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Abstract 

Cathodic materials for sodium-ion rechargeable batteries based on NaxMnO2 were 

synthesized by glycine nitrate method and subsequent annealing at high temperatures. Different 

crystal structures with different morphologies were obtained depending on the annealing 

temperature: hexagonal layer -Na0.7MnO2.05 nanoplates were obtained at 850 oC, while 3-D 

tunnel structured Na0.4MnO2 and Na0.44MnO2, both with rod-like morphology, were obtained at 

800 ºC and 900 ºC, respectively. The investigations of the electrochemical behavior of obtained 

cathodic materials in aqueous NaNO3 solution have shown that Na0.44MnO2 obtained at 900 ºC 

has shown the best battery performance. Its initial discharge capacities are 123.5 mAh/g, 113.2 

mAh/g, and 102.0 mAh/g at the high current densities of 1000, 2000 and 5000 mA/g, 

respectively. 

Keywords: aqueous sodium-ion batteries; cathode material; sodium manganese oxide; 

nanoplates; nanorods. 
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1. Introduction 

 

Increasing energy consumption, as well as an increasing concern for the environment, 

requires the development of renewable energy sources. Among electrochemical energy storage 

systems, rechargeable batteries, particularly lithium-ion batteries are the most commonly used as 

the energy source in portable devices and electric vehicles [1,2]. Since lithium is relatively rare 

on earth but rapidly consumed, it is necessary to find an adequate replacement. Owing to the 

similar chemical properties of sodium and lithium, but much higher availability, sodium-ion 

batteries are one of the best candidates to replace lithium-ion batteries [3]. Both types of batteries 

contain a unique pair of cathode composed of Li or Na ion intercalation material, and an anode 

composed of carbon material, the performance of which is studied in a half cell [4-6]. In sodium-

ion batteries, transition metal (M=Mn, Co, Fe, Ni) oxides or polyanionic compounds containing 

metal (Fe, Co, Mn, V) and phosphates or sulfates are used as a cathode [4,6], while hard carbon 

is the most commonly used anode material [5]. Among transition metal oxides, the best 

candidates as cathodic materials are those with either tunnel or layered structure, which enable a 

reversible Na+-ion intercalation/deintercalation without a significant structural change [4,6]. 

Moreover, it is also necessary to replace traditionally used highly toxic and flammable organic 

solvents with aqueous electrolytes, which gives rise to a rapid progress of aqueous Li-ion 

batteries, and most recently of aqueous Na-ion batteries [7-10]. 

As a potential cathode material in Na-ion rechargeable batteries, different sodium 

manganese oxides (Na-Mn-O) have recently attracted a lot of attention [11-13]. Depending on 

sodium to manganese ratio and temperature, a variety of Na-Mn-O compounds can be 

synthesized, which was reported for the first time in ref. [14]. Namely, several new ternary 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

3 
 

oxides of NaxMnO2 

1: Na0.20MnO2, Na0.40MnO2, Na0.44MnO2, Na0.70MnO2 + y 2, the latter 

 In the same paper [14], the phase diagram was given 

resulting from the stability of these compounds concerning the Na/Mn ratio and temperature. 

NaxMnO2 compounds with different crystal structure and morphology can be prepared by 

various methods. For example, hexagonal-layered Na0.7MnO2.05 can be prepared by solvothermal 

synthesis [15]. Tunnel structured Na0.44MnO2with rod-like morphology can be prepared by solid-

state synthesis at high temperatures [16], while one-dimensional single-crystalline Na0.44MnO2 

nanowires were produced by low-temperature hydrothermal synthesis [17]. Well-defined single-

crystalline Na0.44MnO2 nanowires and nanorods were obtained by polymer pyrolysis method and 

subsequent annealing at higher temperatures [18], whileNa0.44MnO2 nanoribbons can be prepared 

by NaCl-flux reaction at 850 oC [19]. Tunnel structured Na0.4MnO2 with well-defined rod-like 

morphology can be prepared by a conventional solid-state synthesis [14], glycine-nitrate method 

[20], or through alkaline hydrolysis [21], in all cases followed by annealing at temperatures 

below 750 oC.  

