after the surface modification process remained the same. Meanwhile, the EDS on the surface-modified NCM523 particles showed that elemental Al was on them. This indicates that the ultra-thin coating on NCM523 had been successfully created without any agglomeration.



To obtain more detailed information about the coating, XPS was carried out for the pristine and surface-modified NCM523 samples. XPS spectra of transition metals Ni, Co, and Al are shown in Figure 3a. The same XPS peaks are observed for Ni 3s and Co 3s in both the pristine and modified NCM523, while Al 2s for the Al element is detected on the modified NCM523. These results suggest that the Al was coated on the surface of NCM523, which was very thin and did not mask Ni and Co. A broad O 1s XPS peak around 532.1 eV is observed for pristine NCM523 in Figure 3b. However, two O 1s peaks at lower binding energies, 527.5 eV and 529.5 eV, are observed for surface-modified NCM523. The O 1s peak at 527.5 eV was assigned to oxygen from the Al2O3 [30]. Meanwhile, the O 1s peak for oxygen in NCM523 shifted from 532.1 eV to 529.5 eV, which indicates that there was a new O environment, suggesting that Al may not only exist as Al2O3 but that it also gets into the lattice structure of NCM523 [30].



Furthermore, compared to the peaks for Mn 2p at ~643 eV, Co 2p at ~781 eV, and Ni 2p at ~856 eV of pristine NCM523, those of the modified NCM523 are broader and expanded to the lower binding energy, as shown in Figure 3c–e. These results indicate that besides the existing peaks, there are new peaks for Mn 2p at ~640 eV, Co 2p at ~778 eV, and Ni 2p ~853 eV. The binding energy shifts of Ni, Co, and Mn also suggest the environment change of NCM523. We believe that wet impregnation is capable of forming an ultra-thin Al2O3 precursor coating on NCM523. During calcination, the precursors not only transform into an Al2O3 coating layer but also diffuse into the NCM523 lattice structure and become Al-doped NCM523 (NCMA) [31,32]. Therefore, our coating method creates an ultra-thin surface layer of Al2O3/NCMA on NCM523 rather than just an Al2O3 layer.



The surface-modified NCM523 by this approach increases its specific capacity in the half-cell from 192 to 201 mAh/g with the cut-off voltage of 4.5 V vs. Li/Li+ in Li/NCM523 half-cells, as shown in Figure 4a. As far as we know, the Al2O3 surface coating on the cathode by other approaches usually increases the surface resistance of the cathode due to the low conductivity of Al2O3 [12,13,14,15] and leads to a lower specific capacity. We attribute the higher specific capacity of the modified NCM523 to the synergetic effect of the Al2O3 coating and the Al doping effect. The Al2O3 coating can mitigate the side reaction between the electrolyte and NCM523, which increases the conductivity of SEI. Additionally, doped Al can stabilize the surface lattice structure of NCM523, which can also promote Li diffusion into the surface of NCM523. This leads to less electrode overpotential and thus higher capacity under the same cut-off voltage [32,33,34]. This result is consistent with the electrochemical test of the full cell using NCM523 with/without the surface modification. The specific capacity of NCM523 in the full cell increases from 178 to 187 mAh/g after the surface modification, as shown in Figure 4b.



The beneficial effect of the Al-doped layer is supported by the rate performance of NCM523 in the half-cell (Figure 5a), which demonstrates that the increase in capacity for NCM523 after the surface modification is from 15% at C/10 to 21% at 2C. This is also consistent with the trend during rate tests of NCM523 in full cells seen in Figure 5c. Furthermore, the cycle test of NCM523 with a cut-off voltage of 4.5 V in half-cells demonstrated that the capacity retention of NCM523 at C/3 can increase from 90% to 95% for 50 cycles. As shown in Figure 5b,d, the tendency of the results in the half-cells is consistent with those in the full cells. The ultra-thin Al2O3/NCMA coating by this approach not only reduces the resistance of lithium diffusion through the surface, but also helps to maintain the stability of the resistance.



The ASI of pristine (Figure 6a) and modified (Figure 6b) NCM523 from the HPPC of half-cells during the cycle tests confirmed and further explored the effects of surface modification mentioned above. The ASI for pristine NCM523 is 41 Ω·cm2 at 50% DOD and 63 Ω·cm2 at 10% DOD during the first HPPC before the cycle tests. Meanwhile, the ASI of modified NCM523 is 36 Ω·cm2 at 50% DOD and 38 Ω·cm2 at 10% DOD. The impedance of the modified NCM523 is lower than that of the pristine one, especially much lower at 10% DOD, confirming the lower reaction resistance of modified NCM523. Furthermore, the ASI of the half-cell using pristine NCM523 increases by 120% from 41 to 90 Ω·cm2 at 50% DOD during the cycle test, while the ASI of the half-cell using modified NCM523 only increases by 50% from 24 to 36 Ω·cm2 at 50% DOD during the same cycle test. The impedance rise of the half-cell using modified NCM523 is much slower than that using pristine NCM523. This is the reason for which the capacity retention of the half-cell increases from 90% to 95% after replacing the pristine NCM523 with the modified NCM523. In addition, the ASI tendency of half-cells is consistent with that of full cells, where the ASI increases from 24 to 35 Ω·cm2 for the pristine NCM523 and 18 to 22 Ω·cm2 for the modified NCM523.




4. Conclusions


In summary, a new approach for the surface modification of NCM has been developed. This coating layer was found to have a strong interaction with the NCM and resulted in Al-doped NCM at the surface structure of NCM. The change of surface structure can not only reduce the surface resistance of lithium diffusion of NCM523, but also stabilize the solid electrolyte interface between NCM523 and the electrolyte with the cut-off voltage of 4.5 V vs. Li/Li+. The lower resistance and lower growth rate of resistance of NCM523 after modification increases its specific capacity (from 192 to 201 mAh/g) and capacity retention (90% to 95% for 50 cycles). Therefore, this scalable and effective method offers a valuable surface modification approach for academia and industry to further improve the performance of lithium-ion batteries to meet the growing demand.
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Figure 1. Schematic picture of the facile process for surface coating doping NCM523. 
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Figure 2. High and low magnification SEM/EDS of (a,b) pristine NCM523 and (c,d) NCM523 with Al2O3 coating doping. 
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Figure 3. XPS (a) from 95 eV to160 eV, (b) from 520 eV to 540 eV, (c) from 635 eV to 650 eV, (d) 770 eV to 790 eV and (e) from 850 eV to 870 eV of NCM523 with/without Al2O3 surface coating doping, suggesting that Al may not only exist as Al2O3 but that it also gets into the lattice structure of NCM523. 
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Figure 4. Voltage profile of NCM523 with/without coating doping in (a) half-cell and (b) full cell. 
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Figure 5. Rate (left) and cycling (right) tests of pristine NCM523 and NCM523 with Al2O3 coating doping in (a,b) half-cells and (c,d) full cells. 






Figure 5. Rate (left) and cycling (right) tests of pristine NCM523 and NCM523 with Al2O3 coating doping in (a,b) half-cells and (c,d) full cells.



[image: Batteries 08 00136 g005]







[image: Batteries 08 00136 g006 550] 





Figure 6. ASI of pristine NCM523 and NCM523 with Al2O3 coating doping in (a,b) half-cells and (c,d) full cells. 
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