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Abstract: Spinel LiNi0.5Mn1.5O4 (LNM) is a potential high-voltage cathode for commercial 

lithium-ion batteries (LIBs). Maintaining an appropriate amount of Mn3+ in LNM is necessary 

to improve the rate performance. However, Mn3+ dissolution in the interface of LNM and 

electrolyte leads to the fast capacity degradation. Therefore, designing a cathode to prevent 

Mn3+ loss during charge/discharge is important for high performance LIBs. Here we present 

an active core-shell design with coating another high-voltage cathode material LiCoPO4 (LCP) 

on the surface of LNM nanoparticles. The LCP layer can simultaneously induce Mn3+ ions at 

the interface between LCP and LNM, and act as a stable shell to prevent the loss of Mn3+. The 

optimized sample LNM@5%LCP possesses 128 mAh g-1 at 0.5 C and 115 mAh g-1 at 20 C 

rate, and maintains 96% of the initial capacity operated at 55C over 100 cycles.  
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High-performance lithium-ion batteries (LIBs) have been developed into promising 

energy storage devices for electric vehicles (EVs), hybrid electric vehicles (HEVs), and 

portable electronic devices1,2. Significant progresses have been made on materials for cathode, 

which is still one of the shortcomings in electric vehicle applications3,4. In recent years, 

high-voltage spinel LiNi0.5Mn1.5O4 is considered as one of the most potential cathode 

materials for LIBs. LiNi0.5Mn1.5O4 has a voltage plateau at 4.7 V, making the energy density 

up to 650 Wh kg-1, which is much higher than those in other cathode materials such as 

LiCoO2 (~ 460 Wh kg-1), LiMn2O4 (~ 400 Wh kg-1), LiFePO4 (~ 495 Wh kg-1), 

LiNi0.5Co0.3Mn0.2O2 (~ 550 Wh kg-1), and LiNi1/3Co1/3Mn1/3O2 (~ 576 Wh kg-1) 5-8. 

LiNi0.5Mn1.5O4 is usually with two types of structures: ordered and disordered. The 

ordered spinel (P 4332) is well ordered in two distinct octahedral sites, 4b sites for Ni(2+) and 

12d sites for Mn(4+). The disordered spinel (Fd-3m) includes Ni(2+)/Mn(4+) randomly 

distributed in 16d octahedral sites or the presence of Mn(3+).9,10 An appropriate amount of 

Mn3+ ions is one of the sensitive factors improving the electrochemical properties of 

LiNi0.5Mn1.5O4
11-14. Mn3+ ions in disordered spinel can increase the conductivity to 

approximately two orders of magnitude higher than that of ordered spinel11, although the rate 

performance of the spinel is not directly proportional to the Mn3+ content15. However, Mn3+ in 

disordered spinel leads to a side reaction that produces soluble Mn2+ dissolved in the 

electrolyte and causes significant capacity loss during cycling, especially at elevated 

temperatures16.  

An appropriate amount of Mn3+ ensures the high rate performance of LiNi0.5Mn1.5O4, but 

the dissolution of Mn3+/Mn2+ results in the serious capacity fading. In order to resolve the 

contradictions, two interesting routes have been explored in surface modification to prevent 

the loss of Mn3+ and also prevent the oxidation of the electrolyte operated at very high voltage. 

The first one is forming cathode film during charging/discharging processes17,18. For example, 
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Cresce et al reported a surface modification was used to decrease the aggressive side reaction 

of spinel occurred during sustained 4.7 V operation or in elevated temperature17. Xu et al 

reported an effect way that a novel electrolyte system utilizes additives for designed surface 

modification to generate a cathode passivation layer18. The second route is directly coating 

inorganic materials on LiNi0.5Mn1.5O4 during the step of material preparation, such as Bi2O3, 

