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Abstract The nanosized Mn3O4 particles were prepared

by microwave-assisted reflux synthesis method. The pre-

pared sample was characterized using various techniques

such as X-ray diffraction (XRD), Fourier transform-infra-

red spectroscopy (FT-IR), Raman analysis, and trans-

mission electron microscopy (TEM). Electrochemical

properties of Mn3O4 nanoparticles were investigated using

cyclic voltammogram (CV), electrochemical impedance

spectroscopy (EIS), and galvanostatic charge–discharge

analysis in different electrolytes such as 1 M KCl, 1 M

Na2SO4, 1 M NaNO3, and 6 M KOH electrolytes. XRD

pattern reveals the formation of single-phase Mn3O4

nanoparticles. The FT-IR and Raman analysis also assert

the formation of Mn3O4 nanoparticles. The TEM image

shows the spherical shape particles with less than 50 nm

sizes. Among all the electrolytes, the Mn3O4 nanoparticles

possess maximum specific capacitance of 94 F g-1 in 6 M

KOH electrolyte calculated from CV. The order of

capacitance obtained by various electrolytes is 6 M

KOH [ 1 M KCl [ 1 M NaNO3 [ 1 M Na2SO4. The EIS

and galvanostatic charge–discharge results further sub-

stantiate with the CV results. The cycling stability of

Mn3O4 electrode reveals that the prepared Mn3O4 nano-

particles are a suitable electrode material for supercapacitor

application.
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1 Introduction

Recently, an enormous effort has been focused on the

fabrication of electrochemical capacitors or supercapaci-

tors for energy storage due to their long cycle life and

higher power and energy density than batteries and con-

ventional capacitors [1]. It is well known that the electro-

chemical capacitors can be classified into two types such as

pseudocapacitor and electric double layer capacitors

(EDLC) based on their energy storage mechanism. In

pseudocapacitors, the energy is stored through oxidation/

reduction or Faradaic reaction occurred at the electrode

surface. The transition metal oxides and conducting poly-

mer materials are widely used as electrode material for

pseudocapacitors. Similarly in EDLC, the energy is stored

at electrode/electrolyte interfaces via double layer forma-

tion. Carbon-based materials are widely used as EDLC

electrodes due to their higher surface area [2]. There are

various metal oxides synthesized for supercapacitor appli-

cation such as RuO2 [3], NiO [4], Co3O4 [5], Bi2O3 [6],

SnO2 [7], and manganese-based oxides [8–10]. Among all

the transition metal oxides, RuO2 possesses higher specific

capacitance of 720 F g-1 [11]. However, it has been less

considered due to their high cost, need of strong acidic

electrolyte, and toxicity of the material [12, 13]. Hence, it

is believed that the manganese oxide-based electrode

materials can replace the RuO2 for supercapacitor appli-

cations because of their low cost and environmental

friendly nature [14] as well as its different crystallographic

forms of MnO, Mn3O4, Mn2O3, and MnO2 due to the

existence of various oxidation states [15, 16].
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Generally, the specific capacitance of the Mn3O4 mainly

depends upon various parameters such as specific surface

area [9], preparation conditions [17], synthesis method

[16–29], active materials loading [30], morphology [31],

conductive additives (carbon, CNT, Graphene) [32–34],

electrolyte concentration [22], and potential window [30,

35]. Conventionally, the oxides (MnO2, Mn2O3), carbonate

(MnCO3), nitrate (Mn(NO3)2), and sulfate (MnSO4) salts

of manganese are heated at above 1000 �C to form a

Mn3O4 tetragonal structure [25, 36]. Subsequently, to

improve the specific capacitance of Mn3O4, the nanosized

particles have been prepared by various methods such as

successive ionic layer adsorption and reaction (SILAR)

[18], hydrothermal [17, 20], solution combustion [21],

chemical bath deposition [22], oxidative precipitation [23],

sonochemical [24], solvothermal [25], and microwave

[26–29].

