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Abstract 

The supercapacitive behavior of polyaniline/MnO2-carbon black (PANI/MnO2-CB), MnO2-CB 

nanocompositesand CB was studied. MnO2-CB made by the in situ direct coating method to 

deposit MnO2 onto CB; then PANI coating was coated on it. Morphology of the 

nanocomposite was studied by X-ray diffraction (XRD), Fourier transform infrared (FT-IR) 

spectroscopy and scanning electron microscopy (SEM). The electrochemical properties of 

electrodes were investigated by cyclic voltammetry (CV), galvanostatic charge–discharge and 

electrochemical impedance spectroscopy (EIS) techniques in 0.5 M Na2SO4. The specific 

capacitance of 179.8 F. g
-1

 was obtained for PANI/MnO2-CB compared with 121 F. g
-1

 for 

MnO2-CB and 44.87 F. g
-1

 for CB. The EIS results also revealed improved capacitive 

properties of CB by the addition of MnO2 and PANI. 

Keywords: Chemical polymerization, Cycle stability, Life time, PANI/MnO2-CB, 

Supercapacitor 
 

1. INRODUCTION 
 

Electrochemical capacitors, called 

supercapacitors (SCs), are charge-storage 

devices that are able to fast charges and 

discharges (Simon & Gogotsi, 2008, p. 

845). The capacitance of these capacitors 

originate from charging or discharging of 

electrical double layer (electrical double 

layer capacitance) or from faradic redox 

reactions (pseudo capacitance) (Conway, 

1991, p. 1539), (Chenetal., 2015, p. 495 ). 

Double layer capacitors store energy by the 

separation of opposite charges at the 

electrode/electrolyte interface whilepseudo 

capacitors utilizes faradic redox process 

(Liuetal., 2009, p. 678), (Ghennaatian etal., 

2009, p. 1717). The electrode materials 

have a very important role in the 

achievement of high performance super 

capacitors (Mei etal., 2014, p. 36 ). 

Different materials have been used in 

supercapacitors, including (I) carbonous 

materials(Jian & Tripathi, 2015, p. 1391), 

(II) conducting polymers, and (III) 

transition-metal oxides (TMs), conducting 

polymers (CPs) (Zhang etal., 2007, p. 1017) 

and hybrid systems, carbon/metal 

oxides/conducting polymers(Konyushenko 

etal., 2008, p. 231 ). These devices are now 

better referred as “electrochemical 

capacitors” rather than double-layer 

capacitors (Rudgeetal., 1994, p. 273 ). 

MnO2 is thought of being the most 

promising transition metal oxide for the 

successive generation of supercapacitors 

mailto:Mg-hosseini@tabrizu.ac.ir


148                                                               Hosseini et al 

because of its high-energy density, low cost, 

environmental friendliness, and natural 

abundance (Nam etal., 2009, p. 323), (Kim 

etal., 2009, p. 837), whereas one of the 

important challenges with manganese oxide 

is its low electrical conductivity. The 

specific capacitance of thin MnO2 films is 

about ~700 F. g
-1

. However, the specific 

capacitance gradually decreases with 

increasing film thickness, and the reported 

values for the specific capacitance are 

usually in the range of 100 to 250 F. g
-1

(Sen 

& De, 2010, p. 4677). Thus, many 

approaches have been taken to overcome 

this disadvantage through synthesizing 

specific nanostructures (Fischeretal., 2008, 

p. A246), (Wei& Zhitomirsky, 2008, p. 40), 

(Cheong& Zhitomirsky, 2009, p. 346), or 

composites with conducting materials. 

Toward this end, researchers have made 

great efforts in developing, conducting 

polymers (CPs) as good candidates for 

supercapacitor electrode materials due to 

their unique properties such as facile thin 

film fabrication, ease of processability, light 

weight and elasticity (Cho& Lee, 2005, p. 

1). Among CPs, polyaniline (PANI) has 

attracted significant attention, because of its 

high electroactivity, controllable electrical 

conductivity and excellent environmental 

stability (Hu etal., 2009, p. 990). 

Considerable efforts have been made to 

couple the unique advantages of these 

capacitive materials for electrochemical 

capacitor (Kim etal., 2006, p. 1697), 

(Barpandaetal., 2009, p. A873), (Fan etal., 

2007, p. 3083), (Yuan etal., 2008, p. 7039). 

