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Abstract

:

Parasitic reactions are responsible for continuous performance loss during the normal operation and storage of lithium-ion batteries, particularly for those using nickel-rich cathode materials. Among many contributors, residual Li2CO3 on the surface of nickel-rich cathodes plays a detrimental role in promoting parasitic reactions, and hence accelerates the performance loss of those cathode materials. In this work, a wet impregnation process was utilized to convert the detrimental Li2CO3 and LiOH impurities into a beneficial functional surface coating comprising phosphates. Specifically, hydro-phosphates were used as the functional surface modification agents to mitigate the detrimental effect of surface residuals. The best electrochemical performance was achieved by modifying LiNi0.6Mn0.2Co0.2O2 with a diluted dihydro-phosphate solution (pKa = 7.2), while the metal cation had a negligible impact on the electrochemical performance. This work provides a cheap and simple method for enabling the high performance of nickel-rich cathodes.
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1. Introduction


Nickel-rich lithium transition metal oxides can operate at a relatively high potential and deliver a high reversible specific capacity up to 220 mAh g−1. Therefore, they are widely regarded as promising cathode materials for high-energy-density lithium-ion technologies. Unlocking their potential for a higher energy density does come with additional barriers to overcome [1]. These include insufficient structural and interfacial stability that simply cannot support their long-term operation [2,3,4,5]. Many structural and morphological changes have been widely reported regarding extensively cycled nickel-rich cathodes. These observations include detrimental H1-3/O1 phase transformation at a high potential [6,7], dissolution and migration of the transition metal from the cathode to the anode [8,9,10], surface reconstruction (a process resulting in the formation of spinel-like and rock salt structure on the surface of cathode particles) [11,12,13,14], and the microcracking between primary particles [15,16,17,18] and within single primary particles [19]. Most of these observations are based on the bulk properties of the lithium transition metal oxides, and interestingly, a lot of these observations were reported to be overcome by surface-focused approaches like surface coating and surface doping [3,4,18,20,21]. Using in situ high-energy X-ray diffraction (HEXRD) to track the structural evolution of lithium nickel–manganese–cobalt oxides (NMC) during charge/discharge cycling, Xu et al. reported that NMC slowly underwent undesired phase transformation from the layered structure to a spinel-like structure when cycled to a high potential, and that this undesired phase transformation can be successfully eliminated by a thin layer of poly(3,4-ethylenedioxythiophene) (PEDOT) coating on the surface of NMC secondary particles [14]. Using electron microscopy to track the morphological change in NMC cathodes, Zhang et al. observed the formation of microcracks inside NMC particles after extensive cycling. They also reported that the cracking issue can be resolved by applying a thin layer of Li3PO4 coating on the NMC surface [17]. Independently, Chen et al. reported that the microcracks can also be overcome by applying a layer of elastic PEDOT coating [18]. Dahn et al. reported that, when charged to 4.5 V vs. Li+/Li, LiCoO2 underwent an irreversible phase transformation from H1-3 phase to O1 phase, physically achieved through the gliding of adjacent CoO6 octahedron layers on the ab plane [6], triggering the accelerated electrochemical performance loss of LiCoO2. They also reported that this phase transformation can become reversible when the LiCoO2 particle is coated with Al2O3 [6]. Hu et al. also reported that the stable cycling of NMC up to 4.8 V vs. Li+/Li can be accomplished by deploying a functional electrolyte additive to stabilize the cathode/electrolyte interface (CEI) [7]. Clearly, the change in surface chemistry can have a significant impact on the bulk mechanical/crystallographic behavior of NMC cathode materials. However, a consensus on the physical connection between the surface chemistry and the bulk properties has not been reached yet.



