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CHAPTER 1 

 

General introduction 

 

1.1 RECHARGEABLE LI-ION BATTERIES  

Energy, greatly benefiting to the modern civilization, is becoming the crisis issue in recent years due 

to the limited availability of fossil fuels, which is responsible for the global warming and air pollution 

after their burning. The development of alternative, sustainable, clean energy, e.g. solar, wind, 

geothermal, nuclear, is proposed and needed to address this inevitable challenge [1]. But for the further 

utilization, these mentioned energies should be stored in the form of electrics, e.g. electric grid, 

electromagnetic waves, and electrochemical energy [2]. Electrochemical energy, as the most convenient 

form of energy storage, is attracted to most attentions due to its direct transformation from chemical into 

electrical energy without pollution, and its most feasible usage for automobiles [1]. Battery possesses 

the portability of stored chemical energy to convert this energy into electrics with a high conversion 

efficiency and no gaseous exhaust [2]. Figure 1-1 shows a general comparison of specific power and 

energy for a series of energy storage devices [3; 4]. An inverse relationship between specific energy and 

power can be observed in the figure. Rechargeable lithium-ion batteries display the highest specific 

energy and power density among these devices and relatively long cycling life [3]. Hence, rechargeable 

Li-ion batteries are being widely used in many fields for providing the power, particularly in the portable 

electronics market (e.g. cell phones, cameras, and laptops), and automobile applications, e.g. electric 

vehicle (EV), hybrid electric vehicle (HEV), and plug-in hybrid electric vehicle (PHEV) [1; 5]. These 

battery electric vehicles are proved to be more convenient and environmentally friendliness, compared 

to those conventional vehicles powered by internal combustion engines using the limited crude oil with 

uncertain price [3].  
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Fig. 1-1 Comparison of the energy and power densities for common energy storage devices. 

(MH, metal hydride.) [3] 

Rechargeable Li-ion battery as the heart of the propulsion system, plays a critical role in the 

performance of an electric-drive vehicle, including the range (how far the vehicle can go between battery 

charges), power (maximum and acceleration speed), safety (consequence of battery rupture and crash), 

convenience (charging time, passenger and trunk space), cost and reliability [3]. On the other hand, to 

cater the huge market-demands of battery electric vehicles, the high performance rechargeable Li-ion 

batteries are evoked for having the high power and energy density, long shelf and cycling life, light 

weight, fast charging, and low cost and so on. The performance of rechargeable Li-ion batteries is 

strongly linked with the material properties of battery components.  

 

1.2 CONFIGURATION OF RECHARGEABLE LI-ION BATTERIES  

A rechargeable Li-ion battery consists of two electrodes, the anode and the cathode, separated by a 

solid or liquid electrolyte allowing the conducting of Li-ions [6]. Figure 1-2 displays the schematic 

illustration of the Li-ion battery (LiCoO2 / Li+ electrolyte / graphite), which was firstly assembled by 

Yoshino of the Asahi Kasei Corporation in 1985, and commercialized by the Sony Corporation in a cell 

phone and a camcorder [7; 8]. A reversible redox reaction occurs at both sides of anode and cathode, 

accompanied by the corresponding electrons flowing through the external circuit. Two reactions during 
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the discharge process are shown as follows, vice versa. 

Anode side:     Li𝑥C6  →  𝐶6 + 𝑥𝐿𝑖+ + 𝑥𝑒                             (1.1) 

Cathode side:    Li1−𝑥Co𝑂2  + 𝑥𝐿𝑖+ + 𝑥𝑒 →  LiCo𝑂2                    (1.2) 

During the discharge process, the Li-ions migrate from the anode (LixC6 formed in the charge process), 

diffuse through the membrane separator immersed by a Li-ion conducting electrolyte, and enter the 

cathode material (Li1-xCoO2 formed in the charge process). Meanwhile, the electrons are transferred 

from the anode side, creating the current for powering the load in the external circuit, finally combined 

with the cathode material. 

 

Fig. 1-2 Schematic illustration of the Li-ion battery (LiCoO2 / Li+ electrolyte / graphite). [7] 

The basic thermodynamic equations are shown as follows, according to the thermodynamic principle 

[9; 10]: 

                     𝐸𝐷 = 𝐸 × 𝑄                                  (1.3)                         

                     𝐸 = −
∆𝐺

𝑛𝐹
                                     (1.4)                           

                     𝑄 =
𝑛𝐹

3.6𝑀𝑤
                                     (1.5) 

Where ED is energy density, E is electromotive force in an electrochemical reaction, Q is theoretical 

gravimetric specific capacity, ΔG is Gibbs free energy change, n is electron transferred number in 

stoichiometric reaction, F is Faraday constant, and Mw is equivalent molecular weight. From Equation 

(1.3), high energy density requires high voltage and high capacity. High voltage results from the 
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difference between high chemical potential of cathode materials and low chemical potential of anode 

materials, while high capacity originates from multiple electron reaction and low molecular weight of 

the active materials. 

 

1.3 HOW TO CHOOSE APPROPRIATE ELECTRODES 

 

Fig. 1-3 (a) Relative energies of the liquid electrolyte window, Eg, and the electrochemical potential 

μA of anode, and μC of cathode. (b) Schematic energy diagram of μA (Li) and μC (LiCoO2) together 

with the HOMO and LUMO of liquid electrolyte. [11] 

In particularly, the open circuit voltage VOC (i.e. working voltage) for a given battery, is the difference 

of the electrochemical potential of anode μA, and cathode μC (Fermi energies εF), which is expressed as 

following equation [2; 7; 11; 12]: 

                       𝑉𝑂𝐶 = (𝜇𝐴 − 𝜇𝐶)/𝑒                            (1.6) 

where e is the magnitude of electronic charge. The VOC is limited and determined by the electrolyte 

window, the energy gap from the lowest unoccupied molecular orbital (LUMO) and the highest occupied 

molecular orbital (HOMO), as shown in figure 1-3 [11]. A μA of anode should be lower than the LUMO 

level, otherwise the electrolyte will be reduced via the anode-electrolyte reaction. Similarly, a higher 

cathode μC than the HOMO is required (Fig. 1-3 (a)).  

But it is also viable for a higher μA than LUMO, and a lower μC than HOMO, once the electrode-

electrolyte reaction is blocked by the formation of the passivating solid electrolyte interphase (SEI) film. 
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On the other hand, the value of VOC is likewise determined by the anion-p bands of the cathodes, as 

shown in Fig. 1-3 (b). The anion (O2-) will be oxidized to form O2 gas if the top of the anion-p band 

(O2- : 2P6) is above the energy state of transition metal ions (Co4+/Co3+) [11; 13]. The voltage value of 

cathode is limited by the energy of the top of O-2p bands, and the improved value can be achieved by 

lowering the energy of the latter to > 5 eV below μA (Li) via the substitution of polyanion (PO4
3-) to 

oxide [7]. Unfortunately, the organic liquid carbonate electrolyte used for rechargeable Li-ion battery, 

will be decomposed at a voltage V > 5 V due to the limited HOMO of electrolyte, 4.3 eV below μA (Li). 

Therefore, the chosen electrodes should follow such characters [2]: (1) well-matched μA to LUMO as 

well as μC to LUMO of the electrolyte, (2) passivating SEI layer permitting the fast Li-ions transfer 

between the electrode and electrolyte, together with the rapidly self-healed ability when the film is 

broken by the changes of electrode volumes. Figure 1-4 [14] shows the potential vs. discharge capacity 

density of common anode and cathode materials. In the range of the anode materials, metallic Li has the 

highest capacity density, while graphites have the lowest discharge among the anodes. The 

commercialized anode material is focused on graphites due to the abundant source and the low cost 

compared with Li metal. Cathode materials include Li-absence oxide, e.g. Cr3O8, V2O5 and MnO2-

bsased materials, and Li-presence oxide, e.g. LiFeO4-based materials, LiCoO2, LiNiO2, and LiMn2O4 

spinel. Anode materials always have the high capacity density but low voltage, whereas cathode 

materials possess the high voltage but low capacity density. Consequently, the high power/energy 

rechargeable Li-ion batteries required high voltage and capacity for the practical applications, especially 

automobiles, is strongly dependent on the development of cathode materials. Based on Fig. 1-4, 

LiMn2O4 spinel with the high voltage is considered as one of the most promising candidates after 

improving the capacity density for rechargeable Li-ion batteries.      
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Fig. 1-4 Electric potential vs. discharge capacity density of electrode materials. [14] 

 

1.4 INTRODUCTION OF LIMN2O4 CATHODE 

 

Fig. 1-5 Crystal structure of spinel LiMn2O4. [18] 

Mn-based oxide cathode material, LiMn2O4 with the spinel structure, is attracting the increasing 

attentions due to its low cost, no toxicity, environmental friendliness, relatively high energy density 

compared with the commercialized LiCoO2 [15; 16]. In 1983 M. M. Thackeray [17] studied that Li-ion 

could be inserted chemically and electrochemically into the spinel LiMn2O4 at room temperature firstly. 

In spinel LiMn2O4 structure, as shown in figure 1-5 [1; 18], it has the cubic structure, and a space group 

of Fd3m. Li and Mn occupy the 8a tetrahedral sites and 16d octahedral sites, respectively, while O forms 

the cubic close packing [18]. The strong edge-shared [Mn2]O4 octahedral framework builds a rigid 3-
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dimensional network with open interconnected channels in the <110> direction, where Li-ions show 

mobile diffusion within these channels along 8a-16c-8a path [17; 18]. Two obvious plateaus are 

observed at around 4.1 and 3.9 V, which are arising from the reversible extraction/insertion of one Li-

ion from/into the tetrahedral 8a sites of cubic spinel LixMn2O4 when 0<x≤1 (Fig. 1-6). However, the Li 

ion at x>1 will enter the large octahedral 16c sites in the tetragonal spinel LixMn2O4, showing a decreased 

voltage of 2.8 V. The cubic spinel has the edge sharing between MnO6 octahedrons, and corner sharing 

between the latter and LiO4 tetrahedrons, whereas the tetragonal spinel processes the vertex sharing 

between MnO6 octahedrons and LiO6 octahedrons, and face sharing between MnO6 octahedrons and 

LiO4 tetrahedrons [11]. The increase of 16% in the c/a ratio and 6.5% in the unit-cell volume occur 

during the transformation from a cubic to tetragonal structure [19], which is well-known as the Jahn-

Teller distortion. This Jahn-Teller distortion originates from the interaction or electrostatic repulsion 

between the nonbonding electrons in the p orbitals of the coordinating oxygen anion and the electrons 

in the d orbitals of Mn cation in the oxygen octahedrons, as illustrated in Fig. 1-6 (b). In cubic spinel 

LixMn2O4 (x≤1), no electrons are located in the high-energy dz2 and dx2-y2, but three electrons of Mn 

cation are distributed equably in dxy, dyz and dxz of the low-energy 3d orbital (the t2g orbital), which 

requires higher energy to promote or insert one electron than in tetragonal symmetry. In tetragonal spinel 

LixMn2O4 (x>1), the extra Li-ion will promote the corresponding electron to the high-energy eg orbital, 

where this electron at the highest energy level can participate in the chemical reaction as it is free to 

move. As a result, a strong electrostatic repulsion between the electrons in the dz2 orbital of Mn cation 

and the pz orbitals of O anion will push the O anion away from the Mn cation along the z-direction (c-

direction of spinel structure), causing the Jahn-Teller distortion from the cubic to tetragonal transition. 

Hence, the presence of Jahn-Teller distortion and volume change below 3 V during the charge/discharge 

process are harmful for the practical use of LiMn2O4 cathode in rechargeable Li-ion batteries. Moreover, 

the disproportion reaction (2Mn3+ → Mn4+ + Mn2+) often occurs in attacked trace amounts of H+ ions 

contained in the electrolyte. The Mn2+ ions are soluble in the electrolyte and subsequently diffuse and 

deposit on the anode, resulting in a huge impedance and severe capacity fading, especially at elevated 
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temperature. The dissolution of manganese, Jahn-Teller distortion, and structural instability have 

restricted the further application of LiMn2O4 cathode materials for high power/energy rechargeable Li-

ion batteries.  

 

Fig. 1-6 Discharge curves of spinel LixMn2O4 (a); Schematic for the splitting of 3d orbitals of Mn 

and volume changes of MnO4 octahedrons in LixMn2O4 (x>1) (b). [11] 

 

1.5 TECHNOLOGIES FOR OBTAINING HIGH PERFORMANCE OF LIMN2O4 

CATHODE MATERIALS 

In order to overcome the above-mentioned drawbacks, three technologies consisting of synthetic 

technology, doping technology, surface-modification technology, are proposed and employed for 

obtaining the high electrochemical performance of Mn-based LiMn2O4 cathode materials.  

 

1.5.1 Synthetic technology 

The initial reversible capacity, reversibility and capacity fading upon cycling are strongly dependent 

on the synthesis conditions of LiMn2O4 [20]. LiMn2O4 cathode materials are always prepared by several 

methods: solid state reaction, co-precipitation method, hydrothermal method, solution combustion 
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synthesis, and so on.  

(1) Solid state reaction. Solid state reaction usually requires mechanical mixture and heating at high 

temperatures. LiMn2O4 was prepared by sintering the mixture of reacting Mn3O4 and Li2CO3 at 900 °C 

for 24 h [21]. Macklin et al showed that LiMn2O4 was prepared by a solid state reaction by using MnO2 

and Li2CO3 at different temperatures for 16 h, displaying the excellent reversibility and high rate 

performance [22]. Guo et al [23] reported that a highly crystalline, highly electrochemically reversible, 

good cycle capability were obtained in the nanoparticles LiMn2O4 prepared by a one-step intermediate-

temperature solid state reaction. Zhan et al [24] displayed that LiMn2O4 submicro-rods were synthesized 

via solid-state reaction by using γ-MnOOH submicro-rods as self-template calcined at 500‒700 °C. The 

disadvantage of solid state reaction is that it always produces the inhomogeneity of composition, long 

heating times with several grinding and annealing processes, irregular grain shape and larger grain size 

with broad distribution, which are against to the electrochemical performance of cathode materials [25].  

 (2) Co-precipitation method. Co-precipitation method always requires the formation of hydroxides 

and carbonates as the pressures, following by a calcination at appropriate temperatures. Li1+xMn2O4 

particles with the size of 2–8 μm were synthesized by a well-mixed co-precipitation method with LiOH 

as the reactant and co-precipitation agent, together with the calcination at 700–850 °C [26]. LiMn2O4 

and LiZnxWyMn2−x−yO4 (x=0.15–0.20; y=0.10–0.05) powders were synthesized via co-precipitation 

method using terephthalic acid as chelating agent following the calcination at 850 °C for 6 h in air [27]. 

The micro-sized LiMn0.5Fe0.5PO4 particles composed of nanopores in the micro-size, were synthesized 

via co-precipitation at 750 °C for 15 h in an Ar/H2 (96/4 vol.%) atmosphere [28]. Co-precipitation 

method has its unsatisfying characters: closer solubility of metal cations for precipitating, complex and 

special conditions, e.g. pH values, solution concentration, stirring speed and temperatures. 

(3) Hydrothermal method. Hydrothermal method is used to synthesize the single crystals based on the 

solubility of minerals in hot water placed in the autoclave under high pressure. The desired products are 

grown and deposited at the cooler side of the autoclave subjected to a temperature gradient. H.M. Wu et 

al [29] synthesized the spinel LiMn2O4 powders with 50–300 nm sizes by a hydrothermal method for 
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one-step without any pretreatment and following treatment in the process. K. Kanamura et al [30] 

reported that spinel LiMn2O4 cathode material was prepared by using a hydrothermal process in 

supercritical water at 400 °C, exhibiting a discharge capacity of 130 mAhg‒1 and stable charge/discharge 

cycle behavior after the heat-treatment at 800 °C for 24 h. H. Yue et al [31] synthesized a spinel 

LiMn2O4/C composite by hydrothermal method using a precursor of manganese oxide/carbon composite 

in 0.1 M LiOH solution at 180 °C for 24 h, displaying a good cyclic performance with 92% capacity 

retention after 200 cycles at 2 Ag‒1. Hydrothermal method also shows the disadvantages including the 

need of expensive and special autoclaves, high vapor pressure and high temperature aqueous solutions, 

long reaction time and so on.  

(4) Solution combustion synthesis (SCS). Recently, SCS as a versatile, simple and rapid combustion 

synthesis, is used to effectively synthesize various nanosized materials, especially the oxide materials. 

SCS can achieve a high exothermic and self-sustained reaction in homogeneous solution of different 

oxidizers (e.g. metal nitrates) and fuels (e.g. urea, glycine) [32]. SCS has different propagating 

combustion modes, e.g. volume, layer, according to the types of fuels and designed process conditions. 

SCS has already been carried out to prepare the cathode oxide materials. M. G. Lazarraga et al [33] 

prepared the nanosized LiNiyMn2-2yO4 (0<y≤0.5) cathode materials with spinel-type structure by using 

a single-step sucrose-aided self-combustion method, exhibiting the good electrochemical behavior at 

4.7 V for 500 and 800 °C -heated samples. C. Zhu et al [34] synthesized the fine powders of spinel-type 

LiMn2O4 cathode materials by employing a facile SCS using glycine as fuels and metal nitrates as 

oxidizers, which the sample calcined at 900 °C showed good crystallinity and the best performance with 

a capacity retention of 93% after 50 cycles at 1 C. A starch-assisted SCS was employed to prepare the 4 

V cathode LiMn2O4, having the increased crystallinity after the heat-treatment at 700 °C [35]. 

Nanocrystalline LiMn2O4 with ~30 nm sizes was synthesized by a self-sustaining SCS with 

hexamethylenetetramine as a fuel followed by the calcination at 700 oC for 10 h, exhibiting the excellent 

electrochemical properties [36]. A nanostructured LiMn2O4 spinel phase used as a cathode material for 

4 V lithium-ion batteries, was prepared by SCS using urea as fuels, which the sample after the calcination 
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at 700 °C for 10 h displayed the 80% capacity retention after 229 cycles at 0.1 C [37]. SCS can not only 

yield nanosized oxide materials with unique properties but also allow uniform and homogeneous doping 

of trace amounts of impurity ions in a single step [32; 38]. In addition, SCS has the following merits 

[39]: (1) the liquid state of aqueous solution can confirm the complete mixture of reactants on the 

molecular level; (2) high purity and crystallinity products with the desired phase composition can be 

obtained after the high reaction temperature, which typically follow the conventional sol-gel method; 

(3) short process duration and various gases formed during SCS inhibit particle-size growth and produce 

nano-size powders with high specific surface area. All these advantages will benefit the high 

electrochemical performance of cathode materials. Hence, in this work, SCS will be employed to prepare 

LiMn2O4 cathode materials to obtain the high electrochemical performance based on the above depiction.    

 

1.5.2 Doping technology 

Several efforts have been devoted to synthesize spinel LiMn2O4 doped with various elements at Mn 

sites to suppress the capacity fading and improve the electrochemical properties. Doping of other 

elements in the LiMn2O4 can result in the change of crystal lattice parameters to stabilize the spinel 

structure and enlarge the diffusion channel of Li-ions, improve the average valence of Mn >3.5 to 

alleviate the dissolution of Mn and Jahn-Teller distortion, thereby improving the electrochemical 

performance [40].    

(1) Single element doping. Single element doping has the single effects on the structure and 

electrochemical performance of LiMn2O4 cathode. The enhanced capacity and capacity retention were 

achieved in the LiAl0.3Mn1.7O4 sample prepared by microwave irradiation due to the increased amounts 

of Mn4+ [41].The improved specific capacity and capacity retention over pure spinel were observed in 

the Co-doped LiCoyMn2-yO4 (y=0.05‒0.33) spinel due to the suppressed passivation process occurring 

on the surface of the cathode and the enhanced charge-transfer reaction of the active material [42]. A 

capacity fading was considerably reduced for the LiMn1.99Nd0.01O4 sample as compared to the pure 

LiMn2O4, based on the improved structural stabilities imposed by the rare-earth element [43]. A 3D 
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porous Al-doped spinel LiAl0.1Mn1.9O4, which was prepared by the phase-inversion methodology using 

PMMA as a template, showed better rate capability and cycling performance than the pristine LiMn2O4 

due to the reduction of lattice constant and increase of Mn oxidation state in the Al-doped spinel [44]. 

