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Manganese oxide was deposited on the surface of stainless steel (SS) foil current collector (CC) using 

a simple immersion method followed by heat-treatment at three different temperatures (70, 200 and 

400 °C) for 3 h. The CC deposited with manganese oxide without and with heat treatment were used in 

symmetrical supercapacitor cells using highly porous activated carbon electrodes and LiCl electrolyte. 

The heat-treatment changes the structure (from amorphous to crystalline phase) and surface 

morphology of manganese oxide deposited on the CC surface as evidenced by X-ray diffraction and 

field emission scanning electron microscopy studies. The electrochemical impedance spectroscopy, 

cyclic voltammetry and galvanic charge-discharge characterization results of the supercapacitor cells 

demonstrate that the heat-treatment temperature of 70 
o
C results in a maximum increase of ~70 % in 

specific capacitance, ~140 % in specific power and ~280 %  in specific energy compared to the cell 

using CC deposited with manganese oxide at room temperature. Further, a 10-fold decrement in 

response time (from ~ 14 to ~ 1.4 s) is achieved for a heat-treatment at 70 
o
C which implies a ten times 

faster delivery of energy. These results show the superiority of CC deposited with manganese oxide 

heat-treated at 70 
o
C over the manganese oxide deposited at other temperatures.  

 

 

Keywords: Wet chemical deposition, Activated carbon; Supercapacitors; Manganese oxide; 

Electrochemical properties. 

 

 

 

1. INTRODUCTION 

Electrochemical supercapacitors are energy storage devices which are capable of delivering 

higher energy densities than conventional capacitors and higher power densities with longer cycle life 

than batteries [1]. These advantages make them appealing as backup power sources, starting power for 
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fuel cells and hybrid power sources for many other applications [1,2]. The typical assembly of 

supercapacitors, in general, comprise of metal current collectors, active electrodes, electrolyte and 

separator. Depending on the types of electrodes and charge storage mechanism, the supercapacitors 

can be classified into three categories: (i) non-faradaic electric double layer capacitors (EDLCs) 

resulting from the accumulation of charges at the high surface area porous carbon electrode-electrolyte 

interface [3,4], (ii) faradaic pseudo-capacitors resulting from the fast and reversible redox reactions of 

electrochemically active electrode materials [5,6] and (iii) hybrid capacitor based on these two 

mechanisms [7]. The commonly used active electrode materials for pseudo-capacitor cells are 

conducting polymers (polypyrrole, polyaniline, etc.) and metal oxides (manganese oxide, ruthenium 

oxide, nickel oxide, cobalt oxide, vanadium oxide, etc.) [8]. Manganese oxide, due to its natural 

abundance, low toxicity, low cost, etc., has been proposed to be a better choice as electrode materials 

for supercapacitor applications [9–17]. 

Approach of using activated carbon (AC), carbon nanotube (CNT), graphene, carbon nano 

spheres, carbon aerogel etc., together with MnO2 as electrode materials has been widely investigated 

[18]. The purpose of this approach is to utilize simultaneously the double layer capacitance from 

highly porous carbon materials and pseudo-capacitance from MnO2, an electroactive material, having 

the second highest capacitance after ruthenium oxide and being cheaper and environmental friendly. 

The main advantages of carbon materials are their higher electronic conductivity and internal surface 

area. The common methods to accomplish such an approach are by preparing composite electrodes 

such as MnO2-AC [18,19], MnO2-carbon nanocomposites [20,21], MnO2-nanoporous carbon [22], 

MnO2-porous carbon microsphere [23], MnO2-carbon nanoparticles [24], MnO2-ordered mesoporous 

carbon [25], MnO2-carbon xerogel [26], MnO2-CNT [27–31], MnO2-graphene [32–37], etc. These 

composites are commonly prepared by direct mixing of MnO2 with carbon materials using binder [38], 

chemical precipitation [19] and electro-deposition [32] of MnO2 on carbon materials. Another method 

that is similar to the above approach is based on designing of hybrid supercapacitor configuration, 

wherein carbon electrode is used as an anode and MnO2 deposited on metal current collector (CC) 

such as stainless steel (SS) [9], nickel [39], indium-tin oxide (ITO) coated glass slides [40] etc., is used 

as cathode material. It has been reported that the specific capacitance values achieved by these 

approaches fall within the range of 111-940 F g
-1

 [1,5,10,18,19,40,41], where the values of specific 

capacitance recorded are highly dependent on the method of electrode preparation. 

In the present paper, our method involves the deposition of MnO2 on SS 316L CC by wet 

chemical dipping method using KMnO4 as MnO2 precursor followed by post-heat treatment. In order 

to produce high quality of MnO2 deposited layer and to find the best heating condition, the heat-

treatment was conducted over a few values of heat-treatment temperature. In fabricating supercapacitor 

cells, these CCs were used to sandwich two binderless AC monolith electrodes separated by polymer 

film separator wetted with LiCl electrolyte. The deposited surface of CC was made in contact with the 

AC monolith electrodes. The AC monolith electrodes were prepared from biomass fibers using our 

previously published method employed for producing electrodes for supercapacitor applications [42–

52]. 

