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Abstract: Sodium manganese oxides, NaxMnO2+δ (x = 0.4, 0.5, 0.6, 0.7, 1.0; δ = 0−0.3), were synthesized by solid-state reaction 
routine combined with sol-gel process. The structure, morphology and electrochemical performances of as-prepared samples were 
characterized by XRD, SEM, CV, EIS and galvanostatic charge/discharge experiments. It is found that Na0.6MnO2+δ and Na0.7MnO2+δ 
have high discharge capacity and good cycle performance. At a current density of 25 mA/g at the cutoff voltage of 2.0−4.3 V, 
Na0.6MnO2+δ gives the second discharge capacity of 188 mA·h/g and remains 77.9% of second discharge capacity after 40 cycles. 
Na0.7MnO2+δ exhibits the second discharge capacity of 176 mA·h/g and shows better cyclic stability; the capacity retention after 40 
cycles is close to 85.5%. Even when the current density increases to 250 mA/g, the discharge capacity of Na0.7MnO2+δ still 
approaches to 107 mA·h/g after 40 cycles. 
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1 Introduction 
 

Manganese oxides have generated a great deal of 
interest as a kind of cathode material for rechargeable 
lithium batteries due to their high specific energy, low 
cost, low toxicity and safe performance[1]. Many works 
have been studied on the synthesis and characterization 
of kinds of electrochemically active manganese oxides 
based on the Li-Mn-O system. However, some problems 
still exist in the utilization of lithium manganese oxides 
as cathode in the practical Li-ion batteries[2]. 

In recent years, other kinds of electrochemically 
active manganese oxides based on Na-Mn-O system[3−4] 
have been concerned.  Na0.45MnO2.14·0.76H2O with 
interlayer water prepared by a sol-gel process involving 
the reduction of sodium permanganate by reductive 
organic agents such as the fumaric acid was reported by 
GOFF et al[5]. Its stable capacity was about 130 mA·h/g 
on extended cycling at C/6 rate in the potential range of 
2.0−4.2 V. However, the rate capability was found to be 

rather low due to the presence of interlayer water. 
HIBINO et al[6] prepared composite material of 
hydrated manganese oxide with acetylene black and 
evaluated the material availability as a lithium battery 
cathode. The results show a discharge capacity of 340 
mA·h/g at a rate of 10 mA/g and 233 mA·h/g even at a 
large discharge current of 10 000 mA/g. This rapid 
discharge was possibly caused by the structure of the 
composite in which the constituents were small enough 
and highly dispersed and had favorable contact 
conditions. But, it also shows a poor cyclic stability 
where only half of the first discharge capacity is 
remained after the 5th cycle, and this is also probable due 
to the presence of interlayer water. Recently, the 
anhydrous sodium manganese oxide α-Na0.66MnO2.13 
synthesized via a sol-gel process in organic medium 
using NaMnO4 as manganese source and CH3OH as 
reducing agent was reported by BACH et al[7], and they 
stabilized its layer structure by using acetylene black 
during the synthetic reaction. The cyclic stability of the 
material was successfully improved, and a stable specific  
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capacity of 180 mA·h/g was observed at C/20 in the 
cycling limits 2.0−4.3 V with an average working 
voltage of 3 V without the emergence of spinel phase 
after 50 cycles. This shows that anhydrous sodium 
manganese oxide is a stable cathode material for the 
application of secondary lithium batteries. 

The studies mentioned above all used reducing 
methods to synthesize the sodium manganese oxides. 
Previous works[8−9] in our group showed that 
anhydrous Na0.7MnO2+δ could be prepared by oxidation 
methods (solid-state reaction routine combining with 
sol-gel process) using Mn(CH3CO2)2⋅4H2O as the 
manganese source. The effects of calcination temperature 
on the structure and electrochemical performance of the 
materials were discussed, and it was found that 600 °C is 
an optimal calcination temperature to prepare an 
anhydrous hexagonal layer P2 structure compound. In 
this work, cathode materials NaxMnO2+δ (x = 0.4, 0.5, 0.6, 
0.7 and 1.0) were prepared using our previous 
technology and the effects of sodium content on the 
structure and electrochemical properties of NaxMnO2+δ 

were studied in detail. 
 
