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In this article, a ternary nanocomposite comprising MnO2/PANI/MWCNTs was synthesized by a facile 

chemical method for application as an electrode material for supercapacitors. The morphology and 

microstructure of the nanocomposite were examined by using energy dispersive spectroscopy, X-ray 

diffraction, Fourier transform infrared spectrometry, field emission scanning electron microscopy and 

transmission electron microscopy. The electrochemical behavior of the ternary nanocomposite was 

investigated in a 1 M KOH aqueous solution by cyclic voltammetry, charge-discharge (CD) testing and 

electrochemical impedance spectroscopy. The ternary MnO2/PANI/MWCNT nanocomposite 

demonstrated a specific capacitance of 395.0 F·g-1 and can still maintain 72% of its capacitance after 

1000 CD cycles at a current density of 1 A·g-1. The excellent electrochemical properties of the 

MnO2/PANI/MWCNT nanocomposite may arise from the high conductivity and the synergistic effect 

of the ternary structure.  
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1. INTRODUCTION 

In recent years, environmental pollution and energy crises have ignited interest in developing 

renewable and sustainable energy sources [1-6]. Accordingly, developing high-performance energy 

storage devices is necessary owing to the instability of alternative energy resources, such as from the 

wind, sun and tides [7-9]. Among various energy storage/conversion devices, supercapacitors are 

becoming one of the most prominent energy storage systems due to their high and fast capability, long 

cycle life, wide operating range and low maintenance cost compared to batteries [10]. Therefore, 
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supercapacitors have been applied widely in hybrid electric vehicles, portable electronics, 

microautonomous robots and backup power systems [11, 12]. 

Supercapacitors have two types of charge storage mechanisms: electric double-layer capacitors 

(EDLCs) and redox supercapacitors. The charge storage mechanisms of EDLCs occur at or near the 

interface between the electrode and the electrolyte [13]. Some carbon materials are often used for 

electrode materials in EDLCs, such as carbon nanotubes (CNTs), graphene porous carbon and carbon 

onions [14-17]. Redox supercapacitors are also called pseudocapacitors, whose storage charges through 

reversible redox reactions. The reactions occur not only at the surface of the electrode but also near the 

surface of the solid electrode [8]. Transition metal oxides and conducting polymers are considered 

promising materials in pseudocapacitors. These materials often have specific advantages and 

disadvantages [18]. Transition metal oxides, such as manganese oxide (MnO2) and ruthenium oxide 

(RuO2), are usually used as active electrode materials due to their low cost, high energy density and 

specific energy capacity [19]. However, the problems of agglomeration, low operating voltage and poor 

cycle capability of the transition metal oxides have caused a major bottleneck in their performance and 

resulted in their limited application [20]. Conducting polymer materials are considered the most 

promising electrode materials in pseudocapacitors, such as polyaniline (PANI), polypyrrole and 

polythiophene, owing to their better redox properties and environmental friendliness [21, 22]. In 

particular, PANI has many advantages, such as a controllable morphology, relatively good electrical 

conductivity and simple fabrication process [23, 24]. However, PANI has poor cycling stability because 

of swelling and shrinkage during the charge and discharge processes [25, 26]. Recently, many 

researchers have explored various methods to fabricate binary and ternary composites with different 

functional materials for pseudocapacitors to solve the intrinsic problems [27-29]. For example, Guo et 

al. [30] synthesized a 3D porous CNT/MnO2 by a simple “dipping and drying” process followed by a 

potentiostatic deposition technology. Sivakkumar [31] developed a PANI/MWCNT composite by in situ 

chemical polymerization for supercapacitors. Shen et al. [34] developed a PANI/graphene/CNT 

composite with a good cycle performance of over 91% after 5000 cycles. These reports indicated that 

composite materials can enhance the electrochemical performance of supercapacitors. 

In this work, we prepared a polyaniline/multiwalled carbon nanotube (PANI/MWCNT) 

nanocomposite using a facile strategy. The structure and electrochemical performance of the composites 

were characterized and studied in detail. The as-synthesized ternary MnO2/PANI/MWCNT 

nanocomposite shows much higher specific capacitance and better cyclic stability than the binary 

nanocomposite materials. 