Gadolinium-doped LiGdxMn2−xO4 (x=0, 0.02, 0.04, 0.08) via a sol-gel preparation method delivered the 

improved cycling performance, which LiGd0.02Mn1.98O4 showed the greatest capacities at 5 C and 10 C 

due to the smallest dimensional variation between charged and discharged states [45]. Single element 

doping sometimes has no big influence on the electrochemical performance. Spinel powders of 

LiMn2−xRExO4 (RE = La, Ce, Nd, Sm; 0≤x≤0.1) synthesized by solid-phase reaction, displayed the 

improved cyclability and high rate performance as increasing addition of RE3+ at room temperature due 

to the improved structure stability, but the capacity values were not amazing [46].  

(2) Multiple element doping. Multiple elements for doping usually have the synergetic effects on the 

electrochemical performance of LiMn2O4 spinel. H. Zhao et al [47] reported that LiMn2-2xMgxSixO4 was 

synthesized by a citric acid assisted sol-gel process, LiMn1.90Mg0.05Si0.05O4 exhibited the discharge 

capacity of 123.5 mAhg‒1 and capacity retention of 97.3% after 100 cycles at 0.5 C due to the 

significantly improved structural stabilization and suppressed Jahn-Teller distortion. 

LiSm0.10La0.10Mn1.80O4 delivered a higher capacity retention of 90 % than 74% for pristine LiMn2O4 

sample after 100 cycles at room temperature, having the improved structural stability, elevated 

temperature performance and excellent electrochemical performances [48]. W. Xu et al [49] showed that 

an obviously enhanced cycling stability even after 10000 cycles was obtained in the 

LiCr0.05Fe0.05Mn1.9O4 sample prepared by a sol-gel technique compared with the pristine LiMn2O4. M. 

Yang et al [50] gave that LiNixCuyMn2-x-yO4(0 <x< 0.5, 0 <y< 0.5) samples prepared by a simple sol-gel 

method, manifested a good rate capability due to the single phase reaction during charging, the lower Li 

diffusion barrier and possibly higher electronic conductivity by Cu doping. In R. Thirunakaran et al’ 

reports [27], LiZn0.15W0.10Mn1.75O4 sample delivered the superior performance120 mAhg‒1 with low 

capacity fade of 0.84 mAhg−1 per cycle over the investigated 25 cycles as compared to the undoped 

LiMn2O4 spinel. 
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1.5.3 Surface modification technology  

Mn dissolution, resulting from the side reactions induced by the generated acids like hydrogen fluoride 

(HF) from F-containing inorganic electrolyte salts, often occurs at the interface of electrode/electrolyte 

during the charge/discharge process [51]. Surface modification is considered an effect approach to 

reduce the side reactions by decreasing the surface area at the electrode/electrolyte interfaces, to further 

diminish the Mn dissolution during the cycling [52; 53]. The charge transfer through the surface 

modification layer for LiMn2O4 cathode particles during charge/discharge is shown in figure 1-7. 

Surface modified layer allows the electrons reaching the surface of any particles to be driven to the 

collector through the modified layer, and is permeable to the Li+ ions, thus improving the power density 

of cathode material. 

 

Fig. 1-7 Charge transfer during charge/discharge process in the active LiMn2O4 cathode materials 

with surface modified layer [3].  

Some metal oxides as the surface modified materials had been carried out in LiMn2O4 cathode 

materials. W. Kim et al reported [54] that bare LiMn2O4 was coated by a thin Al2O3 layer using 

electrostatic attraction forces, achieving the improved high-temperature cycling performance for the 2 

wt.% Al2O3 coated LiMn2O4 sample due to the improved structural stability and decreased Mn 

dissolution. 2.0 wt.% of SiO2-coated LiMn2O4 sample prepared by polymeric process followed by 

850 °C for 6 h in air, showed only 4.8% and 8.9% loss of the initial capacity over the 100 cycles at 30 °C 

and 60 °C, respectively [55]. CeO2-coated LiMn2O4 cathode material synthesized by using two-step 
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synthesis method, manifested the improved cycling stability compared with bare sample, especially 2 

wt% CeO2-coated LiMn2O4 sample that displayed the capacity retention more than 82% after 150 cycles 

at room temperature and 82% after 40 cycles at 60 °C [56]. Some oxides containing the Li-ions had also 

been employed in the surface-modified LiMn2O4 cathode materials. T. Qiu et al [57] prepared 

LiNi0.5Mn1.5O4 coated LiMn2O4 materials by a novel wet chemical method. The results showed that 

greatly improved cyclic performance with a capacity retention 81.9% over 400 cycles was maintained 

in the 11 wt.% LiNi0.5Mn1.5O4 coated LiMn2O4 sample at 55 °C. In the Li2ZrO3 coated LiMn2O4 samples 

prepared via a in situ coating technique, 3 wt.% Li2ZrO3 coated sample delivered the excellent cycling 

performance with 99.0% and 90.2% capacity retention after 100 cycles at 1 C at 25 °C and 55 °C, 

respectively, which are apparently higher than 89.9% and 58.0% of no-coating spinel LiMn2O4 [58]. J. 

Yao et al synthesized the Li3.5+xTi5O12 and Li4Ti5O12 layers coated LiMn2O4 via sol-gel route, with 

subsequent annealing at 750 °C, showing the improved cycling performance with smaller resistance for 

the coated LiMn2O4 samples compared to bare spinel [59]. S. Park et al prepared the LiMn2O4 surface-

coated by LiCoO2 and LiNi0.8Co0.2O2 samples from a solution-based process. LiCoO2-coated LiMn2O4 

showed no capacity loss compared with 81% loss in the discharged state at 65 °C for 300 h due to the 

suppression of electrolyte decomposition and the reduction of Mn dissolution resulting from 

encapsulated effect of LiCoO2, while LiNi0.8Co0.2O2 coated LiMn2O4 sample showed the enhanced high 

temperature cycle performance [60]. 

 

1.6 OUTLINE OF THIS THESIS 

This thesis contains 6 chapters, as shown as follows. 

In Chapter 1, a general introduction of the research is presented.  

In Chapter 2, synthetic technology was introduced to prepare LiMn2O4 oxides with high 

electrochemical performance. Single-phase nanosized LiMn2O4 powders were produced by solution 

combustion synthesis using the glycine and sucrose as fuels, followed by calcination. The phase 

structure, yields, morphology, and electrochemical performance were dependent on the mole ratio of 
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glycine/fuel.   

In Chapter 3, doping technology was presented to obtain the high electrochemical performance for 

LiMn2O4 cathode materials. LiBixLaxMn2-2xO4 samples, which Mn3+ was substituted by double doping 

of Bi3+ and La3+, were prepared by SCS in combination with calcination. The electrochemical 

performance was obviously improved for the doped samples, especially the LiBi0.005La0.005Mn1.99O4 

sample, compared with the no-doping LiMn2O4. The effect of Bi and La doping amounts on the structure, 

morphology, and electrochemical performance was studied in detail.  

In Chapter 4, surface modification technology was employed to improve the electrochemical 

performance of LiMn2O4. (1) The surface of spinel LiMn2O4 was modified with different quantities of 

Mn4+-rich phase via a simple sol-gel method. The electrochemical performance both at 25 and 55 °C 

was remarkably improved for the Mn4+-rich phase modified LiMn2O4. (2) The surface of LiMn2O4 

modified by a Li2CuO2-Li2NiO2 solid solution was carried out to improve the electrochemical 

performance. The phase structure, morphology, and electrochemical performance at 25 and 55 °C were 

investigated by tailoring the modified amounts in detail.   

In Chapter 5, we prepared Li-rich Mn-based xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 cathode materials by 

SCS using glycine and sucrose as fuels together with calcination. The phase structure, morphology, and 

electrochemical performance with the dependence on the x values were shown in detail.   

In chapter 6, the general conclusion of this work was summarized at last.   
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CHAPTER 2  

 

Solution combustion synthesis of LiMn2O4 powders  

 

ABSTRACT: Single-phase, high-purity nanosized LiMn2O4 powders, which are employed as cathode 

materials for lithium-ion batteries, were produced by solution combustion synthesis using glycine, 

sucrose, followed by calcination. Phase structure and morphology of the powders were characterized by 

X-ray diffraction (XRD) and scanning electron microscopy (SEM). The electrochemical performance 

was carried out by galvanostatic charge/discharge cycling in a voltage range of 3.2‒4.4 V. The analysis 

of yield, morphology, and electrochemical performance mainly focused on the influence of different 

glycine/sucrose ratios. Compared to the sample obtained using 100% glycine, the yields of powders 

obtained by adding sucrose to the fuel were remarkably improved, from around 50% to over 90%. The 

highest discharge capacity at 1 C was obtained for the sample with 2% added sucrose, which retained a 

capacity of 116.6 mAhg‒1 after 80 cycles. 

 

KEYWORDS: LiMn2O4, Cathode material, Solution combustion synthesis  

 

2.1 INTRODUCTION 

Rechargeable lithium-ion batteries (LIBs) are the most attractive energy storage devices. They display 

promising applications in the automotive field, such as in electric vehicles (EVs) and hybrid EVs (HEVs), 

because of their high power and energy density [1-5]. LIBs consist of an anode and a cathode separated 

by a separator soaked with electrolyte solution [6,7]. However, the comparatively low storage capacity 

of the cathode materials have limited their overall performances and hampered wider applications in the 

next generation of high-energy LIBs [7]. Although LIBs with a high-energy/density LiCoO2 cathode 

have been commercialized, the toxicity and high cost of Co pose a challenge to further broad 

applications. This has forced researchers to explore nontoxic and low-cost new materials. The 
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manganese-based material LiMn2O4 is being considered one of the most promising cathode materials 

owing to its low cost, abundance, environmental friendliness, nontoxicity, and high capacity [8-10]. 

Various synthesis techniques have been employed to prepare LiMn2O4 cathode materials, such as solid-

state reaction [11,12], hydrothermal synthesis [13-15], microwave synthesis [16], sol-gel processing 

[17,18], co-precipitation [19,20], and so on. Among these techniques, a novel solution combustion 

synthesis (SCS) method, based on a highly exothermic and self-sustaining reaction, has been attracting 

particular interest because it allows homogeneous doping of elements in trace amounts, and yields nano-

sized particles with high specific areas [21,22]. The SCS approach, heating sol-gels mixed with metal 

salt nitrates and fuels such as glycine, urea, and glucose, has been widely used to prepare various oxides 

[23-25]. However, only few studies have employed SCS to target the superior electrochemical 

performance of LiMn2O4 cathodes. An initial discharge capacity of 127 mAhg‒1 at 0.1 C between 3.0 

and 4.3 V was measured for LiMn2O4 obtained by SCS with a mixed triethanolamine/starch (in a molar 

ratio of 1) fuel, combined with calcination at 800 °C for 10 h [26]. An initial discharge capacity of 110 

mAhg‒1 and capacity retention of 80% after 40 cycles at 1/3 C between 3.5 and 4.3 V were measured 

for LiMn2O4 obtained by urea-assisted SCS along with calcination at 800 °C for 12 h [27]. In our 

previous work, an initial discharge capacity of 115.6 mAhg‒1 and a capacity retention of 93% after 50 

cycles at 1 C in the 3.2‒4.4 V range were obtained for LiMn2O4 produced by glycine-assisted SCS 

followed by calcination at 900 °C for 10 h [28]. High discharge capacity and good cyclability can be 

achieved in LiMn2O4 produced by SCS using glycine as a fuel, which the glycine molecule can 

participate in the complexation of metal cations of various ionic sizes through its carboxylic acid and 

amino groups [29]. However, low yields of only around 50% for the final LiMn2O4 powders represent 

an obstacle to both the laboratory testing and industry production, due to the intensive combustion 

reaction. A high yield of around 96% along with moderate reaction was achieved by tuning the ratio of 

sucrose fuel to nitrate in the SCS production of Ni-doped LiMn2O4 spinels [30].  

In this work, glycine/sucrose based SCS is used to improve not only the yields but also the 

electrochemical properties of LiMn2O4 as cathode material for lithium ion batteries. The effect of the 
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glycine/sucrose mole ratio on yields, morphology, and electrochemical performances are also examined.           

 

2.2 EXPERIMENTAL 

2.2.1 Preparation and characterization of cathode materials 

For producing LiMn2O4 in a theoretical amount of 2 g, an appropriate amount of lithium nitrate (LiNO3, 

99.0%, Kishida Chemical Co., Ltd., Japan) was dissolved in a manganese nitrate aqueous solution 

(Mn(NO3) 2, 50% w/w aqueous solution, Alfa Aesar) in a Li/Mn molar ratio of 1.05/2 (5% excess weight 

of lithium). Glycine (C2H5NO2, 99.0%, Chameleon Reagent, Japan) and sucrose (C12H22O11, Chameleon 

Reagent, Japan) fuels in different molar ratios and 5 ml distilled water were mixed with the above 

substances with a fuel/nitrate ratio of 1, to form a homogenous solution in a crucible. The reaction can 

be written as follows: 

     LiNO3 + 2Mn(NO3)2 + 5[xC2H5NO2 + (1 − x)C12H22O11] + yO2(g)  → LiMn2O4 + gases           

   Seven samples labeled G100%, G98%, G95%, G90%, G80%, G50%, and G0% were designed, with 

the G value indicating the glycine molar percentage. The above solutions were magnetically stirred in 

the crucible at 350 rpm and 90 °C for 5‒10 h to form sol-gels. The sol-gel was put into a home-made 

combustion synthesis apparatus, which mainly consisted of the stainless metal bin and a mesh chimney 

[28]. This apparatus was placed into a constant temperature lab electric jacket preheated and maintained 

at 400 °C. The sol-gel mixture in the crucible self-ignited under heating, and released smokes that passed 

through the meshes into the surrounding air atmosphere, leaving behind the reactant residuum to be 

collected from the apparatus. The electric jacket was switched off once the combustion reaction 

associated with gas emission was observed. In order to obtain highly crystalline and high-purity 

LiMn2O4, the collected powders were further calcined in a muffle furnace under air atmosphere at 800 °C 

for 24 h at a 5 °C /min rate after grinding in an agate mortar for 10 min.  

The phase structure was characterized by powder X-ray diffraction (XRD, Cu Kα, Rigaku Miniflex). 

The morphology and size of the powders were determined by scanning electron microscopy (SEM, 

JEOL, JSM-7001FA). The particle size distributions were analyzed by a particle size analyzer (LA-920, 
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Horiba). The decomposition and thermal behavior of the sol-gels before the combustion reaction were 

studied by a combined thermogravimetric and differential scanning calorimetry (TG-DSC, Mettler 

Toledo) analyzer.  

2.2.2 Cell assembly and electrochemical measurement 

A two-electrode Swagelok-type cell was assembled in an Ar-filled glove box, just as described in our 

previous reports [28]. The cell consisted of a working electrode, a lithium metal anode, and an electrolyte 

solution, that was adsorbed in a celgard polypropylene membrane as separator. The working electrode 

contained the LiMn2O4 active powders, a polymer binder (polyvinylidene fluoride (PVDF)), and 

conductive carbon (acetylene black) in a weight ratio of 80:10:10. Furthermore, an N-methyl-2-

pyrrolidone (NMP) solution was also added to the above mixture to form a homogenous slurry under 

continuous magnetic stirring. The slurry mixture was cast on an aluminum foil current collector and 

then dried in a vacuum oven at 110 °C for >12 h. The dried electrode on the aluminum foil was punched 

into disks with a diameter of 10 mm and thickness of 0.1 mm. Meanwhile, a lithium metal disk of 10 

mm diameter was chosen as the counter and reference electrode. A solution of 1 M lithium 

hexafluorophosphate (LiPF6) in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume) 

was used as electrolyte. The electrochemical measurements were carried out galvanostatically at a 

voltage of 3.2‒4.4 V and a current density of 1 C (a rate of 1 C corresponding to a full charge/discharge 

of 150 mAhg‒1 in 1 hour) at room temperature in a battery tester (Arbin Instrument, MSTAT4, USA). 

The cyclic voltammetry (CV) was carried out by using a potentiostat/glavanostate apparatus (Autolab, 

PGSTAT128N) at a scan rate of 0.1mV/s.          

 

2.3 RESULTS AND DISCUSSION 

Fig. 2-1 shows a schematic diagram of the SCS process along with the yields and images of the 

products for each sample. The precursor powders of sample G100% were scraped from the metal mesh; 

only few powders were left in the crucible after SCS in this case, because of an explosive reaction 

accompanied by large amounts of smoke and loud explosion. In the case of sample G98%, fine powders 
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were found in the crucible and many powders was found on the metal mesh, while for sample G95% we 

observed aggregated powders in the crucible and few powders on the metal mesh. Sponge-like growth 

ashes were observed in samples G90%, G80% and G50%. The precursor powders of sample G0% 

displayed a large bulk, ascribed to incomplete reaction in the short reaction time. With increasing 

amounts of sucrose, the explosive reaction gradually turned into a moderate reaction. This effect can be 

attributed to both the decreased amounts of glycine used for the combustion reaction, corresponding to 

the weaker exothermic peak at around 260 °C in Fig. 2-2 a-d, and the reduced reaction heat absorbed by 

the additional sucrose. The yield of produced powders was remarkably enhanced, from only around 50% 

to >90%, via the 76.4% of sample G98%, owing to the gradual moderate reaction that developed with 

increasing sucrose amounts. 

 

Fig. 2-1 Schematic representation of the SCS process along with the yields and pictures of the 

products corresponding to each sample. With increasing sucrose amounts, the explosive reaction 

gradually turned into a moderate reaction. 

In order to highlight the occurrence of an increasingly more moderate combustion reaction, a TG-DSC 

analysis of the sol-gels was carried out. Fig. 2-2 shows the TG-DSC curves of sol-gels consisting of fuel 

and nitrate for sample G95% (a), G90% (b), G50% (c), and G0% (d), together with the curves of the 

glycine (e) and sucrose (f) reagents. The TG-DSC analysis of samples G100% and G98% was not 

performed in order to protect the equipment, because of the violent reactions involving these samples. 

Weak endothermic peaks around 130 °C in the (a)-(d) DSC curves are observed for all sol-gels; these 

peaks are related to the decomposition of combined water in nitrate gels. Sharp exothermic peaks at 
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260 °C are observed in the DSC curves of samples G95% and G90%, along with a TG weight loss of 

about 36.5% and 43.8%, indicating the typical combustion synthesis between glycine and nitrates. The 

subsequent weak exothermic peak from 300 to 400 °C in the DSC curves and small weight losses in the 

TG ones are due to the combustion and decomposition of residual carbides in the following temperature 

rise process. A low exothermic peak and a weight loss of 12.5% at around 260 °C can be noticed in 

sample G50%, denoting a weak combustion reaction between glycine and nitrate. With a further increase 

in temperature, a broader (compared to the former) exothermic peak is observed at 385 °C, together with 

about 28.1% weight loss in TG curve, which can be attributed to the sluggish combustion of 

carbonaceous materials with air derived from the pyrolysis of sucrose. A small exothermic peak between 

300‒350 °C appearing in sample G0%, also shown in Fig. 2-2 f, is attributed to the carbonization of 

sucrose. Finally, the subsequent evident exothermic peak at around 380 °C, along with a 23.5% weight 

loss, denotes combustion of carbides in air. The commercial glycine reagent (Fig. 2-2 e) shows an 

endothermic peak around 260 °C and a weight loss of 44.8%, ascribed to the combustion of glycine in 

air. A weak endothermic peak at 170 °C occurs for the pure sucrose sample owing to the melt of sucrose, 

while the weight loss of 61.8% shown in the TG curve arises from the carbonization and combustion of 

sucrose under air atmosphere. An increasingly more moderate combustion reaction between glycine and 

nitrate is thus achieved by increasing the amount of sucrose in the fuel, as reflected by the weaker 

exothermic peak around 260 °C in the DSC curves.   