In the present paper, we report hybrid 

electrodes in the form of conducting 

polymer/transition metal oxide/carbon black 

(CB) nanocomposite prepared in two steps. 

In the first step manganese oxide was 

coated on the CB and in the second step 

PANI was deposited on manganese oxide-

coated CB (MnO2-CB) by oxidation 

polymerization. The synergistic effect of 

pseudo capacitive reaction and super 

capacitive behavior of PANI/MnO2-CB 

nanocomposite are discussed. The aim of 

this work is to study the influence of PANI 

and MnO2 particles on the super capacitive 

behavior of CB. MnO2 was deposited onto 

CB by direct coating method and reduction 

of KMnO4, then, PANI was deposited on it 

by oxidation polymerization.  

   The electrochemical performance of 

PANI/MnO2-CB, MnO2-CB and CB 

electrodes was investigated by 

electrochemical impedance, cyclic 

voltammetry and galvanostatic charge–

discharge techniques. 
 

2. EXPERIMENTAL  

2.1. Materials 
 

CB was used after acid treatment using a 

sulfuric acid and nitric acid (3:1, v/v) 

mixture. Ammonium per sulfate (APS) was 

obtained from Merck. Aniline monomer 

was distilled prior to use. All other 

chemicals were of analytical grade and used 

as received. All electrochemical 

experiments were carried out at room 

temperature.  
 

2.2. Procedures 

2.2.1. Preparation of MnO2-CB 
 

According to (Kim etal., 2012, p. 2751), 

first, 1 g of CB was acid-treated under 

sonication for 2 h and then reacted for 6 h at 

80 °C under stirring. Acid-treated CB (A-

CB) was washed with water until a pH level 

of 7.0 was attained. This sample was then 

filtered and dried at 100 °C. After, 0.5 g of 

A-CB was mixed with 100 ml of 0.2M 

KMnO4 solution in a flask. After the 

reaction, the mixture was filtered and 

washed with distilled water. The filter cake 

was dispersed in 200 ml of deionized water 

followed by the addition of 10 ml of 1M 

citric acid and then maintained at 160 °C for 

12 h under vigorous agitation during the 

whole course. A condenser was fitted to the 

reactor to prevent liquid loss by 

evaporation. Finally, the composite products 

were filtered, purified with water, and dried. 
 

2.2.2. Preparation of PANI/MnO2-CB 

 

According to (Kim etal., 2012, p. 2751), 

first, 0.1 g of MnO2-CB was dispersed in 
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100 ml of 1M HCl solution under sonication 

for1 h. Then, 5 ml of the aniline monomer 

was added to the MnO2-CB solution with 

constant stirring. After that, 100 ml of 0.1M 

APS solution was added drop wise to the 

above solution for 30 min to initiate 

oxidation polymerization. The reaction was 

continued for 24 h at 0 to5°C. The final 

product was washed and then dried. 

 

2.2.3. Preparation of electrodes 

 

For preparing the working electrodes, 

sample, carbon black, and poly tetrafluro 

ethylene (PTFE) were mixed (70:20:10, 

w/w) and dispersed in N- Methyl pyrolidone 

(NMP). The mixture was coated on graphite 

electrode (A=1.0048cm
2
), and dried at 100 

°C for 12 h.  

 

2.3. Characterization and electrochemical 

tests 

 

Morphology of the nanocomposite was 

characterized by a scanning electron 

microscope (MIRA3FEG-SEM, Tescan). 

XRD analysis of samples were carried out 

by a diffractometer (Siemens D5000) with 

CuK(α) radiation (λ=1.5418A˚). 

Measurements were conducted in the 

2ϴrange from 20
◦
to 80

◦
. FT-IR spectra were 

recorded on Perkin-Elmer FT-IR 

spectrophotometer (4000–450 cm
−1

). KBr 

pellet technique was used to prepare sample 

for recording FT-IR spectrum. 

