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ABSTRACT. Recently, Na2/3[Fe1/2Mn1/2]O2 has received attention as a potential candidate 

material for cathode sodium-ion batteries. However, this material was synthesized by a solid-state 

process, resulting in larger particle size and nonuniform morphology. The larger particle size will 

sluggish the Na ion diffusion. Here we report the synthesis of Na2/3[Fe1/2Mn1/2]O2 using a simple 

sol-gel process. The X-ray diffraction revealed that the sample was identified as 

Na2/3[Fe1/2Mn1/2]O2 with a hexagonal crystal structure. However, the impurities are formed at 

diffraction angles of 36.28°, 45.03°, and 51.23°. Calcination temperature affects the formation of 

the crystal phase, grain growth, morphology, and particle size. Our findings provide valuable 

insight into the development of Na2/3[Fe1/2Mn1/2]O2  material with desirable properties.  

 

1. INTRODUCTION 

Sodium-ion batteries (SIB) have received attention recently due to their abundant sources, non-toxicity, and 

affordable prices. The most considerable sodium content on earth comes from seawater (2.6%) [1-3]. SIB has a 

working principle like lithium-ion battery (LIB), providing an excellent opportunity to be applied as a battery. 

However, the application of SIB for EVs faces challenges; the ionic radii of the Na+ ion (1.02 Å) are larger than 

the Li+ ion (0.76 Å), resulting in low diffusion of Na+ ions from/into the active material during the 

charging/discharging process, thereby decreasing the energy density and hinder practical application [4-6]. 

Developing high-performance electrode materials is the key issue for developing practical SIB. 

Various Na-containing compounds have been intensively studied as cathode materials for SIBs. Among them, 

layered sodium transition metal oxides NaxMO2 (M= Mn, Co, Cr, Fe, and V) with different structures are the most 

important class of cathode materials [7, 8] because they can deliver a high capacity. The P2-Na2/3Fe1/3Mn2/3O2 

cathode materials are fascinating due to their large discharge capacity and high energy density. The P2-

Na2/3Fe1/3Mn2/3O2 is made from an earth-abundant material with a theoretical capacity of 190 mAh/g [9, 10]. Up 

to now, the Na2/3[Fe1/2Mn1/2]O2 composite materials were synthesized by solid-state. However, most of the reports 

showed that the morphology is irregular and control of uniform particle size distribution has not yet been achieved, 

which affected the electrochemical performance. Komaba., et al.[11] reported that the P2-Li2/3Ni1/3Mn2/3O2 showed 

a particle size up to 3 m using the solid-state ion exchange method. Saxena et al. [12] reported that the particle 

size of P2-Na2/3Fe1/3Mn2/3O2 increased to 1.3 m at 950 ºC. The larger particle size will trigger sluggish sodium 

ion diffusion, resulting in the fading of discharge capacity.  

In this work, the P2-Na2/3Fe1/3Mn2/3O2 was first synthesized using a simple sol-gel process by controlled heat 

treatment process as prospective material, which will act as a cathode for sodium-ion battery. The sol-gel technique 

intends to desirably control the dimensions of a material on a nanometer scale from the initial stages of processing. 

Chemical processing controlled high purity and better homogeneity can be used to enhance the properties of 

materials. This lower-temperature processing technique is a major advantage over the conventional methods of 

nanoparticle synthesis [13, 14].  
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The crystal phases and morphology properties of Na2/3Fe1/3Mn2/3O2 samples are systematically studied, and 

their correlation is discussed in detail. The crystal structure of P2-Na2/3Fe1/3Mn2/3O2 has been formed, and its 

particle size is smaller than that of the previous report.  

 

2. MATERIALS AND METHODS  

2.1 Material synthesis of  Na2/3[Fe1/2Mn1/2]O2 (NFMO) 

The Na2/3[Fe1/2Mn1/2]O2 (NFMO) samples were prepared by a sol-gel method using Fe2O3, Mn2O3, and Na2CO3 

were dissolved in 40 ml of demineralized water (DI) with stirring for 6 hours. Then, the precursor solution was 

evaporated until a green gel was formed. The gel was then dried at 120 °C for 12 hours, continuing with the 

calcination. The dry gel was pre-heated at 450 °C for 4 hours and followed with the calcination at 650-750 °C for 

8 hours in air atmospheric. The NFMO material calcined at various temperatures were called NFMO-650, NFMO-

700, and NFMO-750. 