Fig. 2-3 presents the XRD patterns of SCS-treated powders with different glycine/sucrose ratios. The 

main diffraction peaks of samples G100% and G98% match well with the standard peaks of the MnO 

phase, whereas Li is possibly combined with other organics and shows non-characteristic diffraction 

peaks because of the explosive combustion reaction. However, all diffraction peaks of samples G95%, 

G90%, G80%, and G50% correspond to the standard peaks of spinel-structure LiMn2O4, indicating the 

formation of LiMn2O4 precursor powders during the SCS process. No diffraction peaks are detected for 

sample G0%, denoting that the powders are amorphous because of the incomplete reaction. These SCS-

treated powders need to be further calcined in order to obtain better crystallization, which can contribute 
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to the improved electrochemical properties. 

 

 

Fig. 2-2 TG-DSC of sol-gels consisting of fuels and nitrates for samples G95% (a), G90% (b), 

G50% (c), and G0% (d), as well as pure glycine (e) and sucrose (f).  

 

Fig. 2-3 XRD patterns of SCS-treated powders with different glycine/sucrose ratios.  
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Fig. 2-4 SEM images of SCS-treated powders, with the insets showing higher-magnification 

images. 

 

Fig. 2-5 XRD patterns of powders with different glycine/sucrose ratios calcined in air at 800 °C 

for 24 h. All the diffraction peaks match well with those of the LiMn2O4 phase.  

Fig. 2-4 shows the SEM images of SCS-treated powders, with higher magnification pictures shown in 

the insets. Primary particles with 0.5‒1 μm size and agglomerated secondary particles of 1‒3 μm can be 

noticed in sample G100%. Inflated primary and secondary particles with a size of around 5 μm are 

observed in sample G98%. An increasing amount of fine particles can be seen in sample G95%. Fine 
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primary particles and downy secondary particles with loosened structure are observed in samples G90%, 

G80% and G50%. Large particles with size >10 μm are observed in sample G0% owing to the 

incomplete reaction during the SCS process. 

Fig. 2-5 displays the XRD patterns of powders with different glycine/sucrose ratios calcined in air at 

800 °C for 24 h. The diffraction peaks of all samples match well with the standard patterns of the 

LiMn2O4 phase without any second phase detected, indicating the complete synthesis of single-phase 

LiMn2O4 powders after calcination. Compared to the SCS-treated powders, an increase in the grain size 

and a higher degree of crystallization can be deduced from the narrow half-peak width and sharp 

diffraction peak, which enhance the electrochemical performances. 

 

Fig. 2-6 SEM images of powders calcined in air at 800 °C for 24 h, with their higher-magnification 

images shown in the insets. The particle size distributions of samples G100%, G98%, and G95% 

are appended to distinguish the particle sizes. 

Fig. 2-6 shows the SEM images of powders calcined in air at 800 °C for 24 h, with the primary particles 

displayed in the insets. The particle size distributions of samples G100%, G98%, and G95% are 

appended in the figure to distinguish the particle sizes. The size of the primary particles for all samples 

ranges from 100 to 200 nm, and decreases slightly upon sucrose addition. Primary particles of around 

200 nm are observed in sample G100%, however, slight decreasing sizes of 100‒200 nm for primary 

particles are found for sample G98%. Undifferentiated sizes of secondary particles between samples 
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G100% and G98% are shown in SEM images. In the figure of the particle size distributions, a wide 

particle size distribution and average particle size of 6.228 μm are displayed in sample G100%. But a 

narrow particle size distribution and average particle size of 3.620 μm and 3.371 μm are given in samples 

G98% and G95%, respectively. This effect of decreasing particle sizes can be attributed to the stable 

binding of metal ions with more polyfunctional-COOH and -OH groups from the sucrose molecule [31]. 

Increasing pulverization, loosened structure, and finer particles are observed going from sample G95%, 

to sample G90%, up to samples G80% and G50%. An inhomogeneous distribution of secondary 

particles is observed in sample G0%, owing to the large size of SCS-treated powders. 

 

Fig. 2-7 Discharge capacity at 1 C between 3.2 and 4.4 V, measured for LiMn2O4 samples with 

different glycine/sucrose ratios. 

Fig. 2-7 displays the discharge capacity at 1 C between 3.2 and 4.4 V for LiMn2O4 samples with 

different glycine/sucrose ratios. Initial discharge capacities of 123.0, 126.9, 121.2, 121.4, 118.8, 120.9, 

and 115.8 mAhg‒1 were obtained for samples G100%, G98%, G95%, G90%, G80%, G50%, and G0%, 

respectively, while the corresponding final discharge capacities of 113.3, 116.6, 114.0, 110.5, 110.5, 

109.1, 108.2 mAhg‒1 were still maintained after 80 cycles. The capacity retention of all samples is >90%, 

namely, 92.1%, 91.9%, 94.1%, 91.0%, 93.0%, 90.2%, and 93.4% for samples G100%, G98%, G95%, 

G90%, G80%, G50%, and G0%, respectively. Nondecreasing discharge capacity were obtained for 

sample G98% compared to sample G100%, which can be attributed to the shortened diffusion length of 
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Li ions during cycling confirmed by CV curves of Fig. 2-8.  

 

Fig. 2-8 CV curves of initial three cycles for sample G100% (a), and sample G98% (b) together 

with the compared CV curves of the first cycle for samples G100% and G98% (c) at a scan rate 

of 0.1 mV/s. 

 

 

 

 

 

 

 

Fig. 2-8 shows the CV curves of initial three cycles for sample G100% (a), and sample G98% (b) 

together with the compared CV curves of the first cycle for samples G100% and G98% (c) at a scan rate 

of 0.1 mV/s. Table 1 lists the peak parameters of CV curves at the first cycle for samples G100% and 

G98%. In Fig. 2-8 (a) and (b), two pairs of well-separated redox peaks are obviously observed for 

samples G100% and G98%, indicating two-step reversible intercalation/deintercalaltion of Li ions. The 

minor reduced peak currents and areas indicate the slight decrease of capacity from the first cycling to 

the third cycling. In Fig. 2-8 (c), the redox peaks of the first cycle in CV curves locate at 4.089/4.216 V, 

3.922/4.049 V for sample G100%, and 4.079/4.207 V, 3.922/4.057 V for sample G98%, respectively. 

The large ΔEp away from the ideal condition (ΔEp=0) indicates that the Mn3+/Mn4+ redox reaction is 

predominated by the intercalation and deintercalation of Li ions [32]. Compared to sample G100%, the 

Table 2-1. Peak parameters of CV curves at the first cycle for samples G100% 

and G98%. ΔEp is the separation between the anodic peak potential Epa and the 

cathodic peak potential Epc. 

Sample Epa1 (V) Epa2 (V) Epc1 (V) Epc2 (V) ΔEp1 (mV) ΔEp2 (mV) 

G100% 4.089 4.216 3.922 4.049 167 167 

G98% 4.079 4.207 3.922 4.057 157 150 
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smaller ΔEp of sample G98% indicated the faster intercalation and deintercalation process of Li ions, 

reflecting the shortened diffusion length of Li ions. The solution combustion synthesis based on glycine-

sucrose could thus provide a new route for the production of nano-sized electrode materials with high 

performances.   

 

2.4 SUMMARY 

The vigorous and explosive nitrate-glycine combustion reaction was mitigated by the addition of 

sucrose, resulting in improved production yields, from 50% using 100% glycine fuels to over 90% by 

adding sucrose, passing through 76.4% for sample G98%. Single-phase and high-purity LiMn2O4 oxide 

cathode materials were synthesized by SCS followed by calcination in air at 800 °C for 24 h. The high 

discharge capacity, 116.6 mAh∙g‒1, was obtained for sample G98% during cycling, with a capacity 

retention of 91.9% after 80 cycles. 
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CHAPTER 3 

 

Effect of Bi and La co-doping on electrochemical properties of LiMn2O4 

 

ABSTRACT: A series of LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples were synthesized 

by solution combustion synthesis in combination with calcination. The phase structure and morphology 

of the products were characterized by X-ray diffraction, scanning electron microscopy, and transition 

electron microscopy. The results demonstrated that a single-phase LiMn2O4 spinel structure was 

obtained for the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005) samples, whereas impurities were observed for 

the LiBixLaxMn2‒2xO4 (x=0.010, 0.020) samples as a result of the doping limit. The electrochemical 

properties were investigated by galvanostatic charge/discharge cycling and cycling voltammetry in a 

voltage range of 3.2–4.4 V. The substitution of Mn3+ by equimolar Bi3+ and La3+ could significantly 

improve the structural stability and suppress the Jahn-Teller distortion, thereby resulting in improved 

electrochemical properties for the Bi and La co-doped samples in contrast with the pristine LiMn2O4 

sample. In particular, the LiBi0.005La0.005Mn1.99O4 sample delivered a high initial discharge capacity of 

130.2 mAhg‒1 at 1 C, and following 80 cycles, the capacity retention was as high as 95.0%. Moreover, 

it also presented the best rate capability among all the samples, in which a high discharge capacity of 

98.3 mAhg‒1 was still maintained at a high rate of 7 C compared with that of 75.8 mAhg‒1 for the pristine 

LiMn2O4 sample. 

 

KEYWORDS: LiMn2O4, Cathode material, Bi and La doping, Li-ion batteries  

 

3.1 INTRODUCTION 

Rechargeable Li-ion batteries are considered to be the most promising energy-storage devices for 

powering electric vehicles (EVs) and hybrid EVs because of their high volumetric/gravimetric energy 

density, and long cycling life [1-5]. The low cost, high safety, high capacity, and good rate capability of 
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Li-ion batteries adapted for further commercialized applications are closely linked to the cathode, anode, 

and electrolyte materials used, especially cathode materials because they exhibit a much lower capacity 

than anode materials [6]. Amongst many cathode materials, LiMn2O4 has been particularly highlighted 

as an appropriate and attractive cathode because of its low cost, high safety, environmental friendliness, 

and good electrochemical performance at high currents [7,8]. Spinel LiMn2O4 material has a cubic 

structure with the space group of Fd3m, in which Mn ions occupy the 16d octahedral sites while Li ions 

are located at the 8a tetrahedral sites and quickly diffuse through cross-linked 1×3 channels formed by 

the edge-shared MnO6 frame. This supports good electrochemical performance even at high current rates 

[7]. However, in the 4 V region, LiMn2O4 cathode materials undergo severe capacity fading during 

repeated cycling. This mainly results from (1) Jahn–Teller distortion inducing the irreversible phase 

transition from the cubic phase to tetrahedral phase; and (2) the dissolution of Mn2+ into the electrolyte 

solution resulting from the disproportional reaction, 2Mn3+→Mn2+ + Mn4+ [9,10].  

Up to now, two main strategies, surface modification [11,12] and doping technology [13,14], have 

been developed to solve the aforementioned capacity fading issue. Surface modification can decrease 

the contact areas between the LiMn2O4 particles and the electrolyte solution, and therefore inhibit the 

manganese dissolution. However, surface modification technology usually impairs the capacity and 

scarcely alleviates the Jahn–Teller distortion [15]. Recently, the doping of one or more elements at the 

manganese sites has been proposed as an effective method to alleviate capacity fading by reducing the 

Jahn–Teller distortion and the dissolution of manganese in the electrolyte solution [14,16]. The single 

element doping of LiMn2O4 has been widely performed using a small amount of trivalent ions, such as 

Co3+ [17], Al3+ [18,19], Fe3+ [20], Cr3+ [21], Ga3+ [22,23], Sm3+ [24,25], La3+ [26,27], resulting in an 

improved cycling performance during the charge/discharge process. By contrast, LiMn2O4 with the 

substitution of multiple ions has received more attention because of the occurrence of the synergistic 

effect, which improves the cycling life [28-31]. Mohan et al. demonstrated that La and Sm co-substituted 

LiSmxLa0.2-xMn1.80O4 (x=0.05, 0.10, 0.15) cathode materials synthesized by the sol-gel method exhibited 

enhanced structural stability of the octahedral sites in the spinel structure with the substitution of a small 
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amount of La and Sm. This resulted in improved capacity retentions of 90% and 82% for the 

LiSm0.10La0.10Mn1.80O4 sample, compared with those of 74% and 60% for the pristine LiMn2O4 after 100 

cycles at a current density of 0.5 C at temperatures of 30 °C and 50 °C, respectively [32]. Iqbal et al. 

prepared La and Zn co-doped LiMn2O4 spinel materials using a sol-gel method [33]. the results revealed 

that the LiLa0.01Zn0.01Mn1.98O4 sample achieved a higher discharge capacity of 92 mAhg‒1 and 78% of 

the initial discharge capacity at 5 C compared to values of 51 mAhg‒1 and 41% for the un-doped 

LiMn2O4 sample. This indicates that the La and Zn co-doping stabilized the structural integrity of the 

spinel host by suppressing the Jahn-Teller distortion and shortening the diffusion of the Li ions. La, a 

rare earth metal, can be selected as a possible candidate to function as a substitute for manganese because 

of its large binding energy, therefore forming a pillar and preventing the collapse of the cubic structure, 

and increasing the average valence of Mn, thereby reducing the occurrence of the Jahn-Teller distortion 

[26,33,34]. Moreover, the heavy element, bismuth, has been found to partially substitute manganese as 

a dopant [35,36]. From electrochemical investigations in a strong alkaline electrolyte (9M KOH), 

Schlörb et al. reported that Bi-doped LiMn2O4 material achieved remarkably improved cyclability, 

whereas after 10 cycles, a rapid decrease in capacity to 50% of the initial value was observed for the un-

doped LiMn2O4 sample [36]. Following 100 cycles measured at a constant current of 40 mAg‒1, Tan et 

al. demonstrated that Bi-modified LiMn2O4, synthesized by a sol-gel method, achieved a discharge 

capacity of 100 mAhg‒1 and a capacity retention of 84.7%, compared with a capacity retention of 74.2% 

for the unmodified sample [37]. When the heavy element, bismuth, is introduced to the spinel structure, 

it can result in the hybridizing of the 6s and 6p orbitals of the bismuth ions with the adjacent 2p orbital 

of the oxygen in addition to the 3d orbital of the manganese [38]. Doped bismuth ions can increase the 

charge transfer from the oxygen anion to the manganese cation because of the overlapping of the bismuth 

orbital with the oxygen and manganese orbitals. This probably results in a wider conduction band, 

increasing the electronic conductivity and lithium diffusivity of the electrodes [38,39]. Considering the 

lack of studies on Bi and La co-doping, Bi and La are introduced to partially substitute Mn in order to 

improve both the stability of the spinel structure and the electrochemical performance during this study.   
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In this work, a novel solution combustion synthesis (SCS) method was employed because it can be 

used to homogeneously dope elements in trace amounts and yield nano-sized particles with high specific 

areas, thus benefitting the electrochemical properties [40]. Bi and La were selected as the doping 

elements to partially substitute Mn in order to improve the electrochemical properties of the LiMn2O4 

material. Considering the above, LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples were 

synthesized by the SCS method in combination with calcination. The effect of the Bi and La doping 

amounts on the structure, morphology, and electrochemical performance was investigated in detail. 

 

3.2 EXPERIMENTAL 

3.2.1 Preparation and characterization of Bi and La co-doped LiMn2O4 cathode materials  

Bi and La co-doped LiMn2O4 samples were prepared by solution combustion synthesis (SCS) in 

combination with calcination. Stoichiometric amounts of oxidizers, lithium nitrate (LiNO3, 99.0%, 

Kishida Chemical Co., Ltd., Japan), bismuth nitrate (Bi(NO3)3·5H2O, 99.5%, Kanto Chemical Co., Inc., 

Japan), lanthanum nitrate (La(NO3)3·6H2O, 99.9%, Wako Pure Chemical Industries, Ltd., Japan), and 

manganese nitrate (Mn(NO3)2, 50% w/w aqueous solution, Alfa Aesar ) were dissolved in 5 ml of 

distilled water in terms of LiBixLaxMn2-2xO4 (x=0, 0.002, 0.005, 0.010, 0.020). A corresponding amount 

of urea (NH2CONH2, 99.0%, Chameleon Reagent, Japan) as the reductant (with φ=0.5, φ is the ratio of 

the total valence of reductants to the total valence of nitrate oxidizers) was also added into the above 

solutions. The homogenous sol-gels were formed by evaporating the water at 350 rpm at a temperature 

of 90 °C. The obtained sol-gels self-ignited in a homemade combustion synthesis apparatus, which was 

placed into a constant temperature laboratory electric jacket that was pre-heated and maintained at a 

temperature of 400 °C. The power of the electric jacket was switched off once the combustion reaction 

associated with the gas emission was observed. Following the SCS, the collected powders were further 

calcined at 800 °C for 24 h at a rate of 5 °C/min in air to obtain the final powders.  

The phase structure was characterized by powder X-ray diffraction (XRD, Cu Kα, Rigaku Miniflex). 

The morphology, size of the powders, the energy-dispersive spectroscopy (EDS), the electron energy-
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loss spectroscopy (EELS), and the energy dispersive X-ray spectroscopy (EDX) were determined by 

scanning electron microscopy (SEM, JEOL, JSM-7001FA) and transmission electron microscopy (TEM, 

JEOL JEM-2010F).  

3.2.2 Cell assembly and electrochemical measurement 

A two-electrode Swagelok-type cell consisting of a working electrode and a lithium metal anode was 

employed. It was assembled in an Ar-filled glove box, as described in our previous reports [40,41]. The 

working electrode contained 80 wt.% active materials, 10 wt.% polymer binder (polyvinylidene fluoride 

(PVDF)) dissolved in an N-methyl-2-pyrrolidone (NMP) solution, and 10 wt.% conductive carbon 

(acetylene black). The above mixture was magnetically stirred to form a homogenous slurry. The slurry 

was cast on an aluminum foil current collector and subsequently dried in a vacuum oven at 110 °C over 

a period of 12 h. The dried aluminum foil electrode was punched into disks with a diameter of 10 mm 

and a thickness of 0.1 mm. Meanwhile, a lithium metal disk with a diameter of 10 mm was selected as 

the counter and reference electrode. A solution of 1 M lithium hexafluorophosphate (LiPF6) in ethylene 

carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume) was used as the electrolyte while a celgard 

polypropylene membrane was employed as the separator. The electrochemical measurements were 

performed galvanostatically within the voltage range of 3.2–4.4 V with a current density of 1 C (a rate 

of 1 C corresponds to a full charge/discharge of 150 mAhg‒1 in 1 h) at the temperature of 25 °C using a 

battery tester (Arbin Instrument, MSTAT4, USA). Cyclic voltammetry (CV) was performed using the 

potentiostat/glavanostat apparatus (Autolab, PGSTAT128N).    

 

3.3 RESULTS AND DISCUSSION 

Fig. 3-1 shows the XRD patterns of the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples, 

with the enlarged (111) diffraction peak on the left. All the diffraction peaks of the LiBixLaxMn2-2xO4 

(x=0, 0.002, 0.005) sample well correlate with the standard peaks of the spinel-structure, indicating the 

successful synthesis of the single-phase LiMn2O4 by the SCS in combination with calcination. However, 

only the main diffraction peaks can be indexed to the LiMn2O4 phase for the LiBixLaxMn2-2xO4 (x=0.010, 
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0.020) samples. The LaMnO3.15 impurity phase can be detected in the LiBi0.01La0.01Mn1.98O4 and 

LiBi0.02La0.02Mn1.96O4 samples while an extra Bi2O3 impurity phase can be observed in the 

LiBi0.02La0.02Mn1.96O4 sample because of the doping limit. The shift to a lower angle for all diffraction 

peaks, especially the (111) peak as the most intense peak, is observed after the co-doping of Bi and La 

based on the character of the cubic structure. The 2θ angle of the (111) diffraction peak shifts to a lower 

angle as the x values increase, indicating the enlargement of the lattice parameters for the Bi and La co-

doped LiMn2O4 samples. And the explanation will be shown in the following Fig. 3-2.    

 

Fig. 3-1 XRD patterns of LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples with the 

enlarged (111) diffraction peak.  

