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Abstract 

Layered LiNixCoyMn1-x-yO2 (NCM, or NCMxy(1-x-y)) is a dominant family of cathode 

materials for lithium-ion batteries (LIBs) due to its high energy density. Among all NCM 

cathode materials, NCM622 possess the optimal energy density at high potential (≥ 4.6 V vs. 

Li/Li+). However, the practical application of NCM622 at high voltage (≥ 4.6 V) is limited by 

its parasitic reactions and associated safety concerns. Completely physical isolation has been 

considered as the main approach to mitigate the parasitic reaction. It has also been previously 

demonstrated that the interface reaction has active site selectivity, and that the reactivity of the 

active sites can effectively suppressed by blocking the chemically active sites. Herein, a 

targeted masking by LiFePO4@C nanoplates is reported to unlock the stable performance of 

NCM622 up to 4.6 V vs. Li/Li+. The (targeted masked-NCM622)|graphite pouch cell shows 
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86.5% capacity retention after 1000 cycles and its maximum temperature during thermal 

runaway is dramatically reduced from 570 °C to 415 °C. Systematic in/ex situ 

characterizations, first-principles calculations and half/pouch cell evaluation prove that PO4
3- 

is preferentially adsorbed on transition metal sites, stabilizing both the transition metal ions 

and oxygen ions on the surface against the ethylene carbonate-containing traditional 

electrolyte even under high voltage (≥ 4.6 V vs. Li/Li+). This work opens up new venue for 

rational design of high-performance cathode materials through a low-cost and scalable 

decoration process, and reveal a new understanding of interfacial activity of materials.  
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1. Introduction 

The ever-increasing energy consumption of modern society demands energy storage 

technology with increasing energy density.[1-3] Lithium-ion batteries (LIBs) have been the 

dominant energy storage technology for mobile applications, and they are also considered as 

the most suitable technology for electric vehicles and stationary energy storage systems. 

LiNixCoyMn1-x-yO2 (NCM)-based cathodes have attracted many attentions due to their high 

power/energy densities, low cost, and low toxicity. [4-8] It is commonly accepted that the 

energy density of NCM-based cathodes is directly proportional to the content of nickel when 

the cut-off potential is below 4.3 V (vs. Li/Li+). However, when the cut-off potential is raised 

to 4.6 V (vs. Li/Li+) or above, NCM622 becomes the top candidate with optimized specific 

energy density (see the comparison of specific energy density of Li-ion battery (based on 

cathode, Fig. S1) and good rate performance [9, 10], as Cui et al. and Xiao et al. find that 

NCM622 show the highest Li-ion diffusivity with the minimum temperature dependence.  On 

the other hand, the gain on the specific energy density by raising the cut-off potential can be 

achieved at an expense on irreversible phase transition, transitional metal (TM) dissolution, 

oxygen evolution and parasitic interface reactions between the deeply delithiated NCM 

particles and electrolyte, resulting in accelerated loss of the electrochemical performance and 

severe safety hazard.[10-13]  

Mitigating the parasitic reaction is an important means to improve the stability of 

NCM622 at high cut-off potential. Various strategies including reducing reaction area (single 

crystal, [14-21] morphology optimization [22-24]), reducing reactivity (doping [25, 26]) and 

isolating reactant (surface coating [27]) have been implemented to mitigate the performance 

decay when working with a high cut-off potential. Among these mitigation strategies, surface 

coating is a common and effective method. Besides oxide coating (Al2O3, ZnO, TiO2 et al.), 

carbon-coated LiFePO4 (LFP) is a good coating candidate for NCM owing to their stable 

surface chemistry, electronically and ionically conductive nature.[28-30] Pan et al. reported 
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that 10 wt% Nano-LFP particle coating significantly improved the cycling stability of 

NCM523 between 3.0-4.6 V vs. Li/Li+.[28] Wan et al. also prepared nano-LFP particles 

coated NCM811 and achieved a stable cycling performance between 3.0-4.3 V vs. Li/Li+.[29] 

The surface coating is mostly considered as physically stable barrier layer to block the direct 

contact between the active electrode material and the electrolyte. Therefore, a good adhesion 

and completely coating between the NCM materials and the coating layers is generally 

pursued by adopting high temperature annealing to maximize the physical protection.[28, 29] 

However, are good adhesion and completely coating actually necessary for NCM cathode 

with high-voltage characteristics? 

Capacity decay is closely related to the dissolution of transition metals, which must have 

its dissolution path. Choi et al. and Siegel et al. showed that the dissolution of Mn was 

anisotropic, and had crystal surface selectivity in LiMn2O4 cathode material, implying that the 

interfacial reactions have preferential active sites.[31, 32] Wang et al. also showed that the 

interface reactions between TM ions in NCM cathode and ethylene carbonate (EC) molecules 

are closely related to the cyclic stability of batteries.[33] Clarifying the reactive sites on the 

surface of NCM622 and performing targeted repairing can effectively improve the high-

voltage stability of the material.  