2 Experimental 
 

NaxMnO2+δ were prepared by mixing Na2CO3 (AR, 
99%) and Mn(CH3CO2)2⋅4H2O (AR, 99%) in distilled 
water at the ratio of nNa/nMn = 0.4, 0.5, 0.6, 0.7 and 1.0, 
respectively. After rotary evaporation, the mixtures were 
heated in air at 250 °C for 12 h to decompose the 
acetates. The resulting powder was then fired at the 
temperature of 600 °C in air for 1 h followed by cooling. 
The samples with different stoichiometric ratios of Na to 
Mn were obtained. The samples NaxMnO2+δ with x of 0.4, 
0.5, 0.6, 0.7 and 1.0 were referred as 0.4-SMO (sodium 
manganese oxide), 0.5-SMO, 0.6-SMO, 0.7-SMO, 
1.0-SMO, respectively. 

The phase identification of the samples was 
performed with a diffractometer (D/Max-3C, Rigaku, 
Japan) using Cu Kα radiation (λ=1.54178 Å) and a 
graphite monochromator at 36 kV and 20 mA. The 
scanning rate was 8 (°)/min and the scanning range of 
diffraction angle (2θ) was 10° ≤ 2θ ≤ 80°. The surface 
morphology of the samples was observed using the 
JSM-5600LV SEM (JEOL, Japan). 

The electrochemical tests of NaxMnO2+δ samples 
were carried out using coin cells assembled in an 
argon-filled glove box. In all cells, the cathode consisted 
of a mixture of active material (70%), acetylene black 
(20%), graphite (5%) and polyvinylidene fluoride (PVDF) 
as binder agent (5%), lithium served as counter and 
reference electrodes. A Celgard 2400 was used as a 

separator, and the electrolyte was a 1 mol/L LiPF6 
solution in ethylene carbonate (EC)-dimethyl carbonate 
(DMC) (1:1, volume ratio). Galvanostatic discharge− 
charge measurements were carried out in Neware battery 
test system BTS-XWJ-6.44S-00052 (Newell, Shenzhen, 
China) at a current density of 25, 50, 125, 250 mA/g 

between 2.0 and 4.3 V vs Li/Li+ at room temperature. 
Cyclic voltammogram (CV) was measured at a scan rate 
of 50 μV/s between 2.0 and 4.3 V using a CHI600A 
electrochemical analyzer. Electrochemical impedance 
spectroscopy experiments were conducted in the 
frequency range of 0.01–100 kHz with a CHI 600 A 
electrochemical analyzer. 
 
3 Results and discussion 
 

In the Na-Mn-O system, depending on the sodium 
contents and reaction temperature, either tunnel 
compounds (nNa/nMn<0.45)[10−12] or layered 
compounds (0.45≤ nNa/nMn ≤ 0.7)[5, 7−9] can be obtained 
during synthesis. The XRD patterns of samples with 
different Na contents are shown in Fig.1. It can be seen 
from Fig.1 that the content of Na can obviously affect the 
original structure of sodium manganese oxide. When x is 
0.4, a phase of the monoclinic romanechite 
Na0.4MnO2[12] with tunnel structure is observed. For 
x=0.5, the sodium manganese oxides with tunnel 
structure could be mainly obtained and simultaneously 
accompanied by the formation of layer structure 
compound. The amount of such layer compound 
increases by increasing the Na content. For x≥0.6, it 
tends to form conventional hexagonal layered P2 
structure with space group P63/mmc[7, 10], in which 
there are two MO2 per unit cell and trigonal prismatic 
sites for Na. For x=1.0, the hexagonal layered structure 
phase and the impurity phase of Na0.91MnO2[13] are 
simultaneously observed in the final product. 
 