Al2O3, SiO2, AlPO4
18-22. Konishi et al build a stable functional protecting layer of Li3PO4 on 

the surface of LiNi0.5Mn1.5O4, which shows improved cycle performance21. Kim studied the 

effects of depositing ultrathin (<1 nm) Al2O3 layers on LiNi0.5Mn1.5O4 particles using atomic 

layer deposition. The coating layer of Al2O3 was significantly improving columbic efficiency 

and cycle performance through suppressing the self-discharge and dissolution of transition 

metals18. Gottfried’s group reported a Li4Ti5O12 film was coated as buffer layer onto a 

LiNi0.5Mn1.5O4. Because Mn and Ni in the near-surface region diffused from the 

LiNi0.5Mn1.5O4 layer into the coating layer of Li4Ti5O12, the cycle performance of Li4Ti5O12 

coated LiNi0.5Mn1.5O4 is still poor, 102 mAh g-1 at the 1st cycle and only 60 mAh g-1 at the 

100th cycle22.  

Considering both high rate performance and high reversibility for lithium storage of 4.7 V 

cathode LiNi0.5Mn1.5O4, the coating material should play the roles in tuning the amount of 

Mn3+ and constructing an stable shell on LiNi0.5Mn1.5O4 to prevent the loss of Mn3+. Here we 

choose LiCoPO4, another 4.7 V cathode, as a stable shell for spinel, with the hypothesis that 

its inorganic nature and excellent chemical stability up to 4.7 V with organic electrolyte 

ensure a durable surface protection for LNM at high voltage. Olivine LiCoPO4, a polyanion 

material, is reported to have theoretical specific capacity of 170 mAh g-1 at a discharge 

plateau near 4.8 V23-26. The growth of LiCoPO4 as coating layer is to induce the appearance of 

Mn3+ in LiNi0.5Mn1.5O4 during the synthesis; moreover LiCoPO4 thin layer can contribute to 

enhancing capacity by utilizing nanosized particles27-29.  
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    In this work, a spherical core-shell structure of high-voltage cathode material with 

LiNi0.5Mn1.5O4 (core) and LiCoPO4 (shell) is designed and a series of composites 

LNM@x%LCP (x = 1, 5, 10 weight ratio) has been synthesized by one-pot hydrothermal 

method. The optimized sample LNM@5%LCP has achieved a reversible capacity 128 mAh 

g-1 at 0.5 C and 115 mAh g-1 at 20 C rate (1 C = 150 mAh g-1). Furthermore, even operated at 

55 C for 100 cycles, 96% of the initial capacity has been retained with sample 

LNM@5%LCP. The results have successfully demonstrated that LiCoPO4 shell plays the 

following important roles: (1) inducing Mn3+ between the interface of LiNi0.5Mn1.5O4 and 

LiCoPO4, (2) preventing Mn3+ dissolution during charge and discharge cycles, (3) inhibiting 

the decomposition of electrolyte LiPF6 due to the common-ion effect. 

Results and Discussion 

Synthesis of LNM@x%LCP. Schematic preparation procedure for LiCoPO4 coated 

LiNi0.5Mn1.5O4 is shown in Figure 1. The as-produced LiNi0.5Mn1.5O4 sample is consistent of 

porous spherical micrometer scale particles.  Each spherical LNM particle is composed by 

ordered self-assembled nanocrystals and full of flowable space. The facile hydrothermal 

method is employed to prepare LNM@x%LCP because the abundant flowable space within 

the porous structure of LNM is conducive for the transportation of the ions of Li+, Co2+ and 

PO4
3- to produce LiCoPO4 shell coated on the primary nanocrystals of LiNi0.5Mn1.5O4.  

The SEM and TEM images of LNM@5%LCP spherical particles show the surface 

morphology and the sectional views after the particles crashed into half (Figure 1a-1f). 

LNM@5%LCP samples present homogeneous spherical morphologies with particle diameters 

in the region of 5-8 μm (Figure 1a). Each spherical micrometer scale particle is covered by 

numerous nanoparticles of diameter ~ 80 nm (Figure 1b and Figure S1 in Supplementary). 