 

 

2. EXPERIMENTAL SECTION 

2.1 Materials 

Commercial multiwalled carbon nanotubes (MWCNTs, 30-50 nm in diameter, 5-15 μm in length, 

purity ≧ 95 wt%) were purchased from Shenzhen Nanotech Port Co., Ltd., potassium permanganate 

(KMnO4), concentrated sulfuric acid (H2SO4), potassium hydroxide (KOH), aniline (ANI), ammonium 

persulfate (APS), acetylene black, polyvinylidene fluoride (PVDF), activated carbon and 1-methyl-2-
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pyrrolidone were purchased from Shanghai Macklin Biochemical Co., Ltd. All reagents were A. R. grade 

and were used as received. 

 

2.2 Synthesis of MnO2/MWCNT nanocomposite 

The MnO2/MWCNT nanocomposite was synthesized as follows: 100 mg MWCNTs and 2.5 g 

KMnO4 were dissolved in 100 mL deionized water. After stirring for 10 min, 0.5 mL concentrated H2SO4 

was added into the above solution, and then the solution was stirred for 30 min at room temperature. The 

above slurry was transferred to a water bath at 80 °C and stirred for 1 h. Finally, the product was washed, 

filtered and vacuum-dried at 60 °C for 12 h. 

 

2.3 Synthesis of PANI/MWCNTs and MnO2/PANT/MWCNT nanocomposite 

PANI/MWCNT nanocomposites were synthesized by in situ chemical oxidation polymerization 

on the surface of the MWCNTs. The detailed steps were as follows: 200 mg MWCNTs was 

ultrasonically dispersed in 240 mL deionized water. Then, 1 mL of ANI and 3 g of APS were added into 

the above mixture. After that, the mixture was stirred at room temperature for 12 h. The slurry was 

washed with deionized water and ethanol. Finally, the precipitate was dried under vacuum at 60 °C for 

24 h. 

 

 
 

Figure 1. The fabrication procedure for the ternary nanocomposite MnO2/PANI/MWCNTs. 

 

The fabrication procedure of MnO2/PANT/MWCNT nanocomposite is schematically presented 

in Figure 1. In short, 0.2 g PANI/MWCNT nanocomposite and 2.5 g KMnO4 were dissolved in 200 mL 

deionized water, and then 0.5 mL H2SO4 was added into the solution. After that, the solution was stirred 

for 30 min. Finally, the sample was washed, filtered and vacuum-dried at 60 °C for 12 h. 
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2.4 Material characterization 

X-ray diffraction (XRD) patterns were obtained by a PANANO X-ray diffractometer in the 2θ 

range of 10-90° with Cu Kα radiation (λ = 0.154060 nm). Fourier transform infrared (FTIR) spectra of 

the samples were conducted using an Agilent Technologies Cary 630 FTIR spectrometer at room 

temperature with a wavenumber range from 600 to 4000 cm-1. The surface morphology, microstructure 

and energy dispersive spectroscopy (EDS) of the samples were investigated using field emission 

scanning electron microscopy (FESEM, ZEISS SIGMA) and transmission electron microscopy (TEM, 

HITACHI 600). 

 

2.5 Preparation of working electrode and electrochemical measurement 

The active materials, namely the MWCNTs and the PANI/MWCNT, MnO2/MWCNT and 

MnO2/PANI/MWCNT nanocomposites, were mixed with PVDF and acetylene black in a mass ratio of 

80:10:10. Then, the mixtures were dissolved in 1-methyl-2-pyrrolidone and stirred magnetically to form 

a homogeneous slurry. The slurry was coated on a nickel foam substrate with a size 1.5 cm × 1.5 cm. 

Finally, the coated nickel foams were dried at 60 °C for 8 h in a vacuum oven. The active materials in 

each nickel foam electrode were controlled at approximately 4 mg. 

The electrochemical properties of the working electrodes were conducted with a standard three-

electrode system in 1.0 M Na2SO4 aqueous solution as the electrolyte. The standard three-electrode 

testing system included a working electrode, a counter electrode (Pt foil) and a reference electrode 

(saturated calomel electrode, SCE). Cyclic voltammograms (CV), charge-discharge (CD) curves and 

electrochemical impedance spectroscopy (EIS) were measured by a CHI760E electrochemical 

workstation. The potential window of CV and CD ranged from -0.4~0.4 V. EIS was recorded at the 

frequency range of 0.01 to 105 Hz with open circuit potential. The cycle life was conducted on a LANHE 

CT2001A testing system by galvanostatic charge-discharge techniques. The specific capacitance can be 

calculated according to the following equation: Cs=It/mV, where Cs (F g-1), I (A), t (s), m (g) and V(V) 

represent the specific capacitance, discharge current, discharge time, mass of active material and window 

potential, respectively [31]. 

