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Abstract:



LiNixCoyMnz (NCM), one of the most promising candidates for high-capacity cathode materials in Li-ion batteries (LIBs), is synthesized with various amounts of Sn. Sn-incorporated NCM from the resynthesis of NMC in leach liquor containing Sn from spent LIBs is characterized by scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray diffraction, X-ray photoelectron spectroscopy, particle strength tests, and electrochemical tests. Sn-incorporated NCM has a globular form, and the uniform distribution of Sn inside cathode materials is confirmed. As Sn is introduced, the (003) diffraction peak tends to shift to a smaller angle and particle breaking strength increases. It is found that Sn-incorporated cathode active materials have better cycle performance and rate capability than pristine cathode active material although the discharge capacity slightly decreases. Because there is a trade-off between decreased discharge capacity and improved cycling and rate performance, the incorporation of Sn in resynthesized NCM should be carefully designed and conducted.
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1. Introduction


Li-ion batteries (LIBs) are the most popular type of rechargeable batteries, as they have high energy, high power density, low memory effect, and low self-discharge rate [1]. The usage of LIBs has remarkably extended to electrical appliances, portable electronics, electric vehicles, and power grids [2]. Accordingly, a large number of spent LIBs have surely been generated due to their limited life spans and the rapid rate at which electronic products are updated [3].



In general, an LIB is composed of an anode (e.g., graphite, tin, and silicon), a cathode (e.g., LiCoO2, LiMn2O4, and LiNixCoyMnzO2 (NCM)), current collectors, an organic electrolyte with Li-containing salts, and a separator [4,5]. When spent LIBs are disposed of in a landfill or burned, heavy metals seep into groundwater, and a large volume of poisonous gas is generated. This situation could result in long-term environmental and public health problems [6]. Moreover, spent LIBs contain valuable metals such as cobalt, nickel, manganese, and lithium. Therefore, the recycling of spent LIBs could bring economic profits as well as environmental benefits [7]. Various techniques for recycling spent LIBs have been suggested in several papers [8,9,10]. Above all, the hydrometallurgical process is the most well-established technology for recycling valuable metals from LIBs and has many benefits, such as the complete recovery of metals with high purity, low energy consumption, and low gas emission [11,12,13]. Metal species of spent LIBs are typically leached by HCl, HNO3, or H2SO4, with hydrogen peroxide used as a reducing agent in many cases [14,15,16,17]. Most metal species are expected to dissolve with acidic leaching reagents. Tin from anodes also dissolves with cathode metal species during the leaching process.



Cathode active materials such as NCM can be resynthesized from the leach liquor of spent LIBs by the co-precipitation method. The effect of impurities in resynthesized LIB cathode active materials on their electrochemical performance needs to be studied. The effect of Mg or Al impurities in leach liquor from spent LIBs on the electrochemical performance of resynthesized cathode active materials has been investigated [18,19]. However, there has been no study on the effect of Sn impurity on the LIB performance of resynthesized Ni-rich NCM, which has been highlighted as the most promising candidate for high-capacity cathode materials in LIBs due to their high energy density [20,21]. In this paper, we synthesized NCM with various amounts of Sn, simulating the resynthesis of NMC in leach liquor containing Sn from spent LIBs, and the effect of Sn on the LIB performance of NCM was investigated.




2. Materials and Methods


2.1. Synthesis of Materials


Precursors (Ni0.82Co0.12Mn0.06(OH)2) were synthesized by the hydroxide co-precipitation method, which is widely used to produce homogeneous compounds. A mixture of chelating agent (NH4OH), NaOH solution, and aqueous solutions of transition metal salts was pumped into a continuously stirred tank reactor. The resultant precursor slurry was filtered and washed multiple times, and then dried in an oven at 80 °C. Tin was incorporated by mixing dried precursors (Ni0.82Co0.12Mn0.06(OH)2, 10 g) and tin(II) ethoxide (0.05 g, 0.1 g, 0.15 g, and 0.3 g) in isopropyl alcohol (100 mL) at 60 °C. The final Ni-rich cathode active materials (Li[Ni0.82Co0.12Mn0.06]1−xSnxO2 (x = 0, 0.004, 0.008, 0.012, 0.024)) were prepared by calcinating a mixture of Sn-incorporated precursors and the stoichiometric amount of LiOH at 800 °C (heating rate: 3 °C min−1) in an O2 atmosphere for 24 h. Hereinafter, we denote the cathode active materials by their Sn wt %. Namely, we refer to Li[Ni0.82Co0.12Mn0.06]1−xSnxO2 (x = 0, 0.004, 0.008, 0.012, 0.024) as pristine, Sn 0.5 wt %, Sn 1.0 wt %, Sn 1.5 wt %, and Sn 3.0 wt %, respectively. The synthesis procedure is summarized in Scheme 1.




