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In the present work, nanoscale spherical MnO2 was prepared by hydrothermal method and used as 

precursor. Then spherical LiMn2O4, LiFe0.06Mn1.94O4 and LiNa0.06Mn1.94Fe0.06O4 were synthesized by 

2-step sintering method. Physical chemical characterization and electrochemical performance tests 

were carried out with various methods such as X-ray diffraction(XRD), scanning electron 

microscopy(SEM), Electrochemical Impedance Spectroscopy(EIS), Cyclic Voltammetry(CV) and 

charge-discharge cycling test. The results indicated that LiNa0.06Mn1.94Fe0.06O4 has better rate cycling 

performance than LiMn2O4. Because it has stable crystal structure and the particles are smaller (about 

160 nm). After 100 cycles at 0.5 C rate, the discharge capacity of LiNa0.06Mn1.94Fe0.06O4 was 

108.0mAh/g, while that of LiMn2O4 was only 92.2mAh/g.  Their retaining capacities were 90.91% and 

74.12%, respectively. At 10 C rate, the former has better discharge (34.3mAh/g) than that of the latter. 

This paper also shows that the composite doping of Na
+
 and Fe

3+
 has a positive effect on the Li

+
 

diffusion coefficient and charge transfer resistance. 
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1. INTRODUCTION 

Nowadays, as the key power supply for laptops, smart phones and digital cameras, lithium-ion 

batteries have become one of research hot spots. Compared with lead-acid batteries and Ni-MH 

batteries, lithium-ion batteries have many advantages such as high working voltage, high energy 

http://www.electrochemsci.org/
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/density, long cycle life and no memory effect [1-3]. As the cathode materials in lithium-ion batteries, 

LiCoO2 has been studied for a long time. However, it has poor safety, high pollution and high price [4-

7]. Cathode materials, such as LiNiO2, LiMn2O4 and LiFePO4, have been studied recently [8-11]. 

LiMn2O4, which takes place of LiCoO2 and applied to business, is considered to be the cathode 

materials due to its low cost, environmental performance and high safety. However, its capacity 

attenuates seriously during the charge-discharge process [12-16] as a result of the dissolution of Mn in 

electrolyte, the decomposition of electrolyte and Jahn-Teller effect.  

At present, in order to solve the problem about the serious capacity attenuation of LiMn2O4, 

researches are focusing on the following aspects: improving synthesis method, doping and coating. 

Some transition elements or rare earth elements, such as Fe, Al, Mg, Cu, Zn, Ni, Cr and Co
 
[17-22], 

can be used to cationic doping. The introduction of Na
+
 replaces the part of Li

+
 in the 8a position of 

tetrahedron [23]. And then the intercalation/deintercalation of Li
+
 during the charge-discharge process 

prevents the collapse of the structure caused by the lattice shrinkage and expansion. Therefore, it can 

reduce the dissolution of Mn
3+

 during the charge-discharge process and improve the capacity to some 

extent. After the introduction of Fe, Fe
3+ 

will take the place of some Mn
3+

, causing the loss of partial 

capacity. Meanwhile, as the improvement of average valence of Mn, the dissolution of Mn
3+

 and the 

Jahn-Teller distortion effect can be restrained. Therefore, the crystal structure of materials is more 

stable and the recycling performance of cathode materials can be improved [24-25].            

The nanometer spherical manganese dioxide was synthesized by hydrothermal method. The 

spiny spherical structure of MnO2 had bigger surface area, thus enlarged the contact area with Li
+
 

dopants, and formed spherical products [26-30]. During the charge-discharge process, the 

intercalation/deintercalation behavior of Li ion could occur on the electrode surface. The bigger 

surface of the spherical LiMn2O4 provided a larger area between cathode materials and electrolyte, and 

shortened the diffusion path of Li
+
, thus enhanced the utilization of active substance [31-33]. From the 

aspect of dynamic, spherical structure helped improve the intercalation/deintercalation behavior of Li
+
. 

Moreover, spherical spinel lithium manganate had higher energy density and power density, thereby   

gave outstanding electrochemical performances [34-38].  

 

 

2. EXPERIMENT 

2.1. Preparation of materials 

MnSO4·H2O, Na2S2O8 and NH4Cl were weighed proportionally and dissolved in distilled 

water. At room temperature, the solution was stirred in a constant temperature magnetic mixer for a 

period of time till the solution became clear. Then the solution was transferred into a 100 mL PTFE 

inner tank and the tank was sealed in an autoclave. The autoclave was kept in an oven at 130℃ for 15 

h and cooled naturally to room temperature. The solution was filtered and washed 3 times with 

deionized water and ethanol absolute, respectively. After the washing, the black deposit was dried at 

90℃ for 18 h, and then MnO2 precursor was gained.  