Due to the urgent need to understand the surface chemistry of NMC cathodes, a major effort has been devoted to characterizing the chemical composition of CEI, as well as their 3D distribution, using cutting-edge characterization tools [22,23,24,25], in attempts to identify the fingerprint of a good CEI. With the continuous evolution of new concepts and new characterization capacities, the chemical and physical image of a good CEI is continuously updating, but a consensus on universally good CEI has not been achieved yet. On the other hand, there is an emerging effort to quantitatively measure the electrochemical functionality of the CEI layer, to block the electron transfer between the electrolyte and the electrode materials, using advanced electrochemical characterization such as high precision columbic efficiency (HPCE) [26,27] and high-precision leakage current (HpLC) [28,29,30,31] measurements. Both HPCE and HpLC results show that, even with the presence of the best SEI or CEI, there are persistent parasitic reactions ongoing inside lithium-ion cells. The parasitic reactions are a set of chemical/electrochemical reactions between the electrolyte and the electrode material that cause the continuous loss of electrochemical performance of the lithium-ion cell. It was recently reported that an important step of the parasitic reactions on the cathode side is the chemical oxidation reaction of the carbonate solvents with the help from the exposed transition metal cations on the cathode surface [29]. Meanwhile, residual Li2CO3 is generally found on the surface of nickel-rich cathode materials. It was also reported that residual Li2CO3 can promote the chemical absorption of carbonate solvents, and hence promote the electron transfer reaction between the electrolyte and the delithiated cathodes [32]. Therefore, the presence of residual Li2CO3 plays a detrimental role in accelerating the parasitic reactions, increasing the CO2 generated at high potentials [33,34], aggravating the surface reconstruction, and accelerating the performance loss of nickel-rich cathodes [32]. Therefore, mitigating the impact of exposed transition metal cations and residual Li2CO3 is crucial for maintaining the high performance of nickel-rich cathodes.



In this work, we aim to mitigate the detrimental impact of exposed transition metal cations and residual Li2CO3 on LiNi0.6Mn0.2Co0.2O2 (NMC622) through a simple one-step surface modification. By adopting a wet impregnation process, hydro-phosphates were used as the chemical reaction agent to remove residual LiOH/Li2CO3, and at the same time, deposit a thin layer of phosphates on the cathode surface as the functional coating material. It was demonstrated that phosphate coating is beneficial for improving the electrochemical performance of NMC622, and weak acids like dihydro-phosphates (pKa = 7.2) give the best protection to NMC622.




2. Materials and Methods


Absorbing capacity measurement—First, 10 g of NMC622 powder was fully soaked in 30 mL of water. The wet powder was separated from the liquid and collected after centrifuging. The powder was then baked at 550 °C overnight to remove the absorbed water on the surface of NMC622. The difference in weight before and after baking was then used as the water absorption capability for NMC622. In this study, the average value was determined to be about 15 wt% of the NMC622 powder. For the wet impregnation process, a 20 wt% liquid was used to minimize the residual liquid on the NMC622 powder after wetting with the intended surface modification solutions.



LiOH/Li2CO3 Titration—First, 0.5 g NMC622 powder was soaked in 30 mL of deionized (DI) water for minutes to allow the dissolution of residual LiOH and Li2CO3 in the aqueous phase. The liquid was then separated from the wet NMC622 powder after centrifuging. Then, 2 mL of the obtained liquid phase was sampled for titration using a Mettler Toledo T5 Excellence automatic titrator. The titration solution used was a 0.01 M HCl solution. The titration curve was then used to calculate the content of residual LiOH and L2CO3 in the NMC622 powder.



Material processing—First, 10 g NMC622 was added to a plastic bottle, followed by 2 mL of surface modification solution with the appropriate amount of acid based on the designed ratios. For example, the sample NMC622-Ca-1 had a 2 mL surface modification solution with a 1 wt% of Ca(H2PO4)2. The wet powder was then further mixed using Resodyn Acoustic Mixer for 2 min to ensure uniform coverage of the modification solution on theNMC622 surface. Subsequently, the wet NMC622 powder was then baked at 550 °C for 6 h, sufficient for the complete removal of moisture and to deposit phosphates on the surface of NMC622. The surface-modified samples were labeled as NMC622-SMA-x, where x is the weight percentage of the surface modification agent SMA in the liquid solution, and where Al stands for Al(H2PO4)3, Ca stands for Ca(H2PO4)2, Mg stands for MgHPO4, H stands for H3PO4, and B stands for H3BO3.



