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Abstract: Layered Li-rich cathode oxides can provide high specific capacity due to oxygen anion redox 
involving in charge compensation process during cycling, but there is a severe structural transition from 
layered to spinel accompanying with irreversible oxygen loss during cycling, which lead to electrochemical 
degradation. The current researches show that the irreversible oxygen evolution reaction of layered lithium-
rich materials in the first cycle mainly comes from the surface lattice oxygen, so the surface modification by 
the materials with more stable structure is one of the effective ways to improve the electrochemical 
performance of layered lithium-rich materials. In this paper, we report a modified layered lithium-rich cathode 
material by surface coating of inverse spinel MnFe2O4. The inverse spinel has strong polarization effect on 
anion migration due to its different atoms occupying octahedral sites from layered structure and it can also 
modulate the Fermi level and stretching the O-O bond, thereby increasing the energy barrier for surface 
oxygen oxidization. Furthermore, the three-dimensional connected tunnel structure of the inverse spinel also 
makes the surface layer of the material have a faster lithium ion transferring rate, and a large number of 
lithium storable vacancies inside of it improved the Li+ intercalation efficiency, initial coulombic efficiency 
and rate performance. Compared with the unmodified sample, the modified material coated with 2% MnFe2O4 
has superior cycle stability and outstanding rate performance. It is hoped our work would provide the 
knowledge for the future development of high-performance cathode materials for Li-ion batteries. 

1. Introduction 

Layered Li-rich oxides have become one of the most 
promising cathode candidates for next-generation high-
energy-density Li-ion batteries due to their high specific 
discharge capacity (250 mAh/g) and low cost as well as 
environmental benignity. Different from the traditional 
layered cathode materials, such as LiCoO2 and NCM 
cathode materials, where the capacities are mainly 
provided by transition metal redox for charge 
compensation, the additional high specific capacity of 
layered lithium-rich cathode materials mainly comes from 
the anionic oxygen redox (O2-/n-)[1-3]. However, a major 
bottleneck in the practical application of layered lithium-
rich cathode materials is the severe capacity and voltage 
fade, caused by the irreversible migration of transition 
metal ions leading to phase transform from layered to the 
spinel structure during cycling[4]. In addition, the side 
reaction occurs in the electrode and the electrolyte, and 
the oxygen evolution at surface caused by the deep 
oxidation of anionic oxygen, are the two other important 
reasons for the failure of the layered lithium-rich cathode 
material. At present, researchers have developed various 
surface protective layers to reduce the side reactions 
occurs in the electrode and the electrolyte and slow down 