The main electrochemical properties of Na-Mn-O cathode materials involve their cycling 

performance and reversible capacity. The performance of these compounds as the cathode 

material in Na-ion batteries in both non-aqueous and aqueous electrolytes mainly depends on 

their crystal structure and morphology. The following research reports relate to the behavior of 

Na-Mn-O cathode materials in non-aqueous electrolytes (1 M NaClO4 dissolved in a mixture of 

organic solvents). For instance, layered Na0.7MnO2 nanoplates exhibit a high reversible capacity 

of 163 mAh/g, and a satisfactory cyclability [22]. Single crystalline tunnel structured Na0.44MnO2 

nanowires and nanorods obtained after annealing at 750 oC have shown exceptional cyclic 
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performance (77% capacity retention for 1000 cycles for charge/discharge current density of 60 

mA/g), and high reversible capacity of 128 mAh/g for 12 mA/g [18]. Na0.44MnO2 nanoribbons 

have shown a high capacity of 106 mAh/g, with stable cycling performance [19]. Tunnel 

structured Na0.4MnO2 nanorods show good cycle performance, and an initial discharge capacity 

of 83.7 mAh/g at 12mA/g, and maintains 84.7% after 50 cycles [23]. On the other hand, 

Na0.44MnO2 nanorods synthesized using modified Pechini method shows better rate capability in 

aqueous (0.5 M Na2SO4) than in non-aqueous electrolyte [24]. Research on the behavior of Na-

Mn-O cathode materials in aqueous electrolytes has gained momentum only recently, and a brief 

overview of the latest research will be given. Tunnel structured Na0.4MnO2rods have shown the 

initial discharge capacity of 38 mAh/g, with good cycling performance in aqueous 1 M NaClO4 

solutions [25]. Hexagonal layered Na0.7MnO2 nanoplates have shown an initial specific discharge 

capacity of 125 mAh/g in 1 M Na2SO4 solution during charge/discharge cycling [15]. Finally, the 

most intensively studied Na0.44MnO2 nanorods have shown the capacity of 80 mAh/g in 3 M 

ZnSO4 solution [26]. In an aqueous NaNO3 solution (pH = 13.5), the initial capacity was 40 

mAh/g [27]. Besides, as the cathode in alkaline Zn-Na0.44MnO2 dual-ion battery, it has shown 

excellent electrochemical performance with high reversible capacity of 80.2 mAh/g and 

outstanding cycling stability in 6 M NaOH aqueous electrolyte [28]. 

In this work, different NaxMnO2 powders will be synthesized by glycine-nitrate method 

(GNM). Such precursor powders will be annealed at three different temperatures: 800 °C, 850 

°C, and 900 °C. NaxMnO2 compounds with different crystal structures will be obtained, 

depending on the annealing temperature. X-ray diffraction technique (XRD) will be used for the 

determination of crystal structure of synthesized powders while scanning electron microscopy 

with energy-dispersive X-ray spectroscopy (SEM/EDS) will be employed for powders 
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morphology and elemental analyses. Additionally, chemical analysis including the oxidation 

state of the obtained compounds constituents will be determined by X-ray photoemission 

spectroscopy. Electrochemical properties will be tested by cyclic voltammetry and 

chronopotentiometry in an aqueous NaNO3 solution. Materials obtained by annealing at different 

temperatures will be compared with each other with a special emphasis on the effect of the 

structure and morphology on their electrochemical performance (cycling reversibility, efficiency, 

charge/discharge speed, and specific capacity) for potential use in sodium-ion aqueous batteries. 

 

2. Experimental 

 

2.1. Synthesis of NaxMnO2 powders 

 

The synthesis of NaxMnO2 powders was performed by the glycine-nitrate method. 

Aqueous solutions of 2.45 ml 1 M NaNO3 (Merck) and 5.10 ml 0.96 M Mn(NO3)2 (Merck) were 

mixed, and then the solid glycine (Merck) was added to the mixture in the molar ratio of 1.2: 1 to 

nitrate (1.104 g of glycine). The resulting solution was then heated in an oven at 200 °C until the 

spontaneous combustion. The obtained ash was annealed for four hours at different temperatures: 

800 oC, 850 oC, or 900 oC. Thus prepared NaxMnO2 powders were further used either for ex-situ 

characterization or the preparation of a working electrode for electrochemical measurements. 