2.2. Physicochemical and Electrochemical Characterizations


The crystal structure of samples was obtained by X-ray diffraction (XRD, Panalytical Emprean, Eindhoven, The Netherlands). The particle morphology of samples was observed using a scanning electron microscope (SEM, JSM-6380, JEOL Ltd., Tokyo, Japan) and energy dispersive X-ray spectroscopy (EDS, JEM 2300, Oxford Ltd., Abingdon, UK). The combined bond state of samples was obtained using X-ray photoelectron spectra (XPS, K-alpha, Thermo, Waltham, MA, USA). The particle hardness of samples was measured using a particle compression tester (PCT, MCT-W500-EGA, Shimadzu, Kyoto, Japan).



Charge–discharge tests were performed using CR2032-type coin cells. Cathodes were prepared by mixing the cathode active materials, carbon black (Super-P), and polyvinylidene fluoride (KF1100) binder in a mass ratio of 95:2:3 respectively. Cells were assembled with the prepared cathodes, lithium metal as an anode, polyethylene film as a separator, and 1 M LiPF6 in a mixture of ethylene carbonate and ethyl methyl carbonate (1:2, volume ratio) as an electrolyte. The cells were cycled from 3.0 to 4.3, 4.4, or 4.5 V (vs. Li/Li+) at different C-rates at room temperature or at a high temperature (60 °C). Unless stated otherwise, potential values are based on Li/Li+ potential.





3. Results and Discussion


3.1. Physicochemical Characterizations of Sn-Incorporated Ni-Rich Cathode Active Materials


The SEM images in Figure 1 show the morphology of the Sn-incorporated precursors and the cathode active materials. The secondary particles of the precursors seem to have a quasi-spherical shape, and each secondary particle is an agglomerate of fine acicular primary particles. Similarly, the secondary particles of the cathode active materials have a quasi-spherical shape, and each secondary particle is an agglomerate of granular primary particles, which are thicker than those of the precursors. The average secondary particle sizes of the precursors and the cathode active materials are similar at around 9 μm. There is no distinct correlation between the secondary particle size and the Sn content. Incidentally, Figure S1 represents the cross section of the cathode active materials indicating that the Sn content would not affect the compactness of particles. The distribution of elements in the cathode active materials was looked into by using EDS mapping. Figure 2, which shows the results of the EDS mapping for Sn 3.0 wt %, is a representative result indicating the homogeneous distribution of Ni, Co, Mn, and Sn. The EDS cross-section mapping of the pristine, Sn 0.5 wt %, Sn 1.0 wt %, and Sn 1.5 wt % samples is displayed in Figure S2.


Figure 1. SEM images of the Sn-incorporated precursors ((a) pristine, (b) Sn 0.5 wt %, (c) Sn 1.0 wt %, (d) Sn 1.5 wt %, and (e) Sn 3.0 wt %) and the cathode active materials ((f) pristine, (g) Sn 0.5 wt %, (h) Sn 1.0 wt %, (i) Sn 1.5 wt %, and (j) Sn 3.0 wt %).
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Figure 2. EDS (energy dispersive X-ray spectroscopy) cross-section mapping of the Sn 3.0 wt % cathode active materials.
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The crystal structures of the cathode active materials were characterized using XRD as shown in Figure 3a. Two representative peak splitting doublets, (006)/(102) and (108)/(110), were clearly observed, which indicates that a well-ordered layered structure was constructed during the calcination process [22]. In addition, no peaks other than Li[Ni0.82Co0.12Mn0.06]O2 were observed even when no less than 3.0 wt % Sn was introduced to the pristine sample, which would mean that all Sn atoms were incorporated into the crystal structure of Li[Ni0.82Co0.12Mn0.06]O2 without forming secondary phases. Figure 3b shows the magnified (003) peak region in the 2θ around 19°. The peak tends to shift toward lower angles with the Sn content, suggesting an expanded d-spacing according to Bragg’s law. This peak shift is in line with increases in lattice parameters in a- and c-directions with increasing the Sn content, as shown in Table 1. These structural characteristics can be explained by a larger ionic radius of Sn4+ (0.71 Å) than that of Co3+ (0.62 Å), Ni2+ (0.69 Å), Ni3+ (0.56 Å), and Mn4+ (0.53 Å) [23]. Incidentally, the peak shift and the corresponding lattice expansion are not proportional to the Sn content beyond 1.0 wt %, the origin of which is not clear at this stage. There is a possibility of SnO2 formation in adding Sn higher than 1.5 wt % to Li[Ni0.82Co0.12Mn0.06]O2 although we did not observe any tangible XRD peak for SnO2 [23]. However, the Sn content in NCM was measured by inductively coupled plasma mass spectrometry, which showed that Li[Ni0.82Co0.12Mn0.06]1−xSnxO2 contains the designed value of Sn up to 3.0 wt %.