   The electrochemical experiments were 

performed in a three electrode cell 

arrangement. A platinum sheet with a 

geometric area of about 20 cm
2
 was used as 

counter electrode, and the potentials were 

measured with respect to an Ag/AgCl 

reference electrode. Electrochemical 

experiments were carried out using a 

Princeton Applied Research, EG&G 

PARSTAT 2263 Advanced Electrochemical 

system run by Power Suite software. Cyclic 

voltammetry measurements were carried out 

in 0.5 M Na2SO4 solution at a scan rate of 

10 to 50 mV.s
-1

 and in a voltage range of 

−1.0 to 1.0 V. Galvanostatic 

charge/discharge curves were measured at a 

current density of 0.2 A. g
-1

.Electrochemical 

impedance measurements were carried out 

by applying an AC voltage of 10 mV 

amplitude in the100 kHz to 10 mHz 

frequency range. Fit and analysis of EIS 

data were performed with ZSimTM 3.22 

software. 

 

3. RESULTS AND DISCUSSION  

3.1. Material characterization 

3.1.1. Studies of XRD 

 

The structural features of CB, MnO2-CB 

and PANI/MnO2-CB nanocomposites are 

determined using XRD (Figure. 1). 

 

 
Figure1. XRD patterns of a) CB, b) MnO2-

CB and c) PANI/MnO2-CB 

 

The CB showed a reflection corresponding 

to (002) peak planes at 2ϴ=25° to (Wu 

etal., 2008, p. 483). The two peaks around 

2θ=12° and 43° are related to (001) 

reflections. From Figure 1(b), broad peaks 

at 2θ =13° can be indexed to brines site-type 

MnO2. The diffractions of 2θ = ~15°, 2θ = 

~19.4° and 25° can be found in obtained 

PANI salt. These peaks are related to the 

emeraldine salt forms of PANI. The 

crystallinity of PANI can be ascribed to the 

repetition of benzenoid and quinoid rings in 

PANI chains. The peak at θ = ~19.4° may 

be ascribed to a periodicity parallel to the 

polymer chain, and the peak at 2θ = 

~25°may be caused by the periodicity 

perpendicular to the polymer chain (Shao 

etal., 2012, p. 483). The peak at 2θ = ~20° 

indicates the characteristic distance between 

the ring planes of benzene rings near chains. 
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3.1.2. Studies of FTIR 
 

Figure 2 shows the FT-IR spectra of acid 

functionalized CB, MnO2-CB and 

PANI/MnO2-CBnanocomposites. The acid 

functionalized CB spectrum (Figure 2(a)) 

shows one peak at around 1700cm
-1

 which 

is related to the presence of C=O stretching 

mode of carboxylic groups. 
 

 
Figure2. FTIR spectrum of a) CB, b) MnO2-

CB and c) PANI/MnO2-CB 
 

The peak signal appeared at 3800 cm
-1

 is 

associated with the OH group of carboxylic 

acid. From Figure 2 (b) the broadband at 

around 3400cm
-1

 and the one between 400 

and 800cm
-1

 are attributed to the stretching 

vibrations of H–O–H and Mn–O bending 

vibration, respectively. Several small 

absorption peaks at around 1000–1500cm
-1

 

are attributed to the bending vibrations of 

O–H bonds. The FT-IR spectrum of 

PANI/MnO2-CBnanocomposite (Figure 

2(c)) has peaks at 1581cm
-1

(assigned as 

C=C stretching of the quinoid rings), 1413 

cm
-1

(C=C stretching deformation of 

benenzoid ring), 1294 cm
-1

 (C–N stretching 

of secondary aromatic amine), 1145 cm
-1

 

(N–N quinoid) and 825 cm
-1

 (out-of-plane 

deformation C–H in the benzene ring) 

(Mirmohseni etal., 2012, p. 182). The 

interactions between the conjugated 

structure of CB and the quinoid rings of 

PANI molecules increases the degree of 

charge delocalization on the polymer 

backbone. It can be seen that in the 

PANI/MnO2-CB spectrum, the Mn-O peak 

intensity reduces. It may be due to the PANI 

coating on the MnO2-CB nanocomposite. 

 

3.2. Morphology characterization 

 

Figure 3 shows the SEM images of the 

nanocomposite. From Figure 3(a), CB is 

made up of somewhat spherical aggregates 

about (200-400 nm), each aggregate being 

made up of particles of about 24 nm. From 

Figure 3(b)it can be seen that the particles 

which are in the range of 30 and 60 nm are 

agglomerated to form larger aggregations. 

