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Abstract—LiMn2O4-xFx (x = 0.00, 0.04 and 0.1) cathode materials were synthesized from Li2CO3, MnO2 and LiF precursors by solid-state 

reaction method at 800 
o
C in air. The influence of fluoride substitution on the physicochemical properties of LiMn2O4 cathode has been 

investigated by different techniques. From the Thermogravimetric and Differential Thermogravimetric (TG/DTG) curves, it is clearly observed 

that substitution of fluorine attributed to the faster fabrication of LiMn2O3.96F0.04 and LiMn2O3.9F0.1 cathode materials. By Powder X-ray 

Diffraction (XRD) analysis, the synthesized materials are detected as single phase spinel structure having a space group Fd3m. However, the 

diffraction picks shifted to lower angles and the lattice parameter increases with substitution of fluorine. Redox titration tests confirmed that the 

average oxidation state of manganese in fluoride substituted samples is lower than that of pure one (LiMn2O4). Scanning Electron Microscopy 

(SEM) investigations demonstrated that substitution of fluorine reduced the agglomeration of powder particles. Also, fluorine substituted 

samples have greater grain size than the pure one (LiMn2O4). Further, the Energy Dispersive Spectroscopy (EDS) analysis confirmed the 

incorporation of fluorine in to LiMn2O3.96F0.04 and LiMn2O3.9F0.1 spinel samples. Strong frequency bands, responsible for the formation of all 

samples, are observed from Fourier Transform Infrared (FT-IR) Spectroscopyspectra. However, the bands for fluoride substituted samples are 

shifted slightly towards lower wave numbers.  
 
 

Index Terms—cathode materials, Lithium- ion battery, solid state-reaction, substitutionof fluorine 

-------------------- 
 

1 INTRODUCTION 

ithium-ion batteries are the fundamental power 

sources for portable electronic devices such as 

digital camera, video camera (camcorder), laptops, 

personal digital assistants (PDA), cellular phone and 

the like. They are also attractive for high power 

applications such as electric vehicles and hybrid 

electric vehiclesdue to their long cycle life and high 

energy density [1,2-5]. The most widely used 

commercial cathode material for lithium-ion batteries is  
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LiCoO2 due to its easy synthesis, stable electrochemical 

cycling, high reversibility and long cycle life. However, 

this materialhas some drawbacks: toxic (high impact to 

the environment) [5-7], expensive due to limited 

sources of Co [5,6], structural deformation when more 

than 0.5 lithiumions are removed from it, and inherent 

safety problem [1,7]. 

In this regard, there is a strong interest worldwide in 

developing alternative low cost, high electrical 

potential and non-toxic cathode materials [8] for 

application of lithium-ion batteries. Among the 

promising candidates,spinel LiMn2O4is an attractive 

cathode material that shows much attention due to its 

lower cost, low toxicity, high voltage source, and good 

safety compared with the LiCoO2[9,10].However, 

LiMn2O4sufferssevere capacity fade on cycling 

particularly at elevated temperature (above 40 oC) at 

which most electronic devices operates[9-11]. This 

capacity fade is associated with the dissolution of 

manganese into electrolyte [11], Jahn–Teller distortion 

of Mn3+ ions [10,11],decomposition of electrolyte 

solution on the electrode [12], and formation of lattice 

parameter difference between two cubic phases 

formed during  charge–discharge process [1,10,11]. 

L 
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In order to improve the performance of LiMn2O4 

related with surface morphology, many research works 

have been carried outwhich include directly preparing 

spinel with small surface area,and also by surface 

coating (surface modifications) such as MgO, Al2O3, 

SiO2 and TiO2[13-15]. Also, many efforts have been 

devoted to enhance the structural stability and other 

electrochemical properties. Among these, partial 

substitution of cationssuch as Co3+, Ni2+, Fe2+, Cr3+, Al3+, 

Mg2+, Ga3+into Mnsites is widely reported 

[1,9,14].However, the cationic replacement into the 

spinel lattice has the effect of decreasing the initial 

reversible capacity[16],which may make this type of 

spinel unattractive for practical application. Also, the 

above methods could not totally overcome the capacity 

fade problem. In order to improve the reversible 

capacity of the spinel LiMn2O4, nowadays partial 

substitution of anion such as F-, Cl-, S2-, Br-for O2- has 

been reported.For instance, Chen Zhao-yong et al [17] 

demonstrated that the substitution of F-, Cl- and Br- for 

O2- leads to an increase of the reversible capacity. 

