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Abstract 

The structural and electrochemical properties of manganese oxide (MnO2) 

electrodeposited by potentiostatic and galvanostatic conditions are studied. X‒ray diffraction 

analyses confirm identical MnO2 phase (ramsdellite) are deposited under potentiostatic and 

galvanostatic conditions. Under comparable current density during electrodeposition, MnO2 

deposited by galvanostatic condition shows smaller crystallite size, less compact layered 

structure, higher surface area  and wider band gap, in comparison to the potentiostatic 
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deposition. The MnO2 morphology difference under different electrodeposition conditions 

contributes to different capacitive behaviors. The lower compactness of MnO2 deposited 

galvanostatically renders facile ions diffusion, leading to higher specific capacitance with low 

equivalent series resistance. The findings suggest galvanostatic electrodeposition is suitable 

to produce MnO2 nanostructure for supercapacitor application.  

 

Keywords: Potentiostatic, Galvanostatic, Electrodeposition, Supercapacitors, Manganese 

oxide 

 

1. Introduction  

 In recent years, MnO2 is attracting attention for supercapacitor application, mainly due to 

the high abundancy of manganese [1] that contributes to low material cost as compared to the 

expensive ruthenium metal. Pang et al. reported high specific capacitance (700 F g‒1) for 

MnO2 thin films in year 2000 and their findings sparked strong interest among energy 

research community for its application in supercapacitor electrode [2, 3]. Such high 

capacitance value is attributed to the ions insertion/desertion within MnO2 structure and it 

depends crucially on the particle size, surface area and porosity. Since then, in achieving 

optimized condition for the aforementioned properties, MnO2 with different morphologies 

were developed, such as nanoflakes [4], nanorods [5], nanowires [6], nanopetals [7] and 

nanosheets [8]. In this context, the synthesis route plays a vital role in determining its 

morphology. The most common synthesis route for MnO2 is chemical coprecipitation method 

[9, 10] that involves dissolved Mn4+ precursor. However, the instability of Mn4+ precursor in 
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the aqueous solution as well as the contact resistance between synthesized MnO2 and current 

collectors hinders its common usage in electrochemical applications [11, 12]. Apart from 

chemical coprecipitation method, electrochemical deposition was proven to be an effective 

method to prepare MnO2 nanostructures [5, 13, 14]. There are two approaches for 

electrochemical deposition of MnO2, namely anodic oxidation and cathodic reduction. 

Cationic Mn2+ precursor is commonly used in anodic oxidation while anionic MnO4
− (Mn7+) 

is used in cathodic reduction. In comparison, cathodic reduction offers more versatility as 

various metals could be co‒deposited during the deposition process and the oxidation of the 

metallic substrate during anodic deposition could also be avoided [6, 15, 16]. The cathodic 

reduction of MnO4
− in neutral aqueous solutions can be represented by the following reaction 

[17]:  

 

MnO��	 + 	2H
O + 3e�		 → MnO
 + 4OH�																																																																																				(1) 

 

The kinetic pathway of reducing Mn7+ to Mn4+ is an important factor in determining 

MnO2 microstructure and it could be manipulated by potential and current during 

electrodeposition process [6, 7, 17]. In this context, galvanostatic and potentiostatic 

techniques are widely employed to electrochemically produce MnO2 nanostructures [6, 11, 

13, 18]. Suhasini reported the comparison study between MnO2 films electrodeposited by 

potentiostatic and galvanostatic techniques, and demonstrated the galvanostatic technique 

could produce MnO2 film with higher specific capacitance [19]. However, the reported study 

only referred to the anodic deposition of MnO2 and there are limited studies report on the 

cathodic deposition of MnO2. Herein, we report the comparative findings on the structural 
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and electrochemical properties of MnO2 deposited cathodically under potentiostatic and 

galvanostatic conditions.  

2. Experimental section 

 MnO2 was electrodeposited cathodically from 0.5 M KMnO4 solution by potentiostatic 

[denoted as MnO2(PS) hereafter] and galvanostatic [denoted as MnO2(GS) hereafter] 

conditions by applying 10 V and 0.165 A cm‒2 for 30 min at room temperature, respectively. 

