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Abstract 7 

The novel Li1.5Mn0.75Ni0.15Co0.10O2+δ microspheres with hierarchically multilayer 8 

shells are rationally designed and successfully prepared through layer-by-layer 9 

self-assembly deposit with a co-precipitation process. The microsphere with 10 

multilayer shells is consisted of Li1.5Mn0.75Ni0.25O2+δ inner core and hierarchically 11 

multilayer shells. The structure and electrochemical properties of the spherical 12 

Li1.5Mn0.75Ni0.15Co0.10O2+δ cathode material with multilayer shells are evaluated and 13 

compared to those of the conventional Li1.5Mn0.75Ni0.15Co0.10O2+δ cathode material 14 

with the same chemical composition as the multilayer spherical cathode material. The 15 

results show that the spherical cathode material with multilayer shells delivers a high 16 

discharge capacity of 257.8 mAh g
-1

 at a rate of 0.1 C with outstanding capacity 17 

retention of 96.1% after 100 cycles at 0.5 C between 2.0 and 4.6 V. Especially, the 18 

spherical cathode material with multilayer shells exhibits an improved rate capability 19 

with capacity of 102.7 mAh g
-1

 even at a high discharge rate of 10 C, it is apparently 20 

                                                             

∗ Corresponding author: Xianyou Wang, Xiukang Yang, Tel: +86 731 58292060; Fax: +86 731 58292061. 

E-mail address: wxianyou@yahoo.com (X. Wang), yshowk23@163.com (X. Yang) 

 

Page 1 of 27 Journal of Materials Chemistry A



 

2 

 

superior to the conventional Li1.5Mn0.75Ni0.15Co0.10O2+δ cathode material (64.9 mAh 21 

g
-1

). Thus, reasonable design for function and structure of cathode material will be a 22 

significant work for improving lithium ion battery performance. 23 

Keywords: Lithium-ion batteries; Lithium-rich layered cathode material; 24 

Hierarchically multilayer shells; Co-precipitation method 25 

 26 

1. Introduction 27 

As the influence of global warming and energy crisis increases severely, the 28 

development of sustainable energy becomes the emphasis of current research. 29 

Lithium-ion batteries are considered to be a good option for the solution of the 30 

problems and paid more and more attention in recent years, due to the features of high 31 

power densities and environmental benefits.
1-3

 Nowadays, lithium-ion batteries have 32 

been widely used in portable electronics, such as laptops, tablet computers, cellphones 33 

and so on. In addition, lithium-ion batteries are the most promising power sources of 34 

electric vehicles (EVs) and hybrid electric vehicles (HEVs) that most probably 35 

become the next generation of green transportation.
4
 The rise of commercialized EVs 36 

and HEVs could depend in large part on whether researchers can enhance energy 37 

density and reduce costs of lithium-ion batteries. It’s a common knowledge that the 38 

energy density and costs are mainly limited by the cathode materials. Thus, the key of 39 

power lithium-ion batteries is the successful exploitation of cathode materials with 40 

high performance and low costs.
3
 41 

Recently, lithium-rich layered cathode material, Li1+x[M]1-xO2 (M = Mn, Ni, Co, etc. 42 
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0 < x < 1) has been the hot spot in the research of cathode materials due to its 43 

remarkably high discharge capacity of over 250 mAh g
-1

 when cycled in the voltage 44 

of over 4.5 V.
5-9

 This kind of material can also be represented using structurally 45 

integrated two-component solid solution notations xLi2MnO3·(1-x)LiMO2 (M = Mn, 46 

Ni, Co, etc. 0 < x < 1).
5
 The component of Li2MnO3 plays the important role to 47 

enhance the properties of xLi2MnO3·(1-x)LiMO2, during charge/discharge process. 48 

Some studies have shown that the long plateau region that began at ~4.5 V 49 

corresponds to the extraction of Li
+
 from the lattice of Li2MnO3 component 50 

accompanying the oxygen loss, in the initial charge.
10, 11

 The irreversible removal of 51 

Li
+
 accompanied by oxygen evolution can facilitate the lowering of the oxidation 52 

states of the transition metal ions, and thus can result in high reversible capacities in 53 

following charge/discharge cycles.
12

 In addition, the inexpensive Mn element serves 54 

as a substitute for costly Ni and Co elements, which can reduce the production costs. 55 

