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Abstract:  

The present decade of research is making significant efforts to develop lithium battery 

technology with stable cycling, high capacity, and affordability. Mn-rich layered materials are 

likely to fall within this research pace as an effective alternative. However, the life expectancy 

of Mn-rich layered materials are unpredictably short which impedes its commercial 

applicability. Herein, we demonstrate the synthesis of Li [Li0.1Ni0.3Mn0.7]O2  by co-

precipitation method followed by rapid combustion with organic fuels at various temperatures. 

Physical characterizations were performed to confirm the structure and surface morphology of  

Li [Li0.1Ni0.3Mn0.7]O2. The fine-tuned cathode material established stable cycling even at high 

voltage (4.8V) with the capacity retention of 98.2% upto 100 cycles. The maximum 

electrochemical rate capabilities at 0.1C, 0.2C, 0.5C, 1C, 2C and 5C are 325 , 314 , 259, 228, 

173 and 109 mAh g-1 respectively. Thus, Mn- rich cathodes in lithium-based batteries provides 

a pathway to facilitate practical feasibility, boost cycling stability, attain high-capacity with 

lower expense. 
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1. Introduction: 

Owing to the emergent adoption of electric vehicles and grid energy storage devices, 

the want for lithium batteries with high energy density, specific capacity, cycling stability, and 

advanced performance levels has grown enormously. At present, alternative cathode layered 

materials employing various metal oxide combinations are entering into the platform of 

commercialization despite their disabilities in practical application [1,2]. Among them layered 

Ni-rich electrodes have been proposed as potential electrode materials of interest due to their 

high reversible nature, efficient redox behaviour, and cost-effectiveness. However, cathode 

materials with Ni content less than 60% encounter numerous challenges with respect to their 

powder properties and electrode manufacturing methods [3]. Consequently, in the recent years 

researchers are fascinated towards Mn-based Li-rich cathode layered materials due to their 

superior capacities which even exceeds the theoretical value, cost-effectiveness for large-scale 

production, and eco-friendly approach [4,5]. Layered Mn–rich oxide (LMRO) materials first 

stated by Thackeray et al. revealed a discharge specific capacity of around 200 mAhg-1 could 

be delivered by the Li2-xMnO3-x/2 cathodes. LMRO cathode materials were developed in 

subsequent years via improving the electrochemical property by modifying their composition, 

integrating other metal ions into the structure, film forming over the material surface, creating 

vacancies and interstitial sites, developing additives, and so on [6–8]. Characteristic nature of 

Mn-oxides depicts that they are structurally versatile compounds which exist in different 

polymorphs with atomic arrangements having wide interstitial space of 1D tunnel, 2D layers or 

3D intersecting channels. They also serve as potential static pillar frames that allows the guest 

ions to intercalate and de-intercalate easily. Also, it is well known that Mn-oxide structures 

with oxygen vacancies provide extra active sites for reduction and oxidation reaction. Mn has 

multiple oxidation states among all other transition metals (+1 to +7) which facilitates its 

analogous oxides to have enhanced electrochemical activity. Hongge pan et al. stated that 



LMRO is made up of two phases, a trigonal LiMO2 with the space group R3m (M = Ni, Co, 

Mn) and an intergrown monoclinic phased Li2MnO3 of space group C2/m [5,9]. 

Fig.1 represents the formation of LiMnO2 resulting from Li2MnO3 and LiMO2. It was 

observed that the electrochemically less active Li2MnO3 was activated by LiMO2 accompanied 

with a phase transition. After the first loop, Li2MnO3 transformed into an electrochemically 

active LiMnO2 phase while the redox behaviour inverted between Mn2+ and Mn3+ exhibiting 

high capacity with good cycling stability. Although LiMnO2 evidences to be a promising 

cathode there are still many practical challenges. The key problem with LiMnO2 is, it blocks 

the intercalation or de-intercalation of Li-ions during the phase transformation that occurs on 

the redox reaction.  In Li2MnO3, at normal operating voltage (4.1 V) the Mn-ions remain in 

electrochemically inactive Mn4+ oxidation state and this state can exist even before the de-

intercalation of Li-ions in the crystal [2,5,10,11]. Also, as reported by Pasero et al. in Li2MnO3 

low number of O-vacancies lead to the formation of Mn3+ which poses a significant risk of 

dissolution in the electrolyte [12]. Nevertheless, certain drawbacks remain unsolved regarding 

undesired surface/structure patterns during the electrochemical cycling.  