Fig. 3-2 displays the lattice parameters of the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) 

samples. All the lattice parameters are refined by MDI Jade Software. The enlarged lattice parameters 

of the LiBixLaxMn2-2xO4 samples can be observed as x increases from 0 to 0.01, indicating that Mn3+ 

with a smaller ionic radius, 0.72 Å, is substituted by Bi3+ and La3+ with the same ionic radius, 1.03 Å. 

However, as x increases from 0.01 to 0.02, the lattice parameters of the Bi and La co-doped samples are 

relatively constant, demonstrating that the amount of Bi and La doping attains a limit which results in 

the LaMnO3.15 and Bi2O3 impurities shown in Fig. 3-1. The enlargement of the lattice parameters 

indicates that Bi and La enter the spinel structure, probably benefiting the improved electrochemical 
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properties of the LiMn2O4 materials as a result of the enlarged Li+ diffusion channel during the 

intercalation/de-intercalation process.  

 

Fig. 3-2 Lattice parameters of LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples. The 

crystal structure of LiMn2O4 is shown in the inset. The enlargement of lattice parameters indicates 

that Bi and La enter into the spinel structure. 

 

Fig. 3-3 SEM images of LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples. 

Fig. 3-3 shows the SEM images of the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples. 

All the samples exhibit similar morphologies. There are no obvious changes in the morphologies or 

particle sizes of the Bi and La co-doped samples, indicating that the trace doping of Bi and La does not 

have a significant effect on the morphologies or particle sizes of the co-doped samples. The size of the 
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primary particles in the inset is 100–400 nm. Asymmetrical spheres with a size of 3–7 μm can be 

observed in the secondary particles. 

 

Fig. 3-4 Discharge capacity as a function of the cycle number for LiBixLaxMn2‒2xO4 (x=0, 0.002, 

0.005, 0.010, 0.020) samples at 1 C between 3.2 and 4.4 V.  

Fig. 3-4 demonstrates the discharge capacity as a function of the cycle number at a current density of 

1 C in the voltage range of 3.2–4.4 V for the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples. 

The pristine LiMn2O4 sample exhibits an initial discharge capacity of 121.3 mAhg‒1 and only maintains 

a capacity retention of 89.0% after 80 cycles. As the x value is increased from 0 to 0.002 and 0.005, the 

initial discharge capacity of the Bi and La co-doped LiMn2O4 sample improves, exhibiting values of 

128.7 and 130.2 mAhg‒1 for x=0.002 and 0.005, respectively. A remarkably improved capacity retention 

of 95.0% and a discharge capacity of 123.7 mAhg‒1 are delivered for the LiBi0.005La0.005Mn2O4 sample 

after 80 cycles, indicating that a more stable structure is achieved during the Li-ion intercalation/de-

intercalation process compared with the pristine LiMn2O4. Both this capacity retention and discharge 

capacity are higher than the values of 89.1% and 106 mAhg‒1 after 50 cycles at current density of 1 C 

for the LiLa0.05Mn1.95O4 sample by a sol-gel method [26], and the values of 91.6% and 103.7 mAhg‒1 

after 100 cycles at the current density of 0.2 C for the LiLa0.05Mn1.95O4 sample by the solid state reaction 

[27]. In addition, these values are also higher than that of 84.7% and 100 mAhg‒1 after 100 cycles at the 
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current density of near 0.3 C for the Bi-modified LiMn2O4 sample which a trace doping amount of Bi is 

verified by the increased lattice parameters calculated from XRD results [37]. The detailed dates of the 

current and reported works are also shown in the Table 3-1. This result indicates that co-doping is 

superior to single-doping for improving the electrochemical properties of LiMn2O4 material because of 

their synergistic effects. These results can be attributed to the factors discussed below. The bond energy 

of La-O (786.2 KJ∙mol‒1) for the doped sample is greater than that of Mn-O (402 KJ∙mol‒1), which can 

improve the spinel structure during cycling. What’s more, both the dissolution of Mn3+ into the 

electrolyte and the Jahn-Teller distortion are inhibited because the relatively partial amount of Mn3+ is 

reduced by the substitution of Bi3+ and La3+, as demonstrated in Fig. 3-7 (d). Moreover, the diffusion of 

the Li ions for the insertion/extraction is enhanced probably owing to the amplified channels resulting 

from the enlarged lattice parameters of the Bi and La co-doped LiMn2O4 sample [15,32,39]. On the other 

hand, the improved cycling performance of the LiBi0.005La0.005Mn1.99O4 sample can also be confirmed 

by the less capacity fade of 0.08 mAhg‒1 cycle‒1 than that of 0.19 mAhg‒1 cycle‒1 for the pristine 

LiMn2O4 sample, displaying that the substitution of Mn by the partial amounts of Bi and La is in favor 

of enhancing the cycling performance. The discharge capacity of the Bi and La co-doped LiMn2O4 with 

x values of 0.010 and 0.020 is less than that of the LiBi0.005La0.005Mn2O4 sample which can be attributed 

to the appearance of the second phase. However, following the 80 cycles, a slightly improved capacity 

retention of 90.8% is achieved for the LiBi0.02La0.02Mn2O4 sample compared with that of the pristine 

LiMn2O4, which may be ascribed to the coating effect of the Bi2O3 second phase on the surface of the 

particles [24]. The appropriate amounts of Bi and La doping can improve the cycling performance of 

the spinel LiMn2O4 material.  

The charge–discharge curves of the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples for 

the 1st and 80th cycles are shown in Fig. 3-5 (a) and (b), respectively, at a current density of 1 C between 

voltages of 3.2 and 4.4 V. Two obvious plateaus can be observed in the voltage range of 3.9 to 4.2 V for 

all the charge–discharge curves, which can be attributed to the well-defined spinel structure of LiMn2O4 

[32]. These two plateaus correspond to two oxidation/reduction reaction stages during the Li 



43 

 

extraction/insertion process. The first plateau at approximately 4.0 V results from the removal of Li+ 

ions from half of the tetrahedral sites in which Li–Li interactions occur. The second plateau at 

approximately 4.1 V can be attributed to the removal of Li+ ions from the other tetrahedral sites. Among 

these samples, the LiBi0.005La0.005Mn1.99O4 sample exhibits the highest discharge capacity for both the 

1st and 80th cycles.   

Table 3-1. Synthetic method, electrochemical properties of current and reported works. 

SCS, S-G, and SSR represent the solution combustion synthesis, sol-gel, and solid state 

reaction, respectively. 

Materials Synthetic  

method 

Current 

density 

Voltage 

(V) 

Discharge capacity 

(mAh∙g‒1) (cycle) 

Capacity 

retention 

Ref. 

LiMn2O4 SCS 1 C 3.2-4.4 108.1 (80th) 89.0% This 

work 

LiBixLaxMn2‒

2xO4 (x=0.005) 

SCS 1 C 3.2-4.4 123.7 (80th) 95.0% This 

work 

LiLa0.05Mn1.95O4 S-G 1 C 2.75-4.5 106 (50th) 89.1% 26 

LiLa0.05Mn1.95O4 SSR 0.2 C 3.0-4.3 103.7 (100th) 91.6% 27 

Bi-modified 

LiMn2O4 

S-G ~0.3 C 3.5-4.5 100 (100th ) 84.7% 37 

 

Fig. 3-5 Charge–discharge curves of LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples at 

1 C between 3.2 and 4.4 V. (a) the 1st cycle; (b) the 80th cycle. 
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Fig. 3-6 Cyclic voltammetry (CV) curves of LiBixLaxMn2‒2xO4 (x=0, 0.005) samples in the voltage 

range of 3.2–4.4 V at a scan rate of 0.1 mV/s. 

Fig. 3-6 presents the CV curves of the LiBixLaxMn2‒2xO4 (x=0, 0.005) samples in the voltage range of 

3.2–4.4 V at a scan rate of 0.1 mVs‒1. For comparison, the CV was only conducted for the pristine 

LiMn2O4 and LiBi0.005La0.005Mn1.99O4 samples. Two pairs of clearly separated redox peaks were 

observed in the CV curves of the pristine LiMn2O4 and LiBi0.005La0.005Mn1.99O4 samples. These can be 

ascribed to two typical reversible processes during the Li+ intercalation/de-intercalation cycling which 

correspond to the two plateaus in the charge–discharge curves of Fig. 3-5. The peak parameters of the 

CV curves during the first cycle of the pristine LiMn2O4 and LiBi0.005La0.005Mn1.99O4 samples are listed 

in Table 3-2. A cathodic peak of 3.94/4.06 V and anodic peaks of 4.07/4.20 V can be observed for the 

pristine LiMn2O4 sample while a cathodic peak of 3.96/4.08 V and anodic peaks of 4.05/4.18 V can be 

observed for the LiBi0.005La0.005Mn1.99O4 sample. The anodic peaks shift to a lower potential for the 

doped LiMn2O4 sample compared with the pristine LiMn2O4 sample, indicating that a portion of Li+ 

ions can migrate under less energy from the distorted spinel structure of Mn3+ substituted by Bi3+ and 

La3+ [32,42]. A larger cathodic potential difference, ΔE1=0.13 V, and anodic potential difference, 

ΔE2=0.14 V, are exhibited for the pristine LiMn2O4 sample. However, clearly reduced values of 

ΔE1=0.09 V and ΔE2=0.10 V are observed for the LiBi0.005La0.005Mn1.99O4 sample. This suggests that 
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there is a reduced polarization of the Bi and La co-doped LiMn2O4 material owing to faster 

intercalation/de-intercalation of Li+ ions into/from the spinel structure compared with the pristine sample 

[24,33,43]. The substitution of Mn3+ with Bi3+ and La3+ cations can maintain the stability of the spinel 

structure, therefore improving the cycling performance of the materials during the charge/discharge 

process. 

Table 3-2. Potential values of CV curves at the 1st cycle for the pristine LiMn2O4 and 

LiBi0.005La0.005Mn1.99O4 samples. ΔEp is the separation between the anodic peak potential, Epa, 

and the cathodic peak potential, Epc. 

 Epa1 (V) Epa2 (V) Epc1 (V) Epc2 (V) ΔEp1 (V) ΔEp2 (V) 

x=0 4.07 4.20 3.94 4.06 0.13 0.14 

x=0.005 4.05 4.18 3.96 4.08 0.09 0.10 

Fig. 3-7 (a) and (b) display the TEM image with the electron diffraction pattern of the [110] zone axis 

within the inset, and the EDX analysis for the LiBi0.005La0.005Mn1.99O4 sample, respectively. The TEM 

image shows primary particles with a size of approximately 300 nm, which corresponds to the SEM 

image in Fig. 3-3. As there is no evidence of the surface coating layer exhibited in either the morphology 

shown in the TEM image or the single phase indexed from the XRD patterns in Fig. 3-1, it can be 

confirmed that the co-doped Bi and La ions enter into the structure of the LiBi0.005La0.005Mn1.99O4 sample. 

The electron diffraction pattern demonstrated in the inset exhibits typical spinel structure diffraction 

along the [110] direction, correlating with Fig. 3-1. To analyze the change in the valence states 

before/after the La and Bi doping, the EELS data was measured for the obtained particles. Fig. 3-7 (c) 

and (d) show the oxygen (O) K-edge and manganese (Mn) L-edge EELS of the LiBixLaxMn2-2xO4 

material with x = 0 and 0.005, respectively. The spectra positions can be calibrated from their zero-loss 

peaks. The peaks of Mn–L3 and Mn–L2 result from the transition of electrons from 2p3/2 to 3d3/2 and 

3d5/2, and from 2p1/2 to 3d3/2, respectively [44]. These relative intensities can be determined by the 

unoccupied bands in the 3d orbitals and therefore the valence state of Mn [45]. The L3/L2 intensity ratio 

is related to the valence state of Mn [46,47]. Compared with Fig. 3-7 (c) and (d), following the Bi and 
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La co-doping there is a decrease in the L3/L2 intensity ratio which indicates an increase in the Mn 

oxidation state. Specifically, following the Bi and La co-doping, a relatively greater amount of Mn4+ 

appear, arising from the substitution of Bi3+ and La3+ at the Mn3+ sites. 

In order to identify the existence and distribution of the Bi and La, the EDS of the 

LiBi0.005La0.005Mn1.99O4 sample is shown in Fig. 3-8. The peaks relating to Bi and La confirm the 

existence of these two elements while the element maps demonstrate the uniform distribution of the Bi 

and La in the LiBi0.005La0.005Mn1.99O4 sample.  

 

Fig. 3-7 The TEM image and electron diffraction pattern in [110] zone axis (a), and EDX analysis 

(b) of LiBi0.005La0.005Mn1.99O4 sample, in addition to the comparison of EEL spectra for 

LiBixLaxMn2‒2xO4 with x = 0 (c), and x = 0.005 (d). 
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Fig. 3-8 EDS analysis of LiBi0.005La0.005Mn1.99O4 sample. 

Good rate capability, especially the discharge capacity at high current densities, is always required for 

high power applications of Li-ion batteries. Fig. 3-9 shows the rate capability of the LiBixLaxMn2‒2xO4 

(x=0, 0.002, 0.005, 0.010, 0.020) samples in the voltage range of 3.2–4.3 V. All the samples exhibit 

decreased capacities as the current densities are increased, which can be attributed to the increased ohmic 

and electrochemical polarization arising from the limited diffusion of the Li+ ions into/out of the spinel 

structure [15,48]. The pristine LiMn2O4 sample exhibits an initial discharge capacity of 120.3 mAhg‒1 

at a current density of 1 C and a dramatically decreased value of 75.8 mAhg‒1 at a high current of 7 C. 

However, among all the samples, the best rate capability was achieved in the LiBi0.005La0.005Mn1.99O4 

sample, exhibiting discharge capacities of 127.6 (1 C), 120.8 (2 C), 115.1 (3 C), 111.0 (4 C), and 106.8 

mAhg‒1 (5 C). The high value of 98.3 mAhg‒1 is still maintained even at a high current of 7 C. The 

superior rate capability can be attributed to the broadened diffusion pathway of the Li+ ions during the 

intercalation/de-intercalation as a result of the enlarged lattice parameters and improved stable structure 

via the substitution of Mn3+ with a suitable amount of Bi3+ and La3+ cations [15,32,39].  

 Fig. 3-10 shows the discharge curves for the LiBi0.005La0.005Mn1.99O4 sample at various current 

densities. Two obvious plateaus can be observed in the discharge curve at 1 C, 2 C, and 3 C; however, 

the plateaus gradually disappear to transform into the slope at a high current density, such as 7 C. This 

can be attributed to the ohmic drop and the increase in the cell polarization at high current densities [5].  
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Fig. 3-9 Rate capability of LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005, 0.010, 0.020) samples. 

 

Fig. 3-10 Discharge curves at various current rates for LiBi0.005La0.005Mn1.99O4. 

The discharge capacity as a function of the cycle number at current densities of 1 C, 3 C, and 5 C 

between the voltage of 3.2 and 4.4 V is presented in Fig. 3-11 for the LiBi0.005La0.005Mn1.99O4 sample. 

The LiBi0.005La0.005Mn1.99O4 sample exhibits good capacity retention at current densities of 3 C and 5 C. 

Even after 500 cycles, it delivers a discharge capacity of 105.9 mAhg‒1 at 3 C and 101.1 mAhg‒1 at 5 C, 

exhibiting the best high-rate capability.  
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Fig. 3-11 Discharge capacity as a function of the cycle number for LiBi0.005La0.005Mn1.99O4 sample 

at 1 C, 3 C, and 5 C between 3.2 and 4.4 V.  

 

3.4 SUMMARY 

A single-phase spinel structure was synthesized for the LiBixLaxMn2‒2xO4 (x=0, 0.002, 0.005) samples 

via SCS followed by calcination, while impurities were detected in the x=0.010, 0.020 samples because 

of the doping to an extent. As the x values were increased, the increase in the lattice parameters indicated 

that Bi and La entered the spinel structure. Following 80 cycles, the LiBi0.005La0.005Mn1.99O4 sample 

delivered the highest initial discharge capacity of 130.2 mAhg‒1 and 95% capacity retention at 1 C 

compared with values of 121.3 mAhg‒1 and 89% for the pristine LiMn2O4 sample. Even after 500 cycles, 

high capacities of 105.9 mAhg‒1 at 3 C and 101.1 mAhg‒1 at 5 C were still maintained for the 

LiBi0.005La0.005Mn1.99O4 sample, thus achieving the best high-rate capability. The improved 

electrochemical properties of the Bi and La co-doped LiMn2O4 material can be attributed to the good 

stability of the spinel structure and the high level of diffusion of the Li ions in/out the enlarged structure.    
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CHAPTER 4 

 

Effect of surface modification on electrochemical properties of LiMn2O4 

 

4.1 

Surface modification of LiMn2O4 by a Mn4+-rich phase 

 

ABSTRACT: The surface of spinel LiMn2O4 is modified with different quantities of a Mn4+-rich phase 

prepared by a facile sol-gel method to improve electrochemical properties at elevated temperatures. 

Impurity-free and uniform morphologies for the LiMn2O4 particles are demonstrated from the X-ray 

diffraction (XRD) and scanning electron microscopy (SEM), respectively. The Mn4+-rich phase 

modified on the surface of the LiMn2O4 alleviates the dissolution of manganese in the electrolyte, thus 

improving the cycling performance and rate capability relative to the bare LiMn2O4. 1 wt.%-modified 

LiMn2O4 delivers a capacity retention of 92.7% and a discharge capacity of 113.5 mAhg‒1 after 200 

cycles at 1 C and 25 °C, compared with that of 83.1%, and 100.8 mAhg‒1 for the bare LiMn2O4. In 

addition, after 100 cycles, a capacity retention of 88.6% at 1 C is achieved for 1 wt.%-modified LiMn2O4 

at 55 °C, which is higher than the 76.0% for the bare LiMn2O4. Furthermore, this sample shows the best 

rate capability among all samples. The Mn4+-rich phase is an appropriate candidate for modifying 

surfaces to suppress dissolution of manganese, thereby improving the electrochemical properties of 

LiMn2O4. 

 

KEYWORDS: Li-ion battery, LiMn2O4, Mn4+-rich phase, surface modification  

 

4.1.1 INTRODUCTION 

Lithium manganese oxide, LiMn2O4, having a spinel structure is an attractive cathode material for 

rechargeable Li-ion batteries because of its low cost, environmental friendliness, natural abundance, and 
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good safety compared with commercialized LiCoO2 [1‒3]. LiMn2O4 cathode materials undergo severe 

capacity fading during repeated cycling, particularly at elevated temperatures, which restricts its 

commercial usage for rechargeable Li-ion batteries [4]. Capacity fading in the 4-V (versus Li/Li+) region 

is connected with the following factors: structural instability induced by the Jahn-Teller distortion and 

manganese dissolution via the Mn3+ disproportion reaction (2Mn3+→Mn4+ + Mn2+). The latter is caused 

by a trace of hydrofluoric acid present in the electrolyte, which is the most important cause of capacity 

fading [5‒8].  

Two mainstream strategies have been proposed by academic and industrial scientists to overcome the 

capacity fading issue. First, cationic doping of a small fraction at the manganese sites has been 

investigated to stabilize the spinel structure. Single-doping of Ni2+ [9], Al3+ [10], Cr3+ [11], Sm3+ [12], 

Ru4+ [13] has been reported. Co-doping with Ni-Cu [14], Cr-Fe [15], Mg-Si [16], and La-Bi [17] has 

also been carried out. The results have shown that these doped LiMn2O4 spinel materials display 

enhanced stabilization of their structure and improved cycling performance compared with non-doped 

LiMn2O4 materials. However, this doping method could not eliminate the irreversible capacity loss 

associated with the dissolution of manganese at the cathode/electrolyte interface, especially at elevated 

temperatures [18].  