Although the lithium-rich layered cathode material has so many advantages, there 56 

are still several unsolved issues hindering the large-scale commercial popularization 57 

of the material, such as low coulombic efficiency, poor rate capability, and significant 58 

decrease in capacity with successive cycling. To resolve these problems, a collection 59 

of solutions have been proposed. For example, element doping is an efficient strategy 60 

to enhance the structural stability of the lithium-rich layered cathode material. But it 61 

can cause a fading of capacity because the substituents are usually electrochemically 62 

inactive elements.
13-15

 Recently, a method of fabricating cathode materials with 63 

core-shell structure is proposed as a new idea of materials design.
16-19

 Generally 64 
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speaking, the core can deliver high capacity, whereas the shell provides high structural 65 

stability.
16

 This approach can improve the deficiencies of the element doping method, 66 

and enhance significantly the performance of the cathode materials. In addition, some 67 

new materials with hollow micro/nanostructure and double-shelled hollow structure 68 

also have caused a great concern.
20, 21

 These extraordinary structures are often 69 

associated with fast Li
+
 diffusion, leading to better rate capability. Moreover, the 70 

interior void space can buffer the periodical volume change of the electrode materials 71 

during Li
+
 insertion/extraction process.

20, 22
 72 

Based on above points, herein, we reasonably designed and synthesized a kind of 73 

innovative spherical Li1.5Mn0.75Ni0.15Co0.10O2+δ microspheres with hierarchically 74 

multilayer shells structure via layer-by-layer self-assembly with a co-precipitation 75 

process. The microsphere with multilayer shells is made up of an inner core 76 

Li1.5Mn0.75Ni0.25O2+δ and hierarchically multilayer shells. The spherical cathode 77 

material with multilayer shells is the perfect combination of advantages of both 78 

core-shell structure and hollow structure materials. The structures, morphologies and 79 

electrochemical properties of the spherical Li1.5Mn0.75Ni0.15Co0.10O2+δ cathode 80 

material with multilayer shells were studied in detail. 81 

 82 

2. Experimental 83 

2.1 Synthesis of the spherical cathode material with multilayer shells and 84 

conventional cathode material 85 

According to our strategy for novel cathode material, the precursor should have an 86 
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inner core and a multi-component shell with increasing Co content and decreasing Ni 87 

content step by step towards to the outer surface of the particle, while the Mn 88 

concentration remains constant throughout the particle. To prepare the spherical 89 

Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material with multilayer shells, the precursor was 90 

synthesized firstly by co-precipitation method as our previous report.
23

 Scheme 1 91 

shows an illustration of the co-precipitation process. During this reaction process, two 92 

kinds of solution with different metal ions were needed. One was a mixed aqueous 93 

solution of NiSO4 and MnSO4 (Ni:Mn = 1:3, molar ratio) with a concentration of 1.6 94 

mol L
-1

 which was named solution A, another was a mixed aqueous solution of 95 

CoSO4 and MnSO4 (Co:Mn = 1:3, molar ratio, 1.6 mol L
-1

) which was named solution 96 

B. The solution A and solution B were separately placed in tank 1 and tank 2. At the 97 

beginning of the reaction, the solution A was firstly pumped into a stirred tank reactor 98 

in designed flow rate. At the same time, a 1.6 mol L
-1

 Na2CO3 solution as precipitant 99 

and desired amount of NH3·H2O, solution as chelating agent were separately fed into 100 

the reactor. After one hour, the spherical [Mn0.75Ni0.25]CO3 core precursor particles 101 

were formed. Then, the solution B placed in tank 2 was intermittently pumped into 102 

tank 1 (the volume of solution A was 1.5 times of B). Simultaneously, the mixed 103 

solution of A and B was stirred and fed into the stirred reactor. The hierarchically 104 

multilayer shells with increasing Co content and decreasing Ni content were deposited 105 

through layer-by-layer self-assembly onto the surface of the core precursor particles. 106 