According to the molar ratio of Li2CO3, Fe2O3, NaOH and MnO2 precursor, three mixtures 

were gained. After grinded for a period of time in a agate mortar,  ethanol absolute was added during 
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the grinding. Then the three mixtures were put into a Muffle furnace and pre-sintered for 5 h at 500℃. 

After that, the three mixtures were grinded fully and sintered for 16 h at 750℃, and then cooled to 

room temperature, the three cathode materials (LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Fe0.06Mn1.94O4) 

were gained.   

 

2.2. Structure characterization and electrochemical measurements 

The X-ray small-angle diffraction spectra of the samples were obtained using a PANalytical   

X' Pert
3
 Powder diffractometer with a PI Xcel detector. The X-ray generator was operated at 40 kV 

and 40 mA, using the Cu Kα line at 1.54056 Å as the radiation source. Samples were scanned from 10° 

to 80° (2θ) and in stage sizes of 0.02626°, with scanning speed of 0.1347°/s. Divergence slit: Fixed slit 

1/32°, Incident beam path anti-scatter slit: Fixed slit 1/16°, Diffraction beam path anti-scatter slit: AS 

slit 7.5mm. S-4800 scanning electron microscope (Japanese Electronics Corp) was used to observe and 

analyze the morphology of samples.  

Active materials, PVDF and acetylene black were weighed at a mass ratio (8: 1: 1) and grinded 

for a period of time, then N-methyl-2-pyrrolidone was added. Finally, electrode slurry was gained. The 

slurry was spread on the aluminum foil homogeneously. The foil was dried for 16 h at 110℃ and cut 

into a wafer electrode (15 mm in diameter). A Li disk worked as negative electrode. Celgard2400 

polypropylene microporous membrane was used as the diaphragm, and an electrolyte was composed of 

1M LiPF6 in a mixture of dimethyl carbonate (DMC)/ethylene carbonate (EC) (volume ratio of 1:1). 

They were assembled into button cells (CR2016) in a glove box filled with argon. To test the 

material’s cycling and rate performances, Land CT2001A Battery Testing System was employed to 

characterize the charge-discharge property in the range of 3.0~4.4 V. Cyclic Voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) were carried out in electrochemical workstation 

(CHI660A), respectively.   

 

3. RESULTS AND DISCUSSION 

3.1 Phase composition and morphology 

 

Fig. 1(a) was the XRD pattern of MnO2 and consistent with JCPDS Card No.24-0735, thus 

MnO2 belonged to β type. Fig. 1(b) showed the XRD patterns of LiMn2O4, LiMn1.94Fe0.06O4 and 

LiNa0.06Mn1.94Fe0.06O4. The diffraction peaks of LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 were 

consistent with JCPDS Card No.35-0782 of spinel LiMn2O4. Therefore, they had cubical spinel 

structure and belonged to Fd3m cubic system, indicating that Na
+
 and Fe

3+
 had inserted into the spinel 

lattice and the peaks became sharper after the addition of Na
+
. It could be seen from Table 1 that the 

lattice parameter of LiMn2O4 was a=b=c=8.2426 Å from the calculation, and the unit cell volume was 

560.01 Å
3
. The lattice parameters of LMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 were 8.2452 Å, 

8.2460Å respectively, and the unit cell volumes of them were 560.53Å
3
, 560.70Å

3
, respectively. It 

indicated that the lattice parameter and the unit cell volume were bigger after the addition of Na
+
 and 

Fe
3+

. Fig.1（c）was the enlarged peak (111) of samples, it could be seen that 2θ (111, LiMn2O4) ＞2θ 
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(111, LiMn1.94Fe0.06O4) ＞2θ (111, LiNa0.06Mn1.94Fe0.06O4), which indicated that the 2θ diffraction 

angles of LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 shifted toward left, it is attributed to the 

embedding of metal ions and the resulting increase of lattice parameter. 
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Figure 1. XRD patterns of MnO2 (a), XRD patterns of LiMn2O4, LiMn1.94Fe0.06O4 and 

LiNa0.06Mn1.94Fe0.06O4 (b), enlarged peak (111) of samples (c) 

 

Table 1. Lattice parameters of samples 

 

Samples Lattice parameter (Å) Unit cell volume (Å
3
) 

LiMn2O4 8.2426 560.01 

LiMn1.94Fe0.06O4 8.2452 560.53 

LiNa0.06Mn1.94Fe0.06O4 8.2460 560.70 

               

 

 
 

Figure 2. EDS of (a) LiMn2O4, (b) LiMn1.94Fe0.06O4 and (c) LiNa0.06Mn1.94Fe0.06O4 
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EDS of (a) LiMn2O4, (b) LiMn1.94Fe0.06O4 and (c) LiNa0.06Mn1.94Fe0.06O4 were showed in Fig. 