the erosion of the electrode material by the electrolyte, 
including oxides (Al2O3[5], TiO2[6], ZrO2[7]), 
phosphates (AlPO4[8], Li3PO4[9], LiFePO4[10]) and 
fluorides (AlF3[11], LiF[12], MgF2[13]). However, the 
oxygen evolution caused by the deep oxidation of anionic 
oxygen still remains, which can not only bring about the 
safety problem of the battery, but also reduce the 
coulombic efficiency in the first cycle. More importantly, 
it can also deteriorate surface mass and charge transfer 
during the subsequent electrochemical reaction, thus, it is 
crucially needed to regulate the oxygen activities for the 
layered Li-rich materials. 
The oxygen evolution reaction during initial charging 
process of the layered lithium-rich cathode material 
mainly includes the following processes: First, the 
undercoordinated Li-O bonds and the TM-O bonds near 
surface are broken, and then a large number of oxygen 
anions migrate to the surface and lose electrons to form 
new O-O bonds and release oxygen[14-15]. Therefore, to 
inhibit oxygen evolution of layered lithium-rich cathode 
materials, we can increase the binding energy of TM-O 
through surface doping with high-electronegative 
transition metal elements, thus making oxygen evolution 
thermodynamically difficult. At the same time, preventing 
the migration of oxygen ions to the surface is the second 
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effective way to alleviate the oxygen evolution of layered 
lithium-rich cathode, and the migration process of anions 
is related to the effect of the external electric field[16, 17] 
and the formation of oxygen vacancies on the surface 
during synthesis and cycling[18]. Therefore, the driving 
force for the migration of oxygen anions can be weakened 
by coating the dielectric polarized materials on the surface 
of layered lithium-rich cathode material; and reducing the 
oxygen vacancies on the surface of the material by 
optimizing synthesis process. Since both layered lithium-
rich oxides and spinel oxides belongs to cubic oxygen 
close-packing structure[19-21] and Mn-based spinel 
oxides are also widely used to catalyze the oxygen 
reduction reaction, so spinel oxides can be used as the 
coating agents to improve the cycle stability, rate 
capability, and most importantly to reduce the irreversible 
oxygen release of layered lithium-rich cathode materials. 
In general, spinel can be written as {A}[B2]X4 which is a 
cubic close-packed structure consisting of X2- ions. A 
atom occupies tetrahedral positions and B atom occupy 
octahedral positions. If the A atoms exchange positions 
with half of the B atoms, then {A}[B2]X4 would transform 
from an ortho-spinel structure to an inverse-spinel 
structure—{B}[AB]X4[22, 23]. In the Mn-Fe-based 
spinel, Mn atoms and half of Fe atoms co-occupy the 
octahedral sites, and the other half of Fe atoms occupy 
tetrahedral sites. Here, we report a co-precipitation 
method to build a MnFe2O4 coating layer on the surface 
of Li-rich layered oxide after annealing at 550 ℃. 
Through systematically electrochemical and structural 
characterization, it is confirmed that MnFe2O4 has been 
successfully coated on surface of layered Li-rich cathode 
Li1.2Mn0.6Ni0.2O2 (labeled as LMO), and this coating 
modification can greatly enhance the initial coulombic 
efficiency, reducing the irreversible oxygen loss, and 
improving the cycle stability and rate performance. It is 
hoped this work should shed the light on the future 
cathode materials modification for advanced Li-ion 
batteries. 

2. Experiment 

Synthesis of Li1.2Mn0.6Ni0.2O2: According to the chemical 
formula, the stoichiometric metal salts LiC2H3O2.2H2O, 
MnC4H6O4.4H2O, NiC4H6O4.4H2O were weighed (5% 
excess of lithium salt), then deionized water was added 
and the mixture was stirred to form a clear solution. In 
addition, the citric acid was dissolved into deionized 
water and added in the mixture, and the ammonia was 
added to adjust the pH to 7. Finally, the mixture solution 
was heated at 80 ℃ until to form a green gel. The obtained 
gel was scraped and dried in an oven, and then calcined in 
a muffle furnace at 450 °C for 5 hours and at 900 °C for 
12 hours with a heating rate of 5 °C/minute.  
Spinel MnFe2O4 coating modification: 1.0 gram of the 
pristine LMO material was dispersed in deionized water, 
which is marked as solution A. Then stoichiometric 
anhydrous FeCl3 and MnSO4.H2O were dissolved in 
deionized water with stirring, which is marked as solution 
B. The solution B was dropwise added into the solution A 
and stirred uniformly. Then NaOH was added to -adjust 

pH value to ~ 11, and after reacting for 2 hours, the mixed 
solution was then centrifuged and dried in an oven. 
Finally, the dry powder was calcinated in a muffle furnace 
at 550 ℃ for 5h with heating rate of 5 ℃/min. 
Structure characterization and electrochemical tests: The 
crystal structure of the sample was characterized by X-ray 
diffraction (XRD), 2θ = 10–90 °, 10 °/min, step size of 
0.02 °. The morphology and elemental composition of the 
samples was characterized by scanning electron 
microscopy (SEM-EDS). All samples were assembled 
into a coin cell with using lithium metal as the anode, 
where the electrode was the uniform mass mixture for the 
ratio of 8(active material):1(acetylene black):1(PVDF). 
Here, the average mass loading of the active cathode 
material on carbon-coated aluminum foil is 2.0~3.0 
mg/cm-2. The cathodes and anodes are separated by two 
two Celgard 2500films, and 1 mol LiPF6 was dissolved in 
EC/DEC (1:1 v/v) as the electrolyte. The cells were cycled 
by a LAND device at 30 °C between 2–4.8 V (nominal 
specific capacity of 250 mAh/g). 