 

2.2. Structural, morphological and chemical characterization of NaxMnO2 powders 

2.2.1. XRD characterization 
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Crystal structure and qualitative phase identification of as prepared NaxMnO2 powders 

were analyzed by X-ray diffraction technique using Philips PW-1050 diffractometer with CuKa 

emission width = 0.15418 nm. For all powder samples, data were collected in the 2  range of 

10° 70° with the step of 0.05° and the dwell time of 5s. The analysis of obtained powder patterns 

was performed by comparison to known powder patterns. 

 

2.2.2. SEM/EDS characterization 

Particle morphology and the particle size distribution of as prepared NaxMnO2 powders 

were analyzed using Field emission scanning electron microscopy (FESEM) technique, while 

chemical composition including surface chemical mapping was analyzed by Energy dispersive 

spectrometry (EDS) technique, both using FEI SCIOS 2 Dual Beam microscope. The powder 

was pressed into a copper double-sided adhesive tape to provide mechanical support and 

electrical contact and then recorded under high vacuum with an accelerating voltage of 10 kV. 

 

2.2.3. XPS measurements 

As received NaxMnO2 powders were analyzed without any treatment. The powder was 

pressed onto a copper double-sided adhesive tape to provide mechanical support and electrical 

contact. Binding energies were corrected using for calibration the position of C1s peak located at 

284.8 eV (for adventitious carbon originating from impurities due to exposure to air). 

XPS measurements were carried out using the SPECS system with a monochromatic 

source of X-radiation photon energy of 1486.3 eV). Survey spectra were 

recorded in FAT40 mode with step energy of 0.5 eV, and the acquisition time of 0.2 

s/channel. High-resolution spectra of the main photoelectron lines for Na, Mn, and O are 
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recorded in the FAT20 mode with the step energy of 0.1 eV, and the acquisition time of 2 

s/channel. The pressure in the analysis chamber was kept at 10-8 mbar during the measurements. 

 

2.3. Electrochemical measurements 

2.3.1. Working electrode preparation  

The suspension for the working electrode was prepared by mixing 85% of the powder 

sample, 10% of the carbon black (VulcanXC72, Cabot Corp.), and 5% polyvinylidene fluoride 

(PVDF) in a 2% solution of N-methyl-2-pyrrolidone (Merck). After homogenization in an 

ultrasonic bath, the suspension was smeared as a thin layer over a glassy carbon electrode 

(geometric area= 1.2 cm2) and dried under vacuum for 4 h at the temperature of 140 oC.  The 

resulting amount of the material synthesized at 800, 850 or 900 oC obtained by subtracting the 

weight of the bare glassy carbon substrate, were 1.11, 1.23 and 1.36 mg, respectively. 

 

2.3.2. Cyclic voltammetry measurements 

Electrochemical characterization was performed using Gamry PCI4/750 in a three-

electrode cell consisting of a working electrode, platinum foil as a counter electrode and a 

saturated calomel electrode (SCE) as a reference electrode. Cyclic voltammograms were 

recorded in an aqueous 6 M NaNO3 electrolyte in the potential range from -1.30 V to 1.35 V, and 

using different sweep rates in the range from 20 mV/s to 400 mV/s. 

 

2.3.3. Chronopotentiometry measurements 

Chronopotentiometry technique was used for the evaluation of charge/discharge behavior 

of obtained NaxMnO2 electrodes. Measurements were performed using Gamry PCI4/750 
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potentiostat in saturated aqueous NaNO3solution. Five cycles were recorded for each electrode in 

the potential range from -1.00 V to 1.25 V, and applying the current densities of 1000, 2000 and 

5000 mA/g.  

 

3. Results and discussion  

 

3.1. Crystal structure and morphology of NaxMnO2 powders 

XRD diffractograms of NaxMnO2 powder samples synthesized at 800 0C, 850 0C, and 

900 0C are shown in Fig. 1, where each crystallographic plane is labeled by Miller indexes (hkl). 

Sharp peaks in all XRD patterns indicate that the obtained powders consist of highly crystalline 

phases, the structure of which differ and depend on the annealing temperature. SEM 

microphotographs showing the morphology of each obtained NaxMnO2 powder samples are also 

shown in Fig.1.  