2. Compared with the EDS of LiMn2O4, there were characteristic peaks of Fe in the EDS of 

LiMn1.94Fe0.06O4 and characteristic peaks of Na and Fe in the EDS of LiNa0.06Mn1.94Fe0.06O4.                       

 

 

 
 

Figure 3. SEM images of (a) MnO2, (b) LiMn2O4, (c) LiMn1.94Fe0.06O4, (d) LiNa0.06Mn1.94Fe0.06O4 

 

Fig. 3(a) showed the SEM images of the MnO2 precursor. As no additive or adjuvant was used 

in the experiment, the reaction temperature and the rate of reaction were low. The steady reaction 

environment was beneficial for the agglomeration of crystal nucleus, which continued to form the 

slender nanometer sticks (shown in the top right illustration). The sticks radiated outwards from the 

center, thus the whole structure looked like a spiny sphere. The diameter of a nanometer stick was 

about 40 nm and the diameter of spiny sphere was about 4μm. Fig. 3(b), Fig. 3(c) and Fig.3(d) were 

the SEM images of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 samples, respectively. It 

could be seen that these three samples were reunited by granular structures. The sizes of granular 

structures of LiMn2O4 ranged from 180 nm to 400 nm. The granular structures of the LiMn1.94Fe0.06O4 

and LiNa0.06Mn1.94Fe0.06O4 samples were regular and uniform. The sizes of granular structures of the 

LiMn1.94Fe0.06O4 sample were about 300 nm, while the particle sizes of the LiNa0.06Mn1.94Fe0.06O4 

samples were the smallest (about 160 nm). These minor sized granular structures could effectively 

shorten the diffusion route of Li
+
 and improve the diffusion rate of Li

+
 [39-40].           

    



Int. J. Electrochem. Sci., Vol. 13, 2018 

  

7550 

0 5 10 15 20 25 30 35
0

20

40

60

80

100

120

140

0.2 C

10 C

5 C

2 C
1 C

0.5 C

S
p
ec

if
ic

 c
ap

ac
it

y
(m

A
h
g

-1
)

Cycle number

 LiMn
2
O

4

 LiMn
1.94

Fe
0.06

O
4

 LiNa
0.06

Mn
1.94

Fe
0.06

O
4

0.2 C

(e)

 

 

0 20 40 60 80 100 120 140
2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

Discharge capacity / mAhg
-1

V
o

lt
ag

e 
/ 

V
 1st

 10th

 20th

 50th

100th

 

 

(d)

0 20 40 60 80 100
0

20

40

60

80

100

120

140

 LiMn
2
O

4

 LiMn
1.94

Fe
0.06

O
4

  LiNa
0.06

Mn
1.94

Fe
0.06

O
4

S
p
ec

if
ic

 c
ap

ac
it

y
(m

A
h
g

-1
)

Cycle number

(a)

 

 

0 20 40 60 80 100 120 140
2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

V
o

lt
ag

e 
/ 

V

Discharge capacity / mAhg
-1

 1st

 10th

 20th

 50th

100th

 

 

(b)

0 20 40 60 80 100 120 140
2.8

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

Discharge capacity / mAhg
-1

 1st

 10th

 20th

 50th

 100th

(c)

V
o

lt
ag

e 
/ 

V

 

 

 
 

Figure 4. Cycling performances of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 (a); 

discharge capacity of LiMn2O4 (b), LiMn1.94Fe0.06O4 (c) and LiNa0.06Mn1.94Fe0.06O4 (d) at 0.5 C 

rate during the different cycles; rate performances of LiMn2O4, LiMn1.94Fe0.06O4 and 

LiNa0.06Mn1.94Fe0.06O4 (e). 