The pH, temperature, and stirring speed of the mixture in the reactor were set to 7.5, 107 

55 °C, and 600 rpm, these conditions must be controlled strictly to ensure that the 108 
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reaction products were uniform spherical particles. As the reaction proceeded, the 109 

[Mn0.75Ni0.25]CO3 core was encapsulated completely within a stable multi-component 110 

shell. The obtained precursor was aged for 12 h, then filtered, washed and dried 111 

overnight at 110 °C. Thenceforth, the precursor was pre-sintered at 500 °C for 6 h for 112 

converting into oxide powder. Finally, the oxide powder was mixed with appropriate 113 

amount of Li2CO3, calcined at 850 °C for 12 h, and cooled to room temperature.  114 

For comparison, the conventional Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material was 115 

also synthesized via the co-precipitation process. The mixed solution of NiSO4, 116 

CoSO4 and MnSO4 (Ni:Co:Mn = 3:2:15 in molar ratio, 1.6 mol L
-1

) was continuously 117 

pumped into a stirred tank in designed flow rate to prepare the conventional 118 

[Mn0.75Ni0.15Co0.10]CO3 precursor. At the same time, Na2CO3 solution and NH3·H2O 119 

solution were separately fed into the reactor. The following preparation process of the 120 

conventional Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material was the same as the 121 

spherical Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material with multilayer shells. 122 

 123 

Scheme 1 Schematic illustration of co-precipitation process; Tank 1: Mixed solution of NiSO4 and 124 

MnSO4 (Ni:Mn = 1:3, molar ratio), Tank 2: Mixed solution of CoSO4 and MnSO4 (Co:Mn = 1:3, 125 

molar ratio). 126 
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2.2 Materials characterization 127 

In order to determine the chemical composition of the as-prepared materials, atomic 128 

absorption spectroscopy (AAS, Vario 6 Analytik Jena AG, Jena) analysis was carried 129 

out. The morphology and atomic concentration of the samples were examined with a 130 

scanning electron microscopy (SEM) equipped with an energy-dispersive X-ray 131 

spectroscope (EDXS) (JSM-6100LV, JEOL, Japan). A X-ray diffractometer 132 

(D/Max-3C, Rigaku, Japan) using Cu Kα radiation (λ = 0.154178 nm) and a graphite 133 

monochromator at 36 kV, 20 mA was employed to identify the crystalline phase of the 134 

resulting cathode materials, the scanning rate was 4 °min
-1

 and the scanning range of 135 

diffraction angle (2θ) was between 10° and 80°. 136 

2.3 Electrochemical test 137 

The positive electrodes were fabricated by coating a paste of 80 wt % active 138 

substances of the prepared cathode materials, 5 wt % acetylene black, 5 wt % graphite 139 

and 10 wt % polyvinylidene fluoride (PVDF) binder onto aluminum foils, with 140 

N-methylpyrrolidone (NMP) as the solvent. The coated foils were then roll-pressed 141 

and dried at 80 °C for 12 h in an oven. Finally, the positive films were cut into circular 142 

electrodes of 10 mm diameter and dried overnight at 110 °C in a vacuum oven before 143 

use. Generally, the mass of the positive active material is about 4 mg per electrode. 144 

The electrochemical tests were performed with CR2025 coin cells assembled in a 145 

glove box under argon atmosphere using a Lithium metal foil as the anode. The 146 

electrolyte solution was 1 mol L
-1

 LiPF6 in ethylene carbonate (EC)-dimethyl 147 

carbonate (DMC) (1:1, V:V). Moreover, a porous polypropylene based membrane 148 
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(Celgard) was used as the separator. The charge/discharge characteristics of the final 149 

cathode materials were determined by potential cycling at different current densities 150 

in the voltage range of 2.0-4.6 V (vs Li
+
/Li). Especially, the cells were firstly charged 151 

at 0.2 C and discharged at various rates to evaluate the rate performance of the 152 

materials. These tests were based on a constant current method. Galvanostatic 153 

intermittent titration technique (GITT) was collected by charging/discharging a cell 154 

for a given time period (10 min) at a constant current flux of 0.05 C, then keeping the 155 

cell in an open-circuit (OCV) voltage for 60 min. The procedure was completed until 156 

the full voltage range (2.0-4.6 V) was covered. All the tests were run at 25 °C. 157 