The changes in the structure and surface morphology of manganese oxide deposited on the CC 

surface were investigated by X-ray diffraction (XRD) and field emission scanning electron microscopy 
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(FESEM) studies. The performance of the supercapacitor cells were evaluated by using 

electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and galvanostatic charge-

discharge (GCD) techniques; and it was found that post heat-treatment of the manganese oxide 

conducted at an appropriate temperature (~70 
o
C) was very effective to enhance the performance of the 

supercapacitor cells in terms of capacitance, power and response time. 

 

 

2. EXPERIMENTAL 

2.1. Preparation of the electrode and deposition of manganese oxide 

Fibers of oil palm empty fruit bunches (EFBs) were utilized as the precursor to produce 

activated carbon monoliths (ACM) following the procedure mentioned in our previous report [53]. 

First, the fibers were pre-carbonized (Furnace CTMSB46) at 280 °C, followed by milling (ball mill AC 

Motor BS 500-100), and sieving through a 106 μm mesh (Matest 24030 Brembate Sopra, BG) to 

obtain a powder of self-adhesive carbon grains (SACGs). The SACGs were then mixed with KOH (5 

% by weight) and converted to green monoliths (GMs) using a press pelletizing machine (VISITEC 

2009-Malaysia) inside a 20 mm-diameter mold. Carbonization of the GMs was performed under N2 

gas flow (1.5 l min
-1

) inside a furnace (Vulcan Box Furnace 3-1750) to produce carbon monoliths 

(CMs) [53,54]. The CMs were then activated using CO2 gas with flow rate of 1.0 l min
-1

 at a 

temperature of ~800 °C with a 3 h holding time [45,46]. The EFP produced were polished to 0.4 mm-

thick and then washed with distilled water and dried. 

Prior to the deposition process, the SS (grade 316L) current collector was cleaned using an 

ultrasonic bath with acetone, ethanol and de-ionized water for 10 min in each solution [43]. The 

solution for the growth of MnO on the surface of a SS current collector was prepared by mixing 80 ml 

of 0.2 M KMnO4 in 20 ml of 2.5 M H2SO4 [2]. The CC was soaked in the solution for 60 min before 

washing with de-ionized water and then dried using N2 at room temperature. The layer of amorphous 

MnO2 was deposited by the reduction of Mn (VII) species from KMnO4 solution according to the 

following reaction [12]: 

 

Since no reducing agent was used, the free electrons are supposed to be supplied by the 

metallic SS current collector. The manganese oxide deposited SS current collectors were heat-treated 

at temperatures of 70 °C, 200 °C and 400 °C for 3 h in air and were labelled as SSMn70, SSMn200, 

SSMn400, respectively. For a comparison, reference sample SSMn00 (manganese oxide deposited 

stainless steel without heat treatment) was also prepared. The ACM electrodes, current collectors, egg-

shell membrane separator and LiCl electrolyte (0.5 M) were used to fabricate asymmetric 

supercapacitor based on a previously reported method [55,56]. 

 

2.2 Physical and electrochemical characterization 

The weights of the carbon electrodes were measured using a Mettler Toledo AB204 balance. 

Liquid nitrogen (77 K) adsorption-desorption isotherm experiments (Micromeretic ASAP 2010) were 

O2HMnO3e4HMnO 224  
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conducted to characterize the porosity of the ACMs. The FESEM (Zeiss SUPRA 55VP) and energy 

dispersive X-ray analysis (EDAX) were used to study the surface morphology and elemental 

composition of the deposited manganese oxide on the surface of the SS current collectors that were 

heat-treated at various temperatures. The electrochemical performances of the fabricated 

supercapacitor cells were studied using the EIS in the frequency range of 1 MHz to 10 mHz, CV and 

GCD using a Solatron 1287 at a current density of 10 mA cm
-2

. For the CV method, the CV responses 

were recorded over a scan rate increasing from 1 mV s
-1

 to 100 mV s
-1

. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Physical properties 

 
 

Figure 1. (a) Nitrogen adsorption-desorption isotherm data for the ACMs electrodes and (b) the 

corresponding pore size distribution. 

 

Fig. 1(a and b) respectively present the nitrogen adsorption-desorption isotherm and pore size 

distribution curves for the ACM electrode materials used to fabricate supercapacitor cells. The nature 

of the isotherm corresponds to a combination of type-IV and type-I isotherms, an indicative of 

presence of porosity in the sample. It can be observed that initially the amount of gas adsorbed 

increases up to a pressure of ~ 0.1 which reveals that the electrode material possesses high internal 

surface area which has predominant contribution from micro-porosity. Further, a moderate increase in 

volume of adsorbed nitrogen gas beyond ~ P/Po = 0.1 and the presence of the hysteresis loop with a 
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sharp closure implies the availability of meso-pores. The presence of a much more widely distributed 

and heterogeneous micro-porosity in the electrodes was shown by the linear change in the adsorption 

quantity with increasing pressure [46]. At higher pressures, a ‘tail’ can be clearly observed, which is 

explained by the large number of pores in the ACM electrodes. Quantitative information about the 

porosity can be determined from the standard procedure by analyzing the nitrogen-adsorption isotherm 

data [57]. The values of the BET surface area (SBET), micro-pore surface area (Smic), meso-pore surface 

area (Smeso), meso-pore volume (Vmeso), micro-pore volume (Vmic) and average pore diameter (Dp), 

determined using standard procedures and assisted by the instrument software, were 1592 m
2
 g

