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Abstract

:

LiNi1/3Co1/3Mn1/3O2 is a widely used commercial cathode material in the fields of consumer electronics and electric vehicles. However, its energy density still falls short of the standard and needs to be improved. The most effective method is to increase the cut-off voltage, but this will result in a drop in capacity. In this study, a LiF layer is coated on the surface of LiNi1/3Co1/3Mn1/3O2 via an in situ method. It is found that the LiF layer may protect materials from side reactions with electrolytes, improve the interfacial stability, and enhance the cyclic performance. The bare sample shows relatively poor cycling stability, with capacity retention rates of 65.9% (0.2 C) and 12.8% (5 C) after 100 cycles, while 1% LiF-coated NCM has higher cycling stability with capacity retention rates of 83.4% (0.2 C) and 73.3% (5 C) after 100 cycles, respectively. Our findings suggest that a LiF surface layer could be a useful means of boosting the electrochemical performance of NCM cathode materials.
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1. Introduction


Lithium-ion batteries are widely utilized in various consumer electronics due to their exceptional performance. However, the growing demand for high energy density and high-capacity batteries in electric vehicles and renewable energy storage has increased the demand for better lithium-ion batteries (LIBs) [1,2,3,4,5,6]. One of the most promising cathode materials for LIBs is the layered transition metal oxide LiNixCoyMn1-x-yO2, which offers benefits such as low cost, high specific capacity, good cycling stability, and thermal stability [7,8,9]. LiNi1/3Co1/3Mn1/3O2 (NCM), one variant of this cathode material, has garnered attention due to its potential for research and application [10,11]. However, it has limitations such as low tap density, low initial coulombic efficiency, rapid capacity decay, and poor rate performance under high cut-off voltage [12,13].



To address these limitations, various surface-modified materials have been employed to protect the active materials and improve their cycling performance. Reported surface materials can be classified into two different kinds. Firstly, fluorides (AlF3, CaF2, CoF2) [14,15,16], oxides (TiO2, Al2O3) [17,18], and phosphates (Li3PO4, AlPO4, FePO4) [19,20,21] can inhibit side reactions between the electrode and electrolyte and improve the cycling stability. Secondly, fast ionic conductors such as Li1.3Al0.3Ti1.7(PO4)3) [22] can accelerate the Li+ diffusion and improve the rate performance.



LiF is a critical component of both cathode electrolyte interphase (CEI) and solid electrolyte interphase (SEI) [23,24,25]. It has been reported to be as an effective surface layer to improve the electrochemical performances of Li-excess materials [26,27]. Studies suggest that it is crucial in facilitating Li+ transfer and preserving the stability of the electrode/electrolyte interface, without adding extra metal ions to the cathode [28,29,30]. NCM shares a similar layered structure with Li-excess materials. In this case, whether the effectiveness of its role in Li-excess materials is still effective in NCM deserves to be studied. In this research, a thin and uniform LiF surface layer was in situ formed on NCM particles through the thermal decomposition of LiPF6. The resulting LiF-coated NCM showed significant improvements in cycling stability and rate performance at high cut-off voltage.




2. Experimental


2.1. Sample Preparation


The NCM cathode material was purchased from the Cyber Electrochemical Materials Network. LiF-Coated NCM was synthesized as follows. Firstly, NCM, LiPF6 and anhydrous ethanol were blended under continuous stirring for 24 h at 25 °C. Secondly, the liquid mixture was dried in an air-circulating oven at 80 °C for 12 h. Then, the solid mixture was calcined in a muffle furnace (Beiyike, Hefei, China) at 350 °C for 2 h under a controlled atmosphere to decompose LiPF6 into LiF. The mass ratio of NCM to LiPF6 was varied as 1:0, 1:0.005, 1:0.01, and 1:0.02, resulting in the respective products labeled as 0%LiF@NCM, 0.5%LiF@NCM, 1%LiF@NCM, and 2%LiF@NCM, respectively. The detailed synthesizing process of the modified NCM is illustrated in Figure 1.