The recent trends in LMRO cathode materials includes high performance                                       

Li [Mn0.8Ni0.1Co0.1] O2   synthesized by oxalate co-precipitation method, with most stable 

layered structured however the initial discharge was 261.6 mAhg-1 with 94.2 % of capacity 

retention [13].LMRO cathode materials  modified with boron bulk doping and carbon surface 

modification to form B-doping layered @spinel@carbon heterostructure reported to exhibit 

thermal stability at higher temperature[14]. Recently the elemental doping such as Al, Mg, Ti, 

F, K., can possibly prevent the cation mixing/TM+ migration and stabilize the material 

structure for the better cycling of the battery [2].  



The present work involves the synthesis of cobalt-free cathode Li [Li0.1Ni0.3Mn0.7]O2 

(LNMO) material via co-precipitation method assisted with rapid combustion. It primarily 

focusses on the structural modification by employing a new level of metal oxide (1:3:7) ratio. 

While the unique combustion technique enhanced the irregular porous nature on the cathode 

material by improving the Li-ion intercalation/de-intercalation sites, the variation of processing 

temperature contributed essentially for the commendable specific capacity/energy density and 

cycling stability of Mn-rich cathode material with simple procedures.  

2. Experimental Section 

2.1 Preparation of LNMO 

The precursor solution for the co-precipitation reaction was prepared by dissolving the 

70:30 ratio of Mn(NO3)2.6H2O and Ni(NO3).6H2O in 20ml of water following which a 30ml of 

ethanol was gradually added to it. The solution was continuously stirred for about 20 minutes 

at 500rpm in a continuous stirred tank reactor. After being completely dissolved the solution 

was fed into a burette. In second step, aqueous solution (200 mL) consisting stoichiometric 

amounts of 1M K2CO3, chelating ((NH4)2CO3) and complexing agent (5 % ascorbic acid) was 

prepared. The precursor solution, fed into the burette was slowly added to the aqueous solution 

at the rate of 3ml/min assisted with continuous stirring at 400 rpm. Throughout this co-

precipitation reaction, the pH of the solution was retained at 11 which was simultaneously 

checked by automatic pH meter and the temperature was set at 50 o C.  No external acid or base 

is introduced in order to maintain the pH of the solution. The obtained suspension was filtered 

and dried at 120oC overnight in a muffle furnace. The resultant powder predominantly 

containing manganese and nickel metal oxides was manually grounded with the stoichiometric 

amount of LiOH and 10 wt.% ethylene glycol in a mortar for about 60 min and was 

decomposed at around 250-380oC. The combusted precursor powder was calcined under an air 



environment in three steps as depicted: step-1, temperature was raised from ambient to 450oC 

at a heating rate of 4oC/min and maintained for 1 hr. In step-2, the temperature was elevated to 

600oC at a heating rate of 4oC/min and was maintained for 3 hrs. Step-3, the pre-calcined 

(600oC) samples were divided into two equal parts and sequentially calcined at two different 

temperatures (i.e.) 750oC and 900oC for 2 hrs. Finally, the prepared cathode material was 

immediately quenched in liquid nitrogen and subsequently washed several times to maintain 

the pH at 7.  

2.2 Characterization  

The X-ray diffraction patterns were examined in a Bruker D8 advance diffractometer 

using Cu-Kα radiation in the 2θ range of 10o-80o. The additional structural information was 

studied using Confocal Raman Microscope-Imagining / Spectrometer (Model-Apollo 300R 

Make-Witech, Germany). The structure and particle size of the sample were investigated on a 

Quattro S model field emission scanning electron microscope. Brunauer-Emmette-Teller 

surface area measurements of the samples were performed by BELSorp Max model BET 

analyser. The oxidation states of the sample was analysed using an Mg-Kα radiation source in a 

PHI-5000 Version Probe III multifunctional X-ray Photoelectron Spectrometer.  