-1
, 936 

m
2
 g

-1
, 656 m

2
 g

-1
, 0.5 cm

3
 g

-1
, 0.2 cm

3
 g

-1
 and 2.1 nm, respectively. These values are typical for 

porous carbon electrodes [58]. 

 

 
 

Figure 2. FESEM micrographs of (a) SSMn, (b) SSMn70, (c) SSMn200 and (d) SSMn400 ( low 

magnification); and (e) SSMn, (f) SSMn70, (g) SSMn200 and (h) SSMn400 (high 

magnification). 

 

In order to see the effect of heat-treatment over the surface morphology of manganese oxide 

deposited on SS current collector the FESEM micro-graphs were recorded. The FESEM images of 

SSMn00, SSMn70, SSMn200 and SSMn400 surfaces are shown in Fig. 2(i) (a to d) (low 

magnification) and Fig. 2(ii) (a to d) (high magnification). A comparison of the surface morphologies 
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of these figures shows the presence of the manganese oxide nanoparticles deposited on the surface of 

the SS current collectors. The manganese oxide nanoparticles layers appear to be evenly distributed 

throughout the surface of the current collectors; minor cracks appear after the heat treatment at a 

temperature of 70 °C, and severe cracks appear for higher heat treatment temperatures. The layer 

cracking can be attributed to drying shrinkage due to the release of water [1,59]. At higher 

magnification (100,000 X), as shown in Fig. 2(ii) (a to d), it can be observed that the morphology of 

the deposited manganese oxide has a nanostructured and porous fibrous network. Further, as the 

temperature of the heat-treatment increases from 70 °C to 200 °C and 400 °C (Figs. 2 (ii) (b, c and d)) 

the fibrous nanoparticles of the manganese oxide seem to tangle with each other and form an 

agglomeration of fibrous particles [1]. We will see in the later sections that these modified features in 

the surface morphology of the heat-treated electrode samples manifest themselves in enhanced 

supercapacitor performance. The EDAX spectra for the surfaces of all the deposited current collectors 

with manganese were recorded and analyzed using FESEM. It was found that manganese oxide 

deposited on the surface can be observed in the EDAX spectra from the manganese deposited current 

collectors. These results can be observed from the comparison of the spectra of in Fig. 3(i and ii).  

 

 

Figure 3. EDAX spectra of (a) SS current collector surface and (b) manganese oxides-SS current 

collector. 

 

Fig. 4 shows the XRD patterns for SSMn00, SSMn70, SSMn200 and SSMn400 samples. It can 

be observed from the XRD pattern of SSMn00 (without heat-treatment) that there are two sharp peaks 

at 2θ = 45.6° and 50.7° which are the characteristic peaks of stainless steel and there are no peaks 

corresponding to manganese oxide which implies that the manganese oxide is in amorphous phase 
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[12,42]. However, with increase of temperature beyond 70 °C, a new peak ~75° appears and the 

intensity of the peaks 45.6° and 50.7° increases which indicates a transformation from amorphous 

manganese to the crystalline manganese oxide due to the release of water [1,60]. 

 

 
 

Figure 4. XRD patterns of (a) SSMn, (b) SSMn70, (c) SSMn200 and (d) SSMn400. 

 

3.2. Electrochemical characterization 

3.2.1 Electrochemical impedance spectroscopy 

Fig. 5(a) presents the Nyquist plots of all the cells: Cell-00, Cell-70, Cell-200, and Cell-400 in 

the frequency range from 1 MHz to 10 mHz. Each cell shows a plot with a similar feature of the graph 

consisting of a semicircle, a Warburg impedance line and a steep rising line, respectively, in the high, 

intermediate and low frequency regions, and represents the resistive, resistive-capacitive and 

capacitive behavior of the cells in the respective domain of the frequency. However, the shapes of 

graphs differ from each other because of the effect of heat-treatment applied on MnO2. All the plots 

show typical shapes of EIS data curves of supercapacitors using MnO2, activated carbon, CNT and 

graphene electrodes [20–23,27,31,33,61–63], which are the resultant characteristics of the both 

capacitive components associated with the electric double layer phenomena and pseudo-capacitive 

components associated with Faradaic redox processes.  
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Figure 5. (a) Nyquist plots of all the cells over a frequency range of 10
-1

 to 10
6
 Hz, (b) ESR as 

function of frequency, (c) Relative specific capacitance (C’/C’LF) as a function of frequency, 

(d) Imaginary specific (area normalized) capacitance as a function of frequency. 