From the sectional view of LNM@5%LNM, one can see that the spherical micrometer 

particle is porous and full of flowable space (Figure 1c and 1d). The porous spherical 



 

 6 

morphologies are also presented in samples of LNM@1%LCP and LNM@10%LCP (Figure 

S2 in Supplementary). The porous structure of spherical LiNi0.5Mn1.5O4 is useful for the 

efficient contact with electrolyte and providing the channels for lithium diffusion during 

charge/discharge processes. TEM images show the tough surface of a LNM@5%LCP particle 

(Figure 1e), and a very thin LCP coating layer is visible on the surface of primary LNM 

particle (in Figure 1f). 

   The elemental distribution and composition on the surface and cross-section of 

LNM@5%LCP are analyzed by energy dispersive spectroscopy (EDS) shown in Figure 2, 

where Ni, Mn, Co and P can be identified clearly. The distribution of Co and P are complete 

and uniform on the particle surface and all over the cross-section of LNM@5%LCP particles, 

indicating a homogeneous formation of nano-LCP coating layer. Similar results from 

LNM@1%LCP and LNM@10%LCP are also observed, as shown in Figure S3 in 

Supplementary. 

    The powder XRD patterns of the pure LiNi0.5Mn1.5O4 and the composites LNM@1%LCP, 

LNM@5%LCP, and LNM@10%LCP are displayed in Figure 3. All the peaks in the XRD 

patterns are well matched with LiNi0.5Mn1.5O4 phase (JCPDS 80-2162). The enlarged XRD 

patterns (the inset in Figure 3) show weak characteristic peaks of LiCoPO4 (JCPDS 32-0552) 

indexed by (101) at 22.4 and (020) at 30.8 from samples LNM@5%LCP and 

LNM@10%LCP30. The ICP and specific surface area for the samples are summarized in 

Table 1. The absolute moles of Mn and Ni elements in pure LNM and composites 

LNM@x%LCP are all resided within proper range from ICP results and the amounts of Co 

and P are changed concurrently with the stated quantity of LiCoPO4 (Table 1). Owing to 

similar porous spherical morphologies appeared in the four samples, the specific surface area 

values are very close, 6.67 m2 g-1 in pure LNM, 5.89, 5.22 and 4.80 m2 g-1 in LNM@1%LCP, 

LNM@5%LCP and LNM@10%LCP, respectively.  
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Mn3+ on the spinel induced by LiCoPO4 shell. The residual amount of Mn3+ in spinel 

LiNi0.5Mn1.5O4 is one of the important factors affecting the rate and cyclic performance11-14. In 

this work, Mn3+ in the starting spinel LiNi0.5Mn1.5O4 is reduced to a very low value through 

re-annealing at 700°C for 10 hours (Table 1), but a considerable amount of Mn3+ in 

LiNi0.5Mn1.5O4@x%LiCoPO4 has been detected by initial discharge profiles and XPS 

measurement, respectively. 

   A characteristic discharge plateau at 4.0 V is a sensitive index to estimate the sum content 

of Mn3+ in the spinel LiNi0.5Mn1.5O4
11,14,31. The sum of Mn3+ in pure LNM, LNM@1%LCP, 

LNM@5%LCP and LNM@10%LCP is 0, 1.05%, 6.31% and 10.86%, respectively (listed in 

Table 1), according to the capacity contribution from 4.0 V discharge plateau (Figure S4 in 

Supplementary). The sum of Mn3+ observed in LiNi0.5Mn1.5O4@x%LiCoPO4 increases 

concurrently with the increasing amount of LiCoPO4 shell.  