According to the positions of the reflections in the diffractogram, and when compared to 

the known reference diffractograms, the powder sample synthesized at 800 0C, Fig. 1a, is 

identified as orthorhombic Na0.4MnO2 [JCPDS 27 0749] with a tunnel structure of a 

romanechite type [14,21]. It was reported earlier that such a structure consists of (3 x 2) tunnels 

with MnO6 octahedral units shared by corners and/or edges [14,20,21,23]. Apart from the 

reflections corresponding to the Na0.4MnO2 compound (marked in red), the ones indicating the 

presence of impurities as a side product during synthesis are also identified. Among impurities, 

peaks corresponding to Mn2O3 [JCPD 31-0825] [29,30] are observed (marked in blue) as 

expected from a phase diagram [14], as well as peaks at 37° and 65.6° (marked in black) which 

are assigned to (121) and (002) crystallographic planes corresponding to -MnO2 phase (JCPDS-
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72-1982) [31]. SEM micrograph showing the morphology of Na0.4MnO2 powder synthesized at 

800 0C is given in Fig. 1b. Uniformly shaped rod-like structures with the size on a nanometer 

scale are observed. Such nanorods are 200 to 700 nm long and 60 to 110 nm wide. 

The diffraction pattern for powder obtained at 850 0C, Fig. 1c, corresponds to the 

reference diffractogram [JCPDS 27-0751] of pure highly crystalline hexagonal-layered -

Na0.7MnO2.05 [15,32]. This layered structure is composed of edge-sharing MnO6 octahedra 

forming (MnO2)n sheets and sodium ions situated between these sheets [15]. Additional 

reflections, that can also be observed, are ascribed to MnO2 phase which is indexed to the 

tetragonal system [JCPDS 72-1982]. SEM microphotographs of Na0.7MnO2.05 powder 

synthesizedat 850 oC are given in Fig. 1d. It can be seen that the resulting crystalline particles 

have mostly regular hexagonal-platelet morphology with the size on a nanometer scale. Such 

hexagonal nanoplates are rather uniform in size with a radius ranging from 500 nm up to 1.5 µm 

and a thickness ranging from200 nm up to 500 nm. 

Powder obtained at 900 0C, Fig. 1e, is identified as pure highly crystalline orthorhombic 

Na0.44MnO2 [JCPDS 27-0750], which is in agreement with diffractograms of the same compound 

reported earlier [16,24,33]. Crystal structure of Na0.44MnO2 is already well described [16,19,24, 

27,33], and briefly, it consists of double and triple chains of a rutile type with octahedral MnO6 

molecules on edges and single chains, MnO5 polyhedrons on edges, and Na situated in tunnels. 

Its unique tunnel structure is suitable for Na+ ions intercalation/deintercalation[16,18,24]. SEM 

micrographs of Na0.44MnO2 powder obtained at 900 0C is given in Fig. 1f. It can be seen that they 

are rod-like shaped, with rods approximately a few µm long and few hundred nm wide. 

 

3.2. Chemical analysis of NaxMnO2 powders 
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3.2.1. EDS spectra and the elemental mapping 

Chemical analysis of the samples obtained by the mapping technique is shown in Fig. 2. 

The spatial distribution of the various elements present in the NaxMnO2 powders was determined 

by the elemental mapping. Different colors were used to visually distinguish the presence of 

sodium (purple), manganese (red) and oxygen (green). Mapping shows that Na, Mn and O are 

located exactly on those parts of the surface which correspond to the structure seen in the SEM 

micrographs, which confirms that they consist of these elements. Unlike sodium and oxygen, 

manganese partly arises out of the surface of the structures visible in SEM micrographs, which 

originates from Mn at a greater depth due to the higher ability of Mn to reflect electrons as 

compared to Na and O. 

 

3.2.2. XPS measurements 

The survey spectrum of NaxMnO2 powders synthesized at different temperatures is given 

in Fig. 3. The spectrum clearly shows the basic photoelectron and Auger lines of sodium (Na 1s, 

Na CLL), manganese (Mn2p, Mn LMM), and oxygen (O1s, O-CLL). Besides, the C1s line of 

carbon, as typical contamination present in each sample is also recorded. It should be noted that 

the Na Auger lines are located close to the main oxygen line. 