The second approach is surface modification, which can minimize direct contact between the cathode 

and electrolyte interfaces, thereby effectively suppressing the dissolution of manganese [7,19]. Recently, 

Huang et al confirmed that the presence of Mn4+ on the surface of Mn-surface-modified 

LiNi0.8Co0.15Al0.05O2, synthesized by an in situ oxidizing-coating method, can suppress capacity fading 

during charge-discharge cycles at room and elevated temperature [20]. Jeong et al pointed out that the 

average Mn oxidation of ~3.69 on the surface of Li1.15Co0.32Mn1.53O4-coated LiMn2O4 resulted in 

superior rate capability and improved capacity retention at 60 °C [21]. Kang et al showed that Mn4+ in 

a MnO2 coating layer can not only effectively suppress Mn dissolution, but also provide chemical 

stability, thereby improving storage and rate capability for MnO2-coated LiMn2O4 [22]. Therefore, the 

presence of Mn4+ on the surface of LiMn2O4 particles can considerably lessen the dissolution of Mn, 
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and maintain the stability of LiMn2O4, resulting in enhanced electrochemical performance. The Mn4+-

rich phase in this work is embodied in the form of Li2MnO3, which is based on the several factors. 

Monoclinic Li2MnO3, with its layered structure, acts as an indispensible component of the Li-rich 

layered xLi2MnO3·(1-x)LiMO2 (M=Mn, Ni, Co) cathode material because of its stabilization function 

[23,24]. The Li2MnO3 cathode material, where interslab octahedral sites are occupied by Li only, and 

the octahedral sites within the slabs are occupied by both Li and Mn in a ratio of 1: 2 [25], supplies more 

mobile Li ions compared with others without Li ions in the structure. These mobile Li ions accessibly 

transport and permeate through the interslab channel into the electrolyte solution [26,27]. In addition, 

Li2MnO3 cathode materials consisting of only Mn4+ shows a more stable structure resulting from the 

absence of the disproportion reaction of Mn3+ that occurs in LiMn2O4. Nanosized Li2MnO3 as the 

modification layer becomes active compared with its inactive status existing in micro-sized particles 

[28]. Xiong et al [27] reported that Li2MnO3 as an impurity appeared in Li/F co-doped spinel LiMn2O4-

based composites prepared by a solid state reaction, which Li2MnO3-impurity was detected at the surface 

of the composites in TEM images. These complicated composites exhibited excellent cycling 

performance and high rate capability, which results from eliminating the Jahn-Teller distortion by 

double-doping with Li and F, and suppressing the disproportion reaction of Mn3+ on the surface caused 

by the coated Li2MnO3 impurity. Given this, Mn4+-rich phase is employed to modify the surface of 

LiMn2O4 particles to improve the electrochemical performance by decreasing the direct contact area at 

the cathode/electrolyte interface, thereby reducing the dissolution of manganese and stabilizing the 

structure. 

In this work, a series of Mn4+-rich phase-modified LiMn2O4 with weight ratios of 0 wt.%, 1 wt.%, 2 

wt.%, and 4 wt.% were synthesized by a facile sol-gel method to ensure uniformity of the modified 

layers. The electrochemical properties at both 25 °C and 55 °C were investigated in detail.  

 

4.1.2 EXPERIMENTAL 

4.1.2-1 Preparation and characterization of Mn4+-rich phase-modified LiMn2O4  
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LiMn2O4 powders were prepared by solution combustion synthesis (SCS) in combination with 

calcination [17,29,30]. Lithium nitrate (LiNO3, 99.0%, Kishida Chemical Co., Ltd., Japan), lithium 

acetate (CH3COOLi, 99.0%, Kishida Chemical Co., Ltd., Japan), manganese nitrate (Mn(NO3)2, 50% 

w/w aqueous solution, Alfa Aesar), and urea (NH2CONH2, 99.0%, Chameleon Reagent, Japan) were 

used as the raw materials without further purification. The oxidizers, LiNO3 and Mn(NO3)2 (mole ratio 

of Li:Mn=1.05:2), and reductant, NH2CONH2 (with φ=0.5, φ is the ratio of the total valence of reductants 

to the total valence of nitrate oxidizers), were dissolved in 5 ml of distilled water. After evaporating the 

water, the homogenous sol-gels were self-ignited in a homemade combustion apparatus. Following the 

SCS, the collected powders were further calcined at 800 °C at a rate of 5 °C/min in air for 24 h to obtain 

the LiMn2O4 powders. 

A facile sol-gel method was employed to achieve the modification of a Mn4+-rich phase.  

Stoichiometric amounts of CH3COOLi and Mn(NO3)2, required to produce Li2MnO3, were 

homogenously dissolved in distilled water with stirring at room temperature. This solution was then 

added dropwise to a well-dispersed LiMn2O4 aqueous solution that had been subjected to ultrasonic 

treatment. After evaporating the water, the resulting powders were sintered at 600 °C for 3 h in air to 

obtain the final powders. The weight percent of Li2MnO3 to LiMn2O4 were 0 wt.%, 1 wt.%, 2 wt.%, and 

4 wt.%. For simplicity, these samples are labeled as 0 wt.%, 1 wt.%, 2 wt.%, and 4 wt.%, respectively. 

The phase structure of Mn4+-rich phase-modified LiMn2O4 was characterized by powder XRD (Cu 

Kα, Rigaku Miniflex). The morphology and size of the powders were determined using SEM (JEOL, 

JSM-7001FA), and TEM (JEOL JEM-2010F). The surface composition of the samples was detected by 

X-ray photoelectron spectroscopy (XPS, JEOL Ltd., JPS-9200) using an Mg Kα X-ray source (1253.6 

eV). 

4.1.2-2 Cell assembly and electrochemical measurements 

A Swagelok-type cell consisting of a working electrode and a lithium metal anode, was assembled in 

an Ar-filled glove box, as described in our previous reports [29,30]. The working electrode consisted of 

80 wt.% active material, 10 wt.% binder (PVDF) dissolved in N-methyl-2-pyrrolidone (NMP), and 10 
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wt.% conductive carbon (acetylene black). The diameter of the working electrode was 10 mm and its 

thickness was 0.1 mm. A lithium metal disk was chosen as the counter and reference electrode. The 

electrolyte was a solution of 1 M lithium hexafluorophosphate (LiPF6) in EC/DMC (1:1 in volume). The 

separator was a Celgard polypropylene membrane. Electrochemical measurements were 

galvanostatically carried out in the voltage range of 3.2–4.4 V at different current densities (a rate of 1 

C corresponding to a full charge/discharge of 150 mAhg‒1 in 1 h) at 25 °C and 55 °C using a battery 

tester (Arbin Instruments, MSTAT4, USA). Cyclic voltammetry (CV) was performed by a 

potentiostat/galvanostat apparatus (Autolab, PGSTAT128N) in the voltage range of 3.2–4.4 V at a scan 

rate of 0.1 mVs‒1, while the electrochemical impedance spectroscopy (EIS) was conducted by employing 

an Autolab instrument with the frequency response analyzer (FRA), in the frequency range from 1000 

kHz to 0.01 Hz after the 5 cycles of CV measurement scanning at 0.3 mVs‒1.   

 

4.1.3 RESULTS AND DISCUSSION 

 

Fig. 4.1-1 XRD patterns of Mn4+-rich phase-modified LiMn2O4 samples. 

Figure 4.1-1 shows XRD patterns of Mn4+-rich phase-modified LiMn2O4 samples. All the diffraction 

peaks are consistent with the characteristic diffraction peaks of well-defined spinel LiMn2O4 with a 
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space group of Fd3m. The absence of an impurity phase is noticed in the XRD patterns for all modified 

LiMn2O4 samples. This absence is probably due to low coating amounts and/or an amorphous texture 

[18,22]. Lattice parameters and cell volumes calculated by the MDI Jade Software are listed in Table 1 

for all samples. No significant changes between the bare and modified LiMn2O4 samples indicate that 

surface modification has no effect on the structure of the spinel LiMn2O4 phase. 

 

 

 

 

 

 

 

 

 

Fig. 4.1-2 SEM images of Mn4+-rich phase-modified LiMn2O4 samples. 

Figure 4.1-2 displays SEM images of Mn4+-rich phase-modified LiMn2O4 samples. Similar 

morphologies and/or particle sizes are shown from the SEM images for all samples, reflecting no big 

changes after modification. Primary particles, showing sizes of 200–500 nm (Fig. 4.1-2 inset), 

agglomerate into secondary particles with sizes of 3–7 μm. In order to compare the modified layers on 

the surface of LiMn2O4 particles, TEM images of Mn4+-rich phase-modified LiMn2O4 samples with 

Table 4.1-1. Lattice parameters and cell volumes for 

Mn4+-rich phase-modified LiMn2O4 samples. 

Sample a (Å) Cell volume (Å3) 

0 wt.% 8.2268(5) 556.80 

1 wt.% 8.2225(6) 555.93 

2 wt.% 8.2216(6) 555.75 

4 wt.% 8.2144(1) 554.28 
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amounts of 0 wt.% and 2 wt.% were recorded, and are displayed in Fig. 4.1-3. A distinct layer with a 

thickness of ~3 nm is visible on the particle surface of the modified LiMn2O4 sample, compared with 

the smooth particle surface of the bare LiMn2O4 sample. Electron diffraction patterns of the modified 

layer were undetectable in the modified LiMn2O4 sample, which is due to its amorphous texture. A 

modified layer on the particle surface, unfortunately, is invisible using TEM observation for the 1 wt.%-

modified LiMn2O4 sample, which is likely attributable to the low quantities of the Mn4+-rich phase. 

 

Fig. 4.1-3 TEM of Mn4+-rich phase-modified LiMn2O4 samples with (a) 0 wt.%, and (b) 2 wt.%. 

XPS has been widely employed to analyze surface compositions, and to detect whether the Mn4+-rich 

phase exists on the surface of the spinel structure. Figure 4.1-4 shows the Mn 2p3/2 XPS spectra of Mn4+-

rich phase-modified LiMn2O4 samples. The Mn 2p3/2 XPS binding energy for Mn3+ and Mn4+ is located 

at 641.7 eV (Mn2O3) and 642.6 eV (MnO2), respectively [31‒33]. After peak-fitting, binding energy, 

cation distribution of Mn3+ and Mn4+, and average valance of Mn are given in Table 4.1-2. As modified 

quantities rise in the order of 0 wt.%, 1 wt.%, 2 wt.% and 4 wt.%, Mn4+ amounts are increased and 

displayed the value of 49.0%, 70.7%, 81.1%, and 89.6%, whereas Mn3+ amounts show the diminishing 

values of 51.0%, 29.3%, 18.9%, and 10.4%. In addition, the average valance of Mn on the surface of 

the LiMn2O4 matrix also changes from 3.490 to 3.707, and 3.811, then to 3.896. The increased amounts 
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of Mn4+ and the average valance of Mn are a result of the existence of Li2MnO3 on the surface, in which 

only Mn4+ exists. A Mn4+-rich phase on the surface of the particles can hold the stability and alleviate 

the dissolution of Mn via the disproportion reaction of Mn3+ (2Mn3+→Mn4+ + Mn2+), thereby enhancing 

the cycling performance of LiMn2O4 cathode materials.  

 

Fig. 4.1-4 XPS spectra of Mn4+-rich phase-modified LiMn2O4 samples. 

Table 4.1-2. Binding energy, cation distribution, and average valence of Mn from XPS 

(Mn-2p3/2 spectra) of Mn4+-rich phase-modified LiMn2O4 samples. 

Sample 

Binding energy (eV) Cation distribution Average valence 

Mn4+ Mn3+ Mn4+ (%) Mn3+ (%) Mn 

0 wt.% 642.6 641.8 49.0 51.0 3.490 

1 wt.% 642.5 641.4 70.7 29.3 3.707 

2 wt.% 642.5 641.5 81.1 18.9 3.811 

4 wt.% 642.6 641.1 89.6 10.4 3.896 

The discharge capacity as a function of cycle number for Mn4+-rich phase-modified LiMn2O4 samples 

at 1 C and 25 °C is presented in Fig. 4.1-5. A serious capacity fading during cycling is observed for the 

bare LiMn2O4 sample, in which the 100.8 mAhg-1 discharge capacity and 83.1% capacity retention are 

maintained at 1 C after 200 cycles. Improved cycling performance is displayed for the modified 
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LiMn2O4 samples. A discharge capacity of 113.5 mAhg‒1, 109.9 mAhg‒1, 105.6 mAhg‒1, and capacity 

retention of 92.7%, 94.0%, and 97.6% after 200 cycles, are delivered for the 1 wt.%-, 2 wt.%-, and 4 

wt.%-modified LiMn2O4 samples, respectively. In the whole cycle number, the decreased discharge 

capacity as rising the modified mounts from 1 wt.% to 4 wt.% is observed, which can be attributed to 

the electrochemical inactive of Mn4+-rich phase below the voltage of 4.4 V [23,34] and the hindered Li+ 

diffusion due to the expanding diffusion path by the more modified layer [35]. The improved cycling 

performance can be ascribed to the alleviated dissolution of Mn in the electrolyte, and enhanced stability 

of the surface-modified structure. On the other hand, the 1 wt.%-, 2 wt.%-, and 4 wt.%-modified samples 

manifest capacity fading of 0.045 mAhg‒1, 0.035 mAhg‒1, and 0.013 mAhg‒1 per cycle, respectively, 

compared with 0.103 mAhg‒1 per cycle for the bare LiMn2O4 sample. A Mn4+-rich phase can benefit the 

cycling stability of the spinel LiMn2O4 material.  

 

Fig. 4.1-5 Discharge capacity vs. cycle number for Mn4+-rich phase-modified LiMn2O4 samples at 

1 C and 25 °C.  

The charge–discharge curves at different cycle numbers are demonstrated in Fig. 4.1-6, for Mn4+-rich 

phase-modified LiMn2O4 samples at 1 C and 25 °C. The curves for all samples present two obvious 

charge–discharge plateaus, indicating that two oxidation/reduction reactions occur during the Li 

extraction/insertion process. These two plateaus at 4.0–4.1 V and 3.9–4.0 V, correspond to the two-phase 

transitions of MnO2/Li0.5Mn2O4, and Li0.5Mn2O4/LiMn2O4, respectively [36,37]. The voltage difference 
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between the charge and discharge plateaus for the modified LiMn2O4 samples maintains the same as the 

cycle number increases from the first cycle to the 200th cycle, whereas the value for the bare LiMn2O4 

sample increases slightly. These facts demonstrate a suppressed polarization increment and inner 

resistance of the batteries to the modified LiMn2O4 samples [38,39]. The surface-modified samples 

experience less loss of the initial capacity, and better cycling performance. 

 

Fig. 4.1-6 Charge–discharge curves of Mn4+-rich phase-modified LiMn2O4 samples at 1 C. 

 

Fig. 4.1-7 CV curves of Mn4+-rich phase-modified LiMn2O4 samples. 

CV curves of the first and third cycle for Mn4+-rich phase-modified LiMn2O4 samples are exhibited 

in Fig. 4.1-7. All CV curves of these samples display two pairs of well-separated peaks, which 
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correspond to the two plateaus in the charge–discharge curves of Fig. 4.1-6. This confirms that two 

reversible redox reactions occur during Li-ions extraction/insertion process. Similar CV curves confirm 

that surface-modified technology supports the unvaried electrochemical process of spinel structure 

during cycling. The potential values for the CV curves at the first cycle are shown in Table 4.1-3. The 0 

wt.%-, 1 wt.%-, 2 wt.%-, and 4 wt.%-modified LiMn2O4 samples manifest an anodic peak of 4.07/4.20 

V, 4.07/4.19 V, 4.06/4.19 V, and 4.06/4.18 V together with a cathodic peak of 3.94/4.06 V, 3.96/4.08 V, 

3.96/4.09 V, and 3.97/4.10 V, respectively. The decreased anodic potential, and increased cathodic 

potential as increasing the modified amounts, demonstrate that Li extraction (charge process) occurs at 

a lower potential value, whereas Li insertion (discharge process) occurs at a higher potential value. 

These results show that less energy is required for Li ion diffusion during cycling for the modified 

samples. ΔEp is related to the polarization degree of the battery, and is the separation between the anodic 

peak potential, Epa, and the cathodic peak potential, Epc. The value of Ep1/EP2 decreases from 0.13/0.14 

V for the 0 wt.%-modified sample to 0.11/0.11 V, and 0.10/0.10 V for the 1 wt.%- and 2 wt.%-modified 

samples, respectively, down to 0.09/0.08 V for the 4 wt.%-modified sample. These data indicate the 

weak polarization of the modified samples with assistance of the modified layers [40]. The Mn4+-rich 

phase can suppress the dissolution of Mn and maintain the stability of the spinel structure during the 

charge–discharge process. 

Table 4.1-3. Potential values of the CV curves at the first cycle for Mn4+-rich 

phase-modified LiMn2O4 samples. 

Sample Epa1 (V) Epa2 (V) Epc1 (V) Epc2 (V) ΔEp1 (V) ΔEp2 (V) 

0 wt.% 4.07 4.20 3.94 4.06 0.13 0.14 

1 wt.% 4.07 4.19 3.96 4.08 0.11 0.11 

2 wt.% 4.06 4.19 3.96 4.09 0.10 0.09 

4 wt.% 4.06 4.18 3.97 4.10 0.09 0.08 
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Fig. 4.1-8 Rate capability of Mn4+-rich phase-modified LiMn2O4 samples at 25 °C.  

A high rate capability is always a key criterion to evaluate the performance of cathode materials used 

in high-power, high-energy Li-ion batteries. Figure 4.1-8 shows the rate capability of Mn4+-rich phase-

modified LiMn2O4 samples at 25 °C. As the current densities increase from 1 C to 7 C, a large decrease 

in the discharge capacity is observed for the bare LiMn2O4 sample, which results from the increased 

polarization of the batteries due to limited Li ion diffusion during cycling. By contrast, an improved rate 

capability is noticed for the Mn4+-rich phase-modified LiMn2O4 samples, demonstrating the enhanced 

diffusion of Li ions and/or the conductivity of electrons via the Mn4+-rich phase modified layers. In 

particular, the 1 wt.%-LiMn2O4 sample delivers the highest discharge capacity among all samples at 

each current density, which 98.0 mAhg-1 even at 7 C is obtained in contrast with 75.8 mAhg‒1 of the 

bare LiMn2O4 sample. Meanwhile, the improved capacity retention (relative to 1 C) of this sample is 

6.3% (2 C), 13.6% (3 C), 19.0% (4 C), 22.8% (5 C), and 28.6% (7 C) higher than that of the bare 

LiMn2O4 sample, respectively. The capacity retention as discharging from 2 C to 7 C, is increased in the 

order of 0 wt.%- < 1 wt.%- < 2 wt.%- < 4 wt.%-LiMn2O4 sample, which indicates the Mn4+-rich phase 

can suppress dissolution of manganese and keep the structural stability of LiMn2O4 material. As rising 

the modified quantities in the order of 1 wt.%, 2 wt.% and 4 wt.%, the decreased discharge capacity is 

noticed for these samples, which is corresponding to the trend in Fig. 4.1-5.The modified samples 
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manifest a remarkable increase in capacity retention compared with the bare LiMn2O4 sample. 

 

Fig. 4.1-9 Discharge capacity vs. cycle number for the 1 wt.%-modified LiMn2O4 sample at 1 C, 3 

C, 5 C, and 7 C at 25 °C. 

The discharge capacity as a function of cycle number for the 1 wt.%-modified LiMn2O4 sample at 1 

C, 3 C, 5 C, and 7 C at 25 °C is presented in Fig. 4.1-9. A high discharge capacity of 108.7 mAhg‒1 (1 

C), 105.8 mAhg‒1 (3 C), 101.8 mAhg‒1 (5 C), and 90.4 mAhg‒1 (7 C) is maintained even after 500 cycles. 

And the capacity retention (with reference to the highest capacity) of 88.8% (1 C), 93.2% (3 C), 93.9% 

(5 C), and 95.1% (7 C) is also delivered, which demonstrates a high rate performance. 