   It is well known that XPS is a powerful method to study the elemental state located on the 

crystal surface. The high resolution Co2p spectra (Figure S5a in Supplementary) show a 

strong peak at binding energy of 781 eV, which can be attributed to Co2+ in LiCoPO4, and P2p 

(Figure S3b in Supplementary) observed at 133.5 eV corresponds to the P5+ state in LiCoPO4 

35. The high resolution XPS peaks in the region of Mn2p prove the mixed states of Mn3+ and 

Mn4+ in the samples as shown in Figure 4. According to the fittings, the surface Mn3+ in LNM, 

LNM@1%LCP, LNM@5%LCP and LNM@10%LCP is calculated about 18.1%, 27.0%, 34.9% 

and 45.8% of the total amount of Mn element detected on the surface by XPS, respectively 

(Table 1). The percentages of Mn3+ recorded by XPS give the same trend increasing with the 

amount of LiCoPO4, but the values of Mn3+ are much higher than those calculated by 4.0 V 

plateau. Mn3+ of spinel induced by LiCoPO4 shell might be mainly existed in the interface 

between LiCoPO4 and LiNi0.5Mn1.5O4 phases, but the reason why Mn3+ on spinel can be 

induced by LiCoPO4 is still unknown. In order to understand the oxidation states further, the 
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high resolution XPS spectra in the region of Mn3s taken on LNM, LNM@1%LCP, 

LNM@5%LCP, LNM@10%LCP, respectively, are displayed in Figure S6. The splitting 

between Mn3s peak and its satellite is related with the chemical state of Mn element. The 

average oxidation state (AOS) of Mn+AOS can be calculated by the following equation34,35:  

AOS = 8.956−1.126ΔE        (1) 

where ΔE is the splitting energy in the peak fitting for Mn3s. The calculated AOS 

values are 4.03, 3.99, 3.88 and 3.79 for pure LNM, LNM@1%LCP, LNM@5%LCP and 

LNM@10%LCP, respectively.  

Cyclic voltammetry (CV) profile is another technique to demonstrate the appearance and 

amount of Mn3+ in LNM. Figure 5 shows the redox processes of pure LNM and the 

composites LNM@x%LCP. In the CV curve of pure LNM, only one pair of redox peaks are 

presented at the potentials of 4.65/4.83 V, which are associated with the oxidation/reduction of 

Ni2+/Ni4+ (Figure 5a). After LCP coating, a couple of extra peaks near 4.0 V are clearly 

appeared in the composites, which are “fingerprint peaks” of the redox related with Mn3+, 

4.02/3.97 V in LNM@5%LCP and 4.04/3.97 V in LNM@10%LCP. It is worth noting that the 

peaks close to 4.0 V related with Mn3+ become stronger and stronger along with the increased 

amount of LiCoPO4. It is the evidence that Mn3+ is induced by LiCoPO4 shell and changes 

concurrently with the amount of LiCoPO4. Moreover, the peaks close to 4.8/4.6 V are split to 

double features, which are assigned to Ni2+/Ni3+ and Ni3+/Ni4+ respectively, because the 

conductivity of LNM is increased upon the appearance of Mn3+. 

Electrochemical properties. The schematic interface structure of LiNi0.5Mn1.5O4@LiCoPO4 

is shown in Figure 6a. While spherical particles of LNM@ x%LCP as cathode adhered to 

current collector using the polymeric binder of PVDF, LiCoPO4 shell has direct contact with 

electrolyte (EL), which has hindered the dissolution of Mn3+ from spinel. The following four 

components are involved in the composite LNM@x%LCP: (1) the interface between 



 

 9 

electrolyte (EL) and LiCoPO4, (2) the shell of LiCoPO4 phase, (3) the interface between 

LiCoPO4 and LiNi0.5Mn1.5O4, and (4) the core of LNMO phase. Lithium ions insertion and 

extraction have to go through them and different electrochemical performances are presented 

in the samples of LNM@1%LCP, LNM@5%LCP and LNM@10%LCP, respectively. 