Figure 3. XRD patterns of the cathode active materials: (a) full spectrum and (b) expanded view around (003).
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Table 1. Lattice parameters of the cathode active materials.







	
Lattice Parameter

	
Pristine

	
Sn 0.5 wt %

	
Sn 1.0 wt %

	
Sn 1.5 wt %

	
Sn 3.0 wt %






	
a [Å]

	
2.86769

	
2.86794

	
2.87031

	
2.87007

	
2.86819




	
c [Å]

	
14.13716

	
14.14405

	
14.19612

	
14.17667

	
14.14698










In order to investigate the oxidation states of nickel, cobalt, manganese, and tin, an XPS measurement was performed. The wide scan spectrum indicates the presence of Co, Ni, Mn, O, and Sn (Figure S3). Figure 4 shows that the binding energies of Co, Ni, Mn, and Sn belong to Co3+, Ni2+, Ni3+, Mn4+, and Sn4+. The Co 2p spectrum has two main peaks of 2p3/2 at 780 eV and 2p1/2 at 795 eV. For Ni 2p, 2p3/2, and 2p1/2 are located at 854 eV and 872 eV, respectively. While the main peaks of Mn 2p are 2p3/2 at 642 eV and 2p1/2 at 653 eV, the peak position of Sn 3d5/2 and 3d3/2 is 486 eV and 494 eV, which would represent the Sn4+ cations [22,24]. In the O 1s spectra, two peaks are observed characteristic of O2− anions belonging to the crystalline network and weakly absorbed surface species [25].


Figure 4. XPS of the cathode active materials.
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The breaking strength of cathode active material particles depending on the Sn content was measured as in Table 2. When an indenter of particle compression tester applies force to a particle in the vertical direction, the breaking strength is calculated at breaking point using two parameters as follows:


[image: ]



(1)




where σt is the breaking strength, P is the force at breaking point, and D is the diameter of the particle. The breaking strength of the Sn-incorporated samples in Table 2 is higher than the pristine sample, and the highest breaking strength was observed at Sn 1.0 wt %. Cathode active material particles that have high breaking strength are expected to show excellent cycleability because high breaking strength restrains structural deformation, particularly at a high voltage and high C-rate [26,27].



Table 2. Breaking strength of the cathode active material particles.







	
Sample

	
Force P (mN)

	
Diameter D (µm)

	
σt (MPa)






	
Pristine

	
8.29

	
9.39

	
83.86




	
Sn 0.5 wt %

	
12.12

	
9.87

	
110.98




	
Sn 1.0 wt %

	
12.34

	
8.91

	
138.49




	
Sn 1.5 wt %

	
13.75

	
11.47

	
93.16




	
Sn 3.0 wt %

	
10.52

	
10.24

	
89.43











3.2. Electrochemical Characterizations of Sn-Incorporated Ni-Rich Cathode Active Materials


Figure 5 shows the first charge–discharge profiles of the cathode active materials at a constant current density of 0.1 C between 3.0 and 4.3 V at room temperature. As shown in Table 3, the discharge capacity of the Sn-incorporated cathode active materials is slightly decreased compared to the pristine cathode active material because Sn4+ is inactive during the charge–discharge process.


Figure 5. Initial charge–discharge profiles of the cathode active materials.
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Table 3. Initial charge–discharge capacity of the cathode active materials.