In this work, we present an effect interfacial modification of NCM622 with a “targeted 

mask”. In detail, nano-LiFePO4 (about 40 nm, along ac facet) plates were targetedly block the 

active sites on NCM622 (less than 30%) through a simple and fast mixing without any post-

annealing. This targeted mask greatly improves NCM622 with both the cycle performances 

and thermal safety at a high charging cut-off potential at ≥4.6 V vs. Li/Li+, unlocking the 

optimal specific energy density. Systematic in/ex situ characterizations, first-principles 

calculations and half/pouch cell evaluation prove that PO4
3- is preferentially adsorbed on 

transition metal sites, stabilizing both the transition metal ions and oxygen ions on the surface 

against the ethylene carbonate-containing traditional electrolyte even under high voltage (≥ 
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4.6 V vs. Li/Li+). This study breaks free from traditional cognition on surface modification of 

NCM materials. Our findings may open up new venue for rational design of high-

performance cathode materials through a low-cost and scalable decoration process, and reveal 

a new understanding of interfacial activity of materials. 

2. Results and discussion 

 2.1 Structures of the LFPNP@C, NCM622 and NCM622@LFPNP@C powders 

  LiFePO4@C nanoplates decorated NCM622 (denoted as NCM622@LFPNP@C) were 

synthesized by mixing 95 wt% NCM622 single-crystal particles and 5 wt% LiFePO4@C 

nanoplates for 5 min at 2600 rpm in a high-speed mixer, as shown in Fig. 1a. The XRD 

patterns (in Fig. S2) of LFPNP@C nanoplates matches well with an olivine-type structure 

(LiFePO4, PDF #40-1499), and the ratio of I(020)/I(200) is more than that of the standard, 

indicating preferred orientation of the LFPNP@C nanoplates along ac facet [34], [35] The 

characteristic XRD peaks of NCM622 and NCM622@LFPNP@C (Fig. S2) are well-indexed 

to the α-NaFeO2 layer structure with space group of R-3m. No impurities can be detected, 

indicating that there is only physical interaction between NCM622 and LFPNP@C.  

The morphologies of LFPNP@C, NCM622 and NCM622@LFPNP@C particles are 

characterized by SEM and TEM (Fig. S3 and Fig. 1). LFPNP@C presents plate-form 

morphology with the average thickness of about 40 nm (Fig. S3). Single-crystal NCM622 

particles show smooth surface and average size of about 4 μm (Fig. 1b and c). The 

NCM622@LFPNP@C particles (Fig. 1d and e) are sprinkled with LFPNP@C. Further EDS 

mappings of the NCM622@LFPNP@C confirm the regional distributions of Fe and P on the 

surface of NCM622 (Fig. 1f), indicative of LFPNP@C locally decoration rather than a 

complete coating. 

 

2.2 The effect of LFPNP@C decoration on electrochemical performance 
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As shown in Fig. S1, compared with NCM622, NCM811 delivers not far off energy 

densities when charged to 4.3 V, 4.6 V, 4.7 V and 4.8 V (vs Li/Li+). However, high-Ni NCM 

are prone to deteriorated cycling performance (capacity and voltage), aggravated interphase 

degradation, and fatal thermal abuse at high potential (4.6 V, vs Li/Li+), and these issues 

become more problematic with a higher Ni content.[36] There is no technological advantage 

to go with NCM811 at 4.6 V. Here we compare the energy densities (at the material level) of 

commercially available NCM811, NCM622 and NCM613 (Fig. S5 and Table S1). The 

energy densities are calculated to be 780-790 Wh kg-1 for NCM811, 800-825 Wh kg-1 for 

NCM622 and NCM613, 800-810 Wh kg-1 for LFPNP@C decorated NCM622 and NCM613, 

respectively, inferring that the NCM622 and NCM613 cathode have higher energy density 

when charged to 4.6 V than the commercial NCM811 cathode charged to 4.3 V (vs Li/Li+). 

The LFPNP@C decorated NCM622 shows a slightly lower energy density than the pristine 

NCM622, which is attributed to the relatively lower energy density than the NCM622 when 

charged to 4.6 V (vs Li/Li+). Compared to other inactive coating like Al2O3 or TiO2, the 

LFPNP@C decorated material is electrochemically active and is beneficial to reduce the loss 

of energy density due to coating, as confirmed by the plateau around 3.40 V during 

charge/discharge of NCM622@LFPNP (Fig. S4, charge/discharge profiles of 

NCM622@LFPNP@C|Li half-cell). 

Fig. 2a-b shows the cycling performance of NCM622|Li and NCM622@LFPNP@C|Li 

at 0.5C and 1C in the voltage range of 2.7-4.6 V. It is obviously shown that the cycling 

stability is significantly improved when the pristine NCM622 is decorated by LFPNP@C 

nanoplates. A high reversible discharge capacity of 164 mAh g−1, with capacity retention of 

84.6%, is achieved by NCM622@LFPNP@C after 100 cycles at 0.5 C-rate (all cells were 

activated at 0.2C for three cycles). However, the discharge capacities of pristine-NCM622 

declines at much faster pace and it remains only 128.2 mAh g-1 with 66% capacity retention 

after 100 cycles at 0.5 C-rate. Similarly, when the charging current increases to 1C (Fig. 2b), 
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the discharge capacity of NCM622@LFPNP@C decrease to 141.2 mAh g-1 after 200 cycles 

with 80.2% capacity retention, while the discharge capacity of pristine-NCM622 is almost 

close to 0 mAh g-1. The charge-discharge curves of NCM622|Li and 

NCM622@LFPNP@C|Li cells at 1C at selected cycles are displayed in Fig. 2c-d. The 

voltage of pristine-NCM622|Li cell significantly degraded after 50 cycles. To further clarify 

the surface passivation effect of the LFPNP@C decoration, the cutoff voltage of NCM622|Li 

and NCM622@LFPNP@C|Li cells increases to 4.7 V and 4.8 V respectively (Fig. S6 and 

