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Abstract 

We report herein the design of promising composite material as a cathode in a 

rechargeable battery by combining the properties of polypyrrole (PPy) and MnO2 particles. The 

composites were prepared by electropolymerization of the pyrrole monomer followed by 

electrodeposition of a manganese salt suspension by two methods. The first method involved 

the formation of MnO2 in situ in the PPy/ITO electrode, while the second method involved first 

a preliminary adsorption of Mn2+ ions in the polymer, followed by an electrochemical of the 

electrode. The morphology of the resulting composite materials (PPy/MnO2) was studied by 

Energy-dispersive X-ray spectroscopy (EDS), X-ray diffractometry (XRD), scanning electron 

microscopy (SEM), Fourier-transform infrared (FTIR). The investigations of the 

electrochemical properties of the composite electrodes show that the presence of MnO2 

play an important role in improving the surface of polymer films, which leads to lower charge 

transfer resistance and higher electrode activity. For the optimal synthesis method, the electrode 

generates a maximum current of up to -7.9 mA.cm-2 for the oxygen reduction reaction, which 

is eight times the current density delivered by the electrode without PPy. 

 

Keywords: composite electrodes; polypyrrol; manganese dioxide; electrodeposition; oxygen 

reduction 
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1. Introduction 

Energy requirements have led to the intensification of electrochemical generators and 

batteries [1–4], whose electrochemical performance depends mainly on the nature and structure 

of the electrode materials (anode and cathode electrodes) [5,6]. The efficiency of these 

conventional batteries is still limited by a low cyclability [7,8]. Transition metal oxides have 

been extensively investigated as electrode materials for batteries [9–15]. A great attention has 

been devoted to manganese dioxide (MnO2) as cathode material in batteries [16–19] and 

supercapacitors [20–23], that exhibits high theoretical capacity and can be produced in a cheap 

and sustainable way [24–31].  However, MnO2 has a low electronic conductivity that is 

undesirable in electrochemical devices [32,33], associated with an irreversible reduction in its 

capacitance at high voltage or high temperature and over several charge-discharge cycles [34–

37]. In this regard, considerable research efforts have been devoted to  improve the 

electrochemical performance of MnO2-based electrodes by combining MnO2 with highly 

conductive materials such as metallic nanostructures, carbon nanotubes, graphene or 

conductive polymers (by polypyrrole, polyaniline, and polythiophene) [38–43]. In a 

rechargeable battery, the energy storage results from charging the electrical double layer at the 

electrode and from faradic reactions at the electrolyte interface. To improve the accessibility of 

electrolytic doping ions to the electrode surface, large-area electro-active electrodes must be 

constructed, hence the use of conductive polymers to provide a stable conductive environment 

for the MnO2 [44–53]. Among them, the conductive properties of polypyrrole (PPy), as well as 

its low cost, high theoretical specific capacity and good mechanical stability [38,54–57], have 

been used for the development of high-performance electrodes in supercapacitors, where MnO2 

has been fixed by hydrothermal process [58], by chemical oxidative polymerization in-situ 

[38,40], or used in the form of nanowires as a matrix [59]. 
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In this work, we choose to insert MnO2 into PPy films grown by electrochemical 

polymerization on ITO substrate. We report herein the assessment of two different methods to 

insert the particles into the polymer matrix. The first method consisted of forming MnO2 in situ 

within the PPy/ITO electrode, while the second method involved first a preliminary adsorption 

of Mn2+ ions in the polymer, followed by a subsequent electrochemical reduction step at the 

electrode. The structural morphology of the resulting composite materials MnO2/PPy/ITO was 

carried out by XRD and SEM studies. We performed cyclic voltammetry (CV), LSV (Linear 

sweep voltammetry) curves and electrochemical impedance spectroscopy (EIS) studies to 

evaluate oxygen reduction due to the great importance of active cathodes in rechargeable 

batteries. 

 

2. Experimental  

2.1. Chemicals 

The monomer pyrrole (99%), MnCl2, KCl, LiCLO4 and acetonitrile were purchased 

from Sigma-Aldrich. 