 

Fig. 4.1-10 Discharge capacity vs. cycle number for Mn4+-rich phase-modified LiMn2O4 samples 

at 1 C and 55 °C. 
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High-temperature electrochemical performance is crucial to the practical application of LiMn2O4 

cathode materials in Li-ion batteries. The discharge capacity as a function of cycle number for Mn4+-

rich phase-modified LiMn2O4 samples at 1 C and 55 °C is shown in Fig. 4.1-10. The bare LiMn2O4 

sample displays serious capacity fading during cycling at 55 °C, showing a capacity retention of only 

76.0% after 100 cycles. In contrast, improved cycling performance at 55 °C is observed for the modified 

samples. This improvement is due to the minimization of the contact area between the active material 

and the electrolyte solution via the modified layers, thereby suppressing the dissolution of Mn and 

maintaining the stability of the overall structure. A capacity retention of 88.6%, 89.5%, and 91.9% is 

delivered in the 1 wt.%-, 2 wt.%-, and 4 wt.%-modified LiMn2O4 samples, respectively. The increased 

capacity retention at an elevated temperature, which is consistent with that obtained at 25 °C, is observed 

as raising the modified amounts. The reason is that the more modified amounts of Mn4+-rich phase give 

rise to the less dissolution of manganese in the electrolyte solution and more stable of spinel structure, 

thereby resulting in the increased capacity retention at elevated temperature.  

 

Fig. 4.1-11 Rate capability of the 0 wt.%- and 1 wt.%-modified LiMn2O4 samples at 55 °C. 

The rate capability measured at 55 °C for the 0 wt.%- and 1 wt.%-modified LiMn2O4 samples is given 

in Fig. 4.1-11. Compared with the bare LiMn2O4 sample, a markedly increased rate capability is noticed 

for the 1 wt.%-modified LiMn2O4 sample, experiencing a discharge capacity of 122.9 mAhg‒1 (1 C), 

118.9 mAhg‒1 (2 C), 116.1 mAhg‒1 (3 C), 113.5 mAhg‒1(4 C), 111.0 mAhg‒1 (5 C), and 106.6 mAhg‒1 
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(7 C). The improved discharge capacity retention (relative to 1 C), especially the value of 86.7% at 7 C, 

is higher than that of 59.3% for the bare LiMn2O4 sample. Compared with the rate capability at 25 °C, 

the higher rate capability at 55 °C is observed for the 1 wt.%-modified LiMn2O4 sample, which is 

ascribed to the fast mobility of Li ions at high temperature [39, 41]. Mn4+-rich phase-modified LiMn2O4 

samples demonstrate an improved electrochemical performance at a high temperature of 55 °C, in 

contrast to the bare LiMn2O4 sample. 

In order to further investigate the conductivity and the Li ions diffusion in Mn4+-rich phase-modified 

LiMn2O4 samples, electrochemical impedance spectroscopy (EIS) are carried out after the 5 cycles of 

CV measurements at the scan rate of 0.3 mVs‒1. Fig. 4.1-12 (a) manifests the Nyquist plots of Mn4+-rich 

phase-modified LiMn2O4 samples, along with the equivalent circuit in the inset used to fit the spectra. 

As shown in the equivalent circuit, Rs is the ohmic resistance, which includes the electrolyte and 

electrode resistance, Rf represent the resistance for Li ion diffusion in the surface layer (solid electrolyte 

interphase (SEI) film, and Mn4+-rich phase modified layer), Rct is the resistance of the charge transfer. 

Constant phase elements, CPE1 and CPE2, mean the capacitance of the surface layer, and the double-

layer capacitance, respectively. CPE3, instead of the finite Warburg element, is chosen to properly fit the 

inclined line of the Nyquist plots in the low frequency region [42], which is associated to the Li-ions 

diffusion from the surface to the center of the cathode particles. All impedance curves display a typical 

semicircle in the high and medium frequency region, which are assigned to the CPE1-Rf, and CPE2-Rct, 

respectively. Rf and Rct values simulated by Zsimpwin Software for Mn4+-rich phase-modified LiMn2O4 

samples are listed in Table 4.1-4. In particular, the lowest value of 5.19 Ω for Rf, and 49.70 Ω for Rct are 

obtained in 2 wt.%-modified LiMn2O4 sample among all samples. The larger Rf of 4 wt.%-modified 

LiMn2O4 than that of 1 wt.%- and 2 wt.%-modified LiMn2O4 sample, is ascribed to the predomination 

of the hindered Li+ diffusion via the thick modified layer due to the expanding Li+ diffusion path, 

regardless of the enhanced Li ion diffusion via the retarded SEI film. These values are far less than that 

of 31.41 Ω for Rf, and 62.05 Ω for Rct in 0 wt.%-modified LiMn2O4 sample. The decreased Rf and Rct 

values of the surface-modified LiMn2O4 samples, in compare with the bare LiMn2O4 sample, indicates 
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that the Mn4+-rich phase-modified layer restrains the side reactions of the active material with the 

electrolyte solution, thereby retarding the formation of SEI film [43], and meanwhile improves the 

electronic conductivity of the electrode and electron transport during the electrochemical process [18], 

resulting in the improved cycling performance. 

 

Fig. 4.1-12 (a) EIS measured after the 5 cycles of CV measurements at the scan rate of 0.3 mV∙s‒1, 

(b) Z’ vs. ω‒0.5 plots at the low frequency region for Mn4+-rich phase-modified LiMn2O4 samples. 

The Li+ ion diffusion coefficient can be calculated according to the following equation: 

𝐷 =
𝑅2𝑇2

2𝐴2𝑛4𝐹4𝐶2𝜎2                (4.1.1)                                         

Where R is the gas constant, T is the absolute temperature, A is the surface area of the electrode, n is the 

number of the electrons per molecule in the redox process, F is the Faraday constant, C is the Li+ ion 

concentration in electrode material, σ is the slope of the line in the curves of Z’ vs. ω-0.5 (shown in the 

Fig. 12 (b)). Note that, C can be derived by the following equation [44]: 

𝐶 =
𝑛

𝑉
=

(𝜌𝑉/𝑀)

𝑉
=

𝜌

𝑀
                 (4.1.2) 

where ρ is the volume density of the spinel, ρ = 4.4 g∙cm-3, and M is the molecular weight of the active 

material, М=180.813 g∙mol-1 [45]. Combined with equation (1) and (2), the Li+ ion diffusion coefficient 

is calculated and shown in Table 4.1-4. The DLi+ of 8.71×10-12 cm2s‒1, 1.49×10-11 cm2s‒1 , and 8.80×10-12 

cm2s‒1 is obtained for the 1 wt.%-, 2 wt.%-, and 4 wt.%-modified LiMn2O4 samples, respectively, 

compared with that of 5.65×10-12 cm2s‒1 for the bare LiMn2O4 sample. The larger Li+ ion diffusion 

coefficient in the modified LiMn2O4 active materials is achieved, which could be responsible for the 
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improved electrochemical performance. 

Table 4.1-4. Rf, Rct, and DLi+ for Mn4+-rich 

phase-modified LiMn2O4 samples. 

Sample Rf (Ω) Rct (Ω) DLi+ (cm2s‒1) 

0 wt.% 31.41 62.05 5.65×10-12 

1 wt.% 6.59 60.04 8.71×10-12 

2 wt.% 5.19 49.70 1.49×10-11 

4 wt.% 27.98 60.66 8.80×10-12 

 

Fig. 4.1-13 SEM of the cycled electrodes for 0 wt.%, and 4 wt.%-modified LiMn2O4 samples, (a) 

and (b) before cycling, (c) and (d) after 200 cycling at 1 C, respectively.  

The SEM of the cycled electrodes are carried out for monitoring the effect of Mn4+-rich phase layer 

on the stability of the spinel structure. Figure 4.1-13 manifests SEM of the cycled electrodes for 0 wt.%-, 

and 4 wt.%-modified LiMn2O4 samples, (a) and (b) before cycling, (c) and (d) after 200 cycling at 1 C, 

respectively. Compared with Fig. 13 (a), a large crack is observed on the surface of the bare LiMn2O4 

electrode after 200 cycling, along with a crack on the particle of the active materials in the inset, which 

results from the electrolyte erosion and inferior structural stability [46,47]. However, the same 

morphology and structure of the electrode for 4 wt.%-modified LiMn2O4 sample, in Fig. 4.1-13 (b) and 

(d), are kept before and after the cycling. This demonstrates that Mn4+-rich phase acts as a protective 
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layer to suppress the electrolyte erosion and keep the structural stability, giving rise to the improved 

cycling performance. 

 

4.1.4 SUMMARY 

A series of Mn4+-rich phase-modified LiMn2O4 samples were designed and then synthesized by a facile 

sol-gel method. Impurity-free and uniform morphologies were confirmed by the XRD and SEM, 

respectively. XPS demonstrated the existence of the Mn4+-rich phase on the particle surface of the 

modified LiMn2O4 samples, which was detected by TEM. The improved cycling performance and rate 

capability both at 25 °C and 55 °C were achieved for the modified LiMn2O4 samples as contrast to the 

bare LiMn2O4 sample. The reason for the enhanced electrochemical performance was attributed to the 

characteristic of Mn4+ rich phase-modified layer: (1) acting as a protecting layer for alleviating the 

dissolution of manganese in the electrolyte and supporting the structural stability of spinel structure; (2) 

an efficient migration medium for more mobile Li ions. A high discharge capacity of 113.5 mAhg‒1, and 

capacity retention of 92.7% were observed in the 1 wt.%-modified LiMn2O4 sample after 200 cycles at 

1 C and 25 °C, compared with 100.8 mAhg‒1 and 83.1% for the bare LiMn2O4. After 100 cycles at 1 C, 

the discharge capacity retention at 55 °C was remarkably improved from 76.0% for the bare LiMn2O4, 

to 88.6% for the 1 wt.%-modified LiMn2O4 sample. It also manifested the highest rate capability Hence, 

modifying the Mn4+-rich phase on the surface of the particles of the spinel structure, is an effective 

method to achieve the excellent electrochemical performance for rechargeable Li-ion batteries. 
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4.2 

Surface modification of LiMn2O4 by a Li2CuO2-Li2NiO2 solid solution 

 

ABSTRACT: A series of surface-doped LiMn2O4 samples modified by a Li2CuO2-Li2NiO2 solid 

solution were synthesized using a simple and facile sol-gel method to achieve the enhanced cycling 

performance, especially at elevated temperatures. The corresponding phase structure and morphology 

were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. 

The modified layer on the surface of LiMn2O4 particles, featuring a LiNizMn2‒zO4-like phase, together 

with a Li2CuO2-Li2NiO2 solid solution, as confirmed by XRD and transmission electron microscopy 

(TEM), plays a key role in alleviating the dissolution of manganese, thus enhancing the cycling 

performance and rate capability relative to bare LiMn2O4. The 0.5 wt.%-modified LiMn2O4 sample 

delivers a discharge capacity of 112.6 mAhg‒1 and a capacity retention of 93.2% following 300 cycles 

at 1 C and 25 °C, which is higher than the values of 95.6 mAhg‒1 and 81.2% for bare LiMn2O4. In 

addition, at 55 °C, a capacity retention of 81.2% at 1 C is obtained for the 0.5 wt.%-modified LiMn2O4 

sample after 200 cycles, compared to 70.0% for bare LiMn2O4. Modifying the surface of the latter by a 

LiNiδMn2‒δO4-like phase mixed with a Li2CuO2-Li2NiO2 solid solution, is an effective strategy for 

improving electrochemical properties. 

 

KEYWORDS: LiMn2O4, cathode, surface modification  

 

4.2.1 INTRODUCTION 

The use of rechargeable Li-ion batteries as a most promising power source for the electric (EVs) and 

hybrid electric vehicles (HEVs) has attracted increased interest. The cathode material plays a vital role 

in rechargeable Li-ion batteries owing to its decisive contribution to safety, low cost, and high 

power/energy densities [1]. Amongst the layered LiCoO2, LiNiO2, LiNi1/3Co1/3Mn1/3O2, and spinel 

LiMn2O4 oxide cathode materials, the latter is an attractive and promising candidate due to its low cost, 
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environmental friendliness, abundant resource, easy preparation, high rate capability, and high thermal 

stability [2‒4]. However, LiMn2O4 often exhibits rapid capacity fading during the charge/discharge 

process, especially at the elevated temperatures, hindering broad commercial applications. The above 

problem mainly results from the lattice instability due to the Jahn-Teller effect and the dissolution of 

lattice manganese in the electrolyte due to the disproportion reaction of Mn3+ caused by traces of HF in 

the electrolyte, with the latter reaction being more important for capacity fading [4‒6]. 

Although cationic doping of Mn sites by Ni2+ [7], Al3+ [8], Ru4+ [9], Ni-Cu [10], Mg-Si [11], and La-

Bi [12], has been carried out to retard capacity fading, the irreversible capacity loss arising from the 

dissolution of manganese cannot be completely alleviated both at room and elevated temperatures [13]. 

Surface modification, being another effective approach, is drawing more interest, since it can give rise 

to improved electrochemical properties due to its protective effect at the cathode/electrolyte interfaces, 

not only suppressing the dissolution of manganese, but also improving operation safety and structural 

stability [14,15]. Many compounds, such as metal oxides [16,17], fluorides [18,19], and phosphates 

[20,21], have been exploited as surface-modifying materials for upgrading the electrochemical 

performance of spinel LiMn2O4. However, these materials often fail to improve the capacity and rate 

capability owing to the inferior Li+ migration and/or electron conductivity of the inert layer [22,23]. 

Recently, modification of LiMn2O4 by a layer of media containing Li+ ions and/or electron conductors 

such as LiNbO3 [1], LiNi0.5Mn1.5O4 [24,25], Li2ZrO3 [26], Li1.15Co0.32Mn1.53O4 [27], and Li4Ti5O12 [28], 

was used to improve electrochemical properties by accelerating Li ions transport and/or the charge 

transfer on the surface of the cathode material. Li2CuO2, exhibiting an Immm orthorhombic phase, 

possesses a relatively large amount of lithium per unit formula, with the lithium ions located between 

one-dimensional chains of edge-sharing [CuO4] square planar units, facilitating rapid transfer of Li+ ions 

[29,30]. Li2CuO2 delivers a high capacity of 200 mAhg‒1 and an average discharge voltage of 2.5 V, 

along with undamaged one-dimensional [CuO4] chains during cycling [31]. Unfortunately, Li2CuO2 

exhibits poor lithiation reversibility and a capacity loss during the charge/discharge process [32]. These 

drawbacks can be retarded by substitution of Cu for Ni, resulting in a Li2CuO2-Li2NiO2 solid solution 
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due to their isostructure [30,33]. Li2Cu0.5Ni0.5O2, a solid solution of equivalent amounts of Li2CuO2 and 

Li2NiO2 proposed by Imanishi et al. [30], displays a maximum capacity of 250 mAhg‒1 at a current 

density of 0.6 mAcm‒1 in the range of 1.5‒4.0 V, together with good reversibility during 

charge/discharge cycling, as compared with that of pure Li2CuO2 and Li2NiO2. Ruther et al. also 

investigated the structure and electrochemical performance of Li2Cu0.5Ni0.5O2, which retained its stable 

structure even after extraction of one lithium per formula unit [34]. A lack of studies on Li2CuO2-

Li2NiO2 solid solutions acting as the surface-modifying materials, appears more important for cathode 

materials in rechargeable Li-ion batteries based on above merits. On the other hand, surface-doping, i.e., 

the incorporation of cations into the surface within a depth of several nanometers, has been exploited as 

an interesting technique to improve cycling performance [35]. LiMn2O4 modified by a LiMn2‒xTixO4 

surface layer displays a remarkably improved cycling performance due to the electrochemical activity 

of the latter, maintaining the ion/charge transport channels on the surface and minimizing the possible 

phase segregation owing to structural similarity [35]. LiCuxMn2‒xO4-coated LiMn2O4 exhibits improved 

electrochemical properties, especially at high current densities, attributed to the significant reduction of 

side reactions and Mn dissolution at the cathode/electrolyte interface [36]. LiMn2O4 surface-modified 

by LiNi0.05Mn1.95O4, prepared by a tartaric acid gel process, exhibits high capacity retention (96%) after 

20 cycles, compared to a value of 89% for unmodified LiMn2O4 at 0.5 C, which is ascribed to the 

unblocked insertion/extraction of Li [37]. The Ni-doped layer on the surface of LiMn2O4 particles, is 

expected to improve their electrochemical performance. Hence, LiMn2O4 surface-modified with 

LiNizMn1‒zO4 together with the Li2CuO2-Li2NiO2 solid solution, was used to improve electrochemical 

performance. 

In this work, solution combustion synthesis (SCS), a highly exothermic and self-sustaining reaction, 

was employed to prepare LiMn2O4 powders, yielding nano-sized particles with high specific areas to 

facilitate the electrochemical properties [38,39]. The modified LiMn2O4 samples were prepared by a 

simple and facile sol-gel method to ensure uniformity of the modified layers. The phase structure, 

morphology, and electrochemical performance at 25 and 55 °C, were investigated and discussed in detail. 
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4.2.2 EXPERIMENTAL 

4.2.2-1 Preparation and characterization of surface-doped LiMn2O4 modified by a Li2CuO2-

Li2NiO2 solid solution. 

LiMn2O4 powders were prepared by SCS with subsequent calcination [39‒41]. The following raw 

materials were used without further purification: lithium nitrate (LiNO3, 99.0%, Kishida Chemical Co., 

Ltd., Japan), lithium acetate (CH3COOLi, 99.0%, Kishida Chemical Co., Ltd., Japan), manganese nitrate 

(Mn(NO3)2, 50% w/w aqueous solution, Alfa Aesar), nickel nitrate (Ni(NO3)2∙6H2O, 99.9%, Wako Pure 

Chemical Industries, Ltd., Japan), copper nitrate (Cu(NO3)2∙3H2O, 99.0‒104.0%, Wako Pure Chemical 

Industries, Ltd., Japan), and urea (NH2CONH2, 99.0%, Chameleon Reagent, Japan). LiNO3, Mn(NO3)2 

(Li:Mn mole ratio = 1.05:2), and NH2CONH2 (φ = 0.5, where φ is the ratio of total valency of urea to 

total valency of nitrate), were dissolved in distilled water. The homogenous viscous sol-gel formed after 

evaporating water, was subjected to combustion in a home-made apparatus. The collected powders were 

subsequently calcined in air at 800 °C for 24 h to obtain LiMn2O4 powders. 

Surface-doped LiMn2O4 samples modified by a Li2CuO2-Li2NiO2 solid solution were prepared 

utilizing a facile sol-gel method. CH3COOLi, Ni(NO3)2, and Cu(NO3)2 were dissolved in distilled water 

under stirring (in amounts required by equimolar Li2CuO2 and Li2NiO2) to form a homogenous solution. 

The obtained solution was dropwise added to an aqueous dispersion of LiMn2O4 obtained by 

ultrasonication. Finally, the modified LiMn2O4 powders were calcined in air at 600 °C for 3 h. A series 

of 0, 0.5, 1.0, and 2.0 wt.%-modified samples were prepared, denoted as 0, 0.5, 1.0, and 2.0 wt.% for 

simplicity, respectively. 

Powder X-ray diffraction (XRD, Cu Kα, Rigaku Miniflex600), and scanning electron microscopy 

(SEM, JEOL, JSM-7001FA) together with transmission electron microscopy (TEM, JEOL, JEM-2010F) 

were employed to identify the phase structure and characterize the morphology, size, and modified 

sample layers, respectively. X-ray photoelectron spectroscopy (XPS, JEOL Ltd., JPS-9200) using an 

Mg Kα X-ray source was used to detect the surface composition.  

4.2.2-2 Cell assembly and electrochemical measurements. 
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A Swagelok-type cell was assembled in an Ar-filled glove box [41,42]. The working electrode was 

prepared by combining 80 wt.% active material, 10 wt.% binder (PVDF) dissolved in N-methyl-2-

pyrrolidone (NMP), and 10 wt.% conductive carbon (acetylene black). A lithium metal disk served as 

the counter and reference electrode. A 1 M lithium hexafluorophosphate (LiPF6) in ethylene carbonate 

(EC)/dimethyl carbonate (DMC) (1:1 in volume) was used as an electrolyte, and a Celgard 

polypropylene membrane served as separator. Electrochemical measurements at 25 and 55 °C were 

galvanostatically conducted in a voltage range of 3.2–4.4 V (at a rate of 1 C, corresponding to the full 

charge/discharge of 150 mAhg‒1 in 1 h) using a battery tester (Arbin Instruments, MSTAT4, USA). 