Electrochemical impedance spectra (EIS) and the relative fitting by equivalent circuit are 

powerful methods to simulate the electrochemical properties. The EIS of LNM@1%LCP, 

LNM@5%LCP and LNM@10%LCP are plotted in Figure 6b and the fitted parameters are 

listed in Table S2. The equivalent circuits are proposed for the microstructures of LNM@ 

x%LCP in Figure 6c. Rs is the solution resistance of a cell, with a similar value in the three 

samples of LNM@ x%LCP. Rp, the polarization resistance of Li ions through the interface 

between electrolyte (liquid) and LiCoPO4 (solid), is increased concurrently with the amount 

of LiCoPO4 shell, 66.35 ohms in LNM@1%LCP, 197.4 ohms in LNM@5%LCP and 202.6 

ohms in LNM@10%LCP, respectively, in line with the intrinsic poor conductivity of 

LiCoPO4. Rct, the charge transfer resistance happened at LiCoPO4 layer, is also increased 

concurrently with the amount of LiCoPO4 shell. Rp’, the resistance of lithium ions through the 

interface between LiCoPO4 shell and LiNi0.5Mn1.5O4 core, is in the same magnitude in the 

three samples because the existences of Mn3+ in the three samples render a good conductivity. 

Zw (LCP) and Zw (LNM) are the Warburg resistances of lithium ions transporting through LiCoPO4 

shell and LNM core. Because the intrinsic conductivity of LiCoPO4 is much poorer than that 

of LiNiPO4, Zw (LCP) is much higher than Zw (LNM). 

GITT technique based on chronopotentiometry directly reflects the diffusion ability of 

Li+ during charge and discharge36. The DLi
+ values of pure LNM and composites of LNM@ 

x%LCP are calculated and plotted in Figure 6d-f. The lowest DLi
+ of each sample is appeared 

in the phase change of Ni2+/Ni4+. At 4.7 V, the DLi
+ values of pure LNM and LNM@1%LCP 
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are much lower than those of LNM@5%LCP and LNM@10%LCP, confirming a certain 

amount of Mn3+ in the samples effectively improve the diffusion ability of Li+. 

    The initial specific capacities and cyclic stability of pure LNM, LNM@1%LCP, 

LNM@5%LCP and LNM@10%LCP as cathode operated at 25 °C and 55 °C, are compared 

in Figure 7. Pure LNM and LNM@1%LCP deliver the initial capacities of 141 and 136 mAh 

g-1 at 0.5 C rate, higher than 128 mAh g-1 in LNM@5%LCP and 112 mAh g-1 in 

LNM@10%LCP (Figure 7a). The sample LNM@10%LNM, with highest amount of LiCoPO4, 

shows lowest initial specific capacity due to the intrinsic low conductivity of LiCoPO4. As 

shown in Figure S7 in Supplementary, the initial capacity is only 51 mAh g-1 for pure 

LiCoPO4. All the three samples give a 4.7 V discharge plateau, which is attributed to the 

redox of Ni2+/Ni4+. The other plateau near 4.0 V is observed corresponding to the “fingerprint” 

plateau reflected the redox reaction between the Mn3+ and Mn4+ couple. The 4.0 V plateau of 

the composite is another evidence that the amount of Mn3+ in spinel is concurrently increased 

with the increased amount of LiCoPO4 shell. Figure 7b shows the cyclic stability of the 

samples. After 100 charge/discharge cycles, pure LNM and LNM@1%LCP exhibit rapid 

capacity loss, only 58 % and 64 % of their initial capacity are remained, respectively. 

However, both samples LNM@5%LCP and LNM@10%LCP show excellent cyclic stability, 

96% and 95% of their initial capacity are remained, respectively. At elevated temperature of 

55 °C, LCP shell plays even more important role in maintaining electrochemical performance 

of LNM@ x%LCP samples (see Figure 7c and 7d). At the 100th cycle, only 64 % of its initial 

discharge capacity is remained in LNM@1%LCP, but LNM@5%LCP with the preferred shell 

presents the best performance, 96 % of its initial discharge capacity (120.9 mAh g-1) is 

maintained. It can be concluded that LiCoPO4 shell does play a key role in ensuring the cyclic 

stability of LNM@ x%LCP samples.  
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    As mentioned above, the other important role of LiCoPO4 is to induce the appearance of 