High-resolution spectra of Mn2p, Na1s and O1s lines as constitutive elements of each 

synthesized NaxMnO2 powder are given in Fig. 4. To precisely identify the oxidation states of 

these elements, the spectra are deconvoluted and analyzed. Due to the effect of the spin-orbit 

coupling Mn2p lines doubled and consists of two components: Mn2p3/2 and Mn2p1/2. The line 

Mn2p3/2 is fitted using GL(30) pseudo-Voigt profile (30% Lorenzian, 70% Gaussian) with a 

Shirley background. 
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For Na0.4MnO2 synthesized at 800 oC, Fig. 4a, Mn2p3/2 photoelectron line is fitted to three 

contributions: 641.2 eV, 642.4, and 643.8 eV. In the insets of Fig. 4a, Na1s, and O1s 

photoelectron lines are presented. Na1s line is fitted to two contributions: 1070.9 eV (marked by 

1) and 1072.4 eV (marked by 2), while O1s line is fitted to four contributions: 529.7 eV (marked 

by 1), 531.3 eV (marked by 2), 532.5 eV (marked by 3) and 533.5 eV (marked by 4). The first 

Na1s line at lower binding energies corresponds to metal Na, while the second one at higher 

binding energies corresponds to NaOH following the third O1s peak at 532.5 eV originating 

from H-O-Na bonding [34,35]. According to literature data [36,37], the first Mn2p3/2 peak at 

641.2 eV corresponds to either MnOOH (manganite, 641.2 eV in ref. [36], and 641.4 in ref.[37] ) 

or to Mn2O3 (640.8 eV in ref. [36], and 641.2 eV in ref. [38]). Since no MnOOH, but rather 

Mn2O3 is positively identified by XRD (see Fig.1), this peak can be ascribed to manganese (III), 

which is also consistent with the fact that the decomposition of MnOOH into Mn2O3 occurs 

already at 250°C [38]. Besides, this peak is most likely superimposed to the Mn(III) component 

in pyrolusite (tunnel structured manganese mineral hollandite) [36], and both peaks correspond 

to the first O1s peak at 529.7 eV. The second and third peaks at 642.4 eV and 643.7 eV, 

respectively correspond to two components of manganese (IV) multiplet structure as shown in 

ref. [32]. The one at lower binding energy (also in agreement with 642.5 eV in refs. [36, 38], and 

642.2 eV in ref. [39] can be ascribed to MnO2 following also the first O1s peak [40]. The one at 

higher binding energies (peaks at 643.5 eV and 644.3 eV in ref. [36]) can be ascribed to Mn(IV) 

originating from pyrolusite following the secondO1s peak at 531.3 eV for oxygen originating 

from Na-Mn-O bonding [39]. It should be noted that the fourth O1s line can be ascribed to 

oxygen from adsorbed water [41], and appears in all investigated NaxMnO2 compounds. 
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For Na0.7MnO2.05 synthesized at 850 oC,Fig. 4b, Mn2p3/2 photoelectron line is fitted to 

two contributions: 642.6 eV, and 644.1 eV. In the insets of Fig. 4b, Na 1s photoelectron line is 

fitted to two contributions: 1071.9 eV and 1073.9 eV, while O1s line is fitted to four 

contributions: 530.1 eV (1), 531.7 eV (2), 532.8 eV (3) and 534.1 eV (4). Mn2p3/2 photoelectron 

lines can be ascribed to two Mn(IV) contributions in birnessite (layer structured manganese 

mineral) [36], and correspond with the first and second O1s lines, respectively. Like in the 

previous case, the first Na1s lines ascribed to metal Na and the second to NaOH following the 

third  O1s peak[34].  

For Na0.44MnO2 synthesized at 900 oC, Fig. 4c, Mn2p3/2 line is fitted to three 

contributions: 641.2 eV, 642.4, and 643.7 eV, which are equal or very close to the values 

obtained for Na0.4MnO2 synthesized at 800 oC, meaning that the peaks correspond to Mn(III) and 

two Mn(IV) contributions, respectively. In the insets of Fig. 4c, Na 1s photoelectron line is fitted 

to only one contribution at 1071.9 eV corresponding to metal Na meaning that no traces of 

NaOH are observed after the annealing at 900oC. O1s line is fitted to three contributions: 530.0 

eV (1), 531.5 eV (2), and 534.0 eV (4), which are in agreement with binding energies as in the 

case of Na0.4MnO2, and can be interpreted in the same way. 