Cyclic voltammetry (CV) was performed using a potentiostat/galvanostat (Autolab, PGSTAT128N) in 

a range of 3.2–4.4 V at a scan rate of 0.1 mVs‒1. Electrochemical impedance spectroscopy (EIS) was 

conducted employing an Autolab instrument with a frequency response analyzer (FRA), in the 

frequency range from 1000 kHz to 0.01 Hz. 

 

4.2.3 RESULTS AND DISCUSSION 

 

Fig. 4.2-1 XRD patterns of modified LiMn2O4 samples. 

Figure 4.2-1 displays the XRD patterns of modified LiMn2O4 samples. To monitor the shift of the 

diffraction peaks after modification, silicon was employed as a reference and calibrant. The diffraction 

peaks of all samples, except those of silicon, are indexed to the standard spinel LiMn2O4, belonging to 
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the Fd3m space group. No diffraction peaks of the Li2CuO2-Li2NiO2 solid solution are observed, which 

is ascribed to their low amount and/or amorphous structure [13]. A gradual shift to higher 2θ values is 

observed for the enlarged diffraction peak of (111) with increasing degree of modification, indicating a 

shrinking lattice parameter. The lattice parameter and cell volume refined by MDI Jade software are 

shown in Table 4.2-1. It is thought that the substitution of Mn3+ by Ni2+ results in a decreased lattice 

parameter, mainly due to the stronger Ni-O bonds compared to Mn-O bonds, despite the small difference 

in the ionic radii of Mn3+ (0.65 Å) and Ni2+ (0.69 Å) [43‒45]. The decreased lattice parameter in this 

work is deemed to be attributed to the diffusion of a small amount of Ni to the surface of the host 

spinel particles to form a LiNizMn2‒zO4-like phase, in agreement with the slight shift of the (111) 

diffraction peak of LiMn2O4 surface-modified by LiNi0.05Mn1.95O4 to higher 2θ values [37]. On the other 

hand, we suppose that Cu2+ diffuses into the host spinel particles to substitute Mn3+, which is expected 

to result in an increased lattice parameter due to the larger ionic radius of Cu2+ (0.87 Å) compared to 

that of Mn3+ (0.65 Å), coinciding with the increased lattice parameters of LiCuxNi2‒xO4 coated LiMn2O4 

[36]. The LiNizMn2‒zO4-like phase (detectable by TEM) is produced on the surface of the host spinel 

particles after the diffusion of a small amount of Ni, not Cu, during calcination at 600 °C for 3 h, 

benefiting the electrochemical properties. 

Figure 4.2-2 shows SEM images of modified LiMn2O4 samples. Primary particles of 200‒500 nm size 

(Fig. 2 inset) agglomerate to form secondary particles with sizes of < 10 μm. The images display similar 

particle shapes and sizes for all samples, indicating no significant morphology changes after 

Table 4.2-1. Lattice parameters and cell volumes for modified LiMn2O4 samples. 

Sample a (Å) Cell volume (Å3) 

 0 wt.% 8.2406 559.60 

0.5 wt.% 8.2350 558.46 

1.0 wt.% 8.2316 557.77 

2.0 wt.% 8.2230 556.02 
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modification.  

 

Fig. 4.2-2 SEM images of modified LiMn2O4 samples. 

 

Fig. 4.2-3 TEM images of 0.5 wt.% (a), and 2.0 wt.% (b) sample, the schematic of cross section (c), 

TEM image of cross section for 0.5 wt.% sample (d), EDS of region 1 and 2 (e).  

The detection of the modified layers on the surface of LiMn2O4 particles was performed by TEM 

images of 0.5 and 2.0 wt.% samples (Fig. 4.2-3). An invisible modified layer appears on the surface of 

the 0.5 wt.% sample (Fig. 4.2-3 (a)) due to its law amounts, whereas a noticeable modified layer is 

observed on the spinel particle surface for the 2.0 wt.% sample. Interestingly, the selected area electron 
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diffraction patterns of the modified layer, were similar but not identical to those of the spinel structure, 

since the obtained lattice distance of 0.46 nm is slightly lower than the lattice fringe distance of 0.48 nm 

for the (111) plane of the spinel structure, corresponding to the shift of (111) XRD diffraction peak to 

higher angles. The above finding is thought to be due to the produced LiNizMn2‒zO4-like phase, not the 

Li2CuO2-Li2NiO2 solid solution due to the absence of the characteristic d-spacing of around 0.34 nm 

[34]. The Li2CuO2-Li2NiO2 solid solution mixed with the LiNiδMn2‒δO4-like phase in the modified layer, 

probably exhibits an amorphous structure based on a number of small modified layer areas with 

undetectable electron diffraction patterns [41]. In order to identify the presence of Cu and Ni in the 

modified layer, the cross section of the 0.5 wt.% sample was characterized by energy dispersive X-ray 

spectrometry (EDS). The particles were embedded within resin, and the cross section was obtained after 

mechanical and Ar-ion milling, as shown in Fig. 4.2-3 (c). EDS spectra collected from regions 1 (resin) 

and 2 (resin-particle boundary) (Fig. 4.2-3 (d)) is displayed in Fig. 4.2-3 (e). The carbon signal originates 

from the resin, while that of Mo is due to the substrate. Compared with region 1, obvious peaks of Ni 

and Cu are observed in region 2, indicating the presence of Ni and Cu elements in the surface of the 

particles. 

 

Fig. 4.2-4 XPS of Mn, Cu, Ni 2p3/2 peaks for 0 wt.% and 0.5 wt.% samples. 

XPS is always used to determine the surface composition and chemical states of ions. Figure 4.2-4 
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displays the Mn, Cu, Ni 2p3/2 peaks for 0 and 0.5 wt.% samples. XPS binding energy of Mn 2p3/2 peaks 

is located at 625.5 and 625.8 eV for 0 and 0.5 wt.% samples, respectively, which these values are in the 

range of 614.9 eV (Mn3+) to 642.6 eV (Mn4+)  [46,47]. The relative amount of Mn4+ is increased from 

50.1% for 0 wt.% to 65.1% for 0.5 wt.% sample after splitting Mn 2p3/2 peak. The more relative amount 

of Mn4+ for 0.5 wt.% will result in a higher average Mn valence of approximately 3.66 than 3.51 for 0 

wt.% sample. This can be attributed to the small substitution of Mn by Ni to form LiNiδMn2‒δO4-like 

phase, expecting to improve the cycling performance due to increased structure stability. Compared with 

0 wt.% sample, 0.5 wt.% sample shows an obvious Cu 2p3/2 peak located at 933.6‒935.2 eV, which is 

higher than 933.6 eV value (CuO) [48]. The higher Cu 2p3/2 binding energy was the major XPS 

characteristic of CuO, indicating the presence of Cu2+ at the surface of particles [49,50]. The Ni 2p3/2 

peaks with binding energy of 854.1 eV (NiO) [51] is hardly observed for the modified sample, which is 

likely due to a mount of Ni diffusion into the spinel matrix to substitute Mn. 

 

Fig. 4.2-5 Discharge capacity vs. cycle number for modified LiMn2O4 samples at 1 C and 25 °C. 

Figure 4.2-5 shows the discharge capacity as a function of cycle number for modified LiMn2O4 

samples at 1 C and 25 °C. Bare LiMn2O4 shows a significantly decreased discharge capacity (95.6 

mAhg‒1) with a capacity retention of 81.2% at 1 C after 300 cycles, whereas modified LiMn2O4 samples 

exhibit a remarkably enhanced cycling performance. The 0.5, 1.0, and 2.0 wt.% samples deliver 

discharge capacities of 112.6, 110.8, 103.1 mAhg‒1, with capacity retention values of 93.2, 95.0, and 
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96.3% after 300 cycles, respectively. Moreover, since degree of modification increase in the order of 

0.5, 1.0, and 2.0 wt.%, a capacity fading of 0.027, 0.019, 0.013 mAhg‒1 per cycle is displayed, compared 

to 0.074 mAhg‒1 per cycle for bare LiMn2O4. The improved cycling performance is due to suppressed 

dissolution of Mn in the electrolyte and the increased stability of the spinel structure after modification.  

 

Fig. 4.2-6 Rate capability of modified LiMn2O4 samples at 25 °C. 

Figure 4.2-6 shows the rate capability of modified LiMn2O4 samples at 25 °C. An obviously decreased 

capacity at increased current densities is observed for bare LiMn2O4, which displays the lowest discharge 

capacity of 81.5 mAhg‒1 among all samples at 7 C. This can be rationalized by the great battery 

polarization resulting from the limited Li-ion diffusion during cycling, as compared to the modified 

samples [52]. In particular, the 0.5 wt.% sample delivers the best rate capability, showing a discharge 

capacity of 119.5 mAhg‒1 at 1 C, 115.2 mAhg‒1 at 2 C, 111.3 mAhg‒1 at 3 C, 106.8 mAhg‒1 at 4 C, 102.5 

mAhg‒1 at 5 C, and 95.4 mAhg‒1 at 7 C. Compared to bare LiMn2O4, the above sample recovers its high 

capacity after discharging at 7 C and displays a smaller capacity difference between 1 to 2 C. The 

capacity retention increase (relative to 1 C) is in the order of 0 wt.% < 0.5 wt.% < 1.0 wt.% < 2.0 wt.% 

at the corresponding current densities, indicating that the modified materials can effectively alleviate the 

dissolution of manganese and preserve the structural stability of spinel LiMn2O4.   
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Fig. 4.2-7 Discharge capacity vs. cycle number for modified LiMn2O4 samples at 1 C and 55 °C. 

High electrochemical performance at elevated temperatures is critical for commercial usage of spinel 

LiMn2O4 cathodes in rechargeable Li-ion batteries. Figure 4.2-7 displays the dependence of discharge 

capacity on the number of cycles for modified LiMn2O4 samples at 1 C and 55 °C. Bare LiMn2O4 

displays a significantly decreased capacity after cycling at 1 C and 55 °C, maintaining a discharge 

capacity of only 82.5 mAhg‒1 after 200 cycles. A remarkably enhanced cycling performance is achieved 

for the modified LiMn2O4 samples. Improved capacity retention values of 81.2, 81.2, and 92.2% after 

200 cycles are obtained for 0.5, 1.0, and 2.0 wt.% samples, respectively, compared to the value of 70.0% 

for bare LiMn2O4. An improved capacity retention at 55 °C, which is coinciding with that at 25 °C, is 

observed for the higher degrees of modification that result in a lesser extent of manganese dissolution 

and more stable spinel structure, thereby enhancing cycling performance [41].  

Figure 4.2-8 shows the charge-discharge curves of modified LiMn2O4 samples at 1 C and 55 °C. Two 

obvious plateaus are observed for all samples, indicating two oxidation/reduction reactions during Li 

extraction/insertion. The plateaus at 4.0–4.1, and 3.9–4.0 V, correspond to the MnO2/Li0.5Mn2O4, and 

Li0.5Mn2O4/LiMn2O4 phase transitions, respectively [53,54]. A small voltage difference between the 

charge and discharge plateaus is obtained for the modified samples in comparison with bare LiMn2O4, 

indicating smaller battery polarization [25]. The modified LiMn2O4 samples exhibit a smaller initial 

capacity loss after 200 cycles and better cycling performance. 
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Fig. 4.2-8 Charge-discharge curves of modified LiMn2O4 samples at 1 C and 55 °C. 

 

Fig. 4.2-9 CV curves of modified LiMn2O4 samples. 

In order to clearly understand the oxidation/reduction of cathode materials during cycling, CV curves 

of modified LiMn2O4 samples were recorded (Fig. 4.2-9). Two pairs of peaks, corresponding to the two 

charge-discharge plateaus in Fig. 8, indicate two reversible redox reactions during Li extraction/insertion. 

The unchanged CV curves of the modified samples, as compared with those of bare LiMn2O4, confirm 

that modification does not affect the electrochemical process of spinel LiMn2O4. The potential values of 

the first CV curve cycle are shown in Table 2. The 0.5, 1.0, and 2.0 wt.% samples exhibit higher cathodic 
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peaks of 3.96/4.07, 3.96/4.08, and 3.97/4.10 V, respectively, than bare LiMn2O4 (3.93/4.06 V). This 

indicates that the modified samples can supply an improved operating voltage during the discharge 

process in comparison with the unmodified LiMn2O4. Note that ΔEp is the potential difference between 

the anodic (Epa) and cathodic (Epc) peaks. The values of Ep1/EP2 decrease in the order of 0 wt.% > 0.5 

wt.% > 1.0 wt.% > 2.0 wt.%, being equal to 0.14/0.14, 0.12/0.14, 0.12/0.12, and 0.08/0.08 V, 

respectively. These values indicate a weaker polarization and easier extraction/insertion of Li ions for 

the modified samples [55]. The modified material can alleviate the dissolution of Mn and preserve the 

stable structure of the spinel LiMn2O4 during Li extraction/insertion. 

Table 4.2-2. Potential values at the first cycle for modified LiMn2O4 samples. 

Sample Epa1 (V) Epa2 (V) Epc1 (V) Epc2 (V) ΔEp1 (V) ΔEp2 (V) 

 0 wt.% 4.07 4.20 3.93 4.06 0.14 0.14 

0.5 wt.% 4.08 4.21 3.96 4.07 0.12 0.14 

1.0 wt.% 4.08 4.20 3.96 4.08 0.12 0.12 

2.0 wt.% 4.05 4.18 3.97 4.10 0.08 0.08 

 

Fig. 4.2-10 Rate capability (a), and discharge curves (b) for 0 wt.% and 0.5 wt.% samples at 55 °C.  

The rate capability of 0 and 0.5 wt.% samples at 55 °C is shown in Fig. 4.2-10 (a). Compared with 

bare LiMn2O4, the modified sample exhibits improved rate capability at high temperature. The 0.5 wt.% 

sample delivers a high discharge capacity of 96.1 mAhg‒1 and a capacity retention of 78.7% (relative to 

1 C), compared with the respective values of 89.2 mAhg‒1 and 71.4% for the 0 wt.% sample at 7 C. The 

former sample exhibits a lesser capacity fading than bare LiMn2O4 at 1, 2, and 3 C, together with that at 
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1 and 2 C in recovered stage after 60 cycles. This indicates that the modifying material can effectively 

suppress the dissolution of manganese and preserve structural stability even at high temperature. Figure 

4.2-10 (b) shows the discharge curves of the first cycle at different current densities for 0 and 0.5 wt.% 

samples at 55 °C. The solid line corresponds to the 0.5 wt.% sample, while the dished line represents 

the 0 wt.% sample. Compared to bare LiMn2O4, the modified sample still delivers similar high voltages 

at different current densities, indicating that modification can result in unimpaired voltage during the 

discharge process. The above voltage is decreased with increasing current densities. The shape of the 

discharge curves gradually transforms from two obvious plateaus at 1, 2 and 3 C into a slopping line at 

4, 5, and 7 C, demonstrating the ohmic drop and increased cell polarization at high current densities [56].  

 

Fig. 4.2-11 EIS of modified LiMn2O4 samples after the 200 cycles at 1 C and 55 °C. 

EIS is an important tool to investigate the electrochemical properties of electrodes. Figure 4.2-11 

displays the Nyquist plots of modified LiMn2O4 samples after 200 cycles at 1 C and 55 °C, along with 

the equivalent circuit in the inset used to fit the spectra. As shown in the equivalent circuit, RS is the 

ohmic resistance that includes electrolyte and electrode resistance, Rf represents the resistance of Li-ion 

diffusion in the surface layer (solid electrolyte interphase (SEI) film and modified layer), and Rct is the 

charge transfer resistance. Constant phase elements, CPE1 and CPE2, denote the capacitance of the SEI 

film and the double layer, respectively. CPE3 is chosen instead of the finite Warburg element to properly 

fit the Nyquist plots in the low-frequency region [57]. The Rf and Rct values simulated by Zsimpwin 
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software for the modified LiMn2O4 samples are listed in Table 4.2-3. A large Rf value of 27.01 Ω and 

Rct value of 75.60 Ω are obtained for bare LiMn2O4, decreasing after the modification. The decreased Rf 

and Rct values indicate that the modified layer can alleviate the side reactions at the electrode/electrolyte 

interface to improve the cycling performance by suppressing SEI film formation and enhancing charge 

transport [58]. In particular, the lowest Rf and Rct values of 6.54 and 49.23 Ω are achieved for the 0.5 

wt.% sample. As the degree of modification increases, so do Rf, and Rct, which is consistent with our 

previous report and can be attributed to the dominant role of hindered Li-ion diffusion via the thick 

modified layer due to the increased Li-ion diffusion path, regardless of the enhanced Li-ion diffusion 

via the retarded SEI film [41]. 

Table 4.2-3. Rf and Rct for modified LiMn2O4 samples. 

Sample Rf (Ω) Rct (Ω) 

  0 wt.% 27.01 75.60 

0.5 wt.% 6.54 49.23 

1.0 wt.% 9.03 70.31 

2.0 wt.% 26.13 103.30 

 

Fig. 4.2-12 SEM of the cycled electrodes for 0 wt.%, and 0.5 wt.% samples, (a) and (b) before 

cycling, (c) and (d) after 300 cycling at 1 C and 25 °C , respectively.  

To detect the effect of the modified layer on the structural stability of spinel LiMn2O4, an investigation 
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of the cycled electrode morphology was carried out. Figure 4.2-12 displays SEM images of the cycled 

electrodes for 0 and 0.5 wt.% samples, before cycling (a) and (b), and after 300 cycling (c) and (d) at 1 

C and 25 °C, respectively. Compared to Fig. 4.2-12 (a), an obvious large crevice, along with the small 

crevice on the particles shown in the inset, is observed after 300 cycles for the 0 wt.% sample in Fig. 

4.2-12 (c), arising from the erosion by HF in the electrolyte and the inferior stability of the spinel 

structure [59]. No morphology changes are noticed for the 0.5 wt.% sample before cycling (Fig.4.2-12 

(b)) and after 300 cycles (Fig. 4.2-12 (d)), reflecting the fact that the protective modified layer can 

restrain the electrolyte erosion and preserve structural stability, resulting in improved cycling 

performance. 

 

4.2.4 SUMMARY 

Surface-doped LiMn2O4 modified by a solid solution of Li2CuO2-Li2NiO2 was synthesized by a simple 

and facile sol-gel method. XRD and SEM confirmed the presence of a LiNizMn2‒zO4-like phase 

(detectable by TEM), and the similar morphology, respectively. The electrochemical properties at 25 

and 55 °C, in particular the cycling performance, were improved for the modified LiMn2O4 samples. 

Following 300 cycles at 25 °C, a high capacity retention of 93.2% and a discharge capacity of 112.6 

mAhg‒1, were delivered by the 0.5 wt.% sample at 1 C, compared with the respective values of 81.2% 

and 95.6 mAhg–1 for the bare LiMn2O4. After 200 cycles at 55 °C, a remarkably improved capacity 

retention of 81.2% was exhibited by the 0.5 wt.% sample, being higher than the value of 70.0% for bare 

LiMn2O4 at 1 C. The enhanced cycling performance is attributed to the modified layer, which acts as a 

protecting medium to suppress the dissolution of manganese and support the structural stability, along 

with the intrinsic character of allowing the effective mobility of Li ions. The LiNizMn2‒zO4-like phase 

together with the Li2CuO2-Li2NiO2 solid solution can be considered appropriate candidates for surface 

modification to obtain enhanced electrochemical properties of spinel LiMn2O4. 
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CHAPTER 5 

 

Preparation and electrochemical performance of Li-rich layered xLi2MnO3-(1-

x)LiNi1/3Co1/3Mn1/3O2 cathode materials 

 

ABSTRACT: A series of Li-rich layered xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) 

samples were prepared by solution combustion synthesis using the glycine and sucrose as fuels, followed 

by the calcination. Phase structure, morphology, electrochemical performance of samples were 

characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), galvanostatic 

charge/discharge process, respectively. XRD results displayed a typical layered structure along with the 

presence of a Li2MnO3-type component for all samples. SEM showed that the primary particles with a 

size of less than 200 nm aggregated to the secondary particles of < 10 μm sizes. 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample delivered the highest initial discharge capacity of 230.14 mAhg‒1 and 

capacity retention of 71.1% after 50 cycles at 0.2 C. For comparison, 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample was also prepared by using glycine as the only fuel. It showed the cation 

mixing due to the low value of I(003)/I(104) from XRD result, and a decreased initial discharge capacity.    