In this line, the main aim of this present work is to prepare

Mn3O4 nanoparticles by microwave-assisted reflux synthe-

sis with a very short reaction time (5 min) using low power

of 20 W without further high-temperature calcinations and

explored its application as electrodes for supercapacitors. To

the best of our knowledge, there is no previous literature

available on the synthesis of Mn3O4 nanoparticles using this

procedure and optimization of electrolyte. In addition, here

we have used ethylene glycol as a reactive medium for the

microwave synthesis due to its high-dissipation factor

(1.35) than other solvents such as water (0.157), formic acid

(0.722) and so on. Further the prepared sample was char-

acterized by X-ray diffraction (XRD), Fourier transform-

infrared spectroscopy (FT-IR), laser Raman spectra,

scanning electron microscopy (SEM), and transmission

electron microscopy (TEM). The electrochemical perfor-

mance of Mn3O4 was investigated using cyclic voltammetry,

electrochemical impedance, spectroscopic, and galvanostatic

charge–discharge analysis in various aqueous electrolytes

such as 1 M Na2SO4, 1 M NaNO3, 1 M KCl, and 6 M KOH

for optimizing the suitable electrolyte for Mn3O4 electrode in

supercapacitor applications. The results indicate that the

obtained nanosphere Mn3O4 is a good electrode material for

supercapacitor application.

2 Experimental methods and materials

All the chemicals used were of analytical grade and used

without any further purification. Manganese chloride tetra-

hydrate (MnCl2�4H2O) and sodium hydroxide (NaOH) were

purchased from Himedia. Ethylene glycol was purchased

from Merck. The stoichiometric amounts of MnCl2�4H2O

were dissolved in distilled water with EG (50 ml), and

NaOH solution was added drop by drop under vigorous

stirring. The color of the solution changed in to brown color

precipitate. This precipitate was placed in microwave irra-

diation (Domestic microwave oven, LG) for refluxing with

power of 20 W, the ON/OFF cycle duration as 15 s/15 s,

with the total reaction time of 5 min [37, 38]. The ON/OFF

cycle was used to control the overheating. Finally, the as-

prepared sample was centrifuged several times in double

distilled water, ethanol, and dried at 100 �C overnight.

The phase purity and compound formation were char-

acterized by an X-ray diffractometer, Bruker D8 Advance

with Cu Ka radiation. The morphology of the as-prepared

samples was found using TEM analysis (JEOL model JEM

2011 at an accelerating voltage of 200 kV). The functional

groups were identified using FT-IR Perkin Elmer make

model RXI instrument. The Raman analysis of our samples

was carried out in the instrument of laser Raman confocal

microprobe (Lab Ram HR 800). He–Ne laser (k = 633 nm)

was used as the excitation source with output power of

17 mW which was focused on to a spot of 1 lm. The cyclic

voltammetrics analysis was carried out in CHI 1102A

electrochemical workstation. The galvanostatic charge–

discharge analysis was carried in Biologic SP-150 electro-

chemical workstation.

The Mn3O4 active material, carbon black, and PVdF

were taken in the weight ratio of 80:15:5. All these were

mixed together using NMP (N-methylpyrrolidone) as a

solvent. The detailed electrode preparation is given else-

where [39]. The electrochemical analysis was carried out in

three-electrode configuration with Mn3O4-coated graphite

sheet, Pt and SCE, Ag/AgCl as working, counter, and

reference electrodes, respectively. Here we used different

electrolytes such as 1 M Na2SO4, 6 M KOH, 1 M NaNO3,

and 1 M KCl to optimize the suitable electrolyte for Mn3O4

electrode material for supercapacitor application.

3 Results and discussion

3.1 Structural and morphological properties

The XRD pattern of Mn3O4 nanoparticles is given in

Fig. 1. All the diffraction peaks were indexed to the

tetragonal structure (space group I41/amd). No other

impurity peaks were found, which reveals the phase purity

of the prepared sample. However, the observed broadened

and low-intensity peaks indicate the less crystallinity of

the as-prepared Mn3O4 nanoparticles. The lattice param-

eters (a = b = 5.767 Å and c = 9.485 Å), lattice density

(4.816 g cm-3), and cell volume (315.5 Å3) of the sample

were calculated which are in good consistence with

JCPDS data (card no. 89-4837). The crystallite size was

calculated using Debye–Scherrer formula, and the average

crystallite size is 18 nm, which is less than the reported

value [40]. The surface area of the as-prepared Mn3O4
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nanoparticles was theoretically calculated [41], and the

value is 65 m2 g-1.