2.3 Electrochemical test 

CR2032 coin cells were used in electrochemical investigations. Chemically synthesized 

positive electrode LNMO was blended with acetylene black (conducting agent), and 

polyvinylidene fluoride in a weight ratio of 70:20:10 with N-methyl-2-pyrrolidone. Using an 

automatic coating unit, the obtained slurry was evenly sprayed onto a thin aluminium 

sheet with a thickness of 150 mm and vacuum-dried at 120oC for 12 hrs. The obtained 

electrode material was made into pellets with a diameter of 10 mm (active mass ~3-5 mg) and 

pressed under 5 MPa for 5 s. Finally, the half cells were assembled using pure lithium metal as 



anode and 1M LiPF6 dissolved in EC/DMC/DEC (1:1:1) as electrolyte. The active mass ratio 

of cathode to anode was kept constant at 1.7:1 ratio. The cells were assembled systematically in 

an argon-filled glove box (ETELUX Lab 2000) with water and oxygen concentrations of less 

than 1 ppm. Voltammetry analysis was performed on a Biologic SP300 Electrochemical Work 

Station. The CV scan rate was 0.01mVs-1 and the voltage range was 2.0-4.8 V. Constant 

current discharge-charge and galvanostatic cycling measurements were done at room 

temperature on a Neware battery testing system in a 2.0-4.8 V potential window (vs. Li+/Li) at 

various rates [15]. 

3. Result and Discussion 

Fig.S1 showed the combustion assisted co-precipitation strategy followed by 

calcination for the preparation of porous LNMO material. In the co-precipitation process the 

hydroxide derivatives of nickel Ni(OH)2 and manganese Mn(OH)2 formed during the course of 

the reaction are converted into porous nickel and manganese oxide (NMO) spheres on pre-

calcination. They subsequently transform into Li-rich cathode material (LNMO) on addition of 

the lithium salt precursor (LiOH) followed by calcination at the desired temperature. However, 

in conventional co-precipitation processes supressing the formation of irreversible Li2O during 

electrochemical cycling is less feasible. On the contrary, our combustion backed co-

precipitation method induces more oxygen defects in LNMO resulting by the formation of 

coated NMO particles which arises due to the interaction of ethylene glycol with the partial 

lattice oxygen of the NMO spheres Scheme 1. During high temperature calcination under air 

environment in the presence of lithium precursor the coated ethylene glycol is converted to 

CO2. This results in the formation of oxygen defects and subsequent insertion of lithium-ion 

thereby producing highly porous LNMO particles which is figuratively presented in the 

Scheme 2 [16–19].  

3.1 Structure, morphology and composition analysis 



3.1.1 XRD analysis 

XRD patterns of LNMO material at three different temperatures are displayed in Fig. 2. 

The obtained XRD patterns are well matched with the JCPDS-00-052-0457 data, corroborating 

the rhombohedral geometry with R3m space group, revealing the presence of the layered 

LiMO2 phases. In addition, co-existence of the weak XRD patterns (2θ = 20o~25o) 

corresponding to the Li2MnO3 phases with monoclinic C2/m space groups also exists in the 

prepared Li[Li0.1Ni0.3Mn0.7]O2 materials. The isolated distinct peaks of LiMO2 and Li2MnO3 

lattice pattern stipulate that the prepared Li-rich layered oxides have composite structures. 

[13,18]. The appearance of high refined peaks (003), (104) at 750oC and 900oC indicated that 

the crystalline nature intensifies at higher temperatures. The existence of weak peak at 

2θ=21.5˚ indicated the monoclinic Li2MnO3[2,13,14] . Previously reported cathode materials 

LMR-NMC/LMNCO exhibited two defined peak splits at (006)/(012) and (018)/(110) which 

confirmed the layered structure but herein when the temperature was increased only the split at 

(006)/(012) was observed. The spilt at (018)/(110) was present at 600oC but then it gradually 

disappeared at 750oC and 900oC confirming the material’s restructure at high temperatures. 