 

3.3. Electrochemical behavior of NaxMnO2 in aqueous electrolyte  

3.3.1. Cyclic voltammetry of NaxMnO2 electrodes 

The electrochemical behavior of all prepared NaxMnO2 electrodes was investigated by 

cyclic voltammetry in a saturated aqueous NaNO3 solution.Cyclic voltammograms (CVs) were 

recorded during continuous cycling of the potential with a sweep rate of 20 mV/s. CVs for 

NaxMnO2 synthesized at 800 0C, 850 0C, and 900 0C are given in Fig. 5. 
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In all CVs, cathodic peaks corresponding to the process of Na+-ions intercalation, as well 

as anodic peaks corresponding to the process of Na+-ions deintercalation can be observed. The 

electrochemical reaction of Na+ intercalation/deintercalation on the cathode can be expressed as 

[4]: 

NaxMnO2  x-yMnO2  + yNa+ + ye-,  

where: x is the number of inserted Na+  ions. Cathodic peaks correspond to the formation of  Nax-

yMnO2, while anodic peaks correspond to the initial NaxMnO2.  

The number, shape, position, and intensity of various cathodic/anodic peaks indicate that 

there are various processes of Na+-ions intercalation/deintercalation, which take place in many 

electrochemical steps. The shape of CVs for all different NaxMnO2 electrodes synthesized at 

different temperatures is changing during cycling. 

For each NaxMnO2 electrode, independent of the synthesis temperature, cyclic 

voltammetry shows at least three pairs of reversible cathodic and anodic peaks (I, II and III). The 

most pronounced peaks (I and III) are most likely associated with the processes of reversible 

Na+-ions intercalation/deintercalation, while the peak II, as being not well defined can be 

associated with the Na+ vacancies rearrangement during intercalation/deintercalation processes 

[42]. Apart from that, the sharpness of peaks I and III also tells about the crystalline structure of 

obtained powders.  

For Na0.4MnO2 synthesized at 800 0C, Fig. 5a, the cathodic and anodic positions of peaks 

I and II change only slightly during cycling from (0.30 V/ 0.02 V for peak I and 0.96 V/ 1.14 V 

for peak III) in the first cycle to (0.34 V/0.01 V for peak I and 0.98 V/1.16 V for peak III) in the 

tenth cycle. This indicates good cycling reversibility of the processes corresponding to the Na+ 
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ions intercalation/deintercalation. Besides, the intensity of each peak increases with continuing 

cycling.  

The shape of CV for Na0.7MnO2.05 synthesized at 850 0C, Fig. 5b, is changing rapidly 

after the first cycle showing much higher current densities in the whole potential region. A 

significant change is observed in the peak I, where its cathodic part at -0.7 V, which is 

particularly pronounced in the first cycle, decreases and finally disappears up to the tenth cycle. 

At the same time, a new cathodic peak arises at approx. -0.4 V, and increases up to the tenth 

cycle. Besides, the first anodic peak at approx. 0.01 V increases significantly after the first cycle, 

but then decreases with further cycling. These changes which were described as the initial 

electrode activation similarly like in the case of Na0.6MnO2 [42], can be attributed to the phase 

transition from Na0.7MnO2.05 to Na0.9MnO2.05 [15]. After the tenth cycle, the shape of CVs 

stabilizes, and positions of cathodic and anodic parts of peaks I and III ( 0.37 V/-0.01 V, and (-

0.98 V/1.3 V), as well as their intensity change negligible. 

In CVs of Na0.44MnO2 synthesized at 900 0C, Fig. 5c, starting from the first up to the 

tenth cycle, the positions of cathodic and anodic parts of peaks I (-0.3 V/0.07 V) and III (0.97 

V/1.1 V), are only slightly changed during cycling. Since these peaks correspond to the Na+ ions 

intercalation/deintercalation processes there is a good cycling reversibility. On the other hand, 

the intensities of both cathodic and anodic peaks increase significantly during cycling indicating 

the improvement in charge/discharge capacity, most likely due to the phase transition to 

Na0.33MnO2, which occurs in 0.01 M NaNO3 aqueous electrolyte as reported in ref. [43]. 