2.2. Synthesis of PPy and composite film preparation 

Electropolymerization of pyrrole monomer was performed onto ITO substrates in a 

three-electrode cell, with a Pt wire as counter electrode, a saturated calomel electrode (SCE) as 

the reference electrode and ITO sample (1x2 cm2) as working electrode,  previously cleaned 

successively with HNO3, acetone, ethanol and distilled water. The electropolymerization was 

carried out by cyclic voltammetry over 20 cycles between -1.0 to 1.2 V vs. SCE at 20 mV.s-1, 

in acetonitrile containing 0.1 M of LiClO4 and 0.1 M of Pyrrole [60]. The resulting electrode 

(estimated area of 1 cm2), named as PPy/ITO, was thoroughly rinsed with water solution to 
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remove any remaining monomeric traces. Two different methods have been used to incorporate 

MnO2 particles into PPy film.  

First method: MnO2 was electrodeposited directly on a PPy / ITO electrode by performing 10 

cycles between 0.4 and 1.5 V (vs SCE) in an aqueous solution of 0.4 M KCl and 0.05 M MnCl2., 

which we called the “direct method” (d-MnO2).   

Second method:  MnCl2 was first adsorbed after simple immersion of a PPy / ITO 

electrode in an aqueous solution containing 10-2 M KCl and 0.05 M MnCl2 for different 

immersion times (5 and 10 minutes) allowing by electrostatic interactions the exchange of 

manganese ions with the counterions initially present in the PPy film. A subsequent step of 

electrochemical reduction resulted in the formation of MnO2 in the PPy/ITO electrode by cyclic 

voltammetry (10 cycles) in the potential range of 0.2 - 1.5 V vs SCE in 0.1 M KCl. The second 

method was called "indirect method" (i-MnO2). 

The resulting composite electrodes were called MnO2/PPy/ITO. 

 

2.3. Electrode characterization 

The XRD were examined by X'Pert Pro MPD X-ray diffractometer using Cu-Kα 

radiation (λ=0.154059 nm). The FTIR were traced by Nicolet 6700. The electrochemical 

behavior of the MnO2/PPy/ITO electrodes with respect to O2 reduction was evaluated by linear 

sweep voltammetry (LSV). LSV was conducted from OCP value of 1.4 V to 0 V vs. SCE at a 

scan rate of 25 mV.s-1 in 0.1 M KCl. Electrochemical impedance spectroscopy (EIS) was 

conducted using Metrohm Autolab (PGSTAT302N) by scanning the frequencies between 100 

kHz to 0.1 Hz (10 mV amplitude), at Eappl = 0.2 V vs. SCE. 
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3. Results and discussion 

3.1. Characterization of the composite film MnO2/PPy/ITO  

The growth of PPy on ITO is shown on the typical cyclic voltammograms in Fig. 1, 

characterized by a pair of redox peaks located at 0.5 V vs. SCE and attributed to the 

electrochemical transition from the reduced form of PPy to the oxidized state [28-29]. Inset in 

Fig. 1 shows the formation of a three-dimensional polymer network observed by SEM 

characterization. 

 

 

Fig. 1 Cyclic voltammetry of Pyrrole (0.1 M) at the electrode ITO performed over 20 

cycles between -1 and 1.2 V vs. SCE at scanning rate 20 mV.s-1, in the electrolyte 0.1 M 

LiClO4 in acetonitrile. Insert: SEM image of PPy/ITO sample. 

 

The MnO2/PPy/ITO composite films were synthesized by entrapping the metal salt to 

give metal particles in a subsequent reduction step, using two methods. In the direct method (d-

MnO2), MnO2 was formed in situ on the PPy/ITO electrode from an aqueous solution 

containing MnCl2 after ion-exchange subjected to ten successive scans in the potential range 

starting from the open potential of 0.4 to 1.5 V vs. SCE in KCl (Fig. 2a). The CV profile (Fig. 

2b) shows the oxidation peak of Mn(+II) in Mn(+IV) located at 1.25 V vs. SCE and the 

reduction peak of Mn(+IV) in Mn(+II) at 0.65 V vs. SCE, according to the one-step process 

related to the reaction (1) [61–63]. 

