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Abstract: O3-Na(Fe1/3Mn1/3Co1/3)O2 has been reported as a cathode material with a reversible 

capacity of 84mAh/g. This cathode active material shows excellent electrochemical performance 
with a high capacity retention of 95.0% after 100 cycles at 1C rate, and a discharge rate capability 
of 37mAh/g (47% of the initial capacity of 1C rate) at 50C rate. From the results of electrochemical 
impedance spectroscopy, an increase in reaction resistance was not confirmed between before and 
after the charge / discharge cycle test. TEM observation revealed that the crystal structure change 
on the surface of O3-Na(Fe1/3Mn1/3Co1/3)O2 after the charge / discharge cycle test was slight, and 
the change in the crystal structure was small compared with that of the lithium ion battery, so 
O3-Na(Fe1/3Mn1/3Co1/3)O2 has high crystal structure stability. 
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1.  Introduction 

Sodium ion batteries are regarded as a promising 
next-generation energy storage device to replace lithium 
ion batteries (LIB) due to their low cost. However, 
sodium ion batteries have the problem of low cycle life 
performance. There is a growing expectation that 
sodium-ion batteries, which run on widely abundant 
sodium, will be employed as low-cost secondary 
batteries1); therefore, NaMeO2 compounds with a layered 
rock salt structure are being tested as cathode 
materials2-7). 

In addition, it is known that LiFeO2 is 
electrochemically inactive—whereas NaFeO2 is 
electrochemically active—when the Fe3+/Fe4+ redox 
couple is used.8) Many candidate O3-Type NaMO2 
cathodes for Na ion batteries have been reported, 
including NaFe1/2Co1/2O2,9) NaFeyNi1-yO2,10,11) 
NaNi1/3Co1/3Fe1/3O2,12) NaNi1/3Mn1/3Fe1/3O2,13) and 
NaNi1/3Mn1/3Co1/3O2.14) 

P2-Type NaMO2 cathodes for Na ion batteries have 
also been reported: NaxCoO2,15-17) NaxMnyCo1-yO2,18-21) 
Na2/3Fe1/2Mn1/2O2,22) NaxMnyFe1-yO2,23-27) and 
Na2/3Mn1/3Fe1/3Co1/3O2.28)  

Hence, Li-ion batteries with cathode materials (e.g., 
Li(Ni1/3Mn1/3Co1/3)O2) that use transition metals such as 
Ni, Mn, and Co are used as electric-vehicle batteries; 

however, Na-ion batteries are electrochemically active 
even if these transition metals are replaced with Fe, as in 
the cases of Na(Ni1/3Mn1/3Co1/3)O2 and 
Na(Ni1/3Mn1/3Fe1/3)O2. 

In this study, in order to clarify the cycle deterioration 
mechanism of Na(Fe1/3Mn1/3Co1/3)O2, we assembled a 
test cell with hard carbon as the counter electrode and 
investigated the charge-discharge cycle characteristics. 
The cycle degradation mechanism was investigated using 
the nano-scale crystal structure of Na(Fe1/3Mn1/3Co1/3)O2 
before and after the cycle test, and the internal resistance 
was analyzed by electrochemical impedance 
spectroscopy. 

 
2.  Experimental 

(Fe1/3Mn1/3Co1/3)(OH)2 was synthesized using the 
coprecipitation method. A solution of 
(Fe1/3Mn1/3Co1/3)(OH)2 in which each transition metal 
had a concentration of 0.5 M was prepared by dissolving 
FeSO4 ・ 7H2O, MnSO4 ・ 5H2O, and CoSO4 ・ 7H2O in 
ion-exchange water, at a stoichiometric ratio of 1:1:1. 
This was dripped along with a 3 M NaOH solution into a 
0.2 M NaOH solution to prepare a hydroxide. After 
mixing this hydroxide with Na2CO3 in a ball mill, the 
precursor was baked at 900C to obtain 
Na(Fe1/3Mn1/3Co1/3)O2. 
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The cathode was prepared with an 85:10:5 wt% ratio 

of the synthesized active material, a conductive assistant, 
and a PVDF binder. To evaluate its electrochemical 
properties, a full-cells were assembled under an argon 
atmosphere, with the dew point adjusted to under -70C, 
and the Hard carbon electrodes facing each other with a 
separator in the middle, to which an electrolyte (1 M 
NaPF6/EC:DEC = 1:1 vol.%) was added. As a 
conditioning cycle, 3 cycles of charge and discharge 
were performed at 0.2C rate. 

 
3.  Results and Discussion 

The typical discharge curves of the 
O3-Na(Fe1/3Mn1/3Co1/3)O2 cathode at different current 
densities are shown in Fig. 1. The rate capability cycling 
performances of constant current cycled in the voltage 
range of 1.0 to 4.0 V are shown in Fig. 2. Even at 50C 
rate, the discharge capacity was 36.3 mAh/g, 47% of the 
initial capacity of the 1C rate, and good discharge rate 
characteristics were obtained. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Discharge curves at various current rates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Rate capacity plot showing cycling performance at 
various rates. 

 
Figure 3 shows discharge curves in the 100 cycles at 

a current rate of 1C (0.44 mA/cm2). Figure 4 shows the 
cycling performance and capacity retention at a current 
rate of 1C. The cycle performance retains a discharge 

capacity of 63.9 mAh/g after 100 cycles, 95.0% of the 
initial specific capacity, 100 % of the charge/discharge 
efficiency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Discharge curves in the 100 cycles at a current rate of 
1C (0.44 mA/cm2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Cycling performance and capacity retention at a 
current rate of 1C (0.44mA/cm2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Electrochemical impedance spectra of half cells at 
different charge states. 
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In order to investigate the reaction resistance of the 
O3-Na(Fe1/3Mn1/3Co1/3)O2 cathode, a half cell combining 
the cathode taken out from the full cell and Na metal was 
reassembled, and electrochemical impedance 
spectroscopy (EIS) measurements were made. 