Table 1 represented the lattice parameter values a, c, c/a and I(003)/I(104) of the sample treated at 

different temperatures. The c/a ratio of the all the three samples were greater than 4.9 

signifying good lamellar structure while the intensity ratio (R) of I (003)/I (104) exposed that 

the cation mixing is less than 1.2 for the material treated at 900oC. Larger the intensity ratio 

(i.e. >1.2) greater is the hexagonal ordering of the lattice. The ratio of the samples treated at 

600oC and 750oC were almost equal to the predicted value (1.2). From the tabulated results, it 

is clearly seen that cation mixing exists at high temperatures which blocks the transition metal 

migration and triggers the disappearance of the peak spilt at (018)/(110). This validates the 

existence of spinel along with the layered structure [2,20]. The calcination temperature affects 

the transition between spinel - layered - spinel. Low temperature calcinated specimens are 



dominated by the spinel phase; as Yi Pei et al. previously stated, the phase transition from 

spinel to layered occurs at temperatures between                                  (500 ⁰C – 700 ⁰C); 

however, at higher temperatures, such as (800 ⁰C - 900 ⁰C), the Li is volatilized, increasing the 

spinel phase content of the specimen. When comparing the results of XRD, Raman shift, and 

electrochemical performance of samples at different temperatures, we come to the following 

conclusions.  

1. At 600 ⁰ C, the prepared sample had the lowest content spinel phase probably the transition 

should be initiated from spinel to layered, however, the Li insertion is not so facilitated at 

such temperature, therefore the capacity obtained is low, in addition to it the Li2MnO3 

phase is dominantly present at 600 ⁰ C. 

2.  At 750 ⁰C, the sample has transformed into complete layered phase / very least content 

of spinel phase with enhanced diffusion of excess Li. The excess Li would gradually insert 

and compensate Li in spinel phase. The content of layered phase gradually increases with 

increased temperature. The sample exhibits good electrochemical performance with perfect 

stability. 

3. At 900 ⁰C, the Li content start to volatilized and layered gradually transforming into spinel. 

The state where two phase, i.e., layered / spinel exist together evident from Raman spectra. 

However, the spinel phase is moderate therefore the sample display high capacity beyond 

theoretical capacity. On the other hand there is considerable amount of cation mixing 

ensured in XRD and Raman Spectra reduces the stability of the sample.[21,22]. Figure S3: 

shows comparison of XRD pattern of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at  900 o C, in 

different cycles. 

3.1.2 Raman spectroscopic analysis 



The Raman spectra of  all the three samples (Fig.3) exhibited two major bands  around 

490 and 600 cm-1 ascribed primarily to the E1g and A1g vibrations of the R3m space group. The 

weak band around 427 cm-1 and 560 cm-1 corresponded to the Bg and Ag vibrations of Li2MnO3. 

As the temperature increased, the peak around 427 and 560 cm-1  slowly vanished owing to the 

transmission of Mn4+ to Mn3+. It is noticed that Mn3+ plays a vital role in enhancing the 

capacity whereas Mn4+ is electrochemically inactive. This occurrence is obseved due to the 

very low capacity of Li2MnO3 phase which is dominantly present at 600oC. Increased 

capacities are observed at elevated temperatures because of the enhanced diffusion and better 

activation of Li2MnO3 by LiMO2 (M=MnxNiy). Humps around 650 cm-1  at 900oC and 750oC 

revealed the reconstrution of phase where the layers are accompanied with spinel phase. But 

these humps were completely absent for the sample treated at 600oC [23,24]. 

3.1.3 FE-SEM analysis 

FE-SEM images (Fig.4) gave the structural framework and texture of the material. The 

sample treated at 900oC as displayed in Fig.4 (a), (b) ensured sperical ball morphology with 

extraordinary microporus nature which will lead to enhanced electrochemical property for 

battery application. Additionally, the spheres had no noticeable aggregation for the LNMO 

synthesized at 900oC. The EDX spectrum of LNMO (Fig.4.(c)) showed a dominant Mn peak. 