Mn3+, which is useful in improving rate performance of LNM. Figure 8 shows the rate cyclic 

performance of the samples operated from 0.5 C to 20 C rate. At 20 C rate, LNM@5%LCP 

delivers the initial capacity of 115 mAh g-1 (Figure 8a), which is the highest value in 

comparison with 57 mAh g-1 of pure LNM, 87 mAh g-1 of LNM@1%LCP, and 92 mAh g-1 of 

LNM@10%LCP. The polarization of LNM@5%LCP electrode is the smallest within these 

four samples. It is observed that the rate capability of LNM@5%LCP is far better than other 

samples (Figure 8b and 8c). Ragone plots of the four samples are shown in Figure 8d. The 

inverse relationship between specific energy density and specific power density is well 

established. Remarkably, LNM@5%LCP electrode delivers a gravimetric energy density of 

475.1 Wh kg−1 while delivering a power density of 13.2 KW kg−1, much better than other 

samples. 

The state of electrode and electrolyte after charge and discharge cycles. It is reported in 

literature that the LiPF6 of electrolyte worked at high voltage might be decomposed and 

deposited on electrode materials37-39. In order to analyze the surface changes of active 

materials, XPS spectra on the electrodes with pure LNM, LNM@1%LCP, LNM@5%LCP 

and LNM@10%LCP charged/discharged after 100 cycles at 20 C rate have been collected, 

see Figure 9. The P2p spectrum taken on the pure LNM electrode is clearly identified as two 

strong components (Figure 9a), LixPFy at 137.5 eV and LixPOyFz at  134.5 eV, respectively. 

This is consistent with the previous studies that an unwanted decomposition of the standard 

electrolyte, LiPF6, always happens on the surface of cathode with operating potentials over 

4.5 V20,39,41. For the cycled electrode of LNM@1%LCP, the minor P state is from LixPFy and 

the major P state is phosphate from the shell of LiCoPO4 (Figure 9b). For the both cycled 

electrodes of LNM@5%LCP and LNM@10%LCP, the P state from LixPFy is hardly to be 

detected (Figure 9c and 9d). It is clearly concluded that the P state from PF6
- in the electrodes 
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of LNM@ x%LCP is dramatically reduced with the increasing amount of LiCoPO4 shell. The 

percentages of P state of LixPFy are 4.86%, 0.05% and 0.03% of the total P detected in 

LNM@1%LCP, LNM@5%LCP and LNM@10%LCP, respectively. It is evidenced that 

LiCoPO4 shell plays the roles in avoiding unwanted decomposition of electrolyte and 

improving the cyclic ability of LiNi0.5Mn1.5O4 operated at high voltage. 

Conclusion 

    A novel series of composites LiNi0.5Mn1.5O4@ x%LiCoPO4 (LNM@ x%LCP) have been 

synthesized and investigated as 4.7 V cathode for LIBs. LiCoPO4 (LCP) as shell has been 

grown on the surface of LiNi0.5Mn1.5O4 (LNM) particles under hydrothermal condition. The 

growth of LCP has simultaneously induced Mn3+ on the interface of LCP and LNM, and the 

amount of Mn3+ increases with the growth of LCP shell. The appearance of Mn3+ has 

dramatically improved the conductivity and lithium diffusion ability of LNM. The sample 

LNM@5%LCP has shown the best electrochemical properties, 128 mAh g-1 at 0.5 C rate and 

96 % of its initial capacity remained after 100 cycles. At 20 C rate, LNM@5%LCP has 

demonstrated the best performance of 115 mAh g-1, much higher than 57 mAh g-1 of pure 

LNM. It can be concluded that an appropriate amount of Mn3+ is necessary for improving the 

capacity and rate performance, while the stable shell of LCP ensures the excellent cyclic 

stability of LNM@5%LCP owing to its preventing the dissolution of Mn3+. It is worth noting 

that LiCoPO4 as a stable shell effectively reduces the decomposition of the electrolyte LiPF6 

as well. The construction of active core@ stable shell is simple and applicable in preparing 

electrode materials for high-performance LIBs. 