The EIS measurements for the half cells cathode vs Na 
were collected in the potentiostatic mode with 10 mV 
amplitude about open-circuit voltage. Figure 5 shows 
EIS spectra for half cells at SOC (State of charge) 30%, 
50%, and 70%. There was no significant increase in 
reaction resistance between before and after the cycle 
test. 

To reveal the surface crystal structure of 
O3-Na(Fe1/3Mn1/3Co1/3)O2, spherical aberration-corrected 
scanning transmission electron microscopy (Cs-STEM) 
was used. Figure 6(a) and 6(b) show the STEM-HAADF 
images of the initial image and the image after 100 
cycles, respectively. Initially, a cubic phase was 
confirmed at 2 nm of the surface layer, and after the 100 
cycles, a spinel phase of 5 nm was confirmed under the 
cubic crystal at 2 nm of the surface layer. The spinel 
phase and cubic phase is a deteriorated phase. The spinel 
phase and cubic phase inhibit the insertion and 
desorption of Na ions and increase the reaction 
resistance. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6: STEM HAADF images of O3-Na(Fe1/3Mn1/3Co1/3)O2 
cathode materials initial state (a) and after 100 cycles (b). 

 
Figure 7 shows the electron energy-loss spectroscopy 

(EELS) measurement points of the surface of 
O3-Na(Fe1/3Mn1/3Co1/3)O2. Figures 8 and 9 show EELS 
spectra from the surface of Na(Fe1/3Mn1/3Co1/3)O2 
cathode materials of Mn-L, Fe-L, and Co-L edges 
initially and after 100 cycles, respectively. In the 
discharge state, the transition metals exist as high-spin 
Fe3+, high-spin Mn4+, and low spin Co3+. On the surface 
layer, a shift to the low energy side of about 3 eV was 
confirmed in the spectrum of Mn. Therefore, Mn2+ exists 
on the surface layer. Similarly, a shift to the low energy 
side of about 1.5 eV was confirmed in the Co spectrum 
on the surface layer. Therefore, Co2+ exists in the surface 
layer. On the other hand, the shift to the low energy side 
was not confirmed in the spectrum of Fe. Therefore, Mn 
and Co are involved in the crystal structural change to 
the spinel phase and cubic phase on the surface layer, 
and Fe is not involved. It was found that the crystal 
structure change on the surface of 
O3-Na(Fe1/3Mn1/3Co1/3)O2 after the charge/discharge 
cycles was slight, and the change in the crystal structure 
was small compared with that of the lithium ion 
batteries29), so O3-Na(Fe1/3Mn1/3Co1/3)O2 crystal 
structure has high stability. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 7: EELS line profile points of initial state and after 100 
cycles. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8: EELS spectra from the surface of 
Na(Fe1/3Mn1/3Co1/3)O2 showing the presence of Mn–L, Fe–L, 

and Co–L edges of initial state. 
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Fig. 9: EELS spectra from the surface of 
Na(Fe1/3Mn1/3Co1/3)O2 showing the presence of Mn–L, Fe–L, 

and Co–L edges of after 100 cycles. 
 

Since Fe element is not used in the layered rock salt 
structure cathode electrode of lithium ion batteries, the 
stability of Fe in the cathode electrode for sodium ion 
batteries was verified by first-principles calculations. The 
activation energy of the cation mixture was calculated by 
the first principle calculation. Figure 10 shows the 
calculated model of the layered rock salt structure of 
Na(Fe1/3Mn1/3Co1/3)O2 in the charged state. Figure 11 
shows the models used to evaluate the activation 
energies for transition metals from metal site to Na 
vacant site. Figure 12 shows the activation energies for 
transition metals from metal site to Na vacant site. The 
reaction path energies differ for each atom. Mn passed 
through the center of the octahedron, and Fe and Co 
passed through the midpoint of the oxygen atom. The 
activation energy of Mn was the lowest, which was in 
good agreement with the bonding state change in 
TEM-EELS. Figure 13 shows differences in 
electronegativity (Pauling) between transition metals and 
oxygen. Mn-O has a weak covalent bond and a small 
interaction.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10: The calculated model of the layered rock salt 
structure of Na(Fe1/3Mn1/3Co1/3)O2 in the charged state. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11: Models for evaluating the activation energies of 
transition metals from metal site to Na vacant site. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12: The activation energies for transition metals from 
metal site to Na vacant site. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13: Difference in electronegativity (Pauling) between 
transition metals and oxygen. 

 
4.  Conclusions 

In summary, we have successfully synthesized a new 
O3-type layered rock salt structure of 
Na(Fe1/3Mn1/3Co1/3)O2 for sodium ion batteries. This 
cathode active material shows excellent electrochemical 
performance with high capacity retention of 95.0% after 
100 cycles at 1C rate, and a discharge rate capability of 
37 mAh/g (47% of the initial capacity at 1C rate) at 50C 
rate. It was found that the crystal structure change on the 
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surface of O3-Na(Fe1/3Mn1/3Co1/3)O2 after the 
charge/discharge cycle test was slight, and the change in 
the crystal structure was small compared with that of the 
lithium ion battery, so O3-Na(Fe1/3Mn1/3Co1/3)O2 has 
high crystal structure stability. 
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