 

The specific capacitance, Csp of the cells were determined at 10 mHz (low frequency region) 

using the expression; Csp = 2 / (m × ωZ”), where ω=2πf is angular frequency of applied signal, Z” is 

the imaginary part of impedance and m is the mass of the electrode material used in the single 

electrode, and the results are listed in Table 1. The table shows that the Cell-70, Cell-200, and Cell-400 

offer higher values of specific capacitance with respect to the Cell-00. This increase in capacitance can 

be accounted for the surplus pseudo-capacitance arising from the increase in electrical conductivity of 

MnO2 and better interfacial contact of MnO2 with carbon electrodes as result of enhanced crystallinity 
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(as observed from XRD patterns) and the surface roughness (as observed from FESEM images) of the 

MnO2 layer used in the heat-treated samples/cells (Cell-70, Cell-200, and Cell-400) [64,65]. On the 

other hand, the as-prepared MnO2 is poorly crystalline with high surface area and for this case the 

double layer capacitance is predominant [9,10,65]. Further, the low electronic conductivity of the 

poorly crystalline/amorphous MnO2 decreases the charge transfer rate (and hence contribution from 

the pseudo-capacitance) in the redox reaction: 

 

occurring primarily at the electrochemically active surface of the MnO2 that involves surface 

adsorption or the intercalation/de-intercalation of Li
+
 cations [11–13,65]. 

Further, it can be observed from Table 1 that the Csp values of the Cell-200 and Cell-400 are 

lower as compared to the Cell-70. This lowering in capacitance values with increase in temperature 

beyond 70 °C can be attributed to both the reduction in double layer capacitance (due to decrease in 

area of MnO2 as the surface of the electrode specimen becomes denser) and pseudo-capacitance (due 

to reduced electronic conductivity as a result of increase in cracks/disintegration) [11,14,64,65]. 

Moreover, the decrease in effective surface area of MnO2 in contact of carbon electrodes leads to 

relatively lower number of redox active sites for the adsorption of the Li
+
 ions and hence a relative 

lowering in capacitance values is observed for further increase in temperature beyond 70 °C [10–

12,65]. This indicates that the heat-treatment can effectively change the electrochemical properties of 

the MnO2 layer deposited on the SS current collectors. Similar significant changes in the 

electrochemical properties of the electrodes were observed when the MnO2 electrodes were heat-

treated at various temperatures: 200 – 400 °C [60], 70 – 400 °C [38], 50 – 600 °C [15] and 100 – 700 

°C [1]. The common effects of heat-treatment of MnO2 include changes in the microstructure, surface 

morphology, chemical state and crystal structure [10]. 

 

Table 1. Specific capacitance (Csp) values evaluated from EIS, CV and GCD data for different 

supercapacitor cells. 

 

Cells 
Csp (F g

-1
) 

EIS CV GCD 

Cell-00 58 60 56 

Cell-70 100 98 96 

Cell-200 77 85 82 

Cell-400 65 80 75 

 

The Csp values presented in Table 1 are compared with those reported in the literature in Table 

2 [1,2,9,18,20,22,25,27,32,34,38,39,61,62,66]. It can be observed from the Table 2 that except for a 

few configurations, most of the electrode configurations have higher, Csp values than those of the 

supercapacitor cells under present investigation. The lower Csp values can be due to the fact that when 

transporting from bulk of the electrolyte to the MnO2 via carbon electrodes, the major fraction of Li
+
 

ions are adsorbed by the carbon electrodes and only a small number of Li
+
 ions can manage to reach 

   surfacesurface
MnOOLieLiMnO2  
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the surface of MnO2 due to diffusional limitations imposed majorly by the bottle neck micro-pores of 

the carbon electrodes. Therefore, the number of electroactive sites on the surface of MnO2 contributing 

to the redox reactions is relatively less and hence a lesser contribution from the pseudo-capacitance is 

expected to the overall capacitance. However, we will see in the subsequent sections that a 

considerable decrease in Faradaic charge transfer resistance and that of electronic resistance is 

noteworthy due to the deposition of MnO2 on the surface of high conducting SS current collector. This 

gives rise to the improved frequency response/rate capability of the supercapacitor cells. 

Referring to the Fig. 5 (a), the first intersection point on the real axis by the high frequency RC 

semi-circle arc represents the combined resistance contributed by the electrolyte resistance, the ionic 

resistance of ions moving through the separator, the intrinsic resistance of the active electrode material, 

and the contact resistance at the interface of active material/current collector (Rs) and diameter of the 

arc represents the resistance mainly caused by the charge-transfer processes at the electrode/electrolyte 

interface (Rct) and the double layer capacitance, (Cdl) [14,35,67]. Here, the Li
+
 cations participate in the 

redox processes during the charging/discharging [14]. The values of Rs and Rct were determined from 

the EIS data in Fig. 5 (a) have been compared with the literatures (Table 3). This table shows that the 

Rs or ESR values of the cells under present investigation vary within the range from 1 to 2 Ω, and 

comparable to the value of bulk solution resistance of LiCl electrolyte [16]. Rs values offered by the 

heat-treated sample (Cell-70, Cell-200, and Cell-400) are lower than the as-prepared sample (Cell-00) 

and with an optimum improvement occurring for the heat-treatment at 70 °C. Further, it can also be 

noticed from this table that the Rct values for the Cell-70, Cell-200, and Cell-400 are smaller and being 

a minimum for Cell-70 with respect to reference cell (Cell-00). In general, the variation in Rct values is 

influenced by the current collector/active material interface contact resistance, electrode resistance, 

etc., [14,21,23,24,33,36,37,67,68]. 