 

KEYWORDS: Li-rich layered oxide, Cathode, Li-ion batteries, Solution combustion synthesis 

 

5.1 INTRODUCTION 

High power, high energy density rechargeable Li-ion batteries is urgent to be suitability for 

applications in hybrid electric vehicles and electric vehicles. Cathode, as one key component of 

rechargeable Li-ion battery, is the source of Li ions and greatly determines the energy storage capability 

of batteries [1]. Many Li compounds, including olivine, high-voltage spinel, Co- and Ni-based layered 

materials, had been studied as the cathode materials for rechargeable Li-ion batteries [2]. Recently, Li-

rich layered oxide xLi2MnO3-(1-x)LiMO2 (M=Ni, Co, Mn), is being attracted increasing attentions as 
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one of the most promising cathode candidates for high-energy rechargeable Li-ion batteries due to its 

high capacity (>250 mAhg‒1), high average operating voltage (>3 V), good safety [3]. The structure of 

Li-rich layered oxide is an integrated solid solution of layered Li2MnO3 and LiMO2 (M=Ni, Co, Mn) 

structure [4]. In monoclinic Li2MnO3 (Li(Li1/3Mn2/3O2) with a C2/m space group, a fraction of lithium 

ions occupy the transition metal (TM) sites, in which a lithium atom is surrounded by six Mn atoms 

(LiMn6) like a honeycomb type structure introducing cation ordering, while in hexagonal LiMO2 with 

R3̅m (O3 phase), Li and TM ions occupy the 3b sites (Li layer) and 3a sites (TM layer), respectively, 

without any cation ordering in the TM layer [4]. Co, existing in the TM layer of xLi2MnO3-(1-x)LiMO2 

(M=Ni, Co, Mn), can reduce the electrode polarization and improve the activation of the Li2MnO3 phase 

[5]. The oxidation state of M in LiMO2 compound is Ni2+, Mn4+ and Co3+, whereas Mn4+ is shown in the 

Mn layer of Li2MnO3 structure, which acts as a stabilizing unit in the electrode structure [4]. During the 

initial charging process, Li ion is extracted from the LiMO2 phase in the voltage range of 2‒4.4 V 

companied with the oxidation of Ni2+, Mn4+, Co3+, and Li as well as oxygen ions will be extracted from 

the Li2MnO3 phase at the voltage > 4.5 V, showing the transformation of electrochemically inert into 

active Li2MnO3 phase [6; 7; 8]. A large irreversible capacity and structural transition are observed due 

to the extraction of Li and oxygen from the Li2MnO3 phase, together with the poor cyclability and rate 

capability [9]. The electrochemical performance crucially depends on the crystal structure, composition, 

morphologies with various sizes, which are directly determined by the synthetic technologies [10]. M. 

N. Ates et al employed the conventional co-precipitation method to synthesize a new Li-rich composite 

0.3Li2MnO3-0.7LiNi0.5Co0.5O2, showing approximately 300 nm crystal [11]. One-step hydrothermal 

process at 140~180 °C was used to synthesize single-phase and good crystallized Li-rich layered 

Li1.24Mn0.66Ni0.1O2 oxide, showing an average particle size of 70 nm as well as the uniform distribution 

of elements [12]. A solid-state reaction method was carried out to prepare the irregularly shaped 

Li[Li0.23Ni0.15Mn0.62]O2 sample with the size of ~0.5–2 μm, delivering a discharge capacity of 

215 mAhg−1 at 40 mA∙g−1 during the first cycle in the voltage range of 2.0–4.8 V [13]. Solution 

combustion synthesis (SCS), as a versatile, simple and rapid combustion synthesis, is attracted more 
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attentions to effectively synthesize various nanosized materials, especially the oxide materials. SCS had 

been employed to prepare spinel LiMn2O4 oxides [14; 15]. P. Manikandan et al prepared Li-rich layered 

Li1.2Ni0.2Mn0.6O2, Li1.2Ni0.16Mn0.56Co0.08O2, Li1.2Ni0.13Mn0.54Co0.13O2, and Li1.2Ni0.12Mn0.52Co0.16O2 

oxides by solution combustion synthesis using only glycine as fuels [6]. K. R. Prakasha et al synthesized 

nano-sized Li1.2Ni0.13Mn0.54Co0.13O2 oxide by solution combustion synthesis using mixed fuels of urea 

and glycine (the molar ration of urea and glycine is 3:1) [10]. 

   In this work, a solution combustion synthesis is employed to prepare Li-rich layered xLi2MnO3-(1-

x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) oxides. The mixture of glycine and sucrose with the molar 

ratio of 9:1 is used as fuels because it can produce nanosized particles [15], which are benefit to the high 

electrochemical performance. The phase structure, morphology, electrochemical performance of 

prepared Li-rich layered oxides with the dependence of x values are investigated in detail.    

  

5.2 EXPERIMENTAL 

5.2.1 Preparation and characterization of cathode materials  

The raw materials without further purity are shown as follows: lithium nitrate (LiNO3, 99.0%, Kishida 

Chemical Co., Ltd., Japan), manganese nitrate aqueous solution (Mn(NO3) 2, 50% w/w aqueous solution, 

Alfa Aesar), nickel nitrate (Ni(NO3)2∙6H2O, 99.9%, Wako Pure Chemical Industries, Ltd., Japan), cobalt 

nitrate (Co(NO3)2∙6H2O, 99.5%, Wako Pure Chemical Industries, Ltd., Japan), glycine (C2H5NO2, 

99.0%, Chameleon Reagent, Japan) and sucrose (C12H22O11, Chameleon Reagent, Japan).    

A stoichiometric amounts of LiNO3, Mn(NO3)2, Ni(NO3)2∙6H2O, Co(NO3)2∙6H2O in the formula of 

xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6), C2H5NO2 and C12H22O11 with the molar ratio 

of 9:1, showing a fuel/nitrate ratio of 1, were dissolved in distilled water to form a homogenous solution 

in a crucible. The above solutions were magnetically and heatedly stirred to form sol-gels. The formed 

sol-gel was put into a home-made combustion synthesis apparatus, which was placed into a constant 

temperature lab electric jacket preheated and maintained at 400 ℃. After the self-ignition of sol-gel, the 

collected powders were further calcined in a muffle furnace under air atmosphere at 800 °C for10 h at a 
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5 °C /min rate after grinding in an agate mortar.  

The phase structure was characterized by powder X-ray diffraction (XRD, Cu Kα, Rigaku Miniflex). 

The morphology and size of the powders were determined by scanning electron microscopy (SEM, 

JEOL, JSM-7001FA).  

5.2.2 Cell assembly and electrochemical measurement 

A two-electrode Swagelok-type cell, which was assembled in an Ar-filled glove box, consisted of a 

working electrode, a lithium metal anode, and an electrolyte solution adsorbed in a celgard 

polypropylene membrane. The working electrode contained the Li-rich layered oxide powders, a 

polymer binder (polyvinylidene fluoride (PVDF)), and conductive carbon (acetylene black) at a weight 

ratio of 80:10:10. Furthermore, above mixture was added to an N-methyl-2-pyrrolidone (NMP) solution 

to form a homogenous slurry under continuous magnetic stirring. The slurry was cast on an Al foil 

current collector, and then dried in a vacuum oven at 110 °C for >12 h. The dried electrode was punched 

into disks with 10 mm diameter and 0.1 mm thickness. Li metal disk of 10 mm diameter was chosen as 

the counter and reference electrode. A solution of 1 M lithium hexafluorophosphate (LiPF6) in ethylene 

carbonate (EC)/dimethyl carbonate (DMC) (1:1 in volume) was employed as electrolyte. The 

electrochemical measurements were carried out galvanostatically in a battery tester (Arbin Instrument, 

MSTAT4, USA).     

   

5.3 RESULTS AND DISCUSSION 

Figure 5-1 shows the XRD patterns of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) samples. 

All samples displays the similar XRD patterns. The main diffraction peaks can be well matched with a 

typical layered α-NaFeO2 structure, a space group of R3̅m of LiMnO2, whereas a weak peak located 

between 20‒25o is attributed to the monoclinic Li2MnO3 phase, a space group of C/2m. No impurity can 

be observed from the XRD patterns for all samples. A good crystalline of samples can be indicated from 

the narrow diffraction peaks [16]. Moreover, the value of peak intensity of I(003)/I(104) >1.2,  is often 

used to estimate the cation mixing of transition metal and Li ions in layered LiMO2 (M= Ni, Co, Mn), 
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which cation mixing may hinder the electrochemical performance. A slight cation mixing occurs for all 

samples, based on the I(003)/I(104) values of 1.10, 1.04, 1.09, 1.16 when x= 0.3, 0.4, 0.5, 0.6, respectively. 

 

Fig. 5-1 XRD patterns of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) samples. 

 

 

Fig. 5-2 SEM of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) samples. 

It’s well-known that the particle sizes of cathode materials play a critical role on the electrochemical 

performance. Particles with small sizes can shorten the transport path of Li-ions, and improve the kinetic 

properties of electrodes to some extent, resulting in a high rate capability [17]. SEM of xLi2MnO3-(1-

x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) samples is shown in figure 5-2. All samples exhibit the 
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similar morphologies, and no big difference can be noticed for all samples. The primary particles with 

the size of 50‒200 nm aggregate the secondary particles, showing the particle size of <10 μm.   

 

Fig. 5-3 (a) discharge capacity vs. cycle number, (b) rate capability of xLi2MnO3-(1-

x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) samples measured at 25 oC.   

Figure 5-3 (a) shows discharge capacity vs. cycle number measured at 0.2 C in the voltage of 2‒4.6 V 

at 25 °C. All samples are electrochemically activated after the charge/discharge at 0.1 C (1C corresponds 

to 200 mAhg‒1) at 25 oC in the voltage range of 2‒4.8 V. As increasing the x values in the order of 0.3, 

0.4, 0.5, 0.6, the xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 samples deliver the initial discharge capacity of 

221.2, 230.0, 299.6, 195.7 mAhg‒1, and the capacity retention of 73.9%, 71.1%, 68.9%, 72.2% after 50 

cycles. In particular, the highest initial discharge capacity is obtained when x=0.4, while the highest 

capacity retention is noticed when x=0.3. Figure 5-3 (b) displays the rate capability measured at 25 °C. 

The employed voltage measured at 0.1 C is 2‒4.8 V, while that measured at others is 2‒4.6 V. The 

xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 sample at x=0.3 shows the worse rate capability, especially 

measured at high current densities, compared with other samples which exhibit the similar rate capability. 

The xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 sample at x=0.4 delivers the discharge capacity of 261.6, 213.4, 

166.5, 141.2, 128.2, 73.9, 43.2 mAhg‒1 at 0.1, 0.2, 0.5, 0.8, 1, 3, 5 C, respectively.  

Figure 5-4 shows the charge-discharge curves of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 

0.6) samples at the initial cycle (a) and 50th cycle (b), which are obtained in the voltage range of 2‒4.6 

V at 0.2 C and 25 °C. During the charge curve of initial cycle (Fig. 5-4 (a)), the plateau around 4.0 V 

corresponds to the Li extraction from LiMO2 ( M=Ni, Co, Mn) together with the oxidation of transition 
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metal, while the plateau around 4.5 V is attributed to the extraction of Li ions and loss of O from 

Li2MnO3 component, accompanying with electrochemically inert to active transformation of Li2MnO3. 

The difference of charge and discharge curves at the same cycle is indicative of the electrode polarization 

[18]. The sample at x=0.6 shows the largest polarization, as well as the lowest discharge potential among 

all samples. As increasing the cycle numbers to the 50th cycle, a decreased discharge potential is noticed 

in Fig. 5-4 (b) compared with Fig. 5-4 (a).  

 

Fig. 5-4 Charge-discharge curves of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) 

samples at (a) the initial cycle, (b) the 50 cycles, in the voltage range of 2‒4.6 V at 0.2 C and 25 oC.   

Fig. 5-5 displays discharge capacity vs. cycle number of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 

0.4, 0.5, 0.6) samples measured at 25 and 55 °C. A serious capacity fading of 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample is observed at the 55 °C, compare with 25 °C, which is likely attributed 

to the fast dissolution of Mn at high temperature. At 55 °C, it delivers the discharge capacity of only 

75.8 mAhg‒1 and capacity retention of 33.9% after 50 cycles.  

Figure 5-6 displays the XRD patterns of 0.4Li2MnO3-0.6LiNi1/3Co1/3Mn1/3O2 sample by using 

100%Glycine, and 90%Glycine+10%Sucrose as fuels. The main diffraction peaks can be well indexed 

to a typical layered LiMnO2, while a small peak between 20‒25o is due to the monoclinic Li2MnO3 

phase. No impurity can be noticed from the XRD patterns. In addition, 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample by using 100%Glycine shows the I(003)/I(104) value of 0.95, lower than that 

of 1.04 for sample using 90%Glycine+10%Sucrose as fuels, indicating a more cation mixing.  
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Fig. 5-5 Discharge capacity vs. cycle number of xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 

0.6) samples measured at 25 and 55 oC.   

 

Fig. 5-6 XRD patterns of 0.4Li2MnO3-0.6LiNi1/3Co1/3Mn1/3O2 sample by using 100%Glycine, and 

90%Glycine+10%Sucrose as fuels. 

Figure 5-7 shows the SEM of 0.4Li2MnO3-0.6LiNi1/3Co1/3Mn1/3O2 sample by using 100%Glycine, and 

90%Glycine+10%Sucrose as fuels. When using 90%Glycine+10%Sucrose as fuels, 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample shows the primary particles with the sizes of 50‒200 nm, along with the 

aggregated secondary particles with the size of <10 μm. However, when using 100%Glycine, an 

enlarged primary particle sizes of 200‒500 nm aggregate to the secondary particles with larger sizes. It 

indicates that the use of sucrose in the fuels can decrease the particles sizes.   
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Fig. 5-7 SEM of 0.4Li2MnO3-0.6LiNi1/3Co1/3Mn1/3O2 sample by using 100%Glycine, and 

90%Glycine+10%Sucrose as fuels. 

Figure 5-8 displays (a) discharge capacity vs. cycle number, (b) rate capability of 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample by using 100%Glycine, and 90%Glycine+10%Sucrose as fuels. In Fig. 

5-8 (a), a decreased initial discharge capacity of 200.3 mAhg‒1 is delivered in 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample using 100%Glycine, compared with that of 230.0 mAhg‒1 for using 

90%Glycine+10%Sucrose as fuels. Interestingly, a higher capacity retention of 87.3% is achieved in the 

former sample, than that of 71.1% for the latter sample after 50 cycles. In figure 5-8 (b), a high rate 

capability is observed in the 0.6LiNi1/3Co1/3Mn1/3O2 sample using 90%Glycine+10%Sucrose as fuels.  

 

Fig. 5-8 (a) discharge capacity vs. cycle number, (b) rate capability of 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample by using 100%Glycine, and 90%Glycine+10%Sucrose as fuels. 

 

 

 



105 

 

5.4 SUMMARY 

A series of Li-rich layered xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 (x=0.3, 0.4, 0.5, 0.6) samples were 

prepared by solution combustion synthesis using the glycine and sucrose as fuels, followed by the 

calcination. A typical layered structure was noticed from XRD results. Primary particles, showing the 

size of 50‒200 nm, aggregated to secondary particles of < 10 μm. The highest initial discharge capacity 

of 230.14 mAhg‒1 and capacity retention of 71.1% after 50 cycles at 0.2 C was delivered in 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 sample. 0.4Li2MnO3-0.6LiNi1/3Co1/3Mn1/3O2 sample prepared by using glycine 

as only fuels showed the enlarged primary particles sizes of 200‒500 nm. It also displayed the more 

cation mixing due to the lower value of I(003)/I(104) from XRD results, and a decreased initial discharge 

capacity of 200.3 mAhg‒1, despite of the capacity retention of 87.3% after 50 cycles.  
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CHAPTER 6 

 

General conclusions 

 

Rechargeable Li-ion batteries are being widely used in many fields, such as cell phones, laptops, 

electric vehicle (EV), hybrid electric vehicle (HEV) and so on. The lower capacity of cathode than anode, 

has seriously restricted its further application for high power/energy rechargeable Li-ion batteries. Mn-

based oxide cathode material, spinel LiMn2O4, is attracting the increasing attentions due to its low cost, 

no toxicity, environmental friendliness, relatively high energy density compared with the 

commercialized LiCoO2. However, the serious capacity fading during the charge/discharge process, 

especially at elevated temperatures, often occurs because of the dissolution of manganese, Jahn-Teller 

distortion, and structural instability, which hinder the further applications. Synthetic technology, doping 

technology, and surface modification technology are considered as the effective approaches to overcome 

and alleviate the above-mentioned problem. In this work, solution combustion synthesis as synthetic 

technology, Bi and La co-doping as doping technology, modifying a Mn4+-rich phase and a Li2CuO2-

Li2NiO2 solid solution on the surface of particles as surface modification technology, had been carried 

out to obtain high electrochemical performance of spinel LiMn2O4 cathode. Finally, another Mn-based 

oxide cathode material, high capacity Li-rich layered xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 was simply 

introduced and prepared due to its possibility for future application.   

Chapter 1 was the general introduction of this thesis. The background of rechargeable Li-ion batteries, 

configuration of Li-ion battery, and how to choose appropriate electrodes were introduced. Next, we 

focused on the introduction of spinel LiMn2O4 cathode material, including the present problems. Finally, 

three main strategies, synthetic technology, doping technology, and surface modification technology, are 

proposed to solve the above problems for enhancing the electrochemical performance of spinel LiMn2O4.  

In Chapter 2, we carried out the solution combustion synthesis of LiMn2O4 powders. A mixed fuels of 

glycine and sucrose was employed to prepare the nanosized LiMn2O4 powders. We investigated the 
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effect of different molar ratios of glycine to fuel on the phase structure, morphologies, yields, and 

electrochemical performance of final LiMn2O4 materials. The sucrose in the fuels benefited to produce 

nanosized LiMn2O4 particles, improve yields, alleviate the explosive combustion reaction, and result in 

the nondecreasing electrochemical performance.   

In Chapter 3, Bi and La co-doping, as doping technology, was used to improve the electrochemical 

performance of LiMn2O4. The substitution of Bi and La at Mn sites enlarged the lattice parameters, and 

meanwhile kept the structural stability, which could benefit the fast transfer of Li-ions, and improve the 

cycling stability, respectively. At last, the electrochemical performance of LiMn2O4 cathode materials 

was remarkably improved due to the synergistic effect of Bi and La.   

Modifying the surface of LiMn2O4 particles by a Mn4+-rich phase and a Li2CuO2-Li2NiO2 solid 

solution as surface modification technology, had been presented in Chapter 4. The phase structure, 

morphologies and electrochemical performance with the dependence on the modified amounts were 

investigated in detail. The presence of a Mn4+-rich phase alleviated the dissolution of manganese in the 

electrolyte, thus improving the cycling performance and rate capability relative to the bare LiMn2O4. In 

addition, when using a Li2CuO2-Li2NiO2 solid solution, the modified layer on the surface of LiMn2O4 

particles, featuring a LiNiδMn2‒δO4-like phase as well as a Li2CuO2-Li2NiO2 solid solution, played a key 

role in alleviating the dissolution of manganese, thus enhancing the cycling performance and rate 

capability.  

In Chapter 5, we prepared Li-rich Mn-based xLi2MnO3-(1-x)LiNi1/3Co1/3Mn1/3O2 oxides by solution 

combustion synthesis using the mixed fuels of glycine and sucrose. The effect of different x values on 

the phase structure, morphologies, and electrochemical performance was studied in detail. Different x 

values resulted in different electrochemical performances. In comparison, 0.4Li2MnO3-

0.6LiNi1/3Co1/3Mn1/3O2 oxide was also prepared by using glycine as the only fuel. Using different fuels 

resulted in the different phase structure, morphologies, and electrochemical performances 

The final goals for obtaining high electrochemical performance of Mn-based cathode oxides were 

reached. 
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