LiMn2O4has a spinel structure of space group 

Fd3mandcontains 3 types of cations: Li+, Mn3+ and 

Mn4+, and one type of anion O2-. The structure consists 

cubic close-packed oxygen ions in 32e sites, lithium 

ionsin the 8a tetrahedral sites,and manganese ions 

(Mn3+ and Mn4+) in the 16d octahedral sites [11,18]. This 

structure provides a three dimensional network of face-

sharing tetrahedra and octahedra for lithium ion 

diffusion. 

In this study, we report the synthesis of LiMn2O4, 

LiMn2O3.96F0.04and LiMn2O3.9F0.1cathode materials by one 

step solid-state reaction method. Effect of synthesis 

conditions and influence of substitution of F- for O2-  on 

the physicochemicalproperties of the powder materials 

have been examined systematically by using 

Thermogravimetric and Differential 

Thermogravimetric (TG/DTG),powder X- ray 

Diffraction (XRD), Scanning Electron Microscopy 

(SEM), Energy Dispersive Spectroscopy (EDS), redox-

titration method with oxalate,and Fourier Transform 

Infrared (FT-IR) spectroscopy.  

 

2 EXPERIMENT 
LiMn2O4-xFx (x = 0.00, 0.04 and 0.1) 

samplesweresynthesized in the form of powder by 

conventional solid-state reaction with precursors 

Li2CO3 (99%, Merck), MnO2(99%, Hymedia) 

andLiF(99.5%, Himedia). A mixture of 

stoichiometricLi2CO3 (3% excess) andMnO2 was ground 

in agate mortar for synthesis of LiMn2O4. Similarly, 

stoichiometric raw materials Li2CO3(2% excess), MnO2 

and LiF (1% excess)were mixed and ground in agate 

mortar for synthesis of fluoride substituted samples 

(LiMn2O3.96F0.04andLiMn2O3.9F0.1).After through 

homogenizing, the powders were heated and subjected 

to heat treatment at 800oC for 24 hrs in air, followed by 

slow coolingrate of 1o C/ min. A slight excess amount of 

lithium and fluorine was used to compensate for 

lossesof lithium and fluorine during calcination 

process. 

TG/DTG measurementswereconducted using Mettler 

Toledo instrumentfrom room temperature to 850 oC in 

oxygen atmosphere at a heating rate of 10 oC/min to 

find out the temperature at which crystallization of the 

sample is completed.  

Phase identification was carried out by XRD using a 

Phillips XPERT-PROdiffractometer fitted with Cu K  

radiation ( 1.54060 A )between2  = 10o and 

90oin steps of 0.017o (2  with a constant counting time 

of 24.765 s.The unit cell lattice parameters were 

obtained by the least square fitting method from the d-

spacing and the hklvalues. 

SEM measurements were performed using JSM-6610 

instrument to examine the morphology of the calcined 

powders.  EDS, coupled with SEM, studies were 

conducted to investigate the incorporation of fluorine 

in to fluoride substituted synthesized active materials.  

The average oxidation state of manganese was 

determined by redox-titration method with oxalate. 

About 50 mg of each spinel sample was dissolved in 20 

ml of an acidified 0.05N Na2C2O4 solution in 20ml of 4N 

H2SO4. Further, the remaining unreacting oxalate was 

back titrated with 0.05N KMnO4 solution. 

FT-IR spectra were recorded using ALFA-T 

spectrometer with the KBr pellet methodin the wave 

number region of from 400-4,000 cm-1. 

 

3 RESALT AND DISCUSSION 
3.1 Thermal Analysis 
Figure 1 shows the TG and DTG curves for LiMn2O4, 

LiMn2O3.96F0.04 and LiMn2O3.9F0.1 powders heated at 10 
oC/min in flowing oxygen. As seen from all curves, 

there is an initial weight loss in the temperaturerange 

from room temperature to 250oC, corresponding to the 

evaporation of methanol alcohol added in order to 

homogenize the mixture during grinding and the 

moisture absorbed during storage.  TG curve of 

LiMn2O4 shows significant weight loss (12.71 %) 
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between temperatures 300 oC and 500 oC.This loss is 

attributed to the decomposition of the precursors 

Li2CO3 and MnO2; and the reactionbetween 

decomposed materials in order to produce crystalline 

LiMn2O4. This is supported by sharp peak observed at 

390 oC on the DTG curve. The decomposition reaction 

of the precursors and the reaction between 

decomposed materials process are expressed as: 
 

              Li2CO3  Li2O + CO2  

2MnO2   Mn2O3 + 0.5O2  

        0.5Li2O + Mn2O3 + 0.25O2  LiMn2O4 

Li2CO3 and MnO2 are stable in air up to 750 oC [19] and 

535 oC[20] respectively. However, in reaction mixture 

with several oxides they can be decomposed at lower 

temperature. After 490 oC, a slight weight loss is 

observed (2.02 %), attributed to more decomposition of 

remaining precursor materials. It can also be seen from 

the figure that at higher temperatures, the TG curve 

becomes more flattened, indicating the stable phase 

formation. Finlay, the total weight loss for over all 

reaction is 15.26 %, which is slightly larger than the 

theoretical result of 14.25 %. This difference is 

happened due to slight excessamount of Li2CO3 

precursor was used to compensate for losses of lithium 

during the calcination process.  