 

Table 2. Specific capacitance values for MnO2 and MnO2 composite based supercapacitor cells. 

 

Electrode configurations/compositions Csp (Fg
-1

) Refs. 

MnO2-SS current collector (wet deposited) - binderless activated carbon 

electrodes: 70 °C, 200 °C, 400 °C) 

96-100 Present 

study 

MnO2-graphite (Anodic deposition): As-deposited, 100 °C, 200 °C 179-214 [1] 

MnO2-SS current collector (Potentiodynamically deposited) 480 [9]  

MnO2-carbon nanocomposite 218 [20] 

MnO2 (anode)-activated carbon (cathode) 300 [22] 

MnO2-Activated CNTs composite 201 [27] 

MnO2-activated CNT composite 184-250 [30] 

MnO2-ordered mesoporous carbon composite 440-640 [31] 

MnO2-graphene and MnO2 (Asymmetric) 328 [32] 

MnO2-graphene (anode)-activated carbon (cathode) 114 [34] 

MnO2-AB (acetylene black) (Symmetric composite): 70 °C,  

200 °C, 400 °C 

211-247 [38] 

MnO2- Ni current collector (Electrochemically deposited)  310 [39] 

MnO2-coated N2-activated carbon-MWCT 63-312 [62] 

MnO2-activated carbon composite 70-150 [66] 
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As for our results, it is likely that the decrease in the Rct values for heat-treated sample is 

dominantly related to the change in surface morphology (increased surface roughness) and increase in 

crystallinity of MnO2 which respectively improves the MnO2 layer adhesiveness to the current 

collector as well as the carbon electrodes; and conductivity of the electrodes [12,13,64,65]. Better 

contact of MnO2 with CC facilitates electron conduction whereas increase in conductivity results in 

faster charge transfer rate [14].  

The behavior of the Rct values shown in Table 3 can be explained further by referring to the 

FESEM images in Fig. 2. It can be observed in this figure that the surface of the heat-treated MnO2 

(Cell-70) is relatively rough/uneven than untreated MnO2 (Cell-00), which provides a better adherence 

to the particles of the carbon electrodes and hence reduces the interfacial contact resistance between 

MnO2 and carbon electrodes. However, for higher heat-treatment temperature (Cell-200 and Cell-400) 

the surfaces are relatively rough than that of Cell-70, but more number of cracks/empty insulating 

pathways is generated due to the release of adsorbed water which leads to the reduction in area of 

MnO2. This reduction in area of the MnO2 decreases the effective area of contact with current 

collectors as well as with carbon particles of the electrodes which in turn increases interfacial contact 

resistance between current collector and MnO2 as well as between MnO2 and carbon electrode. 

 

Table 3. Electrical parameters evaluated from Nyquist and Bode Plots. 

 

Cell/Electrode compositions Rs (Ω) Rct (Ω) o (s) Refs. 

Cell-00 1.85 20.35 14.28 Present  

study Cell-70 1.20 3.50 1.50 

Cell-200 1.65 6.00 8.33 

Cell-400 1.75 15.45 16.66 

MnO2 (25–150 °C) heat treatment 0.50-5.04 0.10-0.70 0.06-0.23 [14] 

MnO2-C (10-90)min 2.00    2.0-7.0 1.2-8.0 [21] 

MnO2-(0 - 10%) carbon 0.20-0.420   0.5-1.5  [23] 

MnO2-carbon nanoparticles -         - 0.5 [24] 

MnO2-GNR (0 - 23 %) 2.70-3.80   1.1-2.5 - [33] 

MnO2-rGO nanocomposite, GO 

and rGO  

-   4.6-3.7 - [36] 

MnO2-NF, MnO2-G-gel-NF NF 

and G-gel-NF 

-   4.2-9.6 - [37] 

MnO2-(30 - 50%) EG 152-216 0.566-0.798 - [63] 

MnO2-SWNT (before/after cycle) 2.71-2.48 0.97-1.24 - [67] 

MnO2-graphene 4.90 2.0-3.7 - [68] 

 

Fig. 5(b) is the plot of Z’ values as a function of frequency, which can show the effect of heat 

treatment temperature of MnO2 deposited layer on the equivalent series resistance (ESR) of the cells 

recorded over the all frequency range. It can be observed from the Fig. 5(b) that throughout the whole 

spectrum of frequency, the Cell-70 exhibits a behavior which is most close to the ideal one 