S7). NCM622@LFPNP@C still delivers obviously higher stability than NCM622 although 

both materials show obvious cracks after charged to 4.8 V, implying the LFPNP@C 

decoration can inhibit the parasitic surface reactions and reduce the capacity decay. The high 

precision leakage current measurement is the most effective way to quantitatively characterize 

the rate of parasitic reactions between the electrode materials and the electrolytes.[37, 38] Fig. 

S8 compares the measured steady leakage current, which is an quantitative indicator of the 

electron transfer reaction across the cathode/electrolyte interface, for NCM622|Li and 

NCM622@LFPNP@C|Li cells held at 4.4, 4.5 and 4.6 V vs. Li/Li+. The results clearly show 

that the decoration of LFPNP@C consistently suppresses the parasitic reaction on NCM622 at 

high potential, implying a better high-potential stability. All the results suggest that the high-

voltage cycling performance of the NCM622 can be effectively improved through the 

LFPNP@C decoration. The synthesized procedures, coating materials and electrochemical 

performance of the NCM622 here are also compared with the best data reported in the 

literature (Table 1), confirming the simple, fast decoration approach presented in this work is 

significantly effective in protecting the NCM622 from attacking by the electrolyte 

components. 

To determine exactly which composition in LFPNP@C acts to modify the interfacial 

failure behavior, samples with (NCM622@LFPNP@C) and without carbon 

(NCM622@LFPNP) decorated are compared at room temperature and 45℃, as shown in Fig. 
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S9. It can be observed that both two samples deliver much-improved stability (87.8% and 

84.2% capacity retention after 60 cycles at 1 C-rate for NCM622@LFPNP and 

NCM622@LFPNP@C) than pristine-NCM622 (with 67.4% capacity retention) at 45℃ (Fig. 

S9b), indicates that the presence of carbon on the LFPNP is not necessary to improve the 

interface stability of NCM622. Also, pristine LFP performs poorly and can only release 52.8 

mAh g-1 at 0.2C in the voltage range of 2.7-4.6 V at room temperature, such a poor LFP as a 

coating layer causes the obvious capacity loss from 202 mAh g-1 to 194 mAh g-1 at 0.2C. 

Therefore, the carbon only facilitates LFP utility in term of capacity.  

To further validate the electrochemical performance in large-format cells, NCM622|Gr 

and NCM622@LFPNP@C|Gr pouch cells (~4.5 Ah) were assembled and cycled in the 

voltage range of 2.75–4.55 V at 1C. Fig. 2e shows their cycling performances; both cells 

maintained good stability up to 500 cycles. Subsequently, NCM622|Gr cell fades quickly and 

the discharge capacities is almost close to 0 mAh g-1 after 530 cycles, accompanied by 

significant swelling (inset in Fig. 2e). In contrast, NCM622@LFPNP@C|Gr cell maintains a 

good cycling stability with a capacity retention of 86.5% after 1000 cycles. The seriously 

degradation on cycle performance of the pristine NCM622 full cell may be attributed to the 

parasitic reactions and detrimental phase transition at high charging voltages (≥4.6 V).[39] 

Detailed characterization and discussion will be conducted in the following section. 

 

2.3 The effect of LFPNP@C decoration on structural evolution during charge-discharge  

In-situ XRD was used to investigate the phase transition behaviors of NCM622 and 

NCM622@LFPNP@C during charge-discharge. The (003) and (110) peaks that indicate c-

axis and a-axis lattice parameters are shown in Fig. 3 and Fig. S10. It can be observed that the 

pristine-NCM622 (Fig. 3a) and NCM622@LFPNP@C (Fig. 3c) show similar phase 

evolution over the initial charge-discharge process. The (003) diffractions of both cathodes 

shift to lower angle at initial charge stage and subsequent shifted to higher angle when 
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charged to above 4.1 V, corresponding to the initial expansion and subsequent sharp 

contraction along the c-axis. The unit cell shrinkage along the a-direction is nearly identical 

for the two cathodes. Specifically, the c-axis and a-axis lattice parameter variation (Δc, Δa) 

during charge process are calculated to be ∼1.26% (Δc), ~1.94% (Δa) for NCM622 and 

~1.21% (Δc), ~1.85% (Δa) for NCM622@LFPNP@C (Fig. 3b and d), respectively. The 

maximum ΔV (the unit cell volume change) of the two samples are calculated to be ~5.05% 

and ~4.85%. Apparently, NCM622@LFPNP@C shows smaller volume changes than 

NCM622, suggesting that the phase transition process of NCM622@LFPNP@C may be 

influenced by interfacial side reactions or interfacial side reaction products due to the targeted 

active-site protection.  