 

3. RESULTS AND DISCUSSION 

3.1 Chemical and structural analysis 

The crystalline identity of the nanocomposite structures was confirmed by XRD and the patterns 

were displayed in Figure 2(a).  
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Figure 2. (a) XRD patterns and (b) FTIR results of (A): MWCNTs, (B): PANI/MWCNTs, (C): 

MnO2/MWCNTs and (D): MnO2/PANI/MWCNTs. 

 

The diffraction patterns for the MWCNTs and PANI/MWCNT nanocomposite exhibit a peak at 

a 2θ value of 25.8°, which can be attributed to the basal plane (002) of graphite. In comparison with the 

MWCNTs and PANI/MWCNT nanocomposite, the (002) peak shifts to 23.6° for the MnO2/MWCNT 

nanocomposite. The graphite diffraction peak at 43.1° corresponding to the (100) facet appears in the 

pattern for the MWCNTs. However, it disappeared in the pattern for the PANI/MWCNT nanocomposite 

and MnO2/MWCNT nanocomposite. It is possible that PANI and MnO2 formed on the surface of 

MWCNTs, resulting in a weak diffraction peak intensity for the graphite [33]. In the pattern for the 

MnO2/MWCNT nanocomposite, the peaks at 2θ values of approximately 12.1°, 36.6° and 66.1° can be 

attributed to the (003), (101) and (110) reflections from polycrystalline orthorhombic MnO2, respectively 

(JCPDS X-ray-diffraction standard card No. 00-030-0820). However, the MnO2 peaks become broad in 

the MnO2/PANI/MWCNT nanocomposite pattern, and it is possible that the presence of the PANI 

weakens the MnO2 peak intensity [32]. This indicates that the MnO2/PANI/MWCNT nanocomposite 

can be synthesized by a facile chemical process. 

The FTIR spectra of the samples are shown in Figure 2(b). The MnO2/MWCNT and 

MnO2/PANI/MWCNT nanocomposites show absorbance bands at 671 cm-1 and 707 cm-1, which are 

attributed to the stretching vibration and bending vibration of Mn-O groups in the MnO2 crystals, 

respectively [27]. In the spectra of PANI/MWCNT and MnO2/PANI/MWCNT nanocomposites, the 

peaks at 1619 cm-1 and 1499 cm-1 are attributed to the C=C stretching vibration of the quinoid ring and 

the benzenoid ring in the PANI chains, respectively [33]. The peaks at 1343 cm-1, 1173 cm-1 and 827 

cm-1 are attributed to the C–N stretching band, stretching of C=N (–N=quinoid=N–) and out of plane 

bending vibration of C–H in the benzene ring, respectively [34]. The intensities of the absorbance bands 

decrease in intensity after depositing MnO2 on the surfaces of PANI/MWCNT nanocomposite. 
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Figure 3. FESEM images of (a) MWCNTs, (b) PANI/MWCNTs, (c) MnO2/MWCNTs and (d) 

MnO2/PANI/MWCNTs. 

 

 
 

Figure 4. TEM images of (a) MWCNTs, (b) PANI/MWCNTs, (c) MnO2/MWCNTs and (d) 

MnO2/PANI/MWCNTs. 
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FESEM and TEM were used to characterize the structure and morphology of the 

nanocomposites, and the results are shown in Figure 3 and Figure 4, respectively. Figure 3(a) shows the 

SEM image of MWCNTs. The diameters of the MWCNTs are approximately 20~50 nm, and the lengths 

are tens of micrometers. When PANI was combined with the MWCNTs, many tiny protuberances can 

be seen on the surface of MWCNTs in Figure 3(b). Figure 3(c) displays MnO2 with a whisker-like 

structure on the surface of the MWCNTs. In the case of the MnO2/MWCNT nanocomposite, the average 

size of the particle is ~270 nm. Figure 3(d) shows the SEM images of MnO2/PANI/MWCNT 

nanocomposite. The MnO2/PANI/MWCNT nanocomposite becomes rougher than the PANI/MWCNT 

nanocomposite. It is possible that both the MnO2 layer and nanowhisker MnO2 grow on the surface of 

PANI/MWCNT nanocomposite [36, 37]. Figure 4(a) shows the TEM image of MWCNTs. It can be seen 

that the diameter of is ~30 nm. This result is in accordance with the FESEM image. Figure 4(b) shows 

the TEM image of PANI/MWCNT nanocomposite. Many nanoflakes can be clearly observed on the 

surface of MWCNTs. Figure 4(c) shows the TEM image of MnO2/MWCNT nanocomposite. MnO2 with 

a whisker-like structure adheres to the surface of the MWCNTs. The MnO2/PANI/MWCNT 

nanocomposite displays a core-double-shell structure consisting of MWCNTs inside, PANI in the 

middle and MnO2 on the outside, as shown in Figure 4(d). 