On the observation over the TG and DTG curves 

obtained from fluoride substituted precursors, it is 

indicated that there is a maximum loss between 300 oC 

and 500 oC. This loss is suggested the decomposition of 

the precursors Li2CO3 and MnO2, and the reaction 

between decomposed materials. This is supported by 

sharp peak observed at about 387 oC on the DTG 

curves. On further heating, we obtained another two 

smaller sharp peaks between 500 oC and 625 oC which 

were not observed from LiMn2O4 curve. It is suggested 

that the first peaks (fig.1 b and c) at about 561 oC are 

due to the reaction between decomposed materials in 

order to produce crystalline LiMn2O3.96F0.04 and 

LiMn2O3.9F0.1. The next sharp peaks at about 610 oC are 

corresponding to melting of the undecompensed part 

of LiF followedby evaporation of fluorine or 

volatilization of LiF itself. The decomposition reaction 

of the precursors and the reaction between 

decomposed materials process are expressed as: 
 

Li2CO3→ Li2O + CO2↑ 

2MnO2→ Mn2O3 + 0.5O2↑ 

0.48Li2O + Mn2O3 + 0.04LiF + O2  

LiMn2O3.96 F0.04 + 0.76O2↑ 

0.9Li2O + 2Mn2O3 + 0.2LiF + O2  

2LiMn2O3.9 F0.1 + 0.55O2↑ 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

Fig. 1. TG and DTG curves for a) LiMn2O4b) LiMn2O3.96F0.04 
and c) LiMn2O3.9F0.1 
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In comparison with LiMn2O4, the complete 

crystallization of LiMn2O3.96F0.04 and LiMn2O3.9F0.1 occurs 

at lower temperature.  From this we can deduce that 

substitution of fluorine attributed to the faster 

fabrication of the LiMn2O3.96F0.04 and LiMn2O3.9F0.1 

powder materials. This faster production of powders is 

the result of melting of the undecomposed part of the 

LiF intensifies the reactions. 

3.2 XRD Analysis 

Figure 2 presents the well defined XRD patterns of 

powders produced by solid state reaction method 

heated at 800 oC for 24 hours in air. All peaks appeared 

in the XRD spectrum are very sharp and well-defined, 

indicating a high crystallinity of the powder materials. 

Also, no additional impurity peaks are detected. All 

samples are identified as a single phase of spinel 

structure with a space group Fd3m, agree wellwith 

JCPDS 35-0782 card. Therefore, it is deduced that Li-

ions occupy tetrahedral 8a sites, Mn ions (Mn3+ and 

Mn4+) occupy octahedral 16d sites, and oxygen and 

fluorine ions are located at the 32e sites. However, as 

compared with LiMn2O4, the diffraction lines or 2

angles of LiMn2O3.96F0.04 and LiMn2O3.9F0.1 materials are 

shifted slightly towards smaller angles. 

In order to evaluate the influence of partial fluorine 

substitution on the crystalline lattice of the obtained 

spinels, we calculated lattice parameters by the least-

squares method  and cell volume of the samples from 

XRD data (see table 1). As it can be seen from the table, 

the lattice parameters of fluoride contained spinels 

 
TABLE 1 

LATTICE CONSTANT, CELL VILUME AND AVERAGE 
OXIDATION STATE OF Mn OF ALL SAMPLES 
 

 

slightly increase compared with the pure one 

(LiMn2O4). Also, the lattice constant increases with an 

increase in the substituted fluorine content, which is 

related to substitution of fluorine decreases the average 

Mn valence or it reduces the concentration of the 

smaller Mn4+ ions(ionic radius 0.67 ) into larger Mn3+ 

ions (ionic radius 0.79  to maintain charge neutrality 

in the lattice. This leads to Li-Mn-O bond in LiMn2O4 is 

stronger than that of Li-Mn-O(F) bond in LiMn2O3.96F0.04 

and LiMn2O3.9F0.1, which could enhance the lithium ion 

movements in the spinels. On the other hand, the 

variation of lattice parameters of the 

synthesizedspinelsand shift of the diffractions lines or 2

angles 

Fig. 2. XRD patterns of a) LiMn2O4  b) LiMn2O3.96F0.04 

andc) LiMn2O3.9F0.1 
 

towards smaller anglesmentioned above reveal the 

effective replacement of oxygen by fluorine in the 

lattice.  