Cell assembling and electrochemical characterization—The electrochemical performances of NMC22 cathodes with and without surface modification were characterized in 2032R coin-type cells, using lithium metal as the counter electrode. The active cathode material, conductive additive (Carbon 45), and binder (polyvinylidene–fluoride, PVDF) were suspended in N-methyl-2-pyrrolidone (NMP) with a mass ratio of 92:4:4 to form a slurry. The obtained slurry was applied to an Al current collector, dried, and then cut into 14 mm diameter disks with a cathode loading level of 9–10 mg cm−2. The electrolyte consisting of 1.2 M LiPF6 in ethylene carbonate/ethyl methyl carbonate solution (EC:DMC = 3:7 by wt.) was used. The half-coin cells were assembled in an Ar-filled glove box. Each coin cell consisted of a cathode electrode and a Li chip anode electrode with a layer of separator in between. Galvanostatic cycle tests were performed on a LAND system in a voltage range from 2.5 to 4.4 V (vs Li+/Li), with a constant current of C/3.



XPS characterization—Surface coating analysis on the NMC particles was carried out using X-ray photoelectron spectroscopy (XPS) in a PHI 5000 VersaProbe II system manufactured by Physical Electronics. The instrument was connected to an argon glovebox to ensure a controlled atmosphere during the analysis. The XPS spectrometer utilized a focused monochromatic radiation beam with a diameter of 100 μm and a power output of 25 W. The radiation source employed was Al Kα with an energy of 1486.6 electron volts (eV). High-resolution spectra were obtained using electron beam sample neutralization, fixed analyzer transmission mode, and a constant pass energy of 23.25 eV. The analyzed area of the samples measured 100 × 100 μm2 in dimensions. The binding energy calibration was performed using the hydrocarbon (C-C) peak in the C 1s spectrum, which was set at 284.8 eV.




3. Results


3.1. Surface Modification of NMC622


Figure 1 schematically shows the wet impregnation process to remove residual LiOH/Li2CO3 and deposit a functional coating material on the surface of NMC622. Instead of fully soaking the NMC622 powder in an excessive amount of liquid solution, the NMC622 powder was initially mixed with a limited amount of solution (20 wt% of NMC622 powder), containing a surface modification agent like Ca(H2PO4)2, followed by acoustic mixing to uniformly disperse the solution on the surface of the NMC622 powder. After mixing, the wet power was then baked at 550 °C for 6 h to remove moisture and deposit phosphates on the NMC622 surface (see Equations (1) and (2) for exemplary reactions).


12LiOH + 3Ca(H2PO4)2 → 4Li3PO4 + Ca3(PO4)2 + 12H2O



(1)






6Li2CO3 + 3Ca(H2PO4)2 → 4Li3PO4 + Ca3(PO4)2 + 6H2O + 6CO2



(2)







Before conducting the surface modification, NMC622 was first fully soaked with deionized water. After being separated from the liquid phase, the wet powder was baked at 550 °C overnight. About 15 wt% weight loss was observed during the thermal processing, suggesting at least 15 wt% water is needed to saturate the surface area of NMC622. In the real process, the amount of liquid was set at 20 wt% to ensure full adsorption with a limited amount of excessive liquid. Meanwhile, a titration procedure was used to determine the content of residual LiOH and Li2CO3 on the surface of NMC622 (see Figure 2 for the titration curves). The titration results indicate that the content of LiOH and Li2CO3 is 1900 and 4500 ppm (0.19 wt% and 0.45 wt%) of NMC622 powder, respectively. Based on the content of the residual LiOH/Li2CO3, one can calculate the targeted concentration of various hydro-phosphates that can provide the proper number of protons to neutralize the residual LiOH and Li2CO3 as summarized in Table 1. The sample ID, processing condition, and basic electrochemical properties of surface-modified NMC622 are outlined in Table 2 for a direct comparison.




