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Abstract 
In our previous study, we found that nsutite materials showed electrochemical 
properties and can be found suitable for supercapacitor applications. In this 
study, we ball milled and annealed the nsutite materials at different tempera-
tures, based on the transition temperatures obtained from differential thermal 
analysis and thermogravimetric analysis (DSC/TGA). X-ray diffraction stud-
ies confirmed the gamma-MnO2 phase of nsutite material, and electrochemi-
cal studies showed electrochemical behavior. The specific capacitance of ball 
milled nsutite material was 36 F/g at 0.5 A/g current density. The specific ca-
pacitance of the ball milled samples annealed at 350˚C and 580˚C was 18 F/g 
and 11.3 F/g, respectively at a current density of 0.5 A/g. 
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1. Introduction 

To meet current and future energy needs, scientists are looking for alternate re-
newable energy sources. Also, there is a need of reliable energy storage devices to 
store the energy produced by alternate renewable energy sources. Rechargeable 
batteries [1] [2] and supercapacitors [3] [4] are promising energy storage devices. 
Over the years, scientists have been looking for cheap, environmentally friendly, 
and high energy density supercapacitor materials [5]. Various transition metal 
oxides [6]-[8], sulfides [9] [10], and nitrides [11] materials have been found to be 
suitable for supercapacitor applications. Among these materials, MnO2 [12] are 
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considered and promising material for supercapacitor applications because of its 
good electrochemical properties, environmental friendliness, abundance in nature 
and low cost. Li and coworkers synthesized MnO2 by one pot method and re-
ported its specific capacitance as 124.9 F/g at 1 A/g [13]. Naturally MnO2 can be 
obtained from nsutite, an ore found in a town called Nsuta in Ghana. Nsutite has 
the composition ( )4 2

1 2 2 2Mn Mn O OHx x x x
+ +
− −  where x = 0.06 - 0.07 [14]. It was re-

ported that naturally occurring MnO2 can be used for supercapacitor applications 
[15]. In our previous article, we found that pure nsutite materials showed the elec-
trochemical behavior and the specific capacitance of pure nsutite material was 
found as 14.65 F/g at a current density of 1 A/g [16]. In order to further improve 
the electrochemical properties of the nsutite materials we ball milled and then an-
nealed the materials. The effect of the annealing temperature on electrochemical 
behavior of nsutite was studied and reported in this paper.  

2. Materials and Characterizations 
Nsutite samples were obtained from Ghana Manganese Company, Nsuta, Ghana, 
where nsutite was first discovered. Sodium sulfate was received from Alfa Aesar, 
USA and used as received. Nsutite samples were crushed into small pieces and 
then ball milled using Planetary Ball Mill [ACROSS International USA, Model 
PQ-N04]. The nsutite samples were ball milled using 8 silica ball of 6 mm and at 
the rate of 300 rpm for 15 minutes and then paused for 15 min and the cycle was 
repeated 32 times. The counter cylinder had equal weight of sand and 8 silica balls.  

The ball milled sample was characterized using DSC/TGA and then annealed 
at 350˚C and 580˚C based on the transitions seen from DSC/TGA thermogram 
[16]. X-ray diffraction studies of ball milled and annealed ball milled samples were 
carried out using Rigaku Miniflex-II x-ray diffractometer employing Cu Kα radi-
ation with a wavelength of 1.5406 Å at a scan rate of 3˚ min−1. 

The slurry of the nsutite materials were prepared by mixing 80% of the nsutite 
material, 10% carbon black, and 10% PVDF binder using n-NMP as a solvent in 
a pastel mortar. The slurry was then coated onto Ni foil and dried overnight. The 
mass of the active materials on the electrodes was between 3.0 mg - 5.0 mg. The 
electrochemical studies were performed using a Squidstat plus potentiostat (Ad-
miral Instruments, USA). The electrochemical characterization was carried out in 
a three-electrode cell configuration using prepared nsutite electrodes, Pt. foil, and 
Ag/AgCl as working, counter, and reference electrode, respectively. 1 M sodium 
sulfate aqueous solution was used as electrolyte.   

3. Results and Discussions 
Figure 1. shows the X-ray diffraction pattern of pure and annealed ball milled 
nsutite. Pure ball milled sample has peaks at 2θ/(d-spacing, Å) 22.46˚/3.96 Å, 
26.8/3.33 Å, 28.76˚/3.10 Å, 37.3˚/2.41 Å, 38.42˚/2.34 Å, 42.6˚/2.12 Å, 56.24˚/1.64 
Å, 65.18˚/1.43 Å, 69.28˚/1.36 Å, and 71.8˚/1.31 Å. The results indicates that the 
ball milled samples correspond to 1.64 type nsutite, containing 90.57% manga-
nese, which was further determined as gamma MnO2 [17]. Upon heating the ma-
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terials some peaks disappear and at 580˚C MnO2 converted to Mn2O3, which is in 
agreement with the literature [18]. 

Figure 2 represents the cyclic voltammogram of various nsutite samples. The 
cyclic voltammetric studies were performed in air atmosphere at room temperature 

 

 
Figure 1. X-ray diffraction studies of (a) pure ball milled nsutite, (b) ball milled sample 
annealed at 350˚C, and (c) ball milled sample annealed at 580˚C. 