Cyclic voltammograms of the same NaxMnO2 electrodes, recorded under the same 

conditions but with different sweep rates ranging from 20 to 400 mV/s, are given in Fig. 6 

(a,d,g). For comparison, the current density scales, as well as potential scales are the same in all 
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cases. For each NaxMnO2 electrodes, the shapes of CVs concerning peak positions are similar for 

all sweep rates. Current densities are similar for Na0.4MnO2 synthesized at 800 0C, Fig. 6a, and 

Na0.7MnO2.05 synthesized at 850 0C, Fig. 6d, and increase in a similar extent with increasing 

sweep rate. On the other hand, current densities for Na0.44MnO2 synthesized at 900 0C, Fig. 6g, 

increase much more with increasing sweep rate, meaning that the reversibility of Na+ ions 

intercalation/deintercalation is maintained even for higher charge/discharge rates.  

CV curves at different current rates were used to analyze the electrochemical kinetics of 

synthesized materials. The area of a CV curve slowly increased, with the reduction and oxidation 

peaks shifted to lower and higher voltages, respectively. The ratio of capacitive and faradaic 

processes can be determinated based on the value of the constant b obtained from equation 25, 

26, 44  i = av b where a and b are adjustable values. The value of b~0.5 is characteristic for the 

full diffusion-controlled process, while b~1 is characteristic for the full capacitive controlled 

process. The constant b was calculated as the slope of the log (i) vs. log (v) plots, Fig 6 (b,e,h). 

For all samples, the value of b indicates that the corresponding redox reactions during the charge 

and discharge processes were combined capacitive and intercalation reactions 25 . For 

Na0.44MnO2, b was the smallest and its values for discharge and charge process were 0.63 and 

0.71, respectively, which suggested more favored diffusion kinetics of Na0.44MnO2. The 

percentage of capacitive and diffusion contribution is determinated by the following equation 

26, 44   i(v) = k1v + k2v
1/2 where k1 and k2 are constants. The k1v and k2v

1/2 represent the 

capacitive and the diffusion controlled contribution, respectively. For all samples, with the 

increase of the scan rate, the diffusion contribution decreased, while the capacitive contribution 

increased, Fig. 6  (c,f,i). Accordingly, the capacitive contribution of Na0.44MnO2 at scan rate of 

50 mV/s was 48.1% and up to 72.5% at 400 mV/s, Fig. 6 (i). A similar ratio of the capacitive and 
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diffusion contribution was observed with Na0.7MnO2.05, while in the case of Na0.4MnO2, even at 

lower scan rates, the capacitive contribution was over 90%. 

 Specific capacity was calculated from cyclic voltammograms recorded using a sweep rate 

of 20 mV/s as the area of the reduction peaks. The initial discharge capacity of Na0.4MnO2 in 

NaNO3 solution is 50 mAh/g, while after 15th cycle its values increased for 9%. During cycling, 

material has demonstrated great efficiency (the ratio of the charge/discharge capacity) amounting 

to ~ 95%.For Na0.7MnO2.05 synthesized at 850 0C, the initial discharge capacity (after the first ten 

cycles during which the electrode was activated [15,42]) was 75 mAh/g. After an additional ten 

cycles, the capacity was increased to 79 mAh/g, or for 5%. During cycling, Na0.7MnO2.05 has also 

shown very good efficiency of 97%. The initial discharge capacity for Na0.44MnO2 synthesized at 

900 0C was 46 mAh/g, which after ten cycles was increased to 119 mAh/g, or for 158%. 

Na0.44MnO2 has also shown very good efficiency of 96%. 

Since among investigated electrodes, Na0.44MnO2 synthesized at 900 0C has shown the 

best cycling reversibility and specific capacity, its charge/discharge behavior will be examined in 

more details by chronopotentiometry. 

 

3.3.2. Charge/discharge behavior for Na0.44MnO2 sinthesized at 900 0C determined using 

chronopotentiometry technique 

 Chronopotentiometry measurements were performed for Na0.44MnO2 electrode 

synthesized at 900 0C in a saturated aqueous NaNO3 solution, and the obtained results are 

presented in Fig. 7. 