 

2.4 Structural and interface chemistry after cycling 

The NCM622 and NCM622@LFPNP@C cathodes are harvested from the pouch cells 

after 1000 cycles to investigate the potential impact of repeating cycling on structural 

evolution (Fig. 4). The (003) peak of pristine-NCM622 shifts from 18.855° to 18.582° 

(Δ2θ=0.273°) after 1000 cycles, while the value of Δ2θ for NCM622@LFPNP@C is only 

0.02°, indicates more severe increase in interlayer lattice parameter c of pristine-NCM622 

than the NCM622@LFPNP@C after long cycling. Moreover, some peaks corresponding to 

highly-delithiated phase (Li0.13Ni0.6Co0.2Mn0.2O2) can be detected.[22, 40] This coincides with 

the observation that charging capacities are always higher than the discharging capacities at 

500-540th cycle (Fig. S11). Visible structural damage can also be observed with SEM, as 

shown in Fig. 4b, c. The cycled NCM622@LFPNP@C well preserves the single-crystalline 

morphology at aggressive C-rates (1C, Fig. 4c and Fig. 4e) and voltage range (2.75-4.55 V vs. 

graphite/lithiated graphite), whereas significant amounts of lateral cracks in pristine-NCM622 

particles (the red circles in Fig. 4b) can be observed. Furthermore, a Ni-rich rock-salt layer on 

the surface of cycled NCM622 (at 1000th cycle) can be obviously observed (Fig. 4d), which 
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further suggests that the cycled cathode experienced sever crystalline stress and the 

subsequent corrosion by electrolyte.[41] 

The cathode/electrolyte interface is the location for charge transfer and parasitic 

reactions. The electrochemical impedance variations of NCM622|Li and 

NCM622@LFPNP@C|Li half cells during cycling were deconvoluted and quantified by 

electrochemical impedance spectroscopy, as shown in Fig. 4f. The obtained Nyquist plots 

generally consist of two semicircles, corresponding to the surface film resistance (Rs) and the 

charge-transfer resistance (Rct), respectively. After 10 cycles, the Rct of pristine-NCM622 is 

much larger than that of NCM622@LFPNP@C (Fig. 4f). The increase is generally related to 

the microstructural degradation and loss of particle contact, as described by Muto et al., [42] 

as well as the accumulation of poorly conductive parasitic products such as LiF, Li2CO3 and 

LiFPOx on the surface of the pristine-NCM622.[43] However, NCM622@LFPNP@C 

cathode shows suppressed impedance increase, as shown in Fig. 4f. This significant 

difference indicates that LFPNP@C decoration reduces the surface fading due to parasitic 

reactions between NCM622-cathode and electrolyte. 

Apart from the accumulation of CEI (cathode electrolyte interphase) during cycling, TM 

cation dissolution is another notorious reason for capacity decay. The dissolved TM cations 

can migrate to the anode through the electrolyte, leading to SEI deterioration and then 

shortened lifetime. [44] The corresponding EDS of cycling graphite are demonstrated in Fig. 

S12, Ni, Co and Mn, either as cation or metal, can be clearly detected on the graphite particles 

from NCM622|Graphite pouch cell, whereas only trace Mn element are detected on the 

graphite particle from NCM622@LFPNP@C|Graphite pouch cell, confirming that the 

LFPNP@C decoration is stable and sufficiently robust to provide long-term protection of 

NCM622. The transition metal cation dissolution after 1000 cycle at 1C is further 

characterized by inductively coupled plasma-atomic emission spectrometer (ICP-AES) and 
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compared in Fig. 4g. It is found that the LFPNP@C decoration significantly mitigating the 

dissolution of transition metal cations. 

Since the capacity of NCM622|graphite pouch cell fades quickly, accompaning by gas 

bulging (inset in Fig. 2e), the gas is analyzed by gas chromatography (Fig. S13 and Table S2). 

H2, CH4, C2H4, C2H6, C3H8 and C4H10 are detected, and H2 is the dominant species among 

these gases. These reductive species originate from the deteriorated electrolytes due to 

interface reactions with deeply delithiated cathode. The difference in the volume of gas 

evolution between NCM622@LFPNP@C and pristine-NCM622 indicates that the 

LFPNP@C decoration significantly mitigates the parasitic reaction between electrode and 

electrolyte in the high cut-off voltage (≥4.6 V). 

2.5 Thermal stability of NCM622 and NCM622@LFPNP@C and the thermal runaway 

behaviors of their batteries 

The safety of NCM-battery is of great significance, while the thermostability of cathode 

materials highly contribute to the battery safety. The delithiated NCM cathode can release 

oxidizing species (O2, O2
-, O-, et al.) during the heating process due to phase transition, 

triggering highly exothermic reactions with the anode or electrolyte, and leading to severe 

thermal runaway.[45] The DSC curves (a) and O2 spectra of the delithiated NCM622 and 

NCM622@LFPNP@C at 4.3 V (b) are measured from 30 °C to 600 °C, as shown in Fig. 5. 