 
Fig.1 XRD patterns of NaxMnO2+δ samples  
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The SEM photographs for the samples with 
different Na contents are presented in Fig.2. As can be 
seen from Fig.2, all these samples are highly porous and 
consist of an agglomeration of particles with small 
average grain size. However, 0.6-SMO and 0.7-SMO 
samples display more homogeneous particle size than 
0.4-SMO, 0.5-SMO and 1.0-SMO, implying that 
0.6-SMO and 0.7-SMO samples could have better 
electrochemical performance. The inhomogeneous 
morphologies of 0.5-SMO and 1.0-SMO samples might 
be related to the presence of impurity proved by the 
XRD patterns in Fig.1. 

In order to compare the electrochemical 
performance of the NaxMnO2+δ with different sodium 
contents, the samples were assembled to coin cells. All 
Li/NaxMnO2+δ cells were first discharged and 
subsequently charged. The initial discharge−charge and 
the second discharge profiles are shown in Fig. 3. In all 
samples, a voltage plateau at about 3.0 V during the first 
discharge is clearly observed. In this process, lithium  

ions insert into MnO6 layers and replace parts of sodium 
ions to become the supporting skeleton of the layer 
structure[5]. The first charge curves are characterized by 
two distinct regions, a plateau at about 3.1 V 
corresponding to the deinsertion of lithium ion and 
another slight plateau ascribing to initial extraction of 
sodium ion. 

Discharge−charge capacity of NaxMnO2+δ with 
different sodium contents is listed in Table 1. The results 
reveal that the capacities of the first discharge, first 
charge and second discharge increase apparently from 
0.4-SMO to 0.6-SMO, but decrease from 0.6-SMO to 
1.0-SMO. Compared with other samples, the sample 
0.6-SMO has the highest charge and discharge capacity: 
162 mA·h/g can be intercalated into the cathode in the 
first discharge process; approximately 207 mA·h/g of Li 
and Na can be removed during the first charge; 188 
mA·h/g of Li corresponding to 0.7 mol Li+ per unit can 
insert into MnO6 layers in the second discharge process. 

 

 
 

Fig.2 SEM images of NaxMnO2+δ samples: 

(a) 0.4-SMO; (b) 0.5-SMO; (c) 0.6-SMO; (d) 

0.7-SMO; (e) 1.0-SMO 
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Table 1 Charge−discharge capacity and capacity retention ratio of samples 

Sample First discharge  
capacity/(mA·h·g−1) 

First charge capacity/
(mA·h·g−1) 

Second discharge 
capacity/(mA·h·g−1)

30th discharge 
capacity/(mA·h·g−1) 

Capacity retention 
 ratio at 30th cycle/%

0.4-SMO 117 172 153 102 66.9 

0.5-SMO 146 182 169 137 81.3 

0.6-SMO 162 207 188 156 83.0 

0.7-SMO 139 187 176 153 86.9 

1.0-SMO 112 156 135 119 87.7 

 

 

 

 

 

Fig.3 First discharge−charge and second 

discharge profiles of samples: (a) 0.4-SMO; 

(b) 0.5-SMO; (c) 0.6-SMO; (d) 0.7-SMO; (e) 

1.0-SMO (Cycling limits: potential range 

2.0−4.3 V, current density 25 mA/g) 
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Fig.4 shows the cycle performance of samples with 
different sodium contents, and the charge−discharge 
capacity and capacity retention ratio of the samples are 
also listed in Table 1. From the results, it can be 
concluded that the cyclic stability of NaxMnO2+δ with 
different x values increases with the increase of sodium 
content. The samples with x = 0.5, 0.6, 0.7 and 1.0 have 
good cycle performances, and their capacity retention 
rates are 81.3 %, 83.0 %, 86.9 %, and 87.7 % after 30 
cycles, respectively. The sample with x=0.4 has the worst 
cyclic stability and only 66.9 % of the first discharge 
capacity is remained after 30 cycles. This is due to 
monoclinic romanechite Na0.4MnO2 phase that has bad 
electrochemical performance, which is consistent with 
results reported by HU and DOEFF[12]. 