Charge/discharge curves for the first cycle are presented in Fig. 7a.The specific capacities 

were calculated from these curves by multiplying the discharge times with each applied current 
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density, t(s) x j(mA/g), Fig. 7b. For the current densities of 1000, 2000, and 5000 mA/g, the 

calculated discharge capacities were: 123.5, 113.2, and 102.0 mAh/g, respectively. After the 5th 

cycle, the discharge capacities were slightly increased for all current rates, and the obtained 

values for the current densities of 1000, 2000, and 5000 mA/g were 123, 113 and 102 mAh/g, 

respectively. The discharge capacity is practically only slightly changed at very high current 

densities, which indicates the superiority of the pseudo-capacitance in the total charge storage 

behavior [26,44]. Furthermore, the same was confirmed based on the appearance of different 

discharge/charge voltage profiles of Na0.44MnO2 in aqueous and non-aqueous solution [27]. 

Results show that for Na0.44MnO2 electrode obtained at 900 0C, with increasing current 

density, the charging and discharging processes slow down, while the capacity increases. 

Therefore, this electrode is suitable for sodium-ion intercalation/deintercalation and eligible as a 

cathode for Na-ion batteries. 

 

4. Conclusion 

 

NaxMnO2 powders were synthesized by glycine nitrate method (GNM), and subsequent 

annealing at three different temperatures: 800 oC, 850 oC, and 900 oC. Detailed structural, 

morphological and chemical analysis has been performed, as well as the investigation of their 

electrochemical performance for a potential use as cathodic materials for sodium-ion 

rechargeable batteries.  

By X-ray diffraction analysis has confirmed the crystalline structure of obtained powders 

identified as: Na0.7MnO2.05 with a layered structure, which was obtained at 850 oC, and tunnel 

structured Na0.4MnO2 and Na0.44MnO2 nanorods with different morphology, which were obtained 

at 900 oC and 900 oC, respectively. 
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SEM microscopy have shown that obtained powders have different morphology. Namely, 

layer structured Na0.7MnO2.05 consists of nanoplatets with the average diameter of several 

micrometers, and the average width of several hundred nanometers. Tunnel structured 

Na0.4MnO2 consists of nanorods 200 to 700 nm long and 60 to 110 nm wide, while Na0.44MnO2 

consists of much larger nanorods, approximately one micron long and few hundred nanometers 

wide. Surface elemental mapping have shown the distribution of Na, Mn and O as the identified 

elements. The chemical compositions of the samples and the oxidation state of Na, Mn and O in 

each powder sample were identified by XPS technique. 

The electrochemical behavior of obtained powders has been investigated by cyclic 

voltammetry and chronopotentiometry. SinceNa0.44MnO2 synthesized at 900 oC exhibits the best 

properties concerning capacity and stability, it would be chosen as the best candidate for a 

cathode in sodium-ion batteries. 
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Figure Captions 

Fig. 1. XRD difractograms (left column) and corresponding SEM micrographs magnified 20000 

times (right column) of NaxMnO2 powders synthesized at: a,b) 800 0C; c,d) 850 0C; e,f) 900 0C. 

Fig. 2.EDS elemental mapping images of NaxMnO2 powders synthesized at 800 oC, 850 oC, and 

900 oC. 

Fig. 3. Survey XPS spectrum of NaxMnO2 powder. 

Fig. 4. High resolution spectra of Mn2p3/2, Na1s and O1s lines for NaxMnO2 powders 

synthesized at: a) 800 oC; b) 850 oC; c) 900 oC. 

Fig. 5. CVs of NaxMnO2 electrodes synthesized at different temperatures: a) 800 0C; b) 850 0C; 

c) 900 0C. CVs were recorded in saturated aqueous NaNO3 during continuous cycling with a 

sweep rate of 20 mV/s. 

Fig. 6. Comparison of electrochemical performance of of NaxMnO2 synthesized at different 

temperatures: (a, d, g) cyclic voltammograms recorded in saturated aqueous NaNO3 with 

different sweep rates within the range of 20-400 mV/s, (b, e, h) log(i) vs log(v) plots at specific 

peak currents, and (c, f, i) the average contribution ratio of diffusion and capacitive controlled 

process. 

Fig. 7.Chronopotentiometry results for Na0.44MnO2 electrodes synthesized at 900 0C obtained for 

the current rates of 1000, 2000, and 5000 mA g-1 in saturated aqueous NaNO3: a) 

charge/discharge curves; b) discharge capacity vs. number of cycles. 
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