MnO2 nanoparticles appeared as bright 

deposits on the CB particles. Figure 3(c) 

exhibits the SEM image of the PANI/MnO2-

CB composite. It is clear that this composite 

is composed of some blades which have 

formed in sphere like structures. 

Figure 4 shows the EDS analysis of the 

MnO2-CB nanocomposite and CB. The 

elemental components of the nanocomposite 

are also inserted in table 1. 
 

3.2.1. Cyclic Voltammetry studies 

 

Figure 5 shows the cyclic voltammetry of 

electrodes. It is obvious that the current 

density of CB increased by the 

incorporation of MnO2 nanoparticles. 

Furthermore, the current density of MnO2-

CB also increased by application of PANI. 

The voltammograms of CB and MnO2-CB 

is featureless, almost rectangular and has 

symmetric characteristics of a 

supercapacitor (Wang etal., 2011, p. 5413). 

   The proposed mechanism for the charge 

storage in MnO2 electrode is 

adsorption/desorption of Na
+‏
 from the 

electrolyte. 

 

(1) (MnO2)surface + Na
+
 +e

-⇄ (MnO2
-
Na

+
)surface 
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Figure3. SEM photographs of a) CB, b) 

MnO2-CB and c) PANI/MnO2-CB 

composites 

 

Table1. The element components of CB and 

MnO2-CB. 
 C (%) O (%) Mn (%) 

CB 90.90 9.10 - 

MnO2-CB 28.99 36.97 34.04 

 
 

 
Figure4. EDS analysis of a) CB and b) 

MnO2-CB. 

 

 
Figure5. Cyclic voltammetry of a) CB, b) 

MnO2-CB, and c) PANI/MnO2-CB at 10 

mV. s
-1

 in 0.5 M Na2SO4 
 

This mechanism mainly describes a surface 

process, which involves the adsorption/ 

desorption of alkali cation. It is likely to be 
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predominant in MnO2 amorphous (Wang 

etal., 2011, p. 5413).A pair of redox peaks 

was observed corresponding to the redox 

reactions of the PANI and exchange 

between emeraldine and lucoemeraldine 

states of it. The specific capacitance (Csp, F. 

g
-1

) from the CV curves is calculated 

according to the following equation (Lv 

etal., 2012, p. 1090).  

 

    
 

      
∫       

(2) 

 

 

Where, m is the mass of the grafted CB, v 

shows the potential scan rate, V shows the 

sweep potential window and I(V) is the 

voltammetric current on CV curves. For 

extraction of the specific capacitance from 

equation 2, the CV was carried out for all 

nanocomposites at different scan rates. For 

example, Figure 6 demonstrates the CV 

curves of MnO2-CB nanocomposite at 

different scan rates in 0.5 M Na2SO4. 

 

 
Figure6. Cyclic voltammetry MnO2-CB at 

10 -50 mV. s
-1

 in 0.5 M Na2SO4 

 

The specific capacitance deduced from the 

CV curves for the PANI/MnO2-CB, MnO2-

CB and CB electrodes are 179.8 F. g
-1

, 121 

F. g
-1

 and 44.87 F. g
-1

, respectively.  

 

3.3. Galvanostatic charge-discharge 

characteristics 

 

Figure7. shows the charge–discharge curves 

of PANI/MnO2-CB, MnO2-CB and CB 

nanocomposites measured at a constant 

current of 0.2 A.g
-1

 within the potential 

window of 0.0 to 1.0 V vs. Ag/AgCl 

reference electrode. 