 

 
 

Figure 5. The EDS spectrum of (a) PANI/MWCNTs, (b) MnO2/MWCNTs and (c) 

MnO2/PANI/MWCNTs. 

 

Figures 5(a), 5(b) and 5(c) show the EDS results for the PANI/MWCNT, MnO2/MWCNT and 

MnO2/PANI/MWCNT nanocomposites, respectively. C, O and N are contained in the PANI/MWCNT 

nanocomposite. Mn, O and C are contained in the MnO2/MWCNT nanocomposite. Mn, C, O and N are 

contained in the MnO2/PANI/MWCNT nanocomposite. The results indicate that binary and ternary 

nanocomposites have been successfully synthesized by the facile chemical synthesis process. 

 

3.2 Electrochemical Properties 

The electrochemical properties of the MWCNTs and the PANI/MWCNT, MnO2/MWCNT and 

MnO2/PANI/MWCNT nanocomposites were investigated by different electrochemical testing 

techniques with a three-electrode system in a 1 M KOH aqueous solution. Figure 6 shows the EIS 

measurement results of MWCNT, PANI/MWCNT, MnO2/MWCNT and MnO2/PANI/MWCNT 

electrodes. The frequency ranges from 105 Hz to 0.01 Hz at the open-circuit potential. 
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Figure 6. Nyquist plots of the electrode materials in the frequency range of 105 Hz to 0.01 Hz. 

 

 
 

Figure 7. CV curves of (a) MWCNTs, (b) PANI/MWCNTs, (c) MnO2/MWCNTs, (d) 

MnO2/PANI/MWCNTs and (e) CV curves of the different electrode materials at a scan rate of 

50 mV·s-1 in 1.0 M KOH solution. 
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The EIS spectra of the electrodes can be divided into two regions: the high-frequency arc region 

and the low-frequency line region. The spectrum on the real axis (Zʹ) represents the equivalent series 

resistance (ESR), which includes the ionic resistance of the electrolyte, the intrinsic resistance of the 

active material and current collector, and the contact resistance at the interface of the electrode and 

electrolyte [38-40]. The ESR values are 1.07 Ω, 0.94 Ω, 0.90 Ω and 0.82 Ω for the MWCNT, 

PANI/MWCNT, MnO2/MWCNT and MnO2/PANI/MWCNT electrodes, respectively. The high-

frequency region of the spectrum corresponds to the charge transfer resistance (Rct), and the Rct values 

are estimated to be 1.9 Ω, 1.4 Ω, 34.7 Ω and 1.8 Ω for the MWCNT, PANI/MWCNT, MnO2/MWCNT 

and MnO2/PANI/MWCNT electrodes, respectively [41, 42]. The inset of Figure 5 is the equivalent 

circuit mode. 

The CV curves for the MWCNTs and the PANI/MWCNT, MnO2/MWCNT and 

MnO2/PANI/MWCNT nanocomposites are shown in Figure 7(a-d) with different scan rates from 2 mV 

s-1 to 100 mV·s-1 in a potential window of -0.4 to 0.4 V. Figure 7(a) shows the CV curves of MWCNTs. 

The CV curves exhibit good rectangular and symmetric shapes, suggesting fast reversible Faradic 

reactions and ideal capacitive behavior [43]. The CV curves of the MnO2/MWCNT, PANI/MWCNT 

and MnO2/PANI/MWCNTs nanocomposites are shown in Figure 7(b), 7(c) and 7(d), respectively. The 

shape of the CV curves does not change below 20 mV·s-1, and the peak current density increases as the 

scan rate increases. This indicates that they have good rate properties and excellent capacitance behavior 

[44]. The CV curves gradually lost their rectangular shape with increasing scan rate. Figure 7(e) shows 

the CV curves for the MWCNTs and the PANI/MWCNT, MnO2/MWCNT and MnO2/PANI/MWCNTs 

nanocomposites at a scan rate of 50 mV·s-1. The CV curve of the MnO2/PANI/MWCNT nanocomposite 

has the largest area, indicating that the MnO2/PANI/MWCNT electrode has the highest specific 

capacitance. This may be caused by the synergistic effect and the special structure of the nanocomposites 

[45]. 