3.2. Surface Chemistry of NMC622


To confirm the effectiveness of the surface modification on NMC622, X-ray photoelectron spectroscopy (XPS) was deployed to characterize the change in surface chemistry as shown in Figure 3. The first column of Figure 3 presents the high-resolution spectra of the Ca2p core level for the pristine NMC622, and those modified with the Ca(H2PO4)2 solution. No Ca2p signal was observed for the pristine NMC622 powder as expected, and those samples modified with Ca(H2PO4)2 solutions clearly show strong absorption at a binding energy of 350.3 eV (Ca2p1/2) and 346.8 eV (Ca2p3/2), respectively. This clearly illustrates the deposition of Ca-bearing species through the wet impregnation process. The high-resolution P2p spectra also clearly show the deposition of phosphate-bearing species on the modified NMC622 particles, evidenced by the characteristic absorption peak at a binding energy of 133.7 eV (see the second column of Figure 3). It is one of our main objectives to mitigate the catalytic impact of residual Li2CO3. Therefore, the high-resolution spectra of C1s were also collected and are shown in the third column of Figure 3. It can be clearly seen that the C1s absorption peak at a 289.7 eV binding energy decreases quickly with the increase in Ca(H2PO4)2 in the processing solution. The decrease in C1s signal can come from two possible roots, either Li2CO3 being buried under a thicker coating layer or more Li2CO3 being removed by the processing solution. To differentiate between possible roots, high-resolution Ni2p spectra were also collected (see the last column of Figure 3) and used as the internal reference for C1s spectra, considering the Ni element to be covered with the same surface coating layer as Li2CO3. Therefore, the intensity ratio between the C1s peak at 289.7 eV and the Ni2p3/2 peak at 854.7 eV can be used as a quantitative indicator for the level of residual Li2CO3. It was found that the peak ratio decreased from 0.129 (NMC622) to 0.06 (NMC622-Ca-1), 0.05 (NMC622-Ca-3), and 0.05 (NMC622-Ca-4), respectively. Clearly, the majority of residual Li2CO3 was removed with a low Ca(H2PO4)2 concentration level up to 1 wt%, and the effectiveness of Li2CO3 removal slows down with a further increase in the concentration of Ca(H2PO4)2. The reduced effectiveness can be attributed to the very low Ksp of Ca3(PO4)2 (1.08 × 10−23), which can be translated into a very low solubility (~10–5 M, or ~3 ppm) in neutral water. When Ca(H2PO4)2 comes into contact with a residual Li2CO3 domain, Ca3(PO4)2 quickly forms and in situ deposits on top of the Li2CO3 domain, passivating the Li2CO3 surface and slowing down the removal of Li2CO3.