3. Results and discussion 

In order to characterize the structure of layered lithium-
rich cathode material before and after coating, the XRD 
patterns of all the samples were collected. Figure 1 shows 
the X-ray diffraction patterns of the as-synthesized 
pristine material LMO and the modified materials with 
coating ratios (molar ratio) of 1.5%, 2%, and 4% (labeled 
as LMO1.5, LMO2, and LMO4). It can be seen that all the 
patterns of the pristine layered lithium-rich material can 
be well indexed with layered structure with R3-m 
symmetry, except the superlattice peak at 20-25° which is 
related to the LiMn6 or LiMn5Ni ordering in the TM slabs 

[24, 25]. The diffraction peaks of the three modified 
samples are similar to the pristine material LMO, 
indicating that the crystal structures of the modified 
samples have not changed significantly after surface 
coating. However, the LMO1.5 sample has an obvious 
spinel structure impurity phase, and the super-lattice 
peaks of the three modified samples near 20-25 ° 
gradually weaken with the increasing of the coating 
amount. The decreasing of intensity ratio I003/I104 
(LMO-1.31, LMO1.5-1.33, LMO2-1.14, LMO4-1.21) of 
the modified samples also indicates the increasing in the 
degree of Li/Ni mixing after surface coating, while the 
appropriate Li/Ni mixing may stabilize the layered 
structure and the improve the cycle stability.  
Figure 2 shows the scanning electron microscope (SEM) 
images of the pristine LMO and the sample with a coating 
amount of 2%. The morphologies of all samples present 
as 100-300 nm primary particles with different degree of 
agglkomeration. It can be seen from Fig.2a that as the 
coating amount increases, the surface of primary particles 
gradually becomes rough, which indicates that the surface 
of the material is successfully covered by coating agent. 
In order to investigate the uniformity of coating, we 
performed EDS mapping tests on the pristine material 
LMO(Fig.2b) and the modified material LMO2(Fig.2c). 
The EDS mapping results show that in the pristine 
material LMO, Mn, Ni and O are uniformly dispersed. As 
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for the modified sample LMO2, the Fe, Mn and Ni are 
uniform dispersed as well. It can be concluded that the 
coating layer has been successfully coated on the surface 
of the LMO sample.  

 

Figure 1. XRD pattern of the four samples; (a)—LMO 
pristine; (b)—LMO1.5; (c)—LMO2; (d)—LMO4. 