2.2. Characterization of Materials


The crystal structures of as-prepared materials were analyzed by X-ray diffraction (XRD; Cu Kα radiation, λ = 1.5406 Å, Bruker D8-FOCUS, Bruker, Karlsruhe, Germany). The morphologies and structures of samples were observed using a scanning electron microscope (SEM; SU3500, Hitachi, Tokyo, Japan) and a high-resolution transmission electron microscope (HRTEM; Tecnai G2 F20 S-TWIN TMP, FEI, Eindhoven, Netherland). The element distributions were characterized by an energy-dispersive X-ray spectrometer (EDS, SU8010, Hitachi, Tokyo, Japan). The valence states of elements were determined by X-ray photoelectron spectroscopy (XPS, ESCALab 250Xi, Thermo Scientific, Waltham, MA, USA).




2.3. Electrochemical Characterization


To make an electrode, LiF@NCM, Super P, and polyvinylidene fluoride (PVDF) were weighed and mixed at a mass ratio of 8:1:1 with N-methylpyrrolidone (NMP). Then, the slurry was evenly coated on aluminum foil and dried in an air-circulating oven at 80 °C for 24 h. Coin cells were assembled using lithium metal as the counter electrode, a glass fiber as the separator, and 1 M LiPF6 solution (EC:DMC = 1:1, v/v) as the electrolyte in an Ar-filled glove box. Galvanostatic charge-discharge and rate tests were conducted using a battery testing system (LANHE CT2001A, Land, Wuhan, China) at room temperature with a voltage range of 2.5 to 4.6 V (1C = 200 mAh g−1). Cyclic voltammetry was performed on an electrochemical station (Chenhua, Shanghai, China) with a scan rate of 0.3 mV s−1 in a voltage range of 2.5 to 4.6 V. Electrochemical impedance spectroscopy was recorded in a frequency range from 0.01 Hz to 1 MHz.





3. Results and Discussion


Figure 2 displays XRD patterns LiF and the LiF-coated NCM samples. The main diffraction peaks of the LiF-coated NCM samples all correspond to the typical α-NaFeO2 structure (space group: R-3m) [31], which indicates that the structure of NCM remains unchanged after the LiF coating. Based on the XRD results, no diffraction peaks of LiF were detected.



Figure 3 depicts SEM images of the four samples. The commercial NCM is a large, smooth particle of approximately 5–10 μm, consisting of primary particles of different sizes (Figure 3a). The LiF-modified NCM samples show similar morphology to the bare one, indicating that surface modification of LiF does not significantly change the surface structure of NCM (Figure 3b–d). Elemental mapping experiments were conducted to analyze the elemental compositions of the LiF-coated samples. As shown in Figure 4, Mn, Co, Ni, and F elements are uniformly distributed in 0.5%LiF@NCM, 1%LiF@NCM, and 2%LiF@NCM. The absence of a noticeable signal of the P element suggests that LiPF6 was decomposed into LiF during heat treatment, and LiF is uniformly distributed on the surface of NCM according to the F signal.



HRTEM was used to directly observe the surface layer on NCM. For the 0%LiF@NCM sample (Figure 5a), clear lattice fringe can be observed up to the edge. The interplanar distance was calculated to be 0.47 nm, which should be related to the (003) crystal face of the layered structure [32]. For the 1%LiF@NCM sample, nanoparticles with an interplanar distance of 0.23 nm can be distinguished, corresponding to the (111) crystal plane of LiF [33]. This result directly confirms the presence of a LiF layer on the surface of NCM.