 

 
Figure7. Charge–discharge behaviors of 

CB, MnO2- CB, and PANI/MnO2-CBat 0.2 

A/g in 0.5 M Na2SO4 Solution 

 
As shown in Figure7 (a), CB is not in a 

triangular shape. It is clear that there is a 

small ohmic drop at the beginning of the 

discharge, and this states that CB has an 

equivalent series resistance (ESR) (Hussain 

& Kumar, 2006, p. 1486).For MnO2-CB 

nanocomposite in Figure 7(b) the curves are 

linear, triangular shaped, very sharp and 

symmetric. These indicate high coulombic 

efficiency and reversible behavior. MnO2-

CB and PANI/MnO2-CB nanocomposites 

exhibit lower ohmic drop compared with the 

CB. Their charge/discharge duration 

increased with the incorporation of MnO2 

and PANI. The specific capacitance of these 

nanocomposite based electrodes can be 

calculated according to the following 

equation (3): 

 

    
 

         
 (3) 

 

Where, m is the mass of the grafted CB, i is 

the applied current, dV/dt is the slope of the 

discharge curve after the IR drop (Wang 

etal., 2011, p. 5413). The specific 

capacitance of PANI/MnO2-CB, MnO2-CB 

and CB was calculated to be 159.6, 

101.2and 36 (F. g
-1

), respectively. 
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Figure8. Specific capacitances of a) CB, b) 

MnO2-CB and c) PANI/MnO2-CB as a 

function of cycle number measured at 0.2 

A.g
-1

 in 0.5 M Na2SO4 solution 

 

Cycle stability of PANI-MnO2-CB 

nanocomposite was also investigated by 

galvanostatic charge–discharge tests in 100 

cycles and the corresponding results with a 

current density of 0.2 A.g
-1

are shown in 

Figure 8. It can be seen that there is 9% 

decay in the initial capacitance over 100 

cycles. This implies an excellent long-term 

cycling capability. It is well known that a 

combination of MnO2 and other materials, 

such as conducting polymers, reduce both 

the MnO2 dissolution and the mechanical 

failure and hence lead to excellent 

electrochemical performance after the 

number of cycling tests (Wang etal., 2011, 

p. 5413). 

   The columbic efficiency η of the capacitor 

can be calculated from the 

galvanostaticcharge–discharge experiments 

as follows (Mirmohsenietal., 2012, p. 182), 

(Lv etal., 2012, p. 1090).  

 

ƞ                       (4) 

 

∆tc and ∆td are the charging and discharging 

times (s), respectively. According to Eq. 4, 

the average columbic efficiency of 

PANI/MnO2-CB is about 96.6%. 

3.3.1 Electrochemical impedance 

spectroscopy analysis 

 

Typical NY Quist diagrams for the 

electrodes at different DC applied potentials 

in 0.5M Na2SO4 are given in Figure9. 

a) 

 
b) 

 
c) 

 
d) 

 
 

 

Figure9. NY Quist plots of the PANI/MnO2-

CB, MnO2-CB and CB electrodes at 

different voltages (a) OCP, b) 0.2V and c) 

0.4V versus Ag/AgCl) and d) equivalent 

circuit for the fitting of the EIS spectra of 

the electrodes 
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Table2. The best fitting values of the equivalent circuit elements in Figure8 (d) for  the 

impedance data shown in Figure8 (a)-8(c). 
PANI/MnO2-CB MnO2- CB CB  

0.4V 0.2V 0V 0.4 V 0.2V 0V 0.4 V 0.2 V 0V Element 

13.9 12.1 8.5 13.2 12.8 10.0 14.1 12.7 11.1 Rs(Ω) 

0.05 0.12 0.11 0.08 0.10 0.12 0.04 0.04 0.07 Q1(S.s
α1

) 

0.68 0.70 0.84 0.83 0.85 0.84 0.69 0.70 0.80 α1 

105 110 102 110 108 100 110 106 103 Rct1(Ω.cm
2
) 

0.2 0.2 0.0003 0.030 0.013 0.002 0.0003 0.0002 0.000

2 

W(Ω.s
-0.5

) 

0.5 0.8 1.8 0.60 0.83 1.3 0.50 0.61 0.85 Q2(S.s
α2

) 

0.91 0.92 0.93 0.89 0.90 0.92 0.90 0.90 0.91 α2 

5.90 5.80 5.10 6.60 6.40 6.50 5.80 6.00 5.60 Rct2(kΩ.cm
2
) 

109.1 162.6 174.3 124.9 152.2 192.6 77.83 74.29 114.7 C1(mF.cm
-2

) 

110.2 166.7 357.7 167 215.3 285.4 121.2 151.8 196.4 C2(mF.cm
-2

) 

 

   In the high frequency range, the intercept 

at real part (Z′) is a combinational resistance 

of the ionic resistance of the electrolyte, 

intrinsic resistance of the substrate, and 

contact resistance between the active 

material and the current collector (Wang 

etal., 2011, p. 5413), (Huang etal. 2006, p. 