Samples Lattice 

constant 

a (  

Unit cell 

Volume 

( 3 

Average 

oxidation 

state of Mn 

LiMn2O4 8.2061 552.60 3.52 

LiMn2O3.96F0.04 8.2109 553.57 3.49 

LiMn2O3.9F0.1 8.2148 554.36 3.47 
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3.3 Redox Titration Test 

Redox titration tests confirmed that (table 1) the 

average oxidation state of manganese in fluoride 

substituted samples is lower than that of pure one 

(LiMn2O4). Also, their average oxidation states obtained 

were slightly less than 3.5. This suggests that substation 

of oxygen by fluorine causes the reaction Mn4+→Mn3+, 

as the result a slight higher Mn3+ content and lower 

Mn4+ content appeared in fluorine substituted spinel 

samples. This is consistent with the observed increase 

in the lattice constants. 

 
3.4 SEM and EDS Studies 

The morphology and grain size of active materials 

LiMn2O4, LiMn2O3.96F0.04 and LiMn2O3.9F0.1 are shown in 

figure 3 and table 1 respectively. As seen from the 

figure, morphological changes are clearly observed as a 

result of fluorine substitution. This indicates that 

substitution offluorine reduced agglomeration of the 

 
Fig. 3. The SEM Micrograph of a) LiMn2O4  b) LiMn2O3.96F0.04 

and c) LiMn2O3.9F0.1 
 

powder particles. Such kind of morphology is very 

important to have good electrochemical properties of 

the materials. On the other hand, LiMn2O4 sample has 

micro-sized grains of average size about 0.8 m , also 

for LiMn2O3.96F0.04 and LiMn2O3.9F0.1 samples about 1.5

m   and 1.9 m , respectively. It is in good agreement 

with the larger lattice parameter of fluorine contained 

samples calculated from the XRD patterns. Further, the 

EDSanalysis is carried out to verify the incorporation of 

fluorine in to LiMn2O3.96F0.04 and LiMn2O3.9F0.1 samples. 

As shown in fig. 4, the presence of fluorine is detected 

in both samples synthesized by heating with LiF at 800 

°C for 24 hours.  

 

 

 
 

 
 
 

 
 
 

 
 
 

 

 
Fig. 4. The EDS spectra of a) LiMn2O3.96F0.04  andb) LiMn2O3.9F0.1 

 
3.5 FT-IR Spectroscopy Study 

In order to confirm the results of XRD analysis, the 

room temperature FT-IR spectra of the synthesized 

samples are shown in Figure 5. Two distinct peaks are 

observed in each FT-IR spectrum at different 

wavelength regions. The two strong frequency bands 

appeared at wave numbers 623.13 and 521.06 cm-1 (fig 

5a) are responsible for the formation of LiMn2O4 which 

may be attributed to the asymmetric stretching modes 

of Li-Mn-O. On the other hand, due to the formation of 

LiMn2O3.96F0.04 and LiMn2O3.9F0.1 materials, these two 

peaks are shifted slightly towards lower wave numbers 

621.74 and 518.99 cm-1 (fig 5b), and 618.99 and 501.33 

cm-1 (fig.5c), respectively, which may be attributed to 

the asymmetric stretching modes of Li-Mn-O(F).  This 

is consistent with the assumption deduced from XRD 

results. Also, it is in good agreement with the larger 

lattice parameter of fluorine contained samples 
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calculated from the XRD spectrum. Moreover, the shift 

of the bands towards lower wave numbers may be 

pointed out that the replacement of fluorine weakens 

the strength of Li-Mn-O bonds which is beneficial to 

enhance the lithium ion movements in the spinels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. FT-IR spectra of a) LiMn2O4 b) LiMn2O3.96F0.04 

and c) LiMn2O3.9F0.1 

 

4 Conclusion  
We have attempted to synthesize LiMn2O4-xFx (x = 0, 

0.04, and 0.1) powders by the means of one step solid-

state reaction method. In this study, their variations in 

physicochemical properties of the powders were 

examined. From the TG/DTG curves, it is clearly 

observed that substitution of fluorine attributed to the 

faster fabrication of the spinel LiMn2O3.96F0.04and 

LiMn2O3.9F0.1 powder materials.From the structural 

analysis by XRD,we observed that the synthesized 

samples showed spinel cubic structure of space group 

Fd3m, which is well supported by FT-IR spectroscopy 

study results. Fluorineion replaced samples exhibit 

larger lattice parameter with decreasing the average 

oxidation number of Mnas well as greater grain size 

than the pure one (LiMn2O4). Further, the EDS analysis 

revealed that fluorineions are successfully incorporated 

into the spinel structure of lithium manganese oxide 

material. 
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