The XPS spectra of the 0%LiF@NCM and 1%LiF@NCM samples are shown in Figure 6. For 0%LiF@NCM, characteristic peaks of C, O, Ni, Mn, and Co can be clearly observed. For the 1%LiF@NCM sample, a characteristic peak of F at 685.0 eV is observed, while the peak of P is not detected. Figure 6c–e show the high-resolution XPS spectra of the Ni, Mn, and Co elements. The Ni 2p spectra of both samples (Figure 6c) show two peaks at 854.9 eV (2p3/2) and 872.2 eV (2p1/2), which can both be identified as Ni2+ [34]. In the Mn spectra shown in Figure 6d, two peaks at 642.8 eV and 641. 8 eV can be ascribed to Mn4+ and Mn3+, respectively. [35]. In Figure 6e, the two peaks at 780.1 eV and 795.3 eV can be identified as Co3+ [36]. The positions of the peaks of Ni, Mn, Co are nearly the same in the two samples, which infers the valences of the three elements remains unchanged after the surface treatment.



The charge-discharge profiles of all samples in the first cycle are shown in Figure 7a. The initial discharge capacity of commercial NCM is 176.7 mAh g−1. After the LiF treatment, the initial discharge capacities of the three samples are all slightly larger than the untreated one. Additionally, for the 2%LiF@NCM sample, clear polarization can be observed in the initial charge. The reason may be the LiF surface is too thick, which hinders the transport of lithium ions. Figure 7b demonstrates the rate capabilities of the four samples at rates from 0.2C to 5C. The three modified NCM samples all show improved rate performances compared to the bare sample. Among them, the 1%LiF@NCM sample exhibits the best performance. Specifically, when the rate is 5C, the discharge capacities of the bare NCM and 1%LiF@NCM samples are 99.5 mAh g−1 and 142.9 mAh g−1, respectively, representing a 44% improvement for the latter one. The cycling performances of all samples at 0.2C and 2C are shown in Figure 7c,d. The bare sample exhibits relatively poor cycling stability, with capacity retentions of 65.9% (0.2 C) and 12.8% (5 C) after 100 cycles. However, 1%LiF@NCM exhibits much-improved cycling stability, with capacity retentions of 83.4% (0.2 C) and 73.3% (5 C) after 100 cycles, respectively. In conclusion, the in-situ-formed LiF surface layer can significantly improve the rate and cycling performances of NCM.



A more detailed comparison of the electrochemical performances of the 0% and 1%LiF@NCM samples is shown in Figure 8a,b. It can be seen that the discharge capacities of the untreated sample drop rapidly, while for the 1%LiF@NCM sample, it still could deliver a capacity higher than 120 mAh g−1 after 100 cycles. The dQ/dV curves of the two samples are presented in Figure 8c,d. The dQ/dV curves of the two samples are presented in Figure 8c,d. For the untreated sample, during the cycles, a broad voltage peak below 3 V appears, which is characteristic of the spinel phase. The reason for this phase transition is due to the instability at the interface. This phase transition is irreversible and would lead to a decrease in both capacity and voltage [37]. Conversely, this phase transition is suppressed in the 1% LiF@NCM sample. As shown in Figure 8d, the cathodic peak is still around 3.5 V after 100 cycles, which indicates this material exhibits better stability during cycling.



To better understand the effects of a LiF layer on the improvements of electrochemical performances, EIS measurements were conducted on the bare NCM and 1%LiF@NCM samples. As shown in Figure 9, the Nyquist curves consist of a semicircle at the mid-high frequency region and a quasi-straight line in the low frequency region [38,39]. It is clear that the curves of the two samples after the 1st cycle are similar. However, after 5 and 50 cycles, the semicircles of 1%LiF@NCM are significantly smaller than those of 0%LiF@NCM, which indicates the surface of 1%LiF@NCM is more stable and the ion transport is much faster [40].



A comparison of the performance between our study and previous studies is shown in Table 1. It can be seen that the initial discharge capacity and the coulomb efficiency in our study is comparable to those reported in other literatures.