The observed value of relative concentration of Ni:Mn closely matches with that of the 

theoretical composition. Nucleation process has started as indicated in Fig.S2.(a), It specified 

the formation of nano-sized crystallites from molten material which can be noticed as a phase 

transformation in the XRD pattern. As shown in Fig.S2.(b), the sample calcinated at 750oC 

revealed spherical shape particles with flakes attached to it. It had uniform porous nature and 

still existed in formation stage. At 900oC (Fig.S2.(c))  the flakes around the spherical mass 

began to condense and its porosity became uneven. From Fig.S2 it is seen that the particle size 

was observed to increase with increasing temperature conditions. Also, the combustion process 



had created irregular porosity in the material as reported in the  [25,26]. As the temperature 

increased, the porosity of the sample increased gradually due to the difference in thermal 

expansion of nearby metal atoms of the composite. Therefore the adsorption capacities 

increased as the temperature rises [27]. Thus it is validated that the unique synthesis procedure 

also impacted the property and morphology of the samples. 

 

3.1.4 BET analysis  

The parameters such as Brunauer-Emmett-Teller (BET) surface area, total pore volume (VP), 

volume of adsorbed nitrogen on the LNMO surface (Vm) and mean pore diameter (DP) were 

calculated using the BET nitrogen adsorption-desorption isotherms and their results are 

included in Table 2. At 600oC, the surface area of the sample was 9.7 m2g-1 and is directly 

proportional to the quantity of adsorption and pore volume. The sample treated at 700oC has 

surface area of 15.1 m2g-1. And the surface area of the material at 900oC was 15.4 m2g-1. The 

electrochemical properties are significantly influenced by the increased surface area of the 

samples. Based on pore inter-connectivity, porosity of the sample also affects the ion diffusion 

kinetics which is a deciding factor of the rate capacity performance[28–30].  

3.1.5 XPS analysis 

The samples were subjected to X-ray Photoelectron Spectroscopy in order to identify 

the oxidative states and local architectural contexts of transition metal ions during the thermal 

treatment/chemical reaction. Fig.5. showed the XPS spectra of Mn 2p, Ni 2p, Li 1s, and O 1s. 

In Fig.5.(a) Mn 2p had 2 major peaks, Mn 2p 1/2 at 653.246 eV and Mn 2p 3/2 at 642.228 eV 

which was consistent with the standard data. For better understanding the 2 major peaks were 

de-convoluted and they clearly revealed the peaks of Mn4+, Mn3+ and Mn2+ with its 



corresponding peak positions to be 643.02, 641.995, 640.98 eV (Mn 2p 3/2) [2]. In Fig.5.(b) 

Ni-ions appeared as two major peaks at 855.06 and 872.45 eV with peak difference 17.39 eV 

which is very close to the reference range 17.24-17.47 eV. On de-convoluting the Ni 2p 

spectra, the peaks 848.62, 855.06, 861.10, 872.45, 879.26 and 883.04 eV were obtained 

[31,32]. Therefore, the valence state of Ni-ion is verified as +2. Li-ion (Fig.5.(c)) exhibited 

only one peak at 54.16 eV and similarly oxygen (Fig.5.(d)) had one major peak at 529.565 eV. 

Surface hydrations peaks and dissolved/substituted oxygen of the defective site appeared at 

531.28 and 527.40 eV respectively. In addition to a regular crystal structure, the dissolved 

oxygen reacted with the incoming Li-ions to form Li2O. Thus, Li-ions were consumed by 

dissolved oxygen of the defective sites which caused initial capacity loss. Later, they 

fragmented to pair the atomic oxygen with Li and Mn/Ni. This allowed the capacity to raise 

and maintain a stable performance by occupying the defective site [33,34]. 