 

Table 2. The discharge capacity of the samples at the 0.5 C rate in the different cycling number 

 

Samples 
Discharge capacity / mAh·g

-1
 

1 st 10 th 20 th 50 th 100 th 

LiMn2O4 124.4 116.0 109.7 99.1 92.2 

LiMn1.94Fe0.06O4 115.7 110.8 107.6 103.7 101.9 

LiNa0.06Mn1.94Fe0.06O4 118.8 116.4 114.7 111.5 108.0 
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Table 3. The discharge capacity at different current rates 

 

Samples 

Discharge capacity / mAh·g
-1

 

0.2 C 0.5 C 1 C 2 C 5 C 10 C 

0.2 C 

(31
th

-

35
th

) 

LiMn2O4 128.8 120.5 109.9 103.7 70.6 43.9 118.6 

LiMn1.94Fe0.06O4 120.6 114.1 112.2 104.4 91.8 73.5 111.6 

LiNa0.06Mn1.94Fe0.06O4 123.2 117.1 114.2 107.5 93.5 78.2 115.1 

 

3.2. Electrochemistry 

Cycling performances of these three samples were presented in Fig. 4(a) at 0.5 C. The initial 

discharge specific capacities of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 samples were 

124.4mAh/g, 115.7mAh/g and 118.8mAh/g, respectively. After 100 cycles, corresponding specific 

capacities were 92.2mAh/g, 101.9mAh/g and 108.0mAh/g, and the capacity retentions were 74.12%, 

88.07% and 90.91%, respectively. As seen from Table 2, with the increase of cycling, the discharge 

specific capacities were decreasing, while the discharge specific capacity of LiMn2O4 had the greatest 

reduction. During the 50th cycle, the discharge specific capacity of LiMn2O4 decreased 25.3mAh/g, 

that of LiMn1.94Fe0.06O4 decreased 12.0mAh/g, while that of LiNa0.06Mn1.94Fe0.06O4 decreased only 

7.3mAh/g. It indicated that the first discharge specific capacity of LiMn1.94Fe0.06O4 would decrease 

despite the single doping of Fe
3+

 improved the cycling performance of the cathode materials. On the 

other hand, the composite doping of Fe
3+

 and Na
+
 enhanced not only in the initial discharge specific 

capacity of the sample, but also in the cycling performance of the materials. Fig. 4(b), Fig. 4(c) and 

Fig. 4(d) were discharge curves of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 at room 

temperature at 0.5 C rate during the different cycles (1
st
, 10

th
, 20

th
, 50

th
, 100

th
). With the increase of 

cycles, the discharge platforms of LiMn2O4 sample gradually became shorter due to greater 

polarization, whereas the discharge platform of LiNa0.06Mn1.94Fe0.06O4 was the longest and steadiest 

[41-43], and the polarization was the smallest.   

Fig. 4(e) was the rate performance charts of these three samples. Table 3 was the discharge 

capacity of the three samples at different current rates. As seen from the table, the discharge capacities 

of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 samples were 128.8 mAh·g
-1

, 120.6 mAh·g
-1

 

and 123.2 mAh·g
-1

 at 0.2 C rate, respectively. After each 5 times at different rates (0.2 C, 0.5 C,1 C, 2 

C, 5 C, 10 C and 0.2 C), their discharge capacities reduced to 118.6 mAh·g
-1

, 111.6 mAh·g
-1

 and 115.1 

mAh·g
-1

 and the capacity retentions were 92.08%, 92.54% and 93.43%, indicating that these three 

materials had wonderful reversibility. LiNa0.06Mn1.94Fe0.06O4 sample had the highest capacity retention 

and the best reversibility. Compared with the initial discharge capacity at 0.2 C rate, the discharge 

capacities of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 at 0.5 C rate were 120.5 mAh·g
-1

, 

114.1 mAh·g
-1

 and 117.1 mAh·g
-1

, respectively, and the capacity retentions were 93.56%, 94.61% and 

95.05%, respectively. At 1C rate, the capacity retentions of the three samples were 85.33%, 93.03% 

and 92.69%, respectively. At 2 C rate, the capacity retentions were 80.51%, 86.57% and 87.26%, 
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respectively. It indicated that, with the increase of rates, the discharge capacities of materials continued 

to reduce. The discharge capacity of LiMn2O4 reduced greatly while the LiNa0.06Mn1.94Fe0.06O4 

materials still had greater capacity retention and showed excellent rate capacity. At 10 C rate, the 

discharge capacity of the materials LiMn2O4 was only 43.9 mAh·g
-1

, which reduced by 84.9 mAh·g
-1

 