The stainless steel substrate (1x2 cm‒2) was first etched in hydrochloric acid (0.1 M) and in 

acetone for 1 hour, then washed and dried. Two pre‒treated stainless steel plates were used as 

the electrodes. The distance between two electrodes was kept constant at 20 mm throughout 

the electrodeposition process. For both electrodeposition techniques, black films were 

obtained on the cathode and the mass was recorded after drying.  

Phase identification of the films was carried out using a PHILLIPS PW1700 

diffractometer equipped with an automatic divergent slit. Diffraction patterns were obtained 

using Cu‒Kα radiation (λ = 0.15418 nm) and a graphite monochromator in the 2θ range from 

5° to 80°. Sample morphology was investigated using a JEOL JSM‒7800F field emission 

scanning electron microscope. The surface area of the samples were measured by NOVA 

3200 surface area analyser. The optical absorption spectra were measured at the wavelength 

range from 200 to 900 nm at room temperature using a THERMO SCIENTIFIC UV‒Vis 

spectrophotometer.  The electrochemical measurements were conducted in 1 M Na2SO4 with 

three‒electrode system consisting MnO2 coated stainless steel plate as working electrode, 

Ag/AgCl as reference electrode and Pt wire as counter electrode. Cyclic voltammetry (CV) 

tests and galvanostatic charge-discharge tests were conducted in the potential range between 

0 and 1 V. Impedance data were collected from 100 kHz to 0.01 Hz, at open circuit potential 
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with an AC amplitude signal of 10 mV. All electrochemical data were collected using 

AUTOLAB PGSTAT M101 potentiostat/galvanostat equipped with frequency response 

analyzer. 

3. Results and discussion 

 Figure 1 shows the XRD patterns of MnO2(PS) and MnO2(GS). Both XRD patterns 

confirm the black films on the stainless steel electrodes as the ramsdellite phase MnO2 (ICCD 

96 900 1168). For both XRD patterns, two XRD peaks at 44.5° and 65.8° could be attributed 

to the stainless steel ((ICCD 00 087 7222). Crystallite size calculation by the Scherrer 

formula shows that the MnO2(PS) has bigger crystallite size (23 nm) as compared to that 

obtained on MnO2(GS) (18 nm). The crystallite size of MnO2 is known to affect the ions 

(de)intercalation rate and therefore regulating the performance of a supercapacitor [20].  

 The sample morphology was investigated by FESEM and the representative images are 

shown in Figure 2. Both electrodeposition conditions produce similar layered structure of 

MnO2 that only differs in the nanosheets compactness. MnO2(GS) shows lower nanosheets 

compactness and the nanosheets are greatly separated from each other, in comparison to the 

MnO2(PS). The difference in the nanosheets compactness and morphology under different 

deposition conditions could be explained from the potential response (left y axis for 

galvanostatic) and current response (right y axis for potentiostatic) during electrodeposition 

process (Figure 3). In this study, 10 V was carefully selected for the potentiostatic deposition 

as it generated current density in the range that was comparable to the current density applied 

(0.165 A cm‒2) in the galvanostatic deposition. The total charge passing through the electrode 

was calculated for both deposition conditions and they show almost identical values (293 C 

cm‒2 for potentiostatic; 297 C cm‒2 for galvanostatic).  
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 Since total consumed charge values are almost identical for both deposition processes, 

the difference in MnO2 morphology could be attributed to the potential difference during 

electrodeposition process. For galvanostatic deposition for MnO2(GS), it could be observed 

that the potential gradually decreases with time, due to the enhanced friction effect resulting 

from MnO2 formation on the cathode and the interaction of ions moving in cathodic direction 

with the ions electromigrating in anodic direction. The potential drop decreases the diffusion 

rate of MnO4
− to the cathode surface and allows lower deposition rate, thus producing 

MnO2(GS) layered structure with less compact nanosheets, as shown in the FESEM image. 

For potentiostatic deposition for MnO2(PS), the potential is maintained throughout the 

deposition process and MnO2 structure is formed rapidly, producing layered structure with 

compact nanosheets. For both deposition techniques, H2 evolution occurs and pushes the Mn 

species to the vacant areas of the substrate which is free from the H2 bubbles, leading to the 

formation of layered structure. Similar findings are obtained elsewhere for MnO2 and other 

nanomaterials [21, 22]. 