 

 
Figure 2. Cyclic voltammetric studies of (a) pure ball milled nsutite, (b) ball milled sample annealed at 350˚C, and 
(c) ball milled sample annealed at 580˚C. 
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between 0 V - 1 V at various scan rates such as 10 mV/s, 20 mV/s, 50 mV/s, 75 mV/s, 
100 mV/s, 125 mV/s, 150 mV/s, 200 mV/s, 250 mV/s, and 300 mV/s. The specific 
capacitance from cyclic voltammetric studies was calculated using the formula, 

 ( ) ( )spC I dV V mϑ= ⋅ ∆ × ×∫  (1) 

where, I is the current, ∆V is the potential range (V), ϑ  represents the scan rate 
(mV/s) and m (gram) is the mass of the samples. 

It can be seen from Figure 2 that the shapes of the cyclic voltammogram are 
almost rectangular, which indicate that the electrodes have charge-discharge ca-
pacity. Also, it can be seen from Figure 2 that the electrodes are stable even at a 
higher scan rate of 300 mV/s. Table 1 shows the specific capacitance of various 
nsutite samples, obtained from cyclic voltammetric studies. It can be seen from 
Table 1 that the maximum specific capacitance of 63.61 F/g was obtained for pure 
ball milled sample at a scan rate of 10 mV/s. At a scan rate of 100 mV/s, the specific 
capacitance for pure ball milled, ball milled samples annealed at 350˚C, and 580˚C 
was obtained as 49.29 F/g, 11.44 F/g, and 17.53 F/g, respectively.  

 
Table 1. Specific capacitance of various nsutite materials obtained from cyclic voltammetric 
studies. 

Material Ball Milled Pure Ball Milled 350˚C Ball Milled 580˚C 

Scan rate 
(mV/s) 

Specific capacitance 
(F/g) 

Specific capacitance 
(F/g) 

Specific capacitance 
(F/g) 

10 63.61 23.81 23.07 

20 60.27 21.83 21.69 

50 54.69 15.76 19.53 

75 51.65 13.16 18.42 

100 49.29 11.44 17.53 

125 47.45 10.18 16.83 

150 45.70 9.21 16.16 

200 42.58 7.70 15.03 

250 40.00 6.65 14.06 

300 37.76 5.86 13.23 

 
Figure 3 represents the charge-discharge studies of ball milled, ball milled sam-

ples annealed at 350˚C, and 580˚C. All charge-discharge studies were performed 
in air atmosphere and at room temperature in the voltage range of 0 V - 1 V and 
at current densities of 0.5 A/g, 1 A/g, and 2 A/g. The specific capacitance was cal-
culated from the formula, 

 ( ) ( )sC I t m V= ∗∆ ∗∆  (2) 

where, I is the current (A), t is the discharge time (s), m is the mass of the active 
material (gram), and ∆V is the voltage range (V). Table 2 summarizes specific ca-
pacitance of various nsutite samples. It can be seen from Figure 3 and Table 2 that 
the maximum specific capacitance was obtained for pure ball milled samples. The 
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specific capacitance of pure ball milled sample was obtained as 36 F/g, 34 F/g, and 
34 F/g at a current density of 0.5 A/g, 1 A/g, and 2 A/g, respectively. Upon anneal-
ing the ball milled nsutite at 350˚C, and 580˚C the specific capacitance was 18 F/g, 
and 11.3 F/g at current density of 0.5 A/g. In our previous studies it was reported 
that raw nsutite samples showed a specific capacitance of 13.05 F/g at 0.5 A/g cur-
rent density [14]. In this study the ball milled nsutite samples showed significant 
improvement of capacitance, compared to our previous published results (14.65 
F/g at 1 A/g) of pure nsutite materials [16]. This may be due to the reduced particle 
size, which results in increased surface area of the nsutite samples after milling.  

 

 
Figure 3. Charge-discharge studies of (a) pure ball milled nsutite, (b) ball milled sample annealed at 350˚C, and (c) 
ball milled sample annealed at 580˚C. 

 
Table 2. Specific capacitance of various nsutite materials obtained from charge-discharge 
studies. 

Material Current Density (A/g) Specific capacitance (F/g) 

Ball Milled pure 

0.5 36 

1 34 

2 34 
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Continued 

Ball Milled 350˚C 0.5 18 

 1 16 

 2 14 

Ball Milled 580˚C 0.5 11.3 

 1 10.3 

 2 9.2 

4. Conclusion 

It can be seen that ball milled nsutite materials can be used for supercapacitor 
applications. The specific capacitance of ball milled, ball milled samples annealed 
at 350˚C, and 580˚C was found to be as 34 F/g, 16 F/g, and 10.3 F/g at a current 
density of 1 A/g. On the other hand, cyclic voltammetric studies confirm the elec-
trochemical behavior of nsutite materials and stabilities of the electrodes at a 
higher scan rate of 300 mV/s. More investigation is required to improve the elec-
trochemical properties of nsutite materials to obtain inexpensive, environmentally 
friendly, and abundant supercapacitor materials.  
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