The FT-IR spectrum of Mn3O4 (Fig. 2) shows two sig-

nificant peaks at 635 and 510 cm-1, which corresponds to

the coupling between the Mn–O stretching modes of tet-

rahedral and octahedral sites, respectively. In addition, a

broad peak was observed around 3395 cm-1 indicating

the presence of –OH group. Further, the small band was

observed around 1580 cm-1 corresponding to the adsorp-

tion of moisture on the surface of the sample, and also a

small peak was observed around 1376 cm-1 corresponding

to the bending vibration of O–H bonds connected with Mn

atoms [35]. The presence of Mn–O stretching modes and

water content was identified through the FT-IR study.

Similarly, the characteristic Raman peak of Mn3O4 spinel

(Fig. 2 inset) was obtained at 639 cm-1, which is compa-

rable with the reported values of 658.4 and 658 cm-1 [25,

42]. The observed peak broadening reveals the smaller

crystallite size as well as the low crystallinity of Mn3O4

nanoparticles [43]. Because of their smaller crystallite size,

the material has high uncertainty of momentum which

leads to the broadening of the Raman peak [43].

The TEM image of Mn3O4 (Fig. 3) shows the formation

of individual spherical nanoparticles with uniform size

of less than 50 nm. It can also be seen that some partial

aggregation of nanospheres. This aggregation of nanopar-

ticles may be due to the effect of microwave heating.

That is, it creates ‘‘hot surface’’ on the initially produced

nanoparticles which leads to the particle aggregation.

Because of the smaller particle size, it may provide higher

surface area which may enhance the electrochemical

reaction.

3.2 Electrochemical properties

3.2.1 Cyclic voltammogram analysis

Figure 4a–d shows the cyclic voltammogram (CV) curves

of Mn3O4 in different electrolytes (1 M Na2SO4, 6 M

KOH, 1 M NaNO3, and 1 M KCl) at different scan rates of

5, 10, 20, 30, 40, 50, and 100 mV s-1. The more or less

rectangular shape of the voltammogram reveals the

capacitive behavior of Mn3O4. It can be seen that the

current under curve increases with increase in scan rate and

in turn results in decrease in capacitance (Fig. 4e). It is well

known that the voltammetric current is always directly

proportional to the scan rate [7]. At low-scan rate, the ions

from the electrolyte can utilize all the available sites in the

active electrode material, because the ions have enough
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Fig. 1 XRD pattern of the Mn3O4 sample
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Fig. 2 FT-IR spectrum of the Mn3O4 sample and inset is Raman

spectrum of Mn3O4 sample

Fig. 3 TEM image of the Mn3O4 sample
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time to diffuse into all the sites which leads to the higher

capacitance. On the other hand, at high-scan rate, the ions

from electrolyte confront the difficulty to access all the

available sites in the active electrode due to their partial

rate of movement in the electrolyte [4]. Comparatively,

6 M KOH and 1 M KCl provide higher specific capaci-

tance when compared with 1 M NaNO3 and 1 M Na2SO4.

The calculated maximum specific capacitance of 94 F g-1

was obtained in 6 M KOH. This observed high capacitance

may be explained on the basis of ionic conductivity and

hydration sphere radii of cations (Na?, K?). Generally, the

ionic conductivity and mobility of Na? ions are lower than

the K? ions in aqueous solvent which reduces the charge

propagation [34]. Similarly, the K? (3.31 Å) ions have low

radius of hydration sphere than Na? ions (3.58 Å) due to

the strong interaction of Nad?–H2Od-. Therefore, the Na?