Methods 

Synthesis of LiNi0.5Mn1.5O4@LiCoPO4 nanoparticles. LiNi0.5Mn1.5O4@LiCoPO4 was 

synthesized using one-pot hydrothermal method. Spherical LiNi0.5Mn1.5O4 particles as core 

were produced by co-precipitation (See details in Supplementary). LiNi0.5Mn1.5O4 particles 
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were well dispersed in an aqueous solution of Co(NO3)2·6H2O and H3PO4. After vigorous 

stirring for 2 h, aqueous LiOH solution in the molar ratio of Li : Co : P set 2.0 : 1.0 : 1.0 was 

placed into the mixture. The pH value of the mixture was adjusted to 8.5 by using ammonia. 

The final suspension was transferred into an autoclave and reacted for 10 h at 200 °C. The 

black precipitate was centrifuged, washed for several times with distilled water and absolute 

ethyl alcohol, and finally dried at 60 °C. In order to improve the crystallinity of LiCoPO4 shell, 

the precipitate was annealed at 700 °C for 10 h under air atmosphere. The as-synthesized 

composites with starting mass ratio of LiCoPO4 at 1 %, 5 % and 10 % of LiNi0.5Mn1.5O4 in 

theoretical values, are simply named as LNM@1%LCP, LNM@5%LCP and LNM@10%LCP, 

respectively. The real mass ratios of LiCoPO4 in the final composites were measured by ICP 

considering the yield of LiCoPO4 in hydrothermal condition. To study the morphologies, 

elemental state of the electrode and electrolyte decomposition after hundreds of 

charge/discharge cycles, cells were disassembled in an Ar-filled glove box. The components 

were rinsed for several times with dimethyl carbonates (DMC). The cathode was dried in 

Ar-filled glove box overnight prior to the XPS analysis. 

Characterization. X-ray diffraction (XRD) measurements were carried out with a Rigaku 

diffractometer (Dmax-2200, Cu Ka radiation). A field-emission scanning electron microscope 

(FE-SEM, SIGMA, ZEISS, 20kV), and a transmission electron microscope (TEM, 

JEOL-2000CX, 200 kV and HRTEM, JEOL-2010F, 200 kV) were employed to analyze the 

morphologies of samples. The composition and elemental state of the samples were analyzed 

by inductively coupled plasma (ICP) and X-ray photoelectron spectroscopy 

(XPS-ULVAC-PHI PHI 5000 Versa Probe spectrometer, Al Ka radiation, h = 1486.6 eV).  

Electrochemical test. Electrochemical performances of as-prepared samples were measured 

using CR2016 coin cells. The working electrode was a mixture of 80 wt% as-synthesized 

sample, 10 wt% acetylene black, and 10 wt% polyvinylidene difluoride binder in N-methyl 
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pyrrolidinone solvent. The slurry was casted on aluminum foil with mass loading of ca 3 mg 

cm-2, and dried at 100°C for 12 h under vacuum. The half-coin cell was assembled in an 

argon-filled glove box, using lithium metal as anode, Celgard 2500 as the separator, and 1 M 

LiPF6 dissolved in ethylene carbonate and ethyl methyl carbonate (1 : 1 volume ratio) as the 

electrolyte. The assembled cell was galvanostatically cycled between 3.0 to 5.0 V at various 

current rates ranging from 0.5 to 20 C (1 C = 150 mAh g-1) by a LAND CT2001A battery test 

system. The working temperature for cell’s cycling test was set at 25 °C and 55 °C, 

respectively. All of the specific capacities were calculated on the basis of total mass of 

LiNi0.5Mn1.5O4@LiCoPO4. Galvanostatic intermittent titration technique (GITT) was 

conducted at room temperature in the voltage range of 3.0-5.0 V. Cyclic voltammetry (CV) 

tests were carried on PARSTAT2273 electrochemical workstation at the scanning rate of 0.1 

mV s-1 in the potential ranges from 3.0 to 5.0 V (vs. Li+/Li). Electrochemical impedance 

spectroscopy (EIS) measurement was carried out by using PARSTAT2273 electrochemical 

workstation range from 100 kHz to 10 mHz with sinusoidal signal of 5 mV.  
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Table 1 | ICP results, physical parameters and the estimated Mn3+ percentage. 