 Figure 4 shows the N2 adsorption–desorption isotherms of MnO2(GS) and MnO2(PS), 

with the pore size distribution as inset. The specific surface areas are found to be 63.5 and 

36.6 m2 g-1 for MnO2(GS) and MnO2(PS), respectively. Pore size distribution curves show 

the pore size ranges from 2 to 70 nm (two narrow peaks around 3 and 20 nm) and from 2 to 

20 nm for MnO2(GS) and MnO2(PS), respectively. The lower nanosheets compactness of 

MnO2(GS) contributes to higher surface area and wider range of mesoporousity. The 

mesopores play an important role in enhancing the adsorption of ions during the 

electrochemical measurements.  
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The crystallite size and morphology affect the electronic and electrochemical properties 

of a nanostructure. The electronic properties of MnO2(PS) and MnO2(GS) were investigated 

by band gap studies. MnO2 exhibits broad absorption band at ca. 400 nm, which is the 

characteristic of the excitation from O2p to Mn3d [23]. The absorption band gap (Eg) was 

obtained from the following equation [24]:  

 (�ℎ�)� = ��ℎ� − ���																																																																																																																							(2)  

where, hυ is the photon energy, β is a constant relative to the material, Eg is the energy band 

gap, α is the absorption coefficient and the exponent n takes different values depending on 

electronic transition types in the Κ space (2 for direct allowed, 2/3 for direct forbidden, 1/2 

for indirect allowed and 1/3 for indirect forbidden transition). The absorption coeficient (α) 

was calculated as reported elsewhere [24]. Extrapolation of the linear line to zero absorption 

coefficients gives the values of energy band gap as shown in Figure 5. The energy band gaps 

are found to be 1.85 and 1.95 eV for MnO2(PS) and MnO2(GS), respectively. The wider band 

gap for MnO2(GS) could be attributed to the smaller crystallite size of the nanostructure, as 

seen from the XRD analysis. Wider band gap indicates greater charge separation and higher 

carrier density will be generated under electrical field. The Mott‒Schottky relationship 

predicts the interfacial capacitance (per unit surface area) increases with carrier density of the 

nanostructure [25]. Thus, it is noteworthy to investigate the capacitance of MnO2 deposited 

under potentiostatic and galvanostatic conditions.   

 Figure 6(a) shows the CV curves for MnO2(PS) and MnO2(GS). The CV curve for 

MnO2(GS) shows larger rectangular loop with ideal symmetry which indicates better charge 

propagation within the nanostructure, as compared to the MnO2(PS). It could be associated 

with better nanosheets spacing and less compactness of the structure that facilitates ions 
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diffusion within the structure. The galvanostatic charge‒discharge curves of MnO2 deposited 

in two different approaches are displayed in Figure 6(b). Both curves are almost linear with 

neglected iR drop, suggesting the rapid current-voltage response of the MnO2. Furthermore, 

the symmetrical charge-discharge curves also indicate the good reversibility of MnO2 

deposited in two difference approaches. The specific capacitance values were calculated from 

the slope of discharge curve using the equation reported elsewhere [26]. As suggested by the 

band gap results, MnO2(GS) with wider band gap shows higher specific capacitance (196 F 

g‒1 at 1 A g-1), in comparison to the MnO2(PS) (128 F g‒1 at 1 A g-1). MnO2 deposited by both 

techniques show similar trend in which the specific capacitance values increase with lower 

current density, as shown in Figure 6(c). This trend is attributed to the slower ions diffusion 

at lower current density that contributes to higher ions adsorption. However, the specific 

capacitance values for MnO2(PS) decrease drastically at higher current density, which could 

be related to the high compactness of MnO2(PS) structure that limits the penetration of ions 

into the inner region due to fast potential change at high current density. These findings 

suggest MnO2(GS) is more suitable to be deployed as supercapacitor electrode, even at high 

current density load. The stability tests were conducted by continuous charge-discharge 

MnO2 at 5 A g-1 and the results are presented in Figure 6(d). After 5000 cycles of charge-

discharge, MnO2(GS) shows higher stability with 88% of capacitance retention, as compared 

to the 75% for MnO2(PS). Moreover, the coulombic efficiency (Figure 6(d) inset) for 