Based on the above-mentioned analysis, it can be 
found that both 0.6-SMO and 0.7-SMO have stable layer 
structure and better electrochemical performance. The 
sample 0.6-SMO delivers the highest second discharge 
capacity of 188 mA·h/g and retains 77.9 % of its second 
capacity at the 40th cycle (in Fig.4). As the Na content  
is increased to 0.7, Li/0.7-SMO cells exhibit the second 
discharge capacity of 176 mA·h/g and better cyclic 
stability than 0.6-SMO, and the capacity retention after 
40 cycles is close to 85.5 %. 
 

 
Fig.4 Discharge specific capacity vs cycle number curves for 
samples (Cycling limits: potential range 2.0−4.3 V, current 
density 25 mA/g) 
 

Cyclic voltammograms were recorded for the 
electrodes in the voltage range of 2.0−4.3 V at a scan rate 
of 50 μV/s after 40 cycles. Voltammograms for the 
SMO-0.6 and SMO-0.7 samples are shown in Fig.5. For 
the sample SMO-0.6, two couples of peaks in cathodic 
sweep and anodic sweep can be seen. It has an anodic 
peak at 3.41 V with a corresponding cathodic peak at 
2.73 V; these peaks are assigned to a Mn3+/Mn4+ redox 
couple[14−15]. Another slightly hump anodic peak at 4.3 
V with a corresponding cathodic peak at 3.93 V suggests 
that the structure transition from layered to spinel-like 

occurs during the charge−discharge process. This 
behavior is well consistent with the results that reported 
by BACH et al[7]. For the sample SMO-0.7, there also 
are two couples of peaks in cathodic sweep and anodic 
sweep, but the peak potential differences between the 
cathodic peak and anodic peak are smaller than those in 
the SMO-0.6 electrode, indicating that the reversibility of 
the Li/ 0.7-SMO cell is better than that of Li/ 0.6-SMO 
cell after 40 cycles. The anodic peak potential and 
cathodic peak potentials shown in the voltammogram for 
the samples are basically the same as the 
charge−discharge cycle curves of the corresponding 
experiments (see Fig.6). 
 

 
Fig.5 Cyclic voltammograms for samples 0.6-SMO (a) and  
0.7-SMO (b) at scan rate of 50 μV/s between 2.0 and 4.3 V 
 

 
Fig.6 40th cycle discharge−charge profiles of samples 
0.6-SMO (a) and 0.7-SMO (b) (Cycling limits: potential range 
2.0−4.3 V, and current density 25 mA/g) 

 
In order to further compare these two samples, 

electrochemical impedance measurements of 
Na0.6MnO2+δ and Na0.7MnO2+δ were performed in the 
frequency range of 0.01−100 kHz after 40 cycles, and the 
complex plane impedance plots are shown in Fig.7. The 
impedance spectrum consists of a depressed arc with a 
small diameter in the high frequency range and a line 
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inclined at approximately 60° to the real axis in the low 
frequency range. The high frequency arc is probably due 
to the charge transfer reaction and the inclined line in the 
low frequency range is attributed to Warburg 
impedance[16]. The latter region corresponds to a 
frequency range where the kinetics of the system is 
almost entirely limited by the rate of chemical diffusion 
process for Li+ in the host material. 
 

 
Fig.7 Nyquist plots of samples 0.6-SMO (a) and 0.7-SMO (b) 

 
The equivalent circuit in Fig.8 was used to represent 

the processes during charge and discharge to assist in 
analysing the impedance data. Rs, Rct, C and Wo are the 
ohmic resistance, charge transfer resistance, double layer 
capacitance and Warburg impedance, respectively. 
Analysis of the experimental data was performed by 
fitting equivalent circuits. It can be observed from Fig.7 
that the experimental Nyquist diagram is in good 
agreement with the fitted diagram. Based on the 
preceding models, every value can be calculated by 

non-linear least squares, and the results are listed in 
Table 2. It can be seen from Table 2 that the constant 
phase angle element (CPE) is defined by two values, 
CPET and CPEP. The CPEP values of the samples 
0.6-SMO and 0.7-SMO are 0.692 46, 0.723 64, 
respectively. Both of them approach 3 , which means 
that a 60° line is produced on the complex-plane graph. 
It can be also found that the values of Rct decrease from 
87.36 Ω in sample 0.6-SMO to 33.01 Ω in sample 
0.7-SMO. This behavior is well consistent with the 
worse cycle life of the compound 0.6-SMO due to the 
larger polarization observed in charge−discharge 
curves[17]. 
 