Compared to the pristine-NCM622, NCM622@LFPNP@C exhibits a higher onset 

temperature for both heat release and oxygen evolution (293.1 °C), and phase transition from 

spinel-type to rock-salt (462.7 °C). It is also observed that NCM622@LFPNP@C releases 

less O2 during the thermal ramping. Both the thermal analysis and O2 evolution results suggest 

that NCM622@LFPNP@C is thermally more stable than its pristine counterpart. The in situ 

heating XRD patterns also confirm that the highly delithiated NCM622@LFPNP@C (Fig. 

S14) shows even better thermal stability than commercial NCM811 (4.2V, vs. grapgite).[46]  
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To further illustrate the positive impact of LFPNP@C decoration, ARC tests are 

conducted on NCM622 and NCM622@LFPNP@C pouch cells with OCV(open circuit 

voltage) of 4.55 V, as shown in Fig. 5c. Three critical temperatures, T1, T2 and T3, are derived 

from the ARC test results to evaluate the thermal safety of lithium-ion battery.[47] T1 is 

denoted as the onset temperature of self-heating, where the battery temperature rising rate 

exceeds 0.02 °C min-1. The main reason for battery self-heating is ascribe to the failure of the 

solid-electrolyte interphase (SEI).[48] T2 is the onset temperature of thermal runaway and is 

defined as the temperature at which the battery temperature rate exceeds 1 °C s-1. T3 is the 

maximum temperature.[47, 49] Higher T1, T2 and lower T3 are considered to represent better 

thermal safety.[46] As shown in Fig. 5c, T1 for pristine-NCM622|Gr and 

NCM622@LFPNP@C|Gr cells are 91.4 °C and 92.8 °C, and T2 is around 204 °C for pristine-

NCM622|Gr and 212 °C for NCM622@LFPNP@C|Gr. T3 is 570°C for pristine-NCM622|Gr 

and 415°C for NCM622@LFPNP@C|Gr, indicative of better thermal safety of 

NCM622@LFPNP@C|Gr than pristine-NCM622|Gr. According to the thermal reaction 

mechanism on NCM-based LIBs, oxidizing species (O2, O2
-, O-, et al.) released by NCM 

material at high temperature play essential role at T2 and T3.[46] Then combining the ARC, 

STA-MS and in-situ heating XRD results, we believe that the better thermal safety of 

NCM622@LFPNP@C|Gr can be attributed to the interface passivation of NCM622 by 

LFPNP@C decoration. 

2.6 First-principles calculations of adsorption site and interfacial stability 

Based on the fact that LFPNP@C is only locally adsorbed on the NCM622 surface, we 

try to explore the modification mechanism of LFPNP@C on NCM622 for high-voltage 

stability. Three different PO4
3- absorption sites on the most stable crystal planes NCM622(104) 

(Fig. S15) are considered for structure optimization (Fig. 6a): (1) oxygen sites, (2) transition 

metal sites, (3) lithium sites. The optimized PO4
3-/NCM622(104) structure and adsorption 

total energy are calculated and compared in Fig. 6b, e. The optimized absorption sites, which 
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have the lowest total energy, are transition metal and lithium sites (-818.39 eV), followed by 

transition metal sites (-817.66 eV), and finally lithium sites (-817.65 eV), inferring that the 

PO4
3- is preferentially adsorbed on transition metal sites. 

Oxygen evolution and TM dissolution are considered to be the main reasons for NCM 

cathode decay, which is highly related with the interface reactions between TM ions and EC 

molecules. The oxygen evolution will be initiated during the delithiation of NCM materials, 

which followed by cation migration to the Li-layer, result in irreversible phase transition.[39] 

This phase transformation cause capacity or rate capability fading. Hence, possible interfacial 

decomposition reactions before and after introducing the LFPNP@C decorating layer are 

explored by calculating the O2- vacancy formation energy (Fig. 6f). The molecular formula of 

NCM622 after charged to 4.6 V vs Li/Li+ is calculated to be Li0.13Ni0.6Co0.2Mn0.2O2, 

according to the initial charge capacity. Then the vacancy formation energies of O2- in 

pristine-Li0.13Ni0.6Co0.2Mn0.2O2 and Li0.13Ni0.6Co0.2Mn0.2O2@LFPNP@C are calculated and 

compared (Fig. 6f). Fig. 6f reveals that the O2--vacancy formation energy of pristine 

Li0.13Ni0.6Co0.2Mn0.2O2 is negatively very low (-5.68 eV), suggesting that the NCM622 

surface is very unstable when charging to 4.6 V vs Li/Li+. However, the interface stability of 

NCM622@LFPNP@C can be evidently enhanced when coated with FePO4 layer. The inside 

and outside O2--vacancy formation energies of Li0.13Ni0.6Co0.2Mn0.2O2/FePO4
 increase to -5.18 

and -4.68 eV, respectively, inferring restrained dissolution of oxygen from charged-NCM622 

by LFPNP@C decoration. Previously, Prof. Tobias Placke et al proposed that Li3PO4 in the 

electrolyte acted as a transition metal capture agent and adsorbed the dissolved Ni2+, Co2+ and 

Mn2+, hence reducing TM crossover to the anode and hindering SEI deterioration.[50] 

Similarly, the targeted FePO4 decoration may also serve as a “stabilizer”, decrease the 

interface reactions between TM ions and EC molecules, finally improves the stability of 

cathode/electrolyte interface.  