 158 

3. Results and discussion 159 

The total average chemical composition of the as-prepared samples was determined 160 

by AAS. Table 1 shows the designed and measured chemical compositions of the 161 

obtained precursors and final lithiated cathode materials. It can be seen that all of the 162 

measured chemical compositions of the as-prepared samples are well matched with 163 

the designed values. The spherical cathode material with multilayer shells was 164 

founded to be Li1.51[Mn0.749Ni0.147Co0.104]O2+δ, and it’s close to the desired chemical 165 

formula. 166 

Table 1 Designed and measured chemical compositions of the obtained samples 167 

 Designed composition Measured composition 

Conventional precursor [Mn0.75Ni0.15Co0.10]CO3 [Mn0.752Ni0.145Co0.103]CO3 

Conventional cathode material Li1.5[Mn0.75Ni0.15Co0.10]O2+δ Li1.50[Mn0.750Ni0.146Co0.104]O2+δ 

Multilayer precursor [Mn0.75Ni0.15Co0.10]CO3 [Mn0.753Ni0.142Co0.105]CO3 
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Multilayer cathode material Li1.5[Mn0.75Ni0.15Co0.10]O2+δ Li1.51[Mn0.749Ni0.147Co0.104]O2+δ 

The morphologies of the precursors were performed using SEM, as well as their 168 

corresponding lithiated cathode materials. Fig. 1a and b display the SEM images of 169 

multilayer [Mn0.75Ni0.15Co0.10]CO3 (denoted by MP) and conventional 170 

[Mn0.75Ni0.15Co0.10]CO3 (denoted by CP) precursors, respectively. Both of the MP and 171 

CP precursors show analogous morphology with a spherical shape and 8 µm in 172 

diameter approximately, which are formed with agglomerates of nano-sized primary 173 

grains. These features of the precursor particles are similar to previous reports of 174 

carbonate particles prepared via co-precipitation.
24, 25

 Fig. 1c and d display the SEM 175 

images of the spherical Li1.5[Mn0.75Ni0.15Co0.10]O2+δ with multilayer shells (denoted by 176 

MSL) and conventional Li1.5[Mn0.75Ni0.15Co0.10]O2+δ (denoted by CL) cathode 177 

materials, respectively. It can be seen that both the MSL and CL cathode materials are 178 

maintained the spherical morphology, after lithiation at high temperature. However, 179 

the primary grains of the lithiated cathode materials tend to grow up compared to the 180 

precursors. In addition, some small holes can be observed in the surfaces of the MSL 181 

and CL cathode materials, which are probably caused by the emission of CO2 gas 182 

during the calcination process. Furthermore, there are no obvious differences can be 183 

observed between the SEM images of these two cathode materials. 184 
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  185 

  186 

Fig. 1 SEM images of (a) MP precursor, (b) CP precursor, (c) MSL cathode material and (d) CL 187 

cathode material. 188 

In order to directly observe the internal structure of the MP precursor and its 189 

corresponding MSL cathode material, these spherical particles were cut by a focused 190 

ion beam, and then SEM measurement on the cross-section of the particles was 191 

carried out. To further determine the composition changes in the MP precursor and 192 

MSL cathode material, EDXS data on the cross-section of the particles were collected. 193 

It can be found from the SEM images of the cross-section of precursor particles that 194 

the internal structure of the precursor is quite compact and intact (Fig. 2a and c). Fig. 195 

2c displays the EDXS tests on four points from the core to the surface of the single 196 

precursor particle. The concentrations of Mn, Co, and Ni were plotted as a function of 197 

distance from the center to the surface of the precursor particle, as shown in Fig. 2e. 198 
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The Mn concentration remains almost constant across the particle (~75.0%). The 199 

relative Ni composition decreases from 24.6% in the center of the particle to 5.3% 200 

near the outer surface while the Co composition is nearly zero at the particle center 201 

and increases gradually to 19.9% near the outer surface. These results are consistent 202 

with the designed values. As shown in Fig. 2b and d, it’s clear that the microsphere of 203 