MnO2(GS) was found to be higher than that obtained for MnO2(PS) after 5000 cycles charge-

discharge. Such findings could be explained by the high compactness of MnO2(PS) structure 

that could easily be clogged up during long charge-discharge cycles. 
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Figure 7 shows the Nyquist plots for MnO2(GS) and MnO2(PS). MnO2(GS) shows 

shorter Warburg diffusion at low frequency, possibly due to the better nanosheets spacing and 

less compactness of the structure. Insets of Figure 7 show the zoomed impedance plots at 

high frequency region and the equivalent circuit fitting. The corresponding fitted data is 

tabulated in Table 1. The intercept at x axis represents the equivalent series resistance (ESR) 

which can be related to the conductivity of the material. It could be seen that the ESR for 

MnO2(GS) is 1.52 Ω, lower as compared to the 2.21 Ω for MnO2(PS). The lower ESR value 

could be attributed to the higher carrier density of the MnO2(GS). In addition, galvanostatic 

technique produces MnO2(GS) with lower charge transfer resistance than that obtained on 

MnO2(PS). The electroactive surface area was calculated from the impedance data, according 

to the formula reported elsewhere [4]. The electroactive surface area for MnO2(GS) was 

calculated to be 190 cm2 g‒1,  that is about 2 folds higher than the 108 cm2 g-1 surface area for 

MnO2(PS), probably due to the less compactness of the nanosheets for MnO2(GS). The 

higher electroactive surface area explains the better capacitive behavior of MnO2(GS), as 

suggested by CV and charge-discharge data.  

 

Table 1: Equivalent circuit fitting parameters for MnO2(GS) and MnO2(PS). 

 

Rs 

(Ω) 

Rct 

(Ω) 

C 

(mF) 

Q 

(mF) 

SE 

(m2 g–1) 

W 

(Ω) 

MnO2(GS) 1.52 1.30 149.9 20.2 190 0.05 

MnO2(PS) 2.21 1.91 85.1 10.2 108 0.09 
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4. Conclusions 

 Comparison study for MnO2(GS) and MnO2(PS) shows the difference in terms of 

morphology, surface area, band energy and electrochemical properties. Galvanostatic 

technique could deposit MnO2(GS) in smaller crystallite size, layered structure with less 

compact nanosheets, higher surface area and wider band gap, as compared to the 

potentiostatic technique. Electrodeposited MnO2 has been widely used in supercapacitor 

application and our findings show that MnO2(GS) is more suitable to be applied as 

supercapacitor electrode, due to the higher specific capacitance, lower ESR and higher 

electroactive surface area.  
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Figure captions 

 

Figure 1  XRD spectra for MnO2(PS) and MnO2(GS). 

Figure 2  Representative FESEM images at the same magnification for (a) MnO2(PS) and 

(b) MnO2(GS). 

Figure 3  Potential response (left y axis for galvanostatic) and current response (right y axis 

for potentiostatic) during electrodeposition process. 

Figure 4    N2 adsorption–desorption isotherms of MnO2(PS) and MnO2(GS). The inset 

shows the pore size distributions. 

Figure 5  Direct transition (αhυ)2 versus hυ curves for (a) MnO2(PS) and (b) MnO2(GS). 

Figure 6  Electrochemical studies of MnO2(PS) and MnO2(GS) in 1 M Na2SO4. (a) CV 

curves for at 25 mV s‒1; (b) Galvanostatic charge‒discharge curves at 1 A g‒1; (c) 

the variation of specific capacitance values as a function of current density and 

(d) cycling stability tests at 5 A g‒1, the inset shows the coulombic efficiency. 

Figure 7  Nyquist plots for MnO2(PS) and MnO2(GS), at open circuit potential in 1 M 

Na2SO4; insets show zoomed Nyquist plots at high frequency region and the fitted 

equivalent circuit. 
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Highlights 

� Galvanostatic deposition produced less compact MnO2 nanostructures 

� Galvanostatic deposition produced MnO2 with wider band gap 

� Galvanostatic deposition produced MnO2 with high specific capacitance. 

� Galvanostatic deposition is more suitable approach to produce MnO2 for 

supercapacitor 

 