(represented by the line parallel to the real axis). At high frequencies (f > 100 Hz), the main resistances 

are due to electrolyte and the two electrodes, whereas in the intermediate frequency range (1 Hz < f < 
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100 Hz), the predominant resistances are due to the transport/penetration of ions and the electric signal 

through the pores of electrodes [69]. Since the carbon electrodes and the electrolyte are same in all 

cases, therefore the lowest value of resistance for Cell-70 can be associated with the change in the 

properties (surface morphology, area, crystallinity etc., resulting in surplus pseudo-current) of the heat 

treated MnO2. Finally, in the lower frequency range (f < 1 Hz) at a frequency of 0.01 Hz the Cell-70 

offers an ESR of ~ 6 Ω which is substantially lower compared with that of as prepared Cell-00 ( ~ 30 

Ω); and hence again confirming the improvement in the response time/frequency response caused by 

the heat-treatment. 

For further analysis of the EIS data, it is convenient to refer the complex model of the 

capacitance, which assumes that the overall capacitance C(ω) can be splited into two parts namely the 

real part, C’(ω) and the imaginary part, C”(ω), both being the functions of frequency [65,66]: 

 

where C’(ω) = Z”(ω) / ω|Z(ω)|
2
 and C”(ω)= –Z’(ω) / ω|Z(ω)|

2
 such that Z(ω) = 1 / jωC(ω), Z’ 

= real impedance, and Z” = imaginary impedance. These formula are used to determine the values of 

C’(ω) and C”(ω) from the EIS data for further analysis in the following paragraphs. 

Fig. 5(c) displays the behavior of relative capacitance C’(ω)/C’(ω)LF decay as a function of 

increasing frequency for all the cells. This behavior can be explained by the complex model of the 

capacitance which proposes the ‘rule’ that the penetration depth inside pores of electrodes that can be 

reached by a.c. signal/ions is inversely proportional to the frequency of the applied a.c. signal [70,71]. 

In view of this rule one can explain for the significantly higher level of relative capacitance of the Cell-

70 compared to other cells over a wide frequency range as seen in Fig. 5(c). For this cell, the better 

contact of MnO2 with the interface: electrode/MnO2/current collector (leading to the reduction in ESR 

and/or Rct values facilitates the penetration of Li
+
 and Cl

-
 ions) into carbon electrodes and increases the 

number of Li+ ions reaching MnO2 as a consequence of increased electroactive sites. The increase in 

conductivity of MnO2 has also an added influence to promote better rate of redox reactions. Therefore, 

an equilibrium state resulting in the maximum/saturated capacitance is achieved for the Cell-70. 

However, such a condition does not occur in other cells, therefore, the relative capacitance curves for 

these do not show any plateau (equilibrium) feature even though in the very low frequency region. 

From Fig. 5(c) one can estimate the highest operating frequency, fmax, which is defined as the 

frequency at which the capacitance drops to 50 % of its maximum value [72], and the values obtained 

are listed in Table 3. The Cell-70 presents the highest value of fmax compared to that of other cell. 

These results can be explained in terms of the temperature dependent growth of MnO2 layer [12]. Our 

results show that the growth rate of MnO2 can be accelerated at higher temperature (above 70 °C) 

which results in thicker MnO2 layer leading to longer diffusion length and restricted transportation of 

the charge species. Therefore, higher fmax values or the rapid frequency response of the Cell-70 can be 

attributed to the relatively thin layer of along with the better contact with electrode and current 

collector. The value of fmax in the present study is comparable to those recently reported in the 

literature for polypyrrole derived activated carbons, aerosol-carbon particles, activated carbon and 

CNTs [72,73]. 

Fig. 5(d) shows the effect of heat treatment on the variation of C”(ω) against frequency. This 

figure shows that the heat-treatment causes a decrease in C”(ω) values and a shift in the C”(ω) peak 

      "' jCCC 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

2478 

positions towards high frequency. From this figure, one can determine the time constant, τo, as an 

important parameter that corresponds to the boundary between the resistive and capacitive behavior of 

the supercapacitors, which refers to the time required by the cells to deliver their stored energy [59]. 

The values of τo for each Cell-00, Cell-70, Cell-200 and Cell-400 are determined from their respective 

peak position (f = fo) in Fig. 5(d) by an equation τo = 1/ fo and the results obtained for τo and fo are as 

listed in Table 3. As can be seen in the table, the Cell-70 presents the lower value of τo compared to 

other cells, indicating that this cell can deliver its stored energy faster than the other cells. It should be 

noted here that the τo values in Table 3 are comparable to those reported for cells using MnO2 [14] and 

MnO2–carbon composite electrodes [21,24]. 