1486). The semicircle at high frequency 

reflects the sum of the electrolyte resistance 

(Rs) and the charge transfer resistance (Rct) 

at the electrode/electrolyte interface. These 

results indicate that the high frequency 

semicircle can be attributed to the CB 

charging and discharging process inside the 

material. At low-frequency, the plots 

become an almost vertical line, reflecting a 

capacitive behavior with a low diffusion 

resistance. In the mid-frequency range, the 

electrodes behave as a parallel combination 

of a resistor and a capacitor. The imaginary 

part of the impedance increases more 

sharply with decreasing frequency, which is 

indicative of a faradaic process produced by 

the redox transitions of PANI and MnO2 

(Gobal & Faraji. 2013, p. 133). The 

equivalent circuit shown in Figure 9(d) was 

found to give excellent fits for different 

impedance spectra of electrodes. The 

parameters of the equivalent circuit are 

reported in Table 1. The mean error of 

modulus is less than 1%, showing that the 

parameter values obtained from the EIS 

fitting to the proposed circuit are highly 

reliable. This equivalent circuit is based on 

the following equations: 

 
                    (5) 
 

     
 

 

       
       

(6) 

 

     
 

 

    

      
(7) 

   
      

            
 

(8) 

   
    

          
 

(9) 

      
    

          

 
      

            
 

(10) 

In these equations, ω, Rs, Z1, ZF, W, Rct, Cdl 

and CF are the angular frequency, solution 

resistance, impedance of 

electrode/electrolyte interface, bulk faradic 

impedance, warburg diffusion impedance, 

ionic charge transfer resistance at the 

electrode/electrolyte interface, double layer 

capacitance and bulk faradic pseudo 

capacitance, respectively. CPE is a nonideal 

capacitor which its impedance is calculated 

as follows (Gobal & Faraji. 2013, p. 133): 

 

     
 

      
 

 
(11) 

 

Where Y0 and α are the parameters that are 

independent of frequency. The exponent, α, 
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shows the roughness of the electrode with 

values from 0 to 1. An ideal CPE shows α= 

1 while α= 0 shows resistance and for the 

warburg behavior α= 0.5. The true 

capacitance from a depressed semicircle 

model (i.e. a constant phase element in 

parallel with a resistor) can be calculated by 

the following equation (Hsu & Mansfeld. 

2001, p. 747): 

 

  
     

 
 ⁄

 
 

(12) 

 

Where C, Q, R and α indicate the specific 

capacitance (F. cm
-2

), a constant with 

dimension (S. s
α
˛), ionic charge-transfer 

resistance (Ω. cm
2
) and a constant without 

dimension, respectively. From Table 2 the 

values of α are near 1 which indicate the 

capacitive behavior of the electrodes.  

   It is obvious from Table 2, that C2 is 

greater than C1 which is in good agreement 

with the low thickness of the double layer. 

From Table 2, with increasing the applied 

potential for all the electrodes, Rct2 is 

greater than Rct1, which is important for 

redox based supercapacitors. These 

differences in the values of Rct, result from 

the redox reactions of PANI or MnO2 film, 

which their charge storage mechanism are 

much faster than of CB. With increasing 

voltage, the electrode surface becomes more 

positively charged and movement of anions 

to the electrode/electrolyte interface is 

encountered with mass transfer limitations. 

The sequence of electrodes with respect to 

the increasing of specific capacitance is 

PANI/MnO2-CB > MnO2-CB > CB. 

 

4. CONCLUSION  

 

PANI/MnO2-CB and MnO2-CB 

nanocomposites were made by the in situ 

direct coating method to deposit MnO2 on 

CB; and then PANI coating was coated 

upon it. Presence of PANI and MnO2 

modified the supercapacitive behavior of 

CB. The sequence of electrodes with respect 

to the increasing of specific capacitance is 

PANI/MnO2-CB >MnO2-CB > CB. 

Increasing of specific capacitance is due to 

the synergistic effect of PANI and MnO2. 
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