MSL cathode material has an inner core and hierarchically multilayer concentric 204 

circle shells with porous structure. Also, the void space between the multilayer shells 205 

can be clearly seen. The EDXS results performed on the cross-section of the single 206 

microsphere confirm further that the inner core of the microsphere is consisted of a 207 

molar ratio of 0.750 Mn, 0.216 Ni and 0.034 Co. In addition, in the hierarchically 208 

multilayer shells, the molar ratio of Ni gradually decreases from 0.174 to 0.092 and 209 

the molar ratio of Co increases from 0.079 to 0.156, while the molar ratio of Mn 210 

remains almost constant (Fig. 2d and f). The distribution of Ni, Co and Mn in the 211 

MSL cathode material is a little different from that of the precursor, and it might be 212 

caused by the inter-diffusion of transition metals during the calcination process. Based 213 

on above analyses, it can be confirmed that the spherical Li1.5[Mn0.75Ni0.15Co0.10]O2+δ 214 

cathode material with multilayer shells is successfully synthesized as desired. 215 

  216 
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  217 

  218 

Fig. 2 SEM images of the cross-section of (a, c) MP precursor and (b, d) corresponding MSL 219 

cathode material; (e) and (f) EDXS compositional change from the center to the surface on the 220 

labeled points 1 to 4 of the cross-section of the MP precursor in the Fig. (c) and MSL cathode 221 

material in the Fig. (d). 222 

Fig. 3a shows the XRD patterns for the MP and CP precursors. All the diffraction 223 

peaks of the precursors can be indexed as a typical hexagonal structure with a space 224 

group of R-3c,
24

 which corresponds to standard MnCO3 (JCPDS NO. 44-1472).
26

 The 225 

diffraction peaks are broadened, it is probably because the particles consist of a lot of 226 

nano-scale primary grains.
27

 After reacted with Li2CO3 at high temperature, the 227 

diffraction peaks become much narrower (Fig. 3b), indicating the MSL and CL 228 

cathode materials have high crystallinity. In addition, the diffraction peaks can be 229 

indexed based on a hexagonal α-NaFeO2 type structure with the m3R  space group,
28

 230 
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except for some weak peaks between 20° and 25°. These peaks between 20° and 25° 231 

can be observed in Li2MnO3-based oxides (space group C/2m) and might be caused 232 

by the superlattice ordering of the Li, Ni, Co and Mn in the 3a site.
5, 29

 The lattice 233 

parameters of the MSL cathode material were determined to be 0.2850 nm for a and 234 

1.4235 nm for c, using only the m3R  space group during Rietveld refinements, 235 

which are close to that of CL cathode material (0.2852 nm for a, 1.4238 nm for c). 236 

The sharp diffraction peaks and the well resolved splits of (006)/(102) facets and 237 

(018)/(110) facets reflections for the MSL and CL cathode materials indicate the 238 

formation of a well-ordered layer structure.
30, 31

 Besides, there were no representative 239 

peaks to indicate any impurity phase detected in these patterns. 240 

  241 

Fig. 3 XRD diffraction patterns of (a) MP and CP precursors and (b) MSL and CL cathode 242 

materials. 243 

The electrochemical properties of the MSL cathode material were investigated 244 

using 2025 coin-type cells. The CL cathode material was also studied as a comparison. 245 

Fig. 4a and b show the initial and second charge/discharge curves of the Li/MSL cell 246 

and Li/CL cell at a rate of 0.1 C (1 C refers to 200 mA g
-1

 current density) in the 247 
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voltage range of 2.0-4.6 V, correspondingly. It’s obvious that both the cathode 248 

materials display the representative profiles of the lithium-rich layered materials. In 249 

addition, the curves of these two cathode materials exhibit two distinguished regions, 250 

a sloping region below 4.5 V and a long plateau region around 4.5 V, during the initial 251 

charge process. The sloping region corresponds to the oxidation of the transition metal 252 