 

3.2.2 Cyclic voltammetry 

Fig. 6(a) presents the cyclic voltammograms for the Cell-00, Cell-70, Cell-200 and Cell-400 

recorded at a scan rate of 1 mV s
-1

 over a potential window ranging from 0 to 1 V. The quasi-

rectangular shape of the voltammograms of all the cells indicates near ideal capacitive behavior. The 

absence of redox peaks suggests that the MnO2 in contact of carbon electrode is charged-discharged at 

pseudo-constant rate over the complete cyclic voltammetric cycles [23]. The pattern of the CV curves 

is similar to the typical symmetric voltammograms reported for composite electrodes consisting of 

MnO2 and activated carbon [19,74], MnO2 and carbon nanofibres [40], MnO2 coated on graphite [2], 

MnO2 and porous carbon meso-spheres [41], carbon supported MnO2 [66], MnO2 and ordered meso-

porous carbon nanocomposite [25] etc. The uses of these carbon components are meant for increasing 

the electronic conductivity, mechanical strength and/or a source of electrostatic double layer 

capacitance [2,13,19,23,25,40,66,74].  

 

 
Figure 6. (a) CV profiles of all the cells at a scan rate of 1mV s

-1
, (b) Specific capacitance as a 

function of scan rates (from 1 mV s
-1

 to 100 mV s
-1

). 
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The CV curves in Fig. 6(a) demonstrate that the Cell-70, Cell-200 and Cell-400 offer higher 

voltammetric current (and hence higher specific capacitance) and are closer to the rectangular shape as 

compared to the reference Cell-00. The specific capacitance of all the cells was calculated from the 

data in Fig. 6 (a) using the equation Csp = 2i/(sm), where i is the current, s is the scan rate, and m is the 

mass of the active material used for single electrode [43]. The results calculated from the CV curves at 

a scan rate of 1 mV s
-1

 are shown in Table 1. The change in the Csp values is associated with the 

transformation from amorphous to the high electronic conducting crystalline phase of MnO2 that 

occurred due to the heat-treatment, which in turn produces relatively high pseudo-current [13,65]. 

It is also noticeable in Table 1 that the Cell-200 and Cell-400 offer lower value of specific 

capacitance as compared to Cell-70 which can be accounted for the decrease in amount of hydrates and 

area of MnO2 and hence reduced electrochemically active regions [14,65]. Further, the shape of CV 

profile of Cell-70 is very close to the rectangular like shape which indicates the improved accessibility 

of the Li
+
 ions to the electrochemically active regions on the surface of MnO2 in contact of the carbon 

electrodes and the fast Li
+
 ion switching behavior across the electrolyte-carbon electrode interface and 

quick double layer formation in pores of the carbon electrodes. 

The Csp values over the scan rate of 1 to 100 mV s
-1

 are shown in Figs. 6 (b). It is noteworthy 

that the Cell-70, Cell-200 and Cell-400 exhibit higher value of specific capacitance over the entire 

range of scan rate and compared to Cell-00 for which only the ~2 % capacitance is retained; the 

capacitance retention is improved to the maximum value of ~15 % for Cell-70. Usually, such decrease 

in capacitance with increasing scan rates for the MnO2 and MnO2 composites with various carbons 

(AC, CNT, graphene etc.) is substantially higher as compared to the pristine carbon based electrodes 

which involve no redox reactions [2,4,19,23,25,40,66,74]. The retention/decay in the specific 

capacitance values in the present study is comparable to those observed over a typical range of scan 

rate for an asymmetric hybrid supercapacitor using composite electrodes based on carbon aerogel and 

manganese oxide [1,26,40,66]. 

The improvement in the capacitance retention for the Cell-70, Cell-200 and Cell-400 could be 

due to the following factors: (i) increase in electronic conductivity of MnO2, (ii) decrease in charge 

transfer resistance, Rct, which represents either the kinetic resistance to ions transporting across the 

carbon electrode-electrolyte interface or intrinsic charge-transfer resistance in redox reactions 

occurring on the surface of MnO2 and (iii) the improved interfacial (SS/MnO2 and MnO2/ carbon 

electrodes interfaces) contact.  

Fig. 6(b) also shows the Cell-200 and Cell-400 have lowER value of specific capacitance and 

lower capacitance retention as compared to Cell-70. These results could be due to the creation of more 

pronounced cracks/disintegration and decrease in amount of hydrates/area of MnO2 in the Cell-200 and 

Cell-400 due to higher heat treatment temperature, which leads to reduced number of 

electroactive/hopping sites for Li
+
 ions and pathways for electrons migrating across the SS/MnO2 

interface [11,14,23,25,40,64]. These results show that the annealing of manganese oxide conducted at 

an appropriate temperature may enhance the specific capacitance of the cell. 
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3.2.3 Galvanostatic charge-discharge 

 
 

Figure 7. (a) Charge-discharge curves of all the cells at an applied constant current load of 1.0 mA cm
-

2
. (b) Equivalent series resistance (ESR) and response time (τo) as a function heat-treatment 

temperature and (c) Ragone plots for all the cells.  