3.3. Electrochemical Performance of NMC622


Figure 4a shows the normalized capacity retention of half cells using pristine NMC622, and those modified with different concentrations of Ca(H2PO4)2 solutions. The corresponding voltage profile and dQdV of NMC622 and NMC622-Ca-3 are shown in Figure 4b,c and Figure 4d,e, respectively. The electrolyte used for these cells is 1.2 M LiPF6 in a mixture solvent of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with a mass ratio of 3:7. Before continuously cycling between 2.5 V and 4.4 V vs. Li+/Li using a constant current of C/3 (~1.0 mA), these cells were first subject to two formation cycles between 2.5 V and 4.4 V at a constant current of C/10. From the voltage profiles and dQdV, it was apparent that the coating layer offered more stable cycling with lower impedance at high cycle numbers. The basic electrochemical performance of these cells is summarized in Table 2. The first discharge capacity obtained from the formation cycles was used as the initial discharge capacity to normalize the discharge capacity retention as shown in Figure 4. As shown in Table 2, the initial specific discharge capacity decreases steadily with the concentration of Ca(H2PO4)2, implying that more inactive phosphate material was deposited. Although we initially expected that the final phosphate-based coating material could protect NMC622 from reaction with the electrolyte during repeating charge/discharge cycling [15,35], it was observed that the first cycle columbic efficiency of NMC622 cathodes slightly decreases with the concentration of Ca(H2PO4)2, which is quite different from the capacity retention shown in Figure 4. It is speculated here that, with a very low solubility of Ca3(PO4)2, the residual Li2CO3 was effectively passivated by Ca3(PO4)2, and the rest of Ca(H2PO4)2 alternatively attacked the NMC622 surface that was not covered by Li2CO3, causing a slight degradation on the surface of NMC622. Therefore, a lower concentration of Ca(H2PO4)2 is preferred to leave a lower amount of excessive Ca(H2PO4)2 to attack active NMC622 material. This also reflects the cycling results shown in Figure 4, that NMC622 modified with a low Ca(H2PO4)2 concentration of 3 wt%, which is far below the targeted concentration as shown in Table 1, had the best capacity retention. On the other hand, the 1 wt% sample did not perform as well as the 3 wt%, likely because the Li2CO3 surface was not sufficiently passivated by such a low amount of weak acid, and it still retained its cycle degrading function. This interplay between passivating the surface of Li2CO3 and not having too great an excess number of protons that can attack the NMC622 is the likely reason for the existence of an optimal point (3 wt%).





4. Discussion


To generalize our observations, the same wet impregnation process was deployed to treat the NMC622 cathode with various hydro-phosphate solutions including Al(H2PO4)3, Mg(H2PO4)2, and H3PO4, and the electrochemical results are compared in Table 2. With different surface modification agents, the same trend was maintained; that is, both the initial irreversible capacity loss and the reversible specific capacity decrease with the concentration of the surface modification agent. When it comes to the capacity retention, the best hydro-phosphate concentration was found to be 3 wt% for H3PO4, 3 wt% for Ca(H2PO4)2, 3 wt% for Al(H2PO4)3, and 5 wt% for MgHPO4. Figure 5 compared the normalized capacity retention of the best materials from each class. The pristine MNC622 lost about 8% of its reversible capacity after 50 cycles. Compared to pristine NMC622, NMC622-H-3 and MNC622-Mg-5 had a slightly better capacity retention, losing about 6% of their reversible capacity after 50 cycles. The best electrochemical performance was observed for those modified with either Ca(H2PO4)2 or Al(H2PO4)3, while no significant difference was observed between them. This suggests that the anion, PO43−, plays an active role in protecting the NMC622 cathode from reacting with the electrolyte during the continuous charge/discharge cycling, and to maintain a better capacity retention. Considering the need to mitigate the detrimental impact of residual Li2CO3, the pH value of the processing solution should also play an active role in the electrochemical performance. In an aqueous solution, H3PO4 behaves as a triprotic acid, as shown in Equations (3)–(5).


H3PO4 ⇌ H2PO4− + H+,   pKa1 = 2.14



(3)






H2PO4− ⇌ HPO42− + H+,   pKa2 = 7.20



(4)






HPO42− ⇌ PO43− + H+,   pKa3 = 12.37



(5)







Among all surface modification agents examined, the H3PO4 solution had the lowest pH (pKa1 = 2.14), and NMC622 particles were expected to get more aggressively attacked by the excessive H3PO4 solution that is absorbed on the bare NMC622 surface, and hence less improvement in capacity retention was observed. On the other hand, MgHPO4 is a weak acid (pKa3 = 12.37), and it has very limited capacity to neutralize the residual Li2CO3. To validate the importance of the PO43− anion and the pH of the processing solution, different concentrations of H3BO3 were deployed to the treated NMC622 material using the same wet impregnation process. As shown in Figure 6, no significant difference was observed among NMC622 samples with and without the H3BO3 treatment. The ineffectiveness can be ascribed to (1) a high pKa1 (9.2, a weak acid) and (2) the lack of PO43− that is desired to protect NMC622. Therefore, one can conclude that weak acids comprising dihydro-phosphates are ideal candidates to serve the purpose of both passivating residual Li2CO3 and depositing a functional surface coating layer with minimum damage to the NMC622 material.