ions have the difficult to move through the electrode when

compared with K? ions [11]. In addition, there may be a

large number of K?-free ions near the electrode surface in

the KOH electrolyte than KCl, hence more number of ions

contributes to charge storage process. Consequently, the

size of the Cl- (190 pm) anion is greater than the OH-

(133 pm) ion which further enhances the specific capaci-

tance in KOH electrolyte [11]. In contrast, the size of the

sulfate (258 pm) anion is bigger than the NO3
- (179 pm)

anion, which may lead to the reduction of Na? ions

mobility and finally reduces the specific capacitance of

Mn3O4 electrode. Overall, the charge storage mechanism

of this manganese-based electrodes are mainly due to the

intercalation and deintercalation of cation (Na?, K?) dur-

ing reduction and oxidation reaction and the adsorption of

cations in electrolyte on the surface of the electrode [7, 44].

The observed specific capacitance values are compara-

tively high when compared with the literature values

especially, 14 F g-1 at 5 mV s-1 in 0.5 M K2SO4 reported

by Ghodbane et al. [45]. Especially, Komaba et al. reported

that the specific capacitance of Mn3O4 electrode depends

on the ball milling treatment (specific capacitance of

Mn3O4 before and after milling as approximately less than

8 and 35 F g-1, respectively) and the potential window

(the maximum specific capacitance (\70 F g-1) obtained

when the potential window is in the range of -0.1 to 0.9 V

and also the minimum specific capacitance (\20 F g-1)

obtained when the potential window is -0.3 to 0.7 V at a

scan rate of 10 mV s-1 in 1 M Na2SO4 electrolyte [30]).

However, the obtained specific capacitance value is lower

than the reported Mn3O4 composites such as Mn3O4/CNT

[32], MCMB/Mn3O4 [33], Mn3O4/worm-like mesoporous

carbon [16], and Mn3O4/graphene [34] composites which

give a higher capacitance value of 143, 178, 266, and 256 F

g-1 in 0.5 M Na2SO4 at a scan rate of 50 mV s-1, 1 M

LiPF6 (EC ? DMC) at a current rate of 330 mA g-1, 6 M

KOH at a scan rate of 1 mV s-1, and 6 M KOH at a scan

rate of 5 mV s-1, respectively. This observed low capaci-

tance may be due to the less crystallinity of the Mn3O4

nanoparticles which inferred from XRD and Raman

Fig. 4 CV curve of Mn3O4 electrode in a 6 M KOH, b 1 M KCl, c 1 M NaNO3 d 1 M Na2SO4, and e variation of specific capacitance with scan

rate
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spectrum. It is well known that the specific capacitance of

the materials is very high when the materials having high

crystallinity, because it enhances the ionic mobility of the

charge carriers [7, 44].

3.2.2 Electrochemical impedance spectral analysis

In order to substantiate the CV results, the electrochemical

impedance spectroscopy (EIS) analysis was carried out

for Mn3O4 at different electrolytes of 1 M NaNO3, 1 M

Na2SO4, 6 M KOH, and 1 M KCl at open circuit potential

in the frequency range of 0.01 Hz to 105 Hz. The typical

Nyquist plot of Mn3O4 electrodes are shown in Fig. 5.

At high-frequency region, the intersection made on the

horizontal axis of the Nyquist plot reveals the solution

resistance (Rs). At high-to-medium frequency region, one

depressed semicircle was observed, which is related with

surface property of the Mn3O4 electrode, corresponding

to the charge transfer resistance at electrode/electrolyte

interface. In addition, at low-frequency region the spike

was found, which indicates the characteristic behavior

of supercapacitors. The spike represents the Warburg

impedance (W) of the electrode, i.e., the diffusive resis-

tance of ions SO4
2-, NO3

-, Cl-, and OH- into electrode

[4, 14]. The phase angle of spike greater than 45� for all

electrolytes indicates the electrochemical behavior of

Mn3O4. Comparing all the electrolytes, the electrolyte 6 M

KOH (1.197 X) has lower solution resistance than other

electrolytes such as 1 M KCl (2.046 X), 1 M NaNO3

(2.694 X), and 1 M Na2SO4 (2.839 X) electrolytes.