 

Fig. 7(a) shows the charge-discharge curves of the Cell-00, Cell-70, Cell-200 and Cell-400 at a 

constant current load of 1.0 mA cm
-2

. Of all the curves, the GCD curve of Cell-70 shows the best 

charge-discharge behavior which is most close to the typical triangular curve for high performance 

supercapacitor, indicating an appropriate choice of heat-treatment temperature at 70 °C for MnO2 

deposited on the current collector. From the data in this figure, the values of discharge capacitance Csp 
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for all the cells have been evaluated from the linear part of the discharge characteristics using the 

expression: Csp = 2i / m(∆V/∆t), where i is constant current, m is mass of the active material in the 

single electrode and ∆V/∆t is the slope of the discharge curve. The results are shown in Table 1, 

showing a good agreement with the Csp values determined from the data of EIS and CV methods, 

which also indicate the highest Csp value of the Cell-70. 

It can be observed from the Fig. 7(a) that the heat-treatment influences the magnitude of the 

sudden voltage drop occurring at the beginning of the discharge curve. This voltage drop, also known 

as Ohmic drop, is related to the ESR by the equation ESR= iRdrop / 2I, where I discharge current and iR 

drop is electrical potential difference. The ESR of each cell has been evaluated from this voltage drop 

using this equation and the results are shown in Table 4. The ESR results in this table show the same 

trend as exhibited by the ESR results determined from EIS data, with minimum value of ESR observed 

for the Cell-70. Also, the ESR values in Table 4 show a well systematic correlation with the τo values 

determined from the EIS data, as evidently shown in Fig. 7(b), where both parameters show minimum 

values for the Cell-70, confirming that this cell can deliver the highest performance of power delivery 

compared to the other cells. 

The specific power (P) and specific energy (E) of the cells were calculated from the GCD 

curves in Fig. 7(a) using the equations P = Vi / m and E = Vit / m, respectively, where V is the voltage 

(excluding the iR drop) that appears at the beginning of the discharge, i is the discharge current, t is 

time, and m is the mass of the electrode [47]. The effect of heat-treatment of MnO2 on the P-E relation 

(Ragone plot) is shown in Fig. 7(c). All cells show a typical shape of P-E relation for carbon based 

supercapacitors but the level and the length of P-E curve of the cells differ from each other, depending 

on the heat-treatment temperature. 

 

Table 4. Specific energy and specific power values evaluated from GCD data. 

 

Cell/Electrode compositions 
Aqueous 

Electrolyte 

Emax 

(Whkg
-1

) 

Pmax 

(kW kg
−1

) 
Refs. 

Cell-00 LiCl 0.6 82 Present 

work Cell-70 LiCl 2.3 199 

Cell-200 LiCl 1.7 163 

Cell-400 LiCl 1.6 159 

MnO2- graphite  (Anodic deposition)   LiCl No report No report [2] 

MnO2-carbon spheres Na2SO4 - 13.5 [18] 

MnO2-CNT (Symmetric)  Na2SO4 25.2 45.4 [28] 

MnO2- AC-MWCNT (Asymmetric) Na2SO4 51.1   0.1 [34] 

MnO2-Ni (Electrochemical  deposition)  Na2SO4 12.5 14.0 [39] 

MnO2-AC & AC (Asymmetric) Na2SO4 20.0 - [66] 

 

Specific power-energy relationship shows that the specific energy remains almost unchanged at 

low specific power and then gradually decreases before showing a relatively larger decrease in the 

region of higher specific power. The values of Pmax and Emax are shown in Table 4. It can be seen that 

the heat-treatment results in substantial increase in both the P and E values, particularly for the Cell-
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70, which shows the maximum increase compared to the Cell-00. It can, therefore, be inferred that an 

optimum heat-treatment temperature applied on MnO2 during deposition on the current collector is a 

cause for substantial increase in the values of P, E and Csp of the cell. The values of Pmax and Emax 

shown in Table 4 are comparable to the recently reported values in the literature for supercapacitors 

using composite electrodes of manganese oxide and carbon based materials [22,28,32,34,38,75]. 

 

 

 

4. CONCLUSIONS 

The performance of the heat-treated (70, 200 and 400 °C) manganese oxide layer deposited on 

the surface of stainless steel (SS) foil was compared with the as-prepared manganese oxide layer 

deposited on the surface of stainless steel (SS) foil at room temperature by fabricating the symmetrical 

supercapacitor cells using highly porous carbon electrodes prepared from fibers of oil palm empty fruit 

bunches and aqueous LiCl electrolyte. The changes in the structure and surface morphology of 

manganese oxide deposited on the SS surface caused by the heat-treatment influence the behaviour of 

MnO2 in the interface: carbon electrode/MnO2/CC and hence the performance of supercapacitor cells. 

A heat-treatment temperature of 70 
o
C results in a maximum increase of ~73 %, ~143 % and ~283 % 

in specific capacitance, specific power and specific energy, respectively, of the supercapacitor cell. 

Further, the Cell-70 (corresponding to the heat-treatment at 70 
o
C) offers the minimum value of time 

constant (~1.4 s). These results show the superiority of SS foil deposited with manganese oxide and 

heat-treated at an appropriate temperature (70 
o
C) over the manganese oxide deposited at other 

temperatures. 
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