Summarizing the above discussion, Figure 7 schematically illustrates the working mechanism of the phosphate-based functional surface coating to improve the electrochemical performance of NMC622. On the surface of pristine NMC622 particles, there are exposed transition metal cations that are not fully encapsulated in TMO6 octahedrons. The partially empty d orbitals of these exposed transition metal cations are good electron acceptors while the carbonyl group of carbonate solvent serves well as a good electron donor. When NMC622 particles come into contact with carbonate-based non-aqueous electrolytes, a coordination bond can be formed between the exposed transition metal cations and carbonate solvent, promoting the chemical absorption of solvent molecules on the NMC622 surface [29]. At the same time, the NMC622 surface can also be partially covered by residual Li2CO3, which is formed during the cooling-of-synthesis process, as well as storage at ambient conditions. Owing to the structural similarity between CO32− units in the inorganic crystal and the carboxyl group in carbonate molecules, alkali carbonates have been widely used as the catalyst for the synthesis of organic carbonates by taking advantage of suitable chemical adsorption energy for organic carbonates on the surface of inorganic carbonates [36,37]. In the case of NMC622, the residual Li2CO3 can also promote the chemical adsorption of carbonate solvents via the Li2CO3 surface. In both cases, the chemically adsorbed carbonate molecules are prone to losing one electron to the NMC622 cathode material and undergoing a ring-opening reaction when it is charged to a relatively high potential—say, 4.2 V vs. Li+/Li and above—leading to accelerated parasitic reactions and the electrochemical performance loss of NMC622. When the pristine NMC622 material is processed with the proposed hydro-phosphate solutions, a thin layer of metal phosphate will uniformly cover the surface of NMC622, as well as residual Li2CO3. This layer of phosphate acts as the physical barrier to block the chemical bonding between the NMC622 particle and the carbonate solvents, and hence the parasitic reactions on CEI can be effectively suppressed, leading to extended cycle life for the NMC622 cathode.




5. Conclusions


A wet impregnation process is adopted to convert the detrimental Li2CO3 residual to a uniform thin layer of phosphate coating material on the surface of NMC622 particles. Although the residual Li2CO3 is only partially removed by the wet impregnation process, the low solubility of metal phosphates promotes the formation of uniform thin coating on the NMC622 particles, including the surface for residual Li2CO3. This functional coating layer can effectively block the specific chemical interaction between the carbonate solvent molecules and the NMC622 particles, demote the parasitic reactions, and ultimately improve the CEI stability of the NMC622 cathode. The comparison among various surface coating agents also reveals that a weak acid like dihydro-phosphate is highly desired to achieve the maximum protection with a minimum adverse impact on the nickel-rich cathode materials.
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Figure 1. Schematics of wet impregnation for depositing functional surface coating on NMC622 (LiNi0.6Mn0.2Ni0.2O2). 
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Figure 2. Titration curve to determine the level residual LiOH/Li2CO3 in LiNi0.6Mn0.2Co0.2O2. 
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Figure 3. XPS results showing the deposition of phosphates on the surface of (a) pristine NMC622; (b) NMC622-Ca-1; (c) NMC622Ca-3; and (d) NMC622-Ca-4. Dotted lines represent raw spectrum and solid lines represent fitted spectrum. Some peak areas were colored to guide reader. 
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Figure 4. (a) Discharge capacity of half cells during charge/discharge cycling between 2.5 V and 4.4 V with a constant current of C/3 (~1 mA), showing the impact of Li3PO4/Ca3(PO4)2 coating on the performance of NMC622. (b) Voltage profile of NMC622 and (c) corresponding dQdV. (d) Voltage profile of NMC622-Ca-3 and (e) corresponding dQdV. Please note the 1st cycle is taken after formation cycles. 
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Figure 5. Comparison of the capacity retention of NMC622 processed with different acidic phosphate-based solutions. 
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Figure 6. Discharge capacity of half cells during charge/discharge cycling between 2.5 V and 4.4 V with a constant current of C/3 for LiNi0.6Mn0.2Co0.2O2 with and without modification with H3BO3. The concentration of H3BO3 in the solution is 1 wt% (NMC622-B-1), 3 wt% (NMC622-B-3), 5 wt% (NMC622-B-5), 6 wt% (NMC622-B-6), and 8 wt% (NMC622-B-8), respectively. 
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Figure 7. Schematics illustrates the mechanism for stabilized cathode/electrolyte interface with the functional surface coating. 
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Table 1. Targeted concentration for different surface modification agents for complete removal of residual LiOH/Li2CO3 in NMC622.
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	Surface Modification Agent
	Targeted Concentration