 ICP /mol BET surface 

area /m2 g-1 

surface Mn3+ 

percentage /% 

a) 

sum Mn3+ 

percentage /% b)  Mn Ni Co P 

LNM 1.5 0.48 / / 6.37 18.1 / 

LNM@1%LCP 1.5 0.48 0.011 0.015 5.89 27.0 2.93 

LNM@5%LCP 1.5 0.49 0.057 0.039 5.22 34.9 7.87 

LNM@10%LCP 1.5 0.47 0.106 0.092 4.80 45.8 14.9 

a)(Mn3+ ratio calculated by capacity percentage from the 4 V plateau.); b)(Mn3+ 

ratio measured by XPS.) 
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Figure 1 | Schematic of synthesis method and morphology characterization of the 

LNM@5%LCP. (Schematic) Schematic of the preparation route for LiCoPO4 coated 

LiNi0.5Mn1.5O4; (a) SEM images of LNM@5%LCP spherical particles; (b) the surface of 

LNM@5%LCP spherical particles; (c, d) the sectional views after the particles were pressed 

in half; (e) TEM image of LNM@5%LCP sample and (f) the magnified TEM image. 
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Figure 2 | Element distribution of the LNM@1%LCPO. (a) SEM images and the relative 

EDS mapping in spherical view and (b) SEM images and the relative EDS mapping in cross 

sectional view after the particles were crashed into half. 
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Figure 3 | XRD patterns. (a) LNM, (b) LNM@1%LCP, (c) LNM@5%LCP and (d) 

LNM@10%LCP. The inset: enlarged patterns present the characterized peaks index by 

LiCoPO4 phase. 
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Figure 4 | High resolution XPS spectra in the region of Mn2p. (a) LNM, (b) 

LNM@1%LCP, (c) LNM@5%LCP and (d) LNM@10%LCP, respectively.  
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Figure 5 | Cyclic voltammograms. (a) LNM, (b) LNM@1%LCP, (c) LNM@5%LCP and (d) 

LNM@10%LCP at a scan rate of 0.1 mV s-1. 
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Figure 6 | (a) A schematic model illustrates the path of Li ions going through LNM@ x%LCP, 

(b) Nyquist plots of LNM@1%LCP, LNM@5%LCP and LNM@10%LCP electrodes (inset is 

the high-frequency region of Nyquist plots) and (c) the equivalent circuit, (d) GITT curves of 

the four samples for the fourth discharge between 3 V and 5 V (rate: 0.1 C, time interval: 30 

min), (e) t vs E profile for a single GITT titration, (f) diffusion coefficients of Li+ in LNM, 

LNM@1%LCP, LNM@5%LCP and LNM@10%LCP, respectively. 
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Figure 7 | Initial charge/discharge and cyclic profiles. (a, b) at 25 °C and (c, d) at 55 °C. 

The current density is 0.5 C-rate.  
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Figure 8 | (a) Initial charge/discharge profiles collected at 20 C-rate. (b) Rate capability of 

samples at various C-rates ranging from 0.5 to 20 C. (c) Evolution of normalized capacity as a 

function of discharge rate (d) and Ragone plot (d) for the four samples.  
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Figure 9 | High resolution XPS spectra in the region of P2p taken on the electrodes after 

600 cycles at the current rate of 20 C. (a) LNM, (b) LNM@1%LCP, (c) LNM@5%LCP 

and (d) LNM@10%LCP  

 