compared with the discharge capacity in the first cycle at 0.2 C. Meanwhile, at 10 C rate, the discharge 

capacity of the LiNa0.06Mn1.94Fe0.06O4 cathode materials reached 78.2 mAh·g
-1

, which was 34.3 

mAh·g
1
 higher than that of LiMn2O4, so it had outstanding high-rate discharge performance. It might 

be partly attributed to the results that Fe
3+

 replaced Mn
3+

 partly, and the further increasing 

concentration of Mn
4+

. The radius of Mn
4+

 was shorter than that of Mn
3+

, so it could make the length 

of Mn-O shorter, and the bond energy of Mn-O could be increased. Therefore, it might be efficiently 

restrained from the structure destruction caused by the John-Teller distortion effect and made the 

materials keep relatively steady crystal configuration. At the same time, the doping of Na
+
 improved 

the morphology of the materials and made particles become smaller, which promoted the ability of Li
+ 

deintercalation and Li
+ 

intercalation, thus the rate discharge performance of materials improved 

effectively [44].     
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Figure 5. Cyclic Voltammetry of (a) LiMn2O4, (b) LiMn1.94Fe0.06O4 and (c) LiNa0.06Mn1.94Fe0.06O4 at 

different scan rates; plots of peak current (Ip) vs. square root of sweep rate (υ
1/2

) for (a1) 

LiMn2O4, (b1) LiMn1.94Fe0.06O4 and (c1) LiNa0.06Mn1.94Fe0.06O4. 

 

Table 4. The determined Li
+
 diffusion coefficient for the samples 

 

Samples 
Diffusion coefficient / cm

2
s

-1
 

PeakO1 PeakO2 PeakR2 PeakR1 

LiMn2O4 5.902×10
-12

 9.916×10
-12

 8.975×10
-12

 4.986×10
-12

 

LiMn1.94Fe0.06O4 1.610×10
-11

 2.029×10
-11

 2.097×10
-11

 1.278×10
-11

 

LiNa0.06Mn1.94Fe0.06O4 1.884×10
-11

 2.343×10
-11

 2.033×10
-11

 1.550×10
-11

 

 

It can be seen from Fig. 5(a), Fig. 5(b) and Fig. 5(c) that there were 5 curves in each figure and 

two pairs of oxidation-reduction peaks in each curve. PeaKO1 and PeakO2 represented oxidation 

peaks, corresponding to the deintercalation of Li
+
; PeakR1and PeakR2 represented reduction peaks, 

corresponding to the intercalation of Li
+
. With the increase of sweeping rates, the shape of oxidation-

reduction peaks changed constantly. The peak potential of PeakO1 and PeakO2 shifted toward high 

potential while the peak potential of PeakR1 and PeakR2 shifted toward low potential. It was because 

that, with the increase of scanning rates, the current density increased in the charge-discharge process 

and the polarization of electrode reaction increased, too. Fig. 5(a1), Fig. 5(b1) and Fig. 5(c1) were plots 

of peak current (Ip) vs. square root of sweep rate (υ
1/2

).  
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Figure 6. EIS spectra of LiMn2O4, LiMn1.94Fe0.06O4 and LiNa0.06Mn1.94Fe0.06O4 before charge and 

discharge 

 

As was seen from the figures, peak current (Ip) was linear with square root of sweep rate (υ
1/2

). 

According to the Randles-Sevcik equation [45-47], the determined Li
+
 diffusion coefficient was 

calculated (in Table 4).  

0

2/13/25)1069.2( CvADnI 1/2

p    

Among which Ip was peak current (A), n was the number of electrons transferred in the reaction 

(n = 1), A was the area of the electrode (cm
2
) and its value was 1.766 cm

2
, D was the diffusion 
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coefficient of Li
+
 (cm

2
/s), and υ was sweep rate (V/s). Co represented the initial concentration of Li

+
 in 

the electrode (0.02378 mol/cm
3
). As seen from Table 4, the diffusion coefficients of Li

+
 of the three 

materials on oxidation peaks were bigger than those on reduction peaks respectively, indicating the Li
+
 

deintercalation process was easier than the Li
+
 intercalation process. Therefore, the charging capacity 

of the materials was stronger than the discharging capacity. The Li
+
 diffusion coefficients of 

LiNa0.06Mn1.94Fe0.06O4 and LiMn1.94Fe0.06O4 on oxidation peaks and reduction peaks were twice more 

than that of LiMn2O4 respectively, indicating that the single doping of Fe
3+

 and the composite doping 

of Na
+
 and Fe

3+
 made the unit cell volume larger, widened the migration channel of Li

+
 as to make it 

easier for the deintercalation of Li
+
, so the charge-discharge performance improved. 