 
2.2 Material charactirization of  Na2/3[Fe1/2Mn1/2]O2 

The Na2/3[Fe1/2Mn1/2]O2 material was characterized with X-ray diffraction (XRD) analysis (Bruker D8 

ADVANCE) with Cu Kα radiation parameters (λ = 1.5418 Å). Scanning electron microscopy (SEM-EDS) (SEM; 

SU8220). The crystal size was calculated using the Scherrer method based on the full width at half-maximum of 
the diffraction peaks (FWHM).  

 
3. RESULTS AND DISCUSSION 

The X-ray diffraction (XRD) pattern of samples NFMO-650, NFMO-700, and NFMO-750 are shown in Figure 

1. The XRD pattern revealed that all samples indicates P2 phases with space group P63/mmc which is complement 

very well with the diffraction standart COD number 96-400-2261. As the calcination temperature increases, the 

peak width of NFMO becomes narrower, and the relative intensity of the characteristic peaks gradually increases, 

indicating that the crystal structure of NFMO is formed. Phase formation is related to grain growth which is caused 

by surface and bulk diffusion . It is well known that the phase formation during the grain growth is controlled by 

the mobility of the atoms. Moreover the phase formation is affected by synthesis parameters as substrate 

temperature and degree of ionization [15] . The crystal size was calculated using the Scherrer equation as seen in 

equation 1 [16].  

                                                                                                                                                                                
 

 

Where D is the average crystallite size, k is Scherer’s constant (0.96),  is X-ray wave length (1.5406 Å), and  is 

full witdh at half maxima at diffraction angle 2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Diffraction pattern of NFMO at various temperature 
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The average crystal sizes are  15.55 nm, 21.78 nm, and 63.98 nm for samples NFMO-650, NFMO-700, and 

NFMO-750, respectively. The higher temperature will enhanced the ion diffusion which triggering the crystal 

growth rate result in increasing the crystal size. Furthermore, the heat treatment temperature improved the 

progressing of diffraction peak growth and intensity with formation of a better crystallinity [17, 18]. However, the 

impurities appear at the diffraction angles of 36.28°, 45.03°, 51.23°, and 57.29° and have different intensity levels 

related to Mn0.2Ni7.6O8 and Mn3O4 compounds. This ascribe that MnO dosen’t cooperate well in NFMO matrix at 

temperature range 650-750 °C. It might need the higher calcination temperature and further investigate.   

The morphology of NFMO were investigated in detail by using SEM, as shown Figure 2a-b. The SEM images  

revealed similiar characteristic for NFMO-650 and NFMO-750 materials, exhibiting irregular morphology and 

agregation. The NFMO-650 exhibits some aggregation and the particle size up to 143 nm. However the NFMO-

750 revealed increasing the agregation degree with the particle size 196 nm as seen in Figure 2b. The increasing 

calcination temperature will enlarge the grain boundaries, increasing the particle size. The smaller particles have 

a higher surface energy than that in the bulk. Therefore, the increasing calcination temperature will trigger a 

decrease in surface energy. As a result, the small particles will combine to form larger particles [15, 19, 20]. 

These result in line with the X-ray diffraction analysis. However, although the particle size increases, smaller 

particle dispersion can still be observed at higher calcination temperatures. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. SEM analysis at various temperatures: (a) NFMO-650 dan (b) NFMO-750 

 
4. CONCLUSION 

NFMO composite material was successfully synthesized using the sol-gel method. The calcination temperature 

affects the characteristics of the NFMO cathode material, which can be seen in the formation of a crystal phase at 

a higher temperature, accompanied by a larger crystal size. Based on morphological analysis, it can be seen that 

temperature affects morphology and particle size. Our works provides valuable insight and guidelines for 

developing layer oxide material for sodium ion battery application. 
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