3.2.3 Galvanostatic charge–discharge analysis

The galvanostatic charge–discharge analyses of Mn3O4

carried out in all the electrolytes at different current den-

sities such as 0.5, 1, 3, and 5 mA cm-2 and are shown in

Fig. 6. It can be seen that a potential or IR drop was found

at early discharging time which may be due to the internalFig. 5 Nyquist plot of Mn3O4 electrode in various electrolytes

Fig. 6 Galvanostatic charge–

discharge curve of Mn3O4

electrode in a 6 M KOH, b 1 M

KCl, c 1 M NaNO3, and d 1 M

Na2SO4 electrolytes
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resistance of electrode material. It can be related to the

contact resistance between the electrode and electrolyte,

solution resistance of electrolyte, and charge transfer

resistance. The internal resistance of the electrode material

increases with increase in current density [46]. The

observed symmetric manners of the charge–discharge

curves indicate the electrochemical reversibility of Mn3O4

electrode. The maximum discharge capacitance is obtained

(74 F g-1) at current density of 0.5 mA cm-2 in 6 M KOH

electrolyte which is comparable to the specific capacitance

calculated from CV curve. Figure 7a–d shows the variation

of discharge capacitance and active sites with different

current density in all the electrolytes. It evidences that the

electrode has higher specific capacitance and higher

number of active sites at low-current density and vice

versa, i.e., lower specific capacitance and active sites at

higher current density in all electrolytes. It may be due to

the fact that ions completely diffuse into the electrode and

utilize all the active sites in electrode at low-current den-

sity. Therefore, the specific capacitance and active sites are

high. Similarly, at higher current density, the ions have

time constraint to utilize all the active sites in electrode.

Therefore, the specific capacitance and active sites are

low [47].

The cyclic stability of the electrode material is important

for supercapacitor applications. In order to find the cyclic

stability of the Mn3O4 electrode material, the galvanostatic

charge–discharge cycle was carried out in all electrolytes at

a current density of 5 mA cm-2 up to 500 cycles. Fig-

ure 8a–d shows the variation of charge and discharge

capacitance, and coulombic efficiency with cycle number

of Mn3O4 electrode in all the electrolytes. The first 10

charge–discharge cycles is given as an inset of Fig. 8. It can

be seen that during cycling, the discharge and charging

capacitance of the electrode material was increased sig-

nificantly. According to the earlier reports, this may be due

to the occurrence of morphological or structural changes

while extended cycling [18, 22, 45]. The coulombic

efficiency of the material was maintained approximately

greater than 100 %. Overall, it shows that the Mn3O4 is a

suitable electrode material for supercapacitor application

and its suitable electrolyte is 6 M KOH.

4 Conclusions

Mn3O4 nanoparticles were successfully synthesized by

microwave-assisted reflux synthesis method within 5 min

Fig. 7 Specific capacitance and active site variation as a function current density in various aqueous electrolytes such as a 6 M KOH, b 1 M

KCl, c 1 M NaNO3, and d 1 M Na2SO4
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without any further heat treatment. The as-prepared Mn3O4

samples possess tetragonal structure, and its lattice

parameters and grain size were calculated from XRD pat-

tern. FT-IR and Raman analyses confirmed the compound

formation and the presence of the functional groups in

as-prepared Mn3O4 samples. The TEM result reveals the

presence of smaller particle size (50 nm). The electro-

chemical properties of Mn3O4 electrode were investigated

in various aqueous electrolytes. The CV results reveal that

the Mn3O4 electrode possesses higher specific capacitance

(94 F g-1) in 6 M KOH electrolyte. Therefore, 6 M KOH

electrolyte may be adopted as electrolyte for better

capacitance performances. The electrochemical impedance

analysis and galvanostatic charge–discharge analysis fur-

ther confirm that the Mn3O4 electrode has lower internal

resistance and higher capacitance in 6 M KOH electrolyte

than other electrolytes. The long-term cycle stability

Mn3O4 electrode reveals that the prepared sample is a

suitable electrode material for supercapacitor applications.
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