3.2 Electrochemical studies 

3.2.1 GCD analysis 

Fig.6. showed the charge and discharge curves for LNMO samples at a current density 

of 0.1C in the voltage range 2.8-4.8V. The samples treated at different temperature showed 

good cyclic stability. At 600oC (Fig.6.(a)), the sample exhibited a capacity value of 148 mAhg-

1-158 mAhg-1 in which the Li2MnO3 was not activated and the structure of the material was not 

formed completely [4]. At 750oC (Fig.6.(b)), the sample unveiled a capacity (240 mAhg-1) 

which was approaching the theoretical capacity (280 mAhg-1). It was stable up to 100 cycles 

and the FE-SEM image also accounted for good porous nature of the sample. In layered Mn-

oxides there is a high possibility of exceeding the theoretical capacity (280 mAhg-1) since it 

depends upon the number of Li-ions exchanged during the redox reaction [5,10]. The 

maximum capacity achieved was 325 mAhg-1 for the sample treated at 900oC (Fig.6.(c))  which 

was higher than the theoretical capacity calculated [10]. The low initial capacity discharge for 



all the samples can be attributed to two major reasons: (a) Initial Li-ions consumed by non-

lattice oxygen/dissolved oxygen and (b) The diffusion that occurs with two phase model in 

Mn-rich lithium layered oxides. Li-ion diffusion coefficients associated with LiMO2 was 

considerably larger when compared to those associated with Li2MnO3/LiMnO2/MnO2. 

Furthermore, the interface activation energy associated with LiMO2 and MO2 was 

comparatively small but it was larger for Li2MnO3/LiMnO2/MnO2. Therefore the intercalation 

of Li-ions is dominated by Li2MnO3 [35].  Fig.6.(d) displayed the cyclic stability of all the 

three samples calcinated at three different temperatures. There was a sudden hike in the 

charging capacity values of the samples treated at 750oC and 900oC due to the formation of 

metastable state and it also revealed the increasing irreversible nature of Li2MnO3 which 

electrochemically enhances LiMnO2. The capacity of sample at 900oC started to fade slightly 

after 86 cycles which exposed the presence of spinel phase along with the layered structure and 

the cation mixing which is well discussed in XRD and Raman analysis [36].   Fig.7.(a) 

exhibited the rate performance of LNMO at 900oC under different current (C) rate. The cell 

was initially charged at 0.1C and discharged at 0.1C, 0.2C, 0.5C, 1C, 2C, 5C and back to 0.1C. 

Manganese oxides are commonly considered to have low electrical conductivity which is a 

major disadvantage for achieving higher capacity at high current densities [9]. The material 

treated at 900oC showed best discharge capacities at 0.1C-325 mAhg-1, 0.2C-314 mAhg-1, 

0.5C-259 mAhg-1, 1C-228 mAhg-1, 2C-173 mAhg-1, 5C-109 mAhg-1 and 0.1C-307 mAhg-1. 

When cycled back to 0.1C, the discharge specific capacity of LNMO did not return back to its 

original capacity reach. This increased irreversibility at low currents indicated the excess 

removal of Li-ions since the formation of spinel phase could reversibly accommodate Li+. Low 

currents allowed slow diffusion and extraction of Li-ions from layered material and led to 

increased deintercalation/decreased intercalation. However, at high currents the mobility of Li-

ions is faster in ejecting out of the accessible sites and inserting them back again. Hence at 



0.1C only 94% of retention is assessed due to the structural inconvenience for Li-ion mobility 

[7]. A comparison  specific capacity/ retention values of other conventional methods are 

tabulated in Table 3. 

3.2.2 CV analysis 

Fig.7.(b) illustrated the CV profile for LNMO samples between 2 V and 4.8 V at a 

scanning rate of 0.1mVs-1. The area between the redox peaks gradually increased with 

increasing temperature and ensured the stability of the structure. If the value of I(4.4V)/I(3.9V) is 

lesser the structure is verified to be highly stable [2]. During the initial charge process, the 

cathode material displayed two distinct peaks one at 3.9 V corresponding to the Li-ion 

extraction from the layered LiMO2 framework and the other one at 4.4 V pertaining to the 

activation process of Li2MnO3 on oxidation of Ni4+/Ni2+ & Ni3+/Ni4+. The release of Li-ions in 

the layered Li2MnO3 formed LiO2 resulting in the irreversible loss of oxygen [7,19,44]. The 

reduction peaks at 3.6 V and 4.1 V corresponded to Ni4+/3+ and Mn4+/3+. When the charge is 

below 4.5 V the oxidation state of nickel toggles between +2 and +3. When the charging 

potential is increased to 4.8 V extraction of Li-ions accompanied by the expulsion of oxygen 

takes place. The reduction peaks at 3.6 V and                  4.1 V are attributed to the reduction of 

Ni4+ and intercalation of lithium into the tetrahedral site of LiMO2 respectively [45,46].  