Figure 8(a-d) shows the CD curves for the MWCNTs and the PANI/MWCNT, MnO2/MWCNT 

and MnO2/PANI/MWCNT electrodes at different current densities from 1 to 5 A·g-1 in the potential 

range between -0.4 and 0.4 V. All the curves exhibit nearly linear responses, implying that the electrodes 

have supercapacitive characteristics [46]. In addition, a small amount of voltage decrease (IR drop) can 

be seen from the curves, indicating that the electrodes have a low internal resistance, which is very 

important for the supercapacitor electrodes [47]. Figure 8(e) shows the CD curves for the MWCNTs and 

the PANI/MWCNT, MnO2/MWCNT and MnO2/PANI/MWCNT electrodes at a current density of 1 

A·g-1. The specific capacitances of the MWCNTs and the PANI/MWCNT, MnO2/MWCNT and 

MnO2/PANI/MWCNT electrodes were calculated to be 20.25 F·g-1, 170 F·g-1, 241.25 F·g-1 and 395 F·g-

1, respectively. 

The MnO2/PANI/MWCNT electrode has the largest specific capacitance. Figure 8(f) shows a 

function for the specific capacitance of the MWCNTs and the PANI/MWCNT, MnO2/MWCNT and 

MnO2/PANI/MWCNT electrodes at different current densities. 
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Figure 8. CD curves of (a) MWCNTs, (b) PANI/MWCNTs, (c) MnO2/MWCNTs, (d) 

MnO2/PANI/MWCNTs, (e) CD curves of the electrode materials at a current density of 1 A·g-1 

in 1.0 M KOH and (f) Specific capacitance of the electrode materials at different current 

densities. 

 

The specific capacitance decreases with increasing current density, and the 

MnO2/PANI/MWCNT electrode delivers the largest capacitance at all current densities. The excellent 

properties can be ascribed to MnO2 and PANI grown on the surface of MWCNTs, which can increase 

the contact area between the ions and electrolyte. Meanwhile, the porous structure of the MWCNTs is 

beneficial for fast ion adsorption-desorption and reversible redox reactions [48]. In addition, the specific 

capacitance of MnO2/PANI/MWCNT electrode is higher than those reported previously (see Table 1) 

when considering the same current density. 
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Table 1. Comparison of the specific capacitance of current work and relevant reports. 

 

Ref. Samples Specific capacitance (F g-1) 

49 Polyaniline-deposited porous carbon 180 (0.3 mV s-1) 

50 CNT/polypyrole/MnO2 149 (1.0 mA cm-2) 

51 CNT/MnO2 160.5 (1 A g-1) 

52 Graphene/MnO2/polyaniline 276 F g-1 

53 Graphene/polyaniline composite paper 233 (2 mV s-1) 

54 Polyaniline grafed reduced graphe oxide 250 (100 mV s-1) 

55 Modified graphene/polyaniline 

nanocomposites 

242 (1.5 A g-1) 

56 Graphene/polyaniline nanofibers 

composite paper 

301 (0.5 A g-1) 

57 Amide group-connected graphene 

polyaniline nanofiberhybrid 

369 (1 A g-1) 

Current work MnO2/PANI/MWCNTs 395 F g-1 

 

Cyclic lifetime is an important factor for supercapacitor applications. The cyclic stability of the 

MnO2/PANI/MWCNT electrode was measured at a current density of 1 A·g-1 for 1000 cycles, and the 

result is shown in Figure 9. After 1000 CD cycles, the MnO2/PANI/MWCNT electrode exhibited a 

specific capacitance retention of 72%, indicating good stability of the electrode for long cycle life. 

 

 
 

Figure 9. Cycling performances of the MnO2/PANI/MWCNTs at the current density of 1 A·g-1 (1000 

charge and discharge cycles). 

 

4. CONCLUSION 

In summary, PANI/MWCNT, MnO2/MWCNT and MnO2/PANI/MWCNT nanocomposites were 

synthesized by a facile chemical process. The as-prepared ternary MnO2/PANI/MWCNT electrode 

showed the highest specific capacitance value of 395 F·g-1 and a long cycle life of 72% of its initial 

capacitance after 1000 CD cycles. The significant enhancement of electrochemical performance is 

attributed to the ternary structure and synergistic effect from each component of PANI, MnO2 and the 

conductive MWCNT network. The MWCNT network can not only reduce the internal resistance of the 
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ternary but also maintain the structural stability. These results indicate that the MnO2/PANI/MWCNT 

nanocomposite is promising as an electrode material for application in supercapacitors. 
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