3. Conclusion 
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In this work, stability of NCM622 at high-voltage is managed by masking the active sites 

on the surface, then tradition cognitions on surface coating and interface modification are 

refreshed. This targeted masking is proved to greatly improve both the cycle performances 

and thermal safety of NCM622 at a high charging cut-off potential at ≥4.6 V vs. Li/Li+. First-

principal calculations and in situ/ex situ structural characterizations indicate that PO4
3- tends 

to be preferentially adsorbed on transition metal sites, stabilize the transition metal ions and 

oxygen ions against EC-containing electrolyte even under high voltage (≥ 4.6 V vs. Li/Li+).  

Besides the parasitic reactions, detrimental O3/H1-3 phase transition of commercial NCM622 

during cycling is also suppressed by the targeted masking. The mechanistic study implies that 

the importance of surface chemistry modification, achieved by targeted masking in this work, 

outweighs that of physical protection achieved by thick and wide coverage of surface coating 

strategies. Our new findings may open up new venues for rational design on 

electrolyte/electrode interface chemistry, shedding light on a new way to achieve designed 

NCM622 cathode with high-voltage characteristics.  

 

4. Experimental Section  

Material synthesis: NCM622 single-crystal particles were provided by Beijing Easpring 

Material Technology Co. Ltd, China. Crystal orientation tuning of LiFePO4 nanoplates were 

synthesized by previous solvothermal process.[29] Specifically, 7.56 mol LiOH·H2O was 

introduced to 14.4 L ethylene glycol under stirring, then slowly added 4.2 mol H3PO4 into the 

LiOH solution to form a white suspension. After the neutralization reaction, 2.8 mol 

FeSO4·7H2O was added under stirring to form a viridescent suspension. The mixtures were 

then transferred into a 20 L steel reactor and heated to 180 °C for 10 h. After cooled down to 

room temperature, the obtained gray-green precipitates were washed with deionized water and 

ethanol. To achieve carbon coating, LiFePO4 nanoplates were mixed in an agate jar with 10 

wt % polyvinyl alcohol (PVA, with a polymerization degree of 1700) and then calcined in a 
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furnace at 650 °C for 3 h in N2 atmosphere to obtain LiFePO4@C nanoplates (~400 g, 

denoted as LFPNP@C). LiFePO4@C nanoplates coated NCM622 (denoted as 

NCM622@LFPNP@C) were synthesized by mixing 95 wt% NCM622 single-crystal particles 

and 5 wt% LiFePO4@C nanoplates with high-speed mixer (2600 rpm) for 5 min through 

electrostatic interactions. Similarly, the pristine LFP coated NCM622 (without carbon coating, 

NCM622@LFPNP) were synthesized to confirm the effect of carbon. 

  

XRD and SEM characterization: The crystalline structure of LFPNP@C, NCM622 and 

NCM622@LFPNP@C were analyzed by X-ray diffraction (XRD, Bruker) with Cu Kα 

radiation over the 2θ angles from 10º to 70°. In situ XRD measurements were also performed 

to characterize the structural changes of NCM622 cathodes during charging/discharing, using 

a specially designed cell equipped with an X-ray-transparent berylium window (Bruker). The 

in situ XRD patterns were collected over the 2θ angles from 10-70° on charging and 

discharging at a current rate of 0.1 C (1C=180 mA g-1). In situ heating synchrotron high-

energy X-ray diffraction (HEXRD) was also carried out at sector of 11-ID-C of Advanced 

Photon Source (APS) with a wavelength of 0.1173Å, to investigate the thermal stability of the 

NCM622 cathodes. The charged cathode was collected from the fully charged battery (4.6V). 

A capillary furnace was used to heat the cathode powder from 30 °C to 500 °C at a heating 

rate of 10 °C min-1. The obtained 2D diffraction patterns from a PerkinElmer amorphous 

silicon detector were converted to 1D patterns. Their morphologies were observed with a 

scanning electron microscope (SEM, Zeiss Gemini SEM 300) and a transmission electron 

microscope (TEM, JEOL 2100 Plus). The elemental compositions were analyzed with an 

energy-dispersive X-ray spectrometer (EDS) attached to the SEM instrument. 

 

Half-cell assembly: The NCM622|Li and NCM622@LFPNP@C|Li half-cell tests were 

conducted using coin-type half-cells (CR2032 size) assembled in an argon-filled glove box 
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(Mikrouna Super 1220). The working electrodes were prepared by casting the slurry of active 

material (80 wt%), conductive carbon black C45 (10 wt%) and polyvinylidene fluoride (10 

wt%) on an aluminium foil, followed by drying at 80 °C in a vacuum overnight. The loading 

of active material was controlled to between 4.0 and 5.0 mg cm-2. The electrolyte was 1 M 

LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl carbonate (EMC) 

(1:1:1, v/v/v) with 1.0 wt% vinylene carbonate (VC) additive, while a micro-porous film 

Celgard 2400 polypropylene membrane was the separator and lithium foil were used as the 

counter electrode. 