ions and the Li
+
 extraction from the LiMO2 component (M = Mn, Co, Ni), while the 253 

following long plateau region around 4.5 V corresponds to the extraction of Li
+
 from 254 

the Li2MnO3 component accompanied by an irreversible loss of oxygen from the 255 

lattice.
32

 The ideal charge/discharge process in the first cycle can be expressed by the 256 

following reactions (1), (2) and (3):
33

 257 

)Li(1)MO(1MnOLi)LiMO(1MnOLi 232232 xxxxx −+−⋅→−⋅        (1) 258 

OLi)MO(1MnO)MO(1MnOLi 222232 xxxxx +−⋅→−⋅           (2) 259 

2222 )LiMO(1LiMnOLi)MO(1MnO xxxx −⋅→+−⋅            (3) 260 

Then, the plateau region around 4.5 V disappears in the second charge process, 261 

indicating an irreversible structure change during the first charge. Similar 262 

charge-discharge behavior in the first two cycles for lithium rich cathode has also 263 

been reported.
32, 34

 As seen in Fig. 4a and b, the Li/MSL cell delivers a high discharge 264 

capacity of 257.8 mAh g
-1

 with initial coulombic efficiency of 77.8%, while the Li/CL 265 

cell delivers a slightly lower discharge capacity of 254.6 mAh g
-1

 with initial 266 

coulombic efficiency of 77.1%. Thus, the existence of the hierarchically multilayer 267 

shells doesn’t cause a fading of capacity and decrease of coulombic efficiency. 268 
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  269 

Fig. 4 Initial and second charge/discharge curves of (a) Li/MSL cell and (b) Li/CL cell at a rate of 270 

0.1 C in the voltage range of 2.0-4.6 V. 271 

In order to investigate the capacity retention of the as-prepared cathode materials, 272 

the cells were first charged/discharged at a rate of 0.1 C for activation, and then 273 

cycled at 0.5 C between 2.0 V and 4.6 V. Fig. 5 displays the cycle performance of the 274 

Li/MSL and Li/CL cells. The continuous charge/discharge curves of Li/MSL and 275 

Li/CL cells are shown in Fig. 5b and c, respectively. As being seen in Fig. 5a and b, 276 

the Li/MSL cell exhibits an initial discharge capacity of 224.6 mAh g
-1

 at 0.5 C and 277 

excellent cyclic stability, maintaining 96.1% of its initial capacity after 100 cycles. By 278 

contrast, the Li/CL cell shows a lower initial discharge capacity of 213.2 mAh g
-1

 and 279 

a rapid capacity fading with a capacity retention of only 88.7% over the same cycling 280 

period (Fig. 5c). The enhanced cycle performance of the MSL cathode material might 281 

benefit from the hierarchically multilayer shells structure. Such type of structure is 282 

supposed to effectively buffer and suppress large volume swing during Li
+
 283 

insertion/extraction process, so as to keep stable in the charge/discharge process.
20-22, 

284 

35
 In addition, some researchers found that the lower concentration of Ni in the outer 285 
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layer of material can reduce side reactions between highly reactive Ni
4+

 and the 286 

electrolyte when charging to high voltage, which can keep the electrode/electrolyte 287 

interface to stable during the Li
+
 insertion/extraction process.

16, 36-38
 In the 288 

hierarchically multilayer shells, Ni content is gradually decreased from the inner to 289 

outer surface of the particle. The content of the unstable Ni
4+

 in the outer layer of 290 

MSL cathode material can be reduced. In addition, the cycle performance of 291 

conventional spherical Li1.5Mn0.75Ni0.25O2+δ (denoted by CNL) cathode material was 292 

also investigated as a comparison. As shown in Fig. S1, the Li/CNL cell exhibits an 293 

initial discharge capacity of 205.2 mAh g
-1

 at 0.5 C between 2.0 V and 4.6 V. After 294 

100 cycles, its capacity retention is about 86.9%. As a result, the multilayer spherical 295 

Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material can exhibit more outstanding cycle 296 

performance than the conventional cathode material due to the hierarchically 297 

multilayer shells structure. Furthermore, the morphologies of the cycled MSL, CL and 298 