	Ca(H2PO4)2·H2O
	6.5 wt%



	Al(H2PO4)3
	5.0 wt%



	MgHPO4·3H2O
	17.5 wt%



	H3PO4
	3.3 wt%










 





Table 2. Basic electrochemical properties of NMC622 processed with different surface modification solutions.
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	Sample ID
	Processing Solution
	1st Charge Capacity

(mAh g−1)
	1st Discharge Capacity

(mAh g−1)
	1st Cycle Columbic Efficiency, %
	Capacity Retention @ 50th Cycle, %





	NMC622
	
	205.0 ± 1.84
	182.2 ± 2.40
	89.04 ± 0.35
	92.08 ± 1.59



	NMC622-Ca-1
	1 wt% Ca(H2PO4)2
	207.9 ± 2.25
	181.1 ± 1.94
	87.10 ±0.08
	96.21 ± 0.28



	NMC622-Ca-3
	3 wt% Ca(H2PO4)2
	209.5 ± 2.04
	180.7 ± 0.64
	86.23 ± 0.53
	97.25 ± 0.87



	NMC622-Ca-4
	4 wt% Ca(H2PO4)2
	202.8 ± 0.85
	175.7 ± 1.13
	86.65 ± 0.21
	95.48 ± 0.25



	NMC622-Al-p5
	0.5 wt% Al(H2PO4)3
	207.6 ± 1.91
	184.2 ± 1.34
	88.73 ± 0.16
	94.09 ± 1.17



	NMC622-Al-1
	1 wt% Al(H2PO4)3
	211.3 ± 1.97
	187.4 ± 1.33
	88.73 ± 0.05
	94.49 ± 0.45



	NMC622-Al-2
	2 wt% Al(H2PO4)3
	209.4 ± 1.94
	180.2 ± 0.40
	86.06 ± 0.01
	96.53 ± 0.03



	NMC622-Al-3
	3 wt% Al(H2PO4)3
	208.8 ± 0.78
	180.2 ± 0.42
	86.32 ± 0.12
	97.56 ± 0.73



	NMC622-Mg-5
	5 wt% MgHPO4
	207.9 ± 1.01
	183.7 ± 0.95
	88.33 ± 0.05
	93.42 ± 0.81



	NMC622-Mg-10
	10 wt% MgHPO4
	203.4 ± 0.92
	179.3 ± 0.45
	88.33 ± 0.06
	89.01 ± 3.26



	NMC622-Mg-15
	15 wt% MgHPO4
	196.1 ± 2.82
	173.2 ± 1.70
	88.32 ± 0.03
	89.77 ± 0.95



	NMC622-H-1
	1 wt% H3PO4
	199.9±1.22
	177.0± 1.23
	88.53± 0.21
	94.50± 0.67



	NMC622-H-3
	3 wt% H3PO4
	205.9±0.90
	184.5± 0.85
	89.96± 0.07
	94.50± 0.67
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