 

Full-cell assembly: The NCM622|graphite and NCM622@LFPNP@C|graphite full-cell 

tests were conducted using stacked pouch cells (4.5 Ah) assembled in a dry room. The 

cathode electrodes were prepared by coating the mixture slurry of active material (96 wt%), 

super P (1.5 wt%), carbon nanotubes (1 wt%) and polyvinylidene fluoride (1.5 wt%) on an 

aluminium current collector, followed by drying at 120 °C in a vacuum for 10 h. The areal 

capacity was controlled to between 5.6 and 6.0 mAh cm-2. The anode electrodes were 

composed of graphite (96.8 wt%), super P (0.7 wt%), carboxy methyl cellulose sodium (1 

wt%) and styrene butadiene rubber (1.5 wt%), and fabricated following the same coating and 

drying procedures. The capacity ratio between negative electrode and positive electrode was 

controlled to between 1.08 and 1.1 (based on 4.6 V of NCM622|Li coin cell). Al2O3-coated 

polyethylene film was used as the separator. The specific characteristics of NCM622|graphite 

and NCM622@LFPNP@C|graphite full-cell were shown in Table S3. 

 

Electrochemical measurements: The galvanostatic charge–discharge characteristics of 

half-cell were carried out using a Land CT2001A battery test system in a voltage range of 

2.7–4.6 V, 2.7-4.7 V and 2.7-4.8 V at various C rates at room temperature and 45℃. The 

cycling performance of full batteries were charged and discharged between 2.75 and 4.55 V at 
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room temperature. The electrochemical impedance spectroscopy (EIS) of the half-cells were 

evaluated on a CHI660e electrochemical work station (Chenhua Co. Ltd). A high precision 

leakage current measuring system at Argonne National Laboratory was used to obtain the 

leakage current for electrodes holding at 4.4, 4.5 and 4.6 V at room temperature (25±2 °C). 

 

Inductively coupled plasma (ICP) and gas chromatography (GC) measurement: For 

metal dissolution during cycling, anode powders harvested from post-test (1000 cycles) pouch 

cells were disassembled and wash several times with DMC in the glovebox. The organic 

solution was collected for HNO3 acid digestion and test the supernatant ( X Series, Thermo). 

The GC were measured by SHIMADZU GC-2014. 

 

Simultaneous thermal analyzer - mass spectrometry (STA-MS) test: The STA-MS test 

was used to examine the thermostability of the cathode by a Netzsch STA 449 F5 Jupiter 

coupled with QMS 403 D Aёolos. The samples were obtained by disassembling a fully 

charged cell (4.3 V) in a glovebox. The cathode powder was scraped from electrode after 

having been rinsed several times with DMC to scour lithium salt (LiPF6) in the electrode. 

Then as-prepared samples were dried in argon before test. For the STA-MS measurement, 

about 4.0 mg powder was placed in an aluminum crucible and then heated from 30 °C to 

600 °C (20 °C min-1) to probe potential heat generation, with the gas generation characterized 

by the mass spectrometry. 

 

Accelerated rate calorimetry (ARC) test: The safety of the full cell was evaluated using 

an extended volume accelerated rate calorimetry (EV-ARC) manufactured by Thermal 

Hazard Technology (THT). Before thermal runaway tests, the batteries were fully charged to 

4.55 V at 0.5 C. Two batteries were wrapped together, and type K thermocouples were placed 

between the two batteries to monitor the internal temperature. The ARC tests were performed 
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with the heat-wait-seek method to ensure an adiabatic condition, with a heating step of 5 °C, 

waiting time of 45 min, and self-heating rate of 0.02 °C min-1. 

 

First-Principles Calculations: The fundamental mechanism of one PO4
3- absorbed on 

NCM622(104) surface was investigated. The PO4
3- /NMC622(104) structure consisted of 

36Li, 22Ni, 7Co, 7Mn, 76O and 1P atoms. Three different PO4
3- absorption sites on 

NCM622(104) surfaces were considered during structure optimization. The Van der Waals 

interactions were considered using the DFT-D3 method with Becke-Jonson damping.  

The density functional theory calculations were performed with Vienna Ab initio 

Simulation Package (VASP) code.[51] The Perdew-Burke-Ernzerhof (PBE) was used to 

approximate the exchange-correlation functional. The projectoraugmented wave (PAW) 

method [52-54] was used for electron and core interaction. The Hubbard U parameter was 

used for transition metal in NCM622 and FePO4 to correct the delocalization of the d-orbital. 

The U values for Ni, Co, and Mn (6.7, 4.91, and 4.64, respectively) were selected from 

reported value. [55] The U value for Fe is 4.64. The pristine NCM622 included 6Li, 10Mn, 

10Co, 28Ni and 96O. The FePO4 coated NCM622 structure consisted of 6Li,10Mn, 10Co, 

28Ni, 4Fe, 4P and 112O. The cutoff energy was set for 520 eV. The convergence criteria in 

the electronic self-consistent iterations were 10-5 eV and the convergence criteria for ionic 

relaxation was set to be 0.01 eV/Å, respectively.  

The transition metal (M) Ni, Mn, Co vacancy formation energy was described as follows:[56] 

EF = E [LixMy-1Oz] − E [LixMyOz]) + uM 

Where EF was the M vacancy formation energy, and uM was the chemical potential of M. 