CNL electrodes after 100 cycles at 0.5 C are shown in Fig. 6 and Fig. S2. It can be 299 

found that the MSL particles still retain intact sphere morphologies after the long-term 300 

cycles (Fig. 6a and c), while some CL (Fig. 6b and d) and CNL (Fig. S2) particles 301 

crack and pulverize. These results can further confirm that the hierarchically 302 

multilayer shells structure can enhance the structural stability of the material during 303 

charge/discharge process. 304 
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 305 

  306 

Fig. 5 (a) Capacity retention of Li/MSL cell and Li/CL cell; the continuous charge/discharge 307 

curves of the 1
st
, 50

th
, 75

th
, 100

th
 cycles for (b) Li/MSL cell and (c) Li/CL cell at a rate of 0.5 C in 308 

the voltage range of 2.0-4.6 V. 309 

  310 
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  311 

Fig. 6 SEM images of (a, c) MSL and (b, d) CL electrodes after 100 cycles. 312 

To evaluate the rate capability of the as-prepared cathode materials, the testing cells 313 

were first charged and discharged five times at 0.1 C rate, then charged at 0.2 C and 314 

discharged at 0.2 C, 0.5 C, 1 C, 2 C 5 C and 10 C rates for 5 cycles in the voltage 315 

range of 2.0-4.6 V. After cycling at 10 C rate, the cells were cycled at 0.1 C again. The 316 

results are shown in Fig. 7a. Besides, Fig. 7b and c correspond to the discharge curves 317 

of Li/MSL cell and Li/CL cell at different discharge rates, respectively. Both Li/MSL 318 

cell and Li/CL cell present the dropped capacities along with the increased discharge 319 

current densities. However, no matter which discharge rate is adopted, the discharge 320 

capacity of MSL cathode material is always higher than the CL cathode material. 321 

Especially at a high discharge rate of 10 C, the Li/MSL cell shows a high discharge 322 

capacity of 102.7 mAh g
-1

, whereas only 64.9 mAh g
-1

 specific capacity can be 323 

obtained for the Li/CL cell at the same rate. Furthermore, the capacity of the MSL 324 

cathode material is quickly recovered after returning to the 0.1 C rate during the rate 325 

capability test, which indicates the excellent cycle stability of the MSL cathode 326 

material. Furthermore, the Li/MSL cell displays an improved rate capability compared 327 

with the Li/CNL cell, as illustrated as Fig. S3. Accordingly, the improvement of the 328 
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cycle performance and rate capability of the MSL cathode material mainly benefit 329 

from the special architecture. 330 

 331 

  332 

Fig. 7 (a) Discharge capacity versus cycle number of Li/MSL cell and Li/CL cell; discharge curves 333 

of (b) Li/MSL cell and (c) Li/CL cell at various rates in the voltage range of 2.0-4.6 V. 334 

As well known, the rate capability of the cathode materials is relevant to the 335 

electrochemical insertion/extraction of Li
+
.
20-22

 To further discuss diffusion velocity of 336 

Li
+
 in the as-prepared cathode materials, the GITT test as a reliable technique to 337 

quantize the chemical diffusion coefficient of Li
+
 in electrode materials was carried 338 

out. Fig. 8a and b show the GITT curves of Li/MSL and Li/CL cells during the second 339 

cycles as a function of time in the voltage range of 2.0-4.6 V, respectively. The 340 
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differential factor dE/dx can be determined by the relationship between Es and 341 

stoichiometry x during the delithiation process, then the dE/dx as a function of 342 

stoichiometry x can be acquired, and the function image is shown in Fig. 8c. Similarly, 343 

the dE/dt
1/2

 as a function of stoichiometry x can also be obtained during the 344 

delithiation process, and the result is shown in Fig. 8d. The values of dE/dx and 345 

dE/dt
1/2

 are the key parameters calculating the chemical diffusion coefficient of Li
+
 346 

( +Li
D ). The +Li

D  values can be determined by Fick’s second law of diffusion and 347 

calculated according to the following equation (1): 348 

2

2/1

2

m
0Li d/d

dd

π

4
















=+

tE

xE

FS

V
ID , 

+

<<
Li

2

D

L
t               (1) 349 

where I0 (A) is the applied current in the charge/discharge process, Vm (cm
3
 mol