4. Conclusions


In this work, a LiF surface layer is introduced on LiNi1/3Co1/3Mn1/3O2 via an in situ method. Results show the LiF modification can greatly improve the rate and cycling capabilities. Among them, the NCM sample treated with 1wt% LiF presents the best overall electrochemical performance, and it could reach a capacity retention of 83.4% after 100 cycles at 0.2C. EIS results suggest that the surface layer of the 1% LiF-modified sample is more stable than that of untreated NCM. Our results indicate that LiF surface modification is an effective method to enhance the electrochemical performance of NCM cathode materials, which may also be effective for other layered cathode materials.
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Figure 1. Schematic diagram of the decomposition of LiPF6 and the formation of LiF on NCM particles. 
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Figure 2. XRD patterns of 0%LiF@NCM, 0.5%LiF@NCM, 1%LiF@NCM, 2%LiF@NCM and LiF. 
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Figure 3. SEM images of (a) 0%LiF@NCM, (b) 0.5%LiF@NCM, (c) 1%LiF@NCM, and (d) 2%LiF@NCM. 
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Figure 4. Elemental mapping images of (a) 0%LiF@NCM((a1) Mn, (a2) Co, (a3) Ni, (a4) F), (b) 0.5%LiF@NCM ((b1) Mn, (b2) Co, (b3) Ni, (b4) F), (c) 1%LiF@NCM ((c1) Mn, (c2) Co, (c3) Ni, (c4) F), and (d) 2%LiF@NCM ((d1) Mn, (d2) Co, (d3) Ni, (d4) F). 
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Figure 5. HRTEM images of (a) 0%LiF@NCM and (b) 1%LiF@NCM. 
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Figure 6. (a) XPS survey spectra of 0%LiF@NCM and 1%LiF@NCM; (b) F 1s XPS spectra of 1%LiF@NCM; (c) Ni 2p XPS spectra of 0%LiF@NCM and 1%LiF@NCM; (d) Mn 2p XPS spectra of 0%LiF@NCM and 1%LiF@NCM; (e) Co 2p XPS spectra of 0%LiF@NCM and 1%LiF@NCM. 
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Figure 7. The electrochemical properties of 0%LiF@NCM, 0.5%LiF@NCM, 1%LiF@NCM, and 2%LiF@NCM: (a) the initial charge-discharge curves at 0.2C; (b) rate performance from 0.2C to 5C; (c) cycling performances at 0.2C; (d) cycling performances at 2 C. 
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Figure 8. The electrochemical properties of (a) 0%LiF@NCM, (b) 1%LiF@NCM; dQ/dV curves of (c) 0%LiF@NCM, (d) 1%LiF@NCM. 
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Figure 9. Nyquist plots of (a) 0%LiF@NCM and (b) 1%LiF@NCM electrodes after the 1st, 5th and 50th cycles (Inset shows the used equivalent circuit). 
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Table 1. The performances of our work compared to some previous reports.
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	Modification
	Voltage Range (V)
	Initial Specific Discharge Capacity (mAh g−1)
	Coulombic Efficiency (%)
	Test Conditions Specific Current (mA g−1)
	Ref.





	LiF
	2.5–4.6
	185
	88.9
	40
	This work



	AlPO4
	2.75–4.2
	159
	87.2
	20
	[41]



	YPO4
	2.5–4.4
	161.3
	86.3
	16
	[42]



	Li1.3Al0.3Ti1.7(PO4)3/C
	2.75–4.4
	171
	87.9
	20
	[13]



	active carbon
	2.5–4.5
	191.2
	91.1
	85
	[28]



	fluoroborate glass
	2.5–4.5
	207.5
	88.2
	40
	[11]



	LiTi2(PO4)3
	2.8–4.5
	191.5
	91.1
	85
	[43]



	lithium boron oxide
	2.5–4.5
	175.8
	85.1
	40
	[44]



	Al2O3
	2.75–4.5
	204.8
	86.1
	27.8
	[45]



	Li2ZrO3
	3.0–4.6
	197.8
	86.0
	16
	[46]
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