The O vacancy formation energy was defined as follows:[57] 

EF = E [LixMyOz-1] − E [LixMyOz]) + 1/2EO2 

Where E[LixMyOz-1], E[LixMyOz] and EO2 were the total energies of LixMyOz-1, LixMyOz and 

the gas phase of O2, respectively. 
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    All simulation works were performed using the computing resources at National 

Supercomputing Center in Shenzhen. 
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Fig. 1 Schematic of the preparation process for NCM622@LFPNP@C (a). Morphology and 

elemental distribution in pristine-NCM622 and NCM622@LFPNP@C. SEM images of 

NCM622 (b) and NCM622@LFPNP@C (d). TEM image of pristine-NCM622 (c) and 

NCM622@LFPNP@C (e). EDS mapping of NCM622@LFPNP@C (f). 
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Fig. 2 The cycling performances of pristine-NCM622|Li and NCM622@LFPNP@C|Li half 

cells at 0.5C (a) and 1C (b) in the voltage range of 2.7-4.6V. Charge-discharge curves of 

NCM622 (c) and NCM622@LFPNP@C (d) half cells at 1C for the 1st, 10th, 50th, 100th and 

200th cycle. (e) Cycling performances of pristine-NCM622|graphite and 

NCM622@LFPNP@C|graphite pouch cells (~4.5 Ah) at 1C (1C=180 mA g-1) in the voltage 

range of 2.75-4.55 V. The inserted photographs show the pouch cells after formation (initial) 

and 1000 cycles. Flatulence can be observed for the pristine NCM622|graphite cell after 1000 

cycles. 
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Table 1 The comparison of the electrochemical performance of NCM-based electrodes in this 

work and the existing literature. 

Coating 

method 

Coating 

amount (wt%) 

Coating material Cycling performance Ref. 

Physical mixing 

for 5 h at 500 

rpm, then anneal 

at 100 °C 

5 LiFePO4 particles 

coated NCM523 

82.3% for 150 cycles at 

1/3C (2.7-4.6 V, 

NCM523|Li) 

[28] 

Sol-gel, then 

anneal at 650 °C 

5 LiCoPO4 and 

graphene coated 

NCM622 

83% for 150 cycles at 1C 

(2.7-4.6 V, NCM622|Li) 

[58] 

Physical mixing 

for 1 h 

2 Li2SiO3 coated 

NCM622 

73.4% for 200 cycles at 

1C (2.7-4.6 V, 

NCM622|Li) 

[59] 

Physical mixing 

for 10 min at 

2000 rpm 

5 LiFePO4 particles 

coated NCM811 

91.68% for 100 cycles at 

1C (3.0-4.2 V, 

NCM811|Gr) 

[29] 

ALD, then 

anneal at 600 °C 

coating layer: 10 

nm 

Li3PO4 coated 

NCM811 

91.6% for 200 cycles at 

1/3C (2.7-2.5 V, 

NCM811|Li) 

[60] 

Liquid mixing, 

then anneal at 

500 °C 

2 Li3PO4 and 

graphene coated 

NCM811 

80% for 700 cycles at 

0.5C (2.8-4.2 V, 

NCM811|Gr) 

[61] 

Physical mixing 

for 5 min at 

2600 rpm 

5 LiFePO4 

nanoplates coated 

NCM622 

86.5% for 1000 cycles at 

1C (2.7-4.55 V, 

NCM622|Gr) 

This 

work 
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Fig. 3 Evolution of (003) and (107) diffraction peaks of NCM622 (a) and 

NCM622@LFPNP@C (c) characterized by in situ XRD during the first cycle, as well as the 

variations of c-axis lattice parameters (b) and cell volume (d) as a function of the capacity.  
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Fig. 4 The structural characterizations of the NCM622 and NCM622@LFPNP@C cathode 

after 1000 cycles at 1C in the range of 2.75-4.55 V. XRD (a) and SEM images (b-c) of 

NCM622 and NCM622@LFPNP@C. HRTEM images of 1000th cycled NCM622 (d) and 

NCM622@LFPNP@C (e). EIS spectra of NCM622|Li and NCM622@LFPNP@C|Li half cell 

after 10 cycles with an inset image of the equivalent circuit model (f). The transition metal 

(TM) elements are detected on the anode after 1000 cycles (g).  

 

 

Fig. 5 (a) DSC curves of NCM622 and NCM622@LFPNP@C cathodes, disassembled from 

half cells charged to 4.3 V. (b) O2 release of delithiated NCM622 and NCM622@LFPNP@C 

during heating. (c)Thermal runaway behaviors of 4.5 Ah pouch cells based on NCM622 and 

NCM622@LFPNP@C cathode materials. 
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Fig. 6 Three possible sites for PO4
3- adsorption on NCM622(104) surface (a): oxygen sites, 

transition metal sites, lithium sites. The optimized PO4
3-/NCM622(104) structure (b) and total 

energy comparisons (e). The initial Li0.13Ni0.6Co0.2Mn0.2O2 (c) and optimized 

Li0.13Ni0.6Co0.2Mn0.2O2/FePO4 (d) structures used for O evolution calculations at highly 

delithiated states: (charge to 4.6V, versus Li/Li+). The O2- vacancy formation energy of 

Li0.13Ni0.6Co0.2Mn0.2O2 and Li0.13Ni0.6Co0.2Mn0.2O2/ FePO4 (f). 
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