-1
) is 350 

the molar volume of compound, which is deduced from the crystallographic data, F 351 

(C mol
-1

) is the Faraday constant, S (cm
2
) is the surface area of the electrode, and L 352 

(cm) is the diffusion length. 353 

The +Li
D  values are calculated by the equation (1), as shown in Fig. 8e. It can be 354 

found that the +Li
D  values of MSL cathode material are in the range from 7.54×10

-12
 355 

to 1.36×10
-10

 cm
2
 s

-1
, while the +Li

D  values of CL cathode material are in the range 356 

from 5.20×10
-12

 to 8.72×10
-11

 cm
2
 s

-1
, during the delithiation process. It must be 357 

mentioned that the +Li
D  values of MSL and CL cathode materials are almost 358 

constant, when the stoichiometry x is in the range from 0.5 to 0.9, and the +Li
D  359 

values of MSL cathode material are apparently higher than those of CL cathode 360 

material. In addition, the +Li
D  values of CNL cathode material are in the range from 361 

8.71×10
-13

 to 8.06×10
-11

 cm
2
 s

-1
 (Fig. S4). And the +Li

D  values are also far lower 362 
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than those of the MSL cathode material. 363 

All of the improved electrochemical properties of the spherical cathode material 364 

with multilayer shells are ascribed to the special architecture. The presence of the void 365 

space between the hierarchically multilayer shells could serve as a reservoir for 366 

electrolyte and allow much easier penetration of the electrolyte into the inside of the 367 

microspheres, hence resulting in facilitating the electrochemical insertion/extraction 368 

of Li
+
. In addition, the particular structure can effectively buffer and suppress large 369 

volume swing during Li
+
 insertion/extraction process, so as to keep stable 370 

morphology in the charge/discharge process. Therefore, the design of the 371 

microspheres with hierarchically multilayer shells structure will be a new and 372 

effective approach to achieve high-performance electrode materials. 373 

  374 
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  375 

 376 

Fig. 8 The GITT curves of (a) MSL and (b) CL cathode materials as a function of time in the 377 

voltage range of 2.0-4.6 V; (c) dE/dx and (d) dE/dt
1/2

 as a function of the stoichiometry x; and (e) 378 

the calculated +Li
D  values of the MSL and CL cathode materials as a function of the 379 

stoichiometry x. 380 

 381 

4. Conclusions 382 

The spherical Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material with hierarchically 383 

multilayer shells structure was successfully synthesized through layer-by-layer 384 

self-assembly with a co-precipitation process for the first time. The microsphere is 385 

composed of an inner core and a hierarchically multilayer concentric circle shells with 386 
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porous structure. The void space between layers can probably show the buffering 387 

action for volume change during charge/discharge process and serve as a reservoir for 388 

electrolyte which allows much easier penetration of the electrolyte into the inside of 389 

the microspheres. Accordingly, the spherical cathode material with multilayer shells 390 

exhibits excellent electrochemical performances. It reveals a relatively high discharge 391 

capacity of 257.8 mAh g
-1

 at a rate of 0.1 C and outstanding cyclability with a 392 

capacity retention of 96.1% after 100 cycles at a rate of 0.5 C in the voltage range of 393 

2.0-4.6 V, while the conventional material Li1.5[Mn0.75Ni0.15Co0.10]O2+δ and 394 

Li1.5[Mn0.75Ni0.25]O2+δ display only 88.7% and 86.9%, respectively. Most importantly, 395 

the rate capability of the spherical cathode material with multilayer shells was 396 

significantly better than the conventional cathode material. Even at a high discharge 397 

rate of 10 C, the multilayer spherical cathode material can deliver a high discharge 398 

capacity of 102.7 mAh g
-1

 between 2.0 and 4.6 V. Thus, the spherical 399 

Li1.5[Mn0.75Ni0.15Co0.10]O2+δ cathode material with multilayer shells is a promising 400 

positive material with high performance for the application of lithium-ion batteries. 401 
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