In order to investigate the effect of MFO coating on the 
electrochemical performance of layered Li-rich material, 
Figure 3 shows the first cycle curve and the corresponding 
dQ/dV curve of the pristine LMO and the modified 
samples at a current density of 0.1 C, and Table 1 shows 
the first charge-discharge electrochemical data. It can be 
seen that the LMO, LMO1.5, LMO2 and LMO4 samples 
can yield initial charge capacities of 326.7 mAh/g, 240.6 
mAh/g, 298.4 mAh/g, and 273.7 mAh/g, and the gradual 
decrease of charge capaicty with the increase of MFO 
coating, indicates that the initial oxygen release was 
alleviated. In addition, with the increase of the coating 
layer, the irreversible capacity in the first cycle can also 
be effectively reduced and the initial coulombic efficiency 
is increased from 81.5% of the pristine LMO to 96.4% of 
LMO4. The initial charge-discharge curves of all samples 
are shown in Fig. 3a. The charge curves are composed of 
the slope region and a plateau at around 4.5 V, 
corresponding to the oxidation peaks of Ni and O 
respectively as shown in the dQ/dV plots in Fig. 3b. In 
Figure 3b, there is also an obvious sharp reduction peak 
around 2.8V, corresponding to the Mn3+/Mn4+ redox 
couple of the inverse spinel MnFe2O4 structure. Combined 
with the EDS spectrum, it further confirms that the inverse 
spinel MnFe2O4 is successfully coated on the surface of 
the material. More importantly, it can be seen that with 
increasing of coating amount, the potential of the plateau 
increases, corresponding to the right shift of O oxidization 
peak in the dQ/dV plots (Fig. 3b). This phenomenon 
infers that the oxidation of oxygen becomes difficult, that 
is, the irreversible release of oxygen is alleviated.[22, 
23]It is believed that the  inverse spinel MnFe2O4 coating 
layer promotes the charge polarization effect and prevent 
the migration of oxygen anion to surface. Meanwhile, the 
inverse spinel has stronger binding energy to oxygen 
anion to prevent the formation of the O-O dimer at the 
surface. Therefore, the coating of inverse spinel MnFe2O4 
alleviate the oxygen evolution reaction both kinetically 
and thermodynamically. In addition, lithium-deficient 
spinel MnFe2O4, can provide lithium ion vacancies to 
accommodate many extra lithium ions, and thus improve 
the initial coulombic efficiency. The discharge curve of 

the sample is a gradually decreasing slope. It can be seen 
an obvious plateau appears below the discharge 3.0 V 
among the LMO2 and LMO4 samples. 

 

Figure 2. (a)SEM patterns of the modified samples; (b)SEM 
patterns and corresponding EDS spectroscopy of LMO; 
(c)EDS spectroscopy of LMO2. 

 

Figure 3. The first charge-discharge curves of the four samples 
(b) and corresponding dQ/dV curves (a). 

 

Table 1. The electrochemical data of first cycle for the four 
samples. 

 
Charge 
capacity 
mAh/g 

Discharge 
capacity 
mAh/g 

ICE 
Irreversible 

capacity 
mAh/g 

LMO1.5 240.6 197.4 82.06% 43.2 
LMO2 298.4 276.9 92.82% 21.5 
LMO4 273.7 263.8 96.37% 9.9 
LMO-
Ni02 

326.7 266.4 81.52% 60.3 

Figure 4 shows the charge-discharge curves of the pristine 
LMO and the modified samples under 0.1 C current 
density for 50 cycles. With the increase of cycling number, 
all samples show capacity decay. The discharge capacity 
of the pristine material LMO decreased from 266.4 
mAh/g to 194.6 mAh/g after 50 cycles, and the capacity 
retention is only 73.5%. Among the modified samples, the 
LMO1.5 sample did not form a good coating structure and 
showed rapid capacity decay and poor capacity retention 
while the LMO2 and LMO4 samples shows outstanding 
cycle performance. The LMO2 sample shows the best 
capacity retention, from the initial capacity of 276.9 
mAh/g to the 236.9 mAh/g after 50 cycles with capacity 
retention of 85.6%. In addition, a small plateau around 2.8 
V remains on the discharge curves of LMO2 and LMO4 
samples, indicating the formation of a stable inverse 
spinel structure coating layer[26, 27]. 
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Figure 4. The charge-discharge curves of 50 cycles at a current 
density of 0.1 C (a)LMO、(b)LMO1.5、(c)LMO2、
(d)LMO4. 
In order to study the effect of the inverse spinel coating 
on the rate performance of the material, Figure 6 shows 
the rate performance test of all the samples at different 
current densities. Under 0.3 C, 0.5 C, 1 C, 3 C, 5 C and 10 
C rates, the pristine LMO shows discharge capacities of 
218 mAh/g, 206 mAh/g, 190 mAh/g, 149 mAh/g, 110 
mAh/g, 38 mAh/g, respectively. After surface coating 
with the Li+ conductive inverse spinel, the modified 
samples display superior rate performance The LMO2 
sample shows the best rate performance, and exhibits 
discharge specific capacities of 257 mAh/g, 252 mAh/g, 
243 mAh/g, 218 mAh/g, 189 mAh/g, and 113 mAh/g at 
the current density of 0.3 C, 0.5 C, 1 C, 3 C, 5 C, 10 C, 
respectively. It is indicated that the inverse spinel 
structure can provide a three-dimensional lithium ion 
transport channel, which accelerates the interfacial 
lithium ions mass transfer from the electrode to the 
electrolyte. 