 

Table 5. Parameters of the equivalent circuit 

 

Samples Rs / Ω·cm
-2

 Rct / Ω·cm
-2

 

LiMn2O4 3.38 424.4 

LiMn1.94Fe0.06O4 3.04 316.5 

LiNa0.06Mn1.94Fe0.06O4 2.79 236.9 
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Figure 7. XPS of (a) LiMn1.94Fe0.06O4, (b) LiNa0.06Mn1.94Fe0.06O4 and (c) Mn2p 

 

Table 6. Specific surface area of the samples 

 

Samples BET surface area / m
2
·g

-1
 

LiMn2O4 2.50 

LiMn1.94Fe0.06O4 2.81 
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LiNa0.06Mn1.94Fe0.06O4 2.85 

 

Fig. 6 was EIS spectra and equivalent circuit diagrams of LiMn2O4, LiMn1.94Fe0.06O4 and 

LiNa0.06Mn1.94Fe0.06O4 before charge and discharge. The curves in the AC impedance were made up of 

three parts: (1) the ohm resistance (Rs) of high-frequency region represented the resistance for Li
+
 to 

migrate in electrolyte; (2) semi-circles in middle and high frequency area; (3) straight lines in low 

frequency area. In the electrode materials, Li
+
 diffusion was made up of two parts, one part flowed 

through surface layer and formed into equivalent capacitance (CPE1); the other part transmitted 

through the surface of the electrode materials and formed into charge-transform resistance (Rct), and 

then diffused in spinel crystal lattice and aroused Warburg resistance Zw [48-50]. After fitting, all of 

the relevant figures were listed in Table 5. As seen from Table 5, compared with LiMn2O4, the ohm 

resistance (3.04 Ω·cm
-2

) and charge-transform resistance (316.5 Ω·cm
-2

) of LiMn1.94Fe0.06O4
 
were 

relatively small. The Rs and Rct of LiNa0.06Mn1.94Fe0.06O4 were only 2.79 Ω·cm
-2

 and 236.9 Ω·cm
-2

 

respectively, which were much smaller than the other two materials. It indicated that the dual-doping 

Na
+
 and Fe

3+ 
could make the Li

+
 transmit faster and diffuse more easily, resulting in better electro-

chemical   performance. Comparing the specific modified data reported in the literature, it can be 

stated that the dual-doping of Na
+
 and Fe

3+ 
enhanced the electrochemical property more than the single 

Na
+
 or Fe

3+
doped samples [51-53].  

To further analyze the composition of the LiNa0.06Mn1.94Fe0.06O4 and LiMn1.94Fe0.06O4 samples, 

we had made XPS and BET tests. As was seen from Fig. 7(a) and Fig. 7(b), the LiMn1.94Fe0.06O4 

sample consisted mainly of Li, Mn, Fe and O elements. While there was Na in the 

LiNa0.06Mn1.94Fe0.06O4 sample. In theory, the average valence state of Mn in LiMn2O4 was 3.5, through 

the XPS-peak-differenating analysis in Fig. 7(c), the peak area of Mn
4+

 is bigger than that of Mn
3+

. 

Therefore, the content of Mn
3+ 

decreased and one part of Mn in LiMn2O4 had been successfully 

replaced by Fe. Table 6 showed that the specific surface area of LiNa0.06Mn1.94Fe0.06O4 was largest 

among the three samples, thus meaning that the particle size of the LiNa0.06Mn1.94Fe0.06O4 sample was 

relatively small. 

 

 

4. CONCLUSIONS 

LiMn2O4, LiFe0.06Mn1.94O4 and LiNa0.06Mn1.94Fe0.06O4 were prepared by spiny spherical MnO2 

precursor synthesized by hydrothermal method. The research revealed that the composite doping of 

Na
+
 and Fe

3+
 could effectively reduce the charge transfer resistance and improve the Li

+
 diffusion 

coefficient, thus it could evidently enhance the rate performance and cycling stability of the materials. 

Therefore, the composite doping with Na
+
 and Fe

3+
 was an effective way to improve the 

electrochemical performance of LiMn2O4 cathode materials.  It is will be an attractive application for 

practical high-power Li-ion battery 
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