3.2.3 EIS analysis  

Fig.7.(c) represented the essence of interfacial electrochemical properties and reaction 

kinetics of LNMO at varied temperatures. EIS experiment was conducted in the frequency 

range of 100 kHz-0.01 Hz. At high frequency, a semi-circle was obtained which corresponded 

to the solid-state interface layer resistance RSEI and at high-intermediate frequency region 

charge transfer resistance RCT was obtained. The low frequency region had a slope 

corresponding to the Warburg impedance of the solid phase diffusion. As evidenced from 



Table 4, the charge transfer resistance (RCT) and R (CEI) decreased at higher temperatures 

illustrating that at elevated temperatures LNMO becomes a highly ordered structure which in 

turn makes the path easy for ion/electron movement and thereby reducing the resistance. The 

exchange current density (A) also increased at higher temperatures leading to high 

conductivity. 

4. Conclusion 

In conclusion, this research has successfully studied the electrochemical efficiency of 

Li [Li0.05Ni0.3Mn0.7]O2 electrode material synthesized using co-precipitation process assisted 

with rapid combustion at various temperatures. Structurally stable Mn-rich cathode with high 

operating voltage (4.8 V) and capacity of 325 mAhg-1 at 900oC with long-term cycles has been 

successfully prepared in comparison with earlier reported results. Taking into account of these 

results, Li [Li0.05Ni0.3Mn0.7]O2 is proposed as an efficient and safer electrode material for 

commercial lithium-ion battery applications. The future aspects focus on optimizing certain 

parameters like synthesis route, temperature, dopant etc to achieve 100% stability at 900oC in 

the desired cathode material. 
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Figures 

Scheme1: Representation of equation between ethylene glycol and metal oxides. 

Scheme 2: Schematic diagram for the incorporating oxygen vacancies into LNMO cathode 

material. 

Figure 1: Structural representation of (a) LiMO2 layered oxides, (b) the overall cell of Li-rich 

layered oxides described as monoclinic and (c) LiMnO2 layered pattern leading to 

honeycomb pattern. 

Figure 2: Representation of XRD patterns of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at three 

different temperatures. 

Figure 3: Representation of Raman Spectra of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at three 

different temperatures. 

Figure 4: a) b) Representation of FE-SEM images of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at            

900 o C, at different locations. (c) EDX spectrum of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at 

900 o C. 

Figure 5:   Representation of XPS Spectra of Li [Li 0.1 Ni 0.3 Mn 0.7] O2:  a) Mn 2p, b) Ni 2p,   

c) Li+, d) O 1s calcinated at 900 o C. 

Figure 6: Representation of Electrochemical performance of Li [Li 0.1 Ni 0.3 Mn 0.7] O2:  at           

a) 600o C, b) 750o C, c) 900o C, d) Cyclic performance of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 at different 

temperatures. 

Figure 7: Representation of (a) Rate performance of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 at 900 o C,              

(b) Cyclic Voltammograms of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 treated at different temperatures.    



(c) Representation of Ac Impedance Spectroscopy of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 at different 

temperatures. 
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Figure 1: Structural representation of (a) LiMO2 layered oxides, (b) the overall cell of Li-rich 

layered oxides described as monoclinic and (c) LiMnO2 layered pattern leading to 

honeycomb pattern. 



  

Figure 2:   Representation of XRD patterns of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at three 

different temperatures. 



 

Figure 3:   Representation of Raman Spectra of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 calcinated at three 

different temperatures. 