 

Fig.8 Equivalent circuits for impedance spectra 
 
In order to elucidate the dependence of rate 

capability of the sample 0.7-SMO, we applied 25, 50, 
125 and 250 mA/g for charge and discharge currents 
across the sodium manganese oxides electrode in the 
voltage range from 2.0 to 4.3 V. The discharge capacity 
obtained as a function of the cycle number for different 
discharge−charge rates (25, 50, 125, 250 mA/g) is shown 
in Fig.9. During the first ten cycles, the specific 
discharge capacity fast decreases to 160 mA·h/g (92.5% 
of the first discharge) at 25 mA/g, then it becomes stable,  
at last the specific discharge capacity stabilizes at 150 
mA·h/g after 30 cycles. The same phenomenon takes 
place for the cycle life curves at 50 and 125 mA/g. When 
 

 
Fig.9 Cycle performances of sample 0.7-SMO under different 
charge−discharge rates 

 
Table 2 Values of equivalent circuit parameters for 0.6-SMO and 0.7-SMO 

Sample Rs/Ω CPET/10−5 CPEP Rct/Ω Wo, R Wo, T Wo, P 

0.6-SMO 5.427 3.709 3 0.692 46 87.36 2861 50.37 0.711 04 

0.7-SMO 4.336 1.825 8 0.723 64 33.01 1721 80.46 0.679 32 
CPET and CPEP are two parameters of CPE; Wo, R, Wo, T and Wo, P are three parameters of Wo  
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discharge rate increases to 250 mA/g, the discharge 
capacity stabilizes at 105 mA·h/g. Overall, the sample 
0.7-SMO exhibits good rate capability with discharge 
capacities of 151 mA·h/g (25 mA/g), 140 mA·h/g (50 
mA/g), 120 mA·h/g (125 mA/g) and 112 mA·h/g (250 
mA/g) after 40 cycles. 
 
4 Conclusions 
 

1) NaxMnO2+δ (x = 0.4, 0.5, 0.6, 0.7, 1.0; δ = 0−0.3) 
cathode materials with different Na contents were 
prepared by adjusting the initial stoichiometric ratio of 
Na to Mn. All these samples are highly porous and 
consist of an agglomeration of particles with small 
average grain size. The content of Na can obviously 
affect the original structure of sodium manganese oxide. 

2) The cyclic stability of NaxMnO2+δ with different 
x values increases with the increase of sodium content. 
The capacities of the first discharge, first charge and 
second discharge of the samples increase apparently 
from 0.4-SMO to 0.6-SMO, but decrease from 0.6-SMO 
to 1.0-SMO. The samples 0.6-SMO and 0.7-SMO have 
the best electrochemical performance. During 
discharge−charge cycling, the sample 0.6-SMO gives the 
highest second discharge capacity of 188 mA·h/g and 
remains 77.9 % of its second discharge capacity at 25 
mA/g after 40 cycles. As x = 0.7, Li/0.7-SMO cells 
exhibit the second discharge capacity of 176 mA·h/g at 
25 mA/g and show better cyclic stability. The capacity 
retention after 40 cycles is close to 85.5%. Even when 
discharge current density increases to 250 mA/g, the 
discharge capacity stabilizes at 105 mA·h/g, indicating 
that the sample has a stability phase structure and 
excellent electrochemical performance during cycling 
process. 

3) 0.6-SMO and 0.7-SMO are promising cathode 
materials for the application in rechargeable lithium 
cells. 
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