	
Sample

	
Charge (mAh g−1)

	
Discharge (mAh g−1)






	
Pristine

	
225.98

	
199.92




	
Sn 0.5 wt %

	
224.03

	
193.38




	
Sn 1.0 wt %

	
221.39

	
187.39




	
Sn 1.5 wt %

	
217.43

	
190.38




	
Sn 3.0 wt %

	
216.80

	
189.74










To evaluate rate performance, the cathode active materials were tested at various C-rates between 3.0 and 4.3 V, and their discharge capacities are presented in Figure 6. The Sn-incorporated cathode active materials have higher discharge capacities (Sn 0.5 wt %: 126.65 mAh g−1, Sn 1.0 wt %: 148.98 mAh g−1, Sn 1.5 wt %: 147.90 mAh g−1, and Sn 3.0 wt %: 147.61 mAh g−1) than the pristine cathode active material (116.80 mAh g−1) at 5 C. It is noticeable that the Sn-incorporated cathode active materials have low overpotential compared to the pristine cathode active material at 5 C (Figure 7). Incorporated Sn could reduce polarization at the interface between the cathode and electrolyte [25]. As previously mentioned, incorporated Sn4+ ions that have a larger ionic radius than other ions allow lattice volume expansion, which enhances Li+ intercalation/deintercalation.


Figure 6. Discharge capacity of the cathode active materials at 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, and 5 C.
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Figure 7. Discharge profile of the cathode active materials at 5 C.
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As mentioned previously in Table 2, the cycleability of the Sn-incorporated samples is expected to be superior to that of the pristine sample. Accordingly, the cycleability of the cathode active materials under various conditions was investigated in Figure 8 (to 4.3/4.4/4.5 V at room temperature) and Figure 9 (to 4.3 V at 60 °C). Under the mild charge–discharge condition (to 4.3 V at room temperature) in Figure 8a, the discharge capacities of the Sn-incorporated samples are maintained from the 2nd to 50th cycle, whereas that of the pristine sample continues to decrease slowly. Meanwhile, the discharge capacities of the Sn-incorporated samples also start to decrease at higher charge cutoff voltages, but the degree of capacity decrease of the pristine sample is much higher in Figure 8b,c. Increasing charge cutoff voltage for high capacity would incur structural instability owing to excessive Li-ion extraction [28]. Because the incorporation of Sn strengthens the cathode active material particles as evidenced by the higher breaking strength value, the Sn-incorporated samples can maintain the stability of the crystal structure and have enhanced cycling performance over the pristine sample. Regarding the effect of operating temperature, a high temperature causes the degradation of cycle performance because of electrolyte side reactions [29]. While the discharge capacities of the Sn-incorporated samples at room temperature are maintained (Figure 8a), the high temperature charge–discharge indeed aggravates the cycling performance as shown in Figure 9. However, a trend that the Sn-incorporated samples have improved cycling performance relative to the pristine sample was again observed at high temperatures, which can be attributed to the high breaking strength of the Sn-incorporated samples.


Figure 8. Cycling performance of the cathode active materials at room temperature from 3.0 to (a) 4.3, (b) 4.4, or (c) 4.5 V (0.1 C for the 1st cycle and 0.5 C from the 2nd cycle).
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Figure 9. Cycling performance of the cathode active materials at high temperature (60 °C) and 0.5 C (0.1 C for the 1st cycle and 0.5 C from the 2nd cycle).



[image: Metals 07 00395 g009]








4. Conclusions


The physicochemical characterizations of Sn-incorporated NCM were conducted using SEM, EDS mapping, XRD, XPS, and the breaking strength of particles. The XRD results demonstrated that the (003) peak tends to shift toward lower angles with increases in Sn content, which is in line with a larger ionic radius of Sn4+ (0.71 Å) rather than that of Co3+ (0.62 Å), Ni2+ (0.69 Å), Ni3+ (0.56 Å), and Mn4+ (0.53 Å). The breaking strength of the Sn-incorporated samples is higher than the pristine sample with the highest breaking strength observed at Sn 1.0 wt %. While the discharge capacity of the Sn-incorporated samples is slightly decreased compared to the pristine sample, the Sn-incorporated samples have low overpotential compared to the pristine cathode active material at high C-rates. A trend that the Sn-incorporated samples have improved cycling performance relative to the pristine sample was observed, which can be attributed to the high breaking strength of the Sn-incorporated samples.
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The following are available online at http://www.mdpi.com/2075-4701/7/10/395/s1, Figure S1: SEM cross-section images of the cathode active materials; Figure S2: EDS cross-section mapping of the cathode active materials: (a) pristine, (b) Sn 0.5 wt %, (c) Sn 1.0 wt %, and (d) Sn 1.5 wt %; Figure S3: Wide XPS of the cathode active materials.
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Scheme 1. The synthesis procedure of the cathode active materials. 
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