 

 



 

Figure 4: (a), (b) Representation of FE-SEM images of Li [Li 0.1 Ni 0.3 Mn 0.7] O2  

calcinated at 900o C at different locations. (c) EDX spectrum of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 

calcinated at 900o C. 



 

Figure 5:   Representation of XPS Spectra of Li [Li 0.1 Ni 0.3 Mn 0.7] O2:  a) Mn 2p, b) Ni 2p,   

c) Li+, d) O 1s calcinated at 900o C. 

 



 

 

Figure 6: Representation of Electrochemical performance of Li [Li 0.1 Ni 0.3 Mn 0.7] O2:  at           

a) 600o C, b) 750o C, c) 900o C,  

d) Cyclic performance of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 at different temperatures. 

 



 

Figure 7: Representation of (a) Rate performance of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 at 900 o C,              

(b) Cyclic Voltammograms of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 treated at different temperatures.     

(c) Representation of Ac Impedance Spectroscopy of Li [Li 0.1 Ni 0.3 Mn 0.7] O2 at different 

temperatures. 

 

 

 



Table 1. The lattice parameters are calculated using XRDA software 

 

 

Table 2: BET characterisation results for Li [Li 0.1 Ni 0.3 Mn 0.7] O2   at different temperatures 

 

 

 

 

 

 

 

SBET - BET surface area, VP - Pore volume, DP -Mean pore diameter 

Temperature 

o C 

a = b 

Å 

c 

Å 

c/a 

Å 

I(003)/I(104) 

 

600  o C 

 

2.8709 

 

14.336 

 

4.9935 

 

 

1.22 

 

750 o C 

 

2.870 

 

14.323 

 

 

4.9908 

 

1.200 

 

900  o C 

 

2.866 

 

14.288 

 

 

4.9853 

 

0.8345 

JCPDS  

- 00-052-0457 

 

2.8777 

 

14.2220 

 

4.9453 

 

Samples (SBET) 

 (m2 g −1 )  

(VP)  

(cm3 g −1 )  

(DP) 

 (nm) 

    

600 oC 9.7 0.023 3.236 

    

750 oC 15.1 0.048 5.68 

    

900 oC 15.4 0.053 6.31 



Table 3: Comparison of electrochemical performance of the Li [Li 0.1 Ni 0.3 Mn 0.7] O2   with 

previously reported LMRO cathode or similar compositions 
 

Synthesis technique Structure & 
Morphology 

Specific capacity 
(mhA/g) 

Capacity Retention 
& Ref 

1. Facile 

Solvothermal 

Hollow 

microspheres 

150 81.3% 

(After 100 cycles)[37]  

2. PVP- assisted 

Co- precipitation @ 

N2 

 

Nanoplates 

 

139.2 

 

88.2% 

(After 100 cycles)[38]  

3. Facile 

Solvothermal 

combined with 

calcination 

process 

   Peanut- like 

structure 

167.5 94.2% 

(After 100 cycles)[39] 

4.  Facile Synthesis Nano plates with 

{010} 

113.8 79.5 % 

(After 100 cycles)[40] 

5. Full microwave 

synthesis 

Spherical hierarchical 192.5 83.3[41] 

(After 100 cycles) 

6. Microwave 

Hydrothermal 

Self-assembly 

Spherical particles 

131 80.7[42] 

(After 100 cycles) 

7. PVP- EG assisted 

Co-precipitation 

Hollow porous 

Bowl shaped 

205 92[43] 

(After 100 cycles) 

8. Rapid combustion 

assisted co-

precipitation 

method 

Highly Porous 

spherical ball 

305 94  

(After 100 cycles) 

This work 

 

Table 4: EIS results of Li [Li 0.1 Ni 0.3 Mn 0.7] O2   at different temperatures 

Samples 600 oC 750 oC 900 oC 

    

Rs Ω 2.743 1.817 0.862 

    

Rct Ω 891.1 173.2 123.4 

    

Exchange Current  

Density (A) 

0.28818×10-4 1.4826×10-4 2.0810×10-4 



 

Rct - Charge transfer resistance, Rs Ω – Resistance of Conducting electrolyte 

 

   

    

R CEI 82.33 40.76 22.42 
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