 

Figure 5. (a)The rate performance of the four samples; (b-d) 
The discharge capacity curves of the four samples at the 
current density of 0.2 C, 0.5 C and 1 C for 80 cycles. 
Figures 5b-d shows the rate cycling performance of all the 
samples at 0.2 C, 0.5 C and 1 C. At different rate, except 
for that of LMO1.5, the capacities of all other samples 
gradually decrease with the cycling number. The modified 
samples LMO2 and LMO4 show much higher capacity 
and capacity retention than the pristine materials at all 
different rates. As shown in Fig. 6b–d, the pristine LMO 
have initial capacities of 238 mAh/g, 221 mAh/g and 213 
mAh/g at 0.2 C, 0.5 C, and 1 C, respectively. After 80 
cycles, it shows the discharge capacity of 194 mAh/g, 191 
mAh/g and 192 mAh/g with the capacity retention are 
81.5%, 86.4%, and 90.1%, respectively. After 
modification, the initial capacities of the sample LMO2 
greatly increase to 267 mAh/g, 257 mAh/g, 251 mAh/g at 

0.2 C, 0.5 C, and 1 C, respectively. And after 80 cycles it 
shows the capacities of 226 mAh/g, 242 mAh/g and 246 
mAh/g with the capacity retention are 84.6%, 94.2%, and 
98.0%. The significant enhancement in the discharge 
specific capacity and capacity retention of the modified 
materials is mainly due to that the stable inverse spinel 
coating structure on the surface enables the substantial 
improvement in the lithium ion conductivity of the 
material. In addition, it can be seen that the excess inverse 
spinel coating would not further increase the rate 
performance, which can be attributed to that the obtained 
incompletely crystallized inverse spinel coating would 
increase the surface charge transfer resistance by low-
temperature processing. Therefore, only a suitable coating 
amount can optimize the rate performance of lithium-rich 
manganese-based cathode material. 

4. Conclusion 

In summary, we have successfully prepared MnFe2O4 
inverse spinel-coated layered Li-rich cathode materials, 
and electric field effect of the inverse spinel surface 
coating layer can suppress the outward migration of O 
anions, and its stronger binding energy to oxygen anion 
can also slow down the anion migration and oxygen gas 
release. In addition, the oxygen oxidation reaction in the 
first cycle become thermodynamically difficult and its 
kinetic has been enhanced after coating. With these merits 
of inverse spinel surface coating, the layered Li-rich 
cathodes show greatly reduced the irreversible initial 
capacity and improved initial coulombic efficiency 
(LMO2-92.82%, LMO-81.52%), and the LMO2 sample 
shows best capacity retention of 85.6% capacity retention 
after 50 cycles at 0.1C and outstanding rate capability of 
267 mAh/g, 257 mAh/g, 251 mAh/g at 0.2 C, 0.5 C, and 
1 C with high capacity retention). Our results suggest 
surface coating with inverse spinel enable to tune the 
oxygen activities in Li-rich layered oxides, and such 
finding should provide valuable knowledge for 
development of the high-performance cathode materials 
for the next-generation Li-ion batteries. 
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