𝑀𝑛2+ +  2𝐻2𝑂 ⇆  𝑀𝑛𝑂2 +  4𝐻+ + 2𝑒−…………………………………….……(1) 
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Fig. 2.(a,b) Cyclic voltammograms of PPy/ITO electrode over 10 scans in the potential 

range 0.4 - 1.5 V vs. SCE in aqueous solution containing 0.4 M KCl and 0.05 M MnCl2. 

(c,d) Cyclic voltammograms of ITO/PPy electrode for 10 scans in the potential range 0.2 

- 1.5 V vs. SCE in 0.4 M KCl solution, after immersion of the electrode in 10-2 M MnCl2 

and 0.4 M KCl solution. Potential scan rate is 20 m V.s-1. 

In the indirect method (i-MnO2), MnO2 was formed within the PPy/ITO electrode in 

two successive steps: (i) adsorption of Mn2+ ions in the polymer according to two different 

times of soaking: 5 and 10 minutes, and (ii) formation of metal particles in a subsequent step of 

electrochemical reduction at the electrode in KCl solution. The resulting cyclic voltammetry, 

in Fig. 2c, shows an intense peak at 0.9 V corresponding to the oxidation of the incorporated 

Mn(II) in Mn(IV) on the surface of the PPy/ITO electrode. The lower value of oxidation 

potential for the second method reflects the easier transformation of Mn2+ ions to MnO2, which 

are more readily available in the matrix after the absorption step. Furthermore, according to the 

current density values on the first cyclic voltammetry curves in Figure 2d, a soak time of 5 min 

for the electrode in the MnCl2 solution allows the incorporation of increased MnO2 into the 

polymer. It can therefore be proposed that MnO2 acts as electron transfer mediators in the 

nucleation, formation and growth of the PPy film on the ITO surface. 

The morphology of the as-fabricated materials, obtained by cyclic voltammetry, was 

analyzed by SEM. The nucleation and growth of PPy occurs randomly, forming irregularly 

shaped particles with defined boundaries, which are typical morphologies of polypyrroles. This 

morphology depends on the polymerization charge and the nature of the counter anions. 

Contrary to PPy films characterized by an irregular morphology with remaining particle sizes 

as nucleation sites varying from 0.10 to 5.0 µm (inset SEM images in Fig.1), the composites 

electrodes present different morphologies (Fig. 3). For the d-MnO2 method, the surface 

morphology of MnO2/PPy/ITO is characterized (Fig. 3a) by a homogeneous cauliflower-like 
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structure. For the i-MnO2 method, the surface morphology of MnO2/PPy/ITO (Fig. 3a and b) is 

rather characterized by a smooth and dense layer surrounded by grains. According to the 

soaking time, the PPy/ITO electrode in Mn2+ solution, the grains seem to be localized on the 

surface of the film for the soaking time of 5 minutes, and rather embedded within the film for 

the longer soaking time of 10 minutes. 

 

Fig.3 SEM images and EDS of (a,a’) d-MnO2/PPy/ITO, (b,b’) i-MnO2/PPy/ITO(5 min) 

and (c,c’) i-MnO2/PPy/ITO (10 min). 

 

EDX spectra of the representative electrodes (Fig. 3a’,b’,c’), qualitatively shows the successful 

existence of MnO2 in the PPy matrix with the presence of intense rays at 5.9 and 6.5 keV. The 

amount of MnO2 varies with the method of synthesis: with the d-MnO2 method, it seems that a 

higher amount is obtained due to the relatively good conductivity of PPy film. In addition, EDX 

spectra show the presence of carbon, nitrogen, characteristic of the polymer PPy, and the 

presence of chlorine and oxygen comes from the doping of PPy with perchlorate ions. The 

presence of Si, In, O and Sn atoms are characteristic of the ITO substrate. 

The presence of MnO2 in the composite electrodes was also confirmed by XRD analyses. 

Figure 4 presents the pattern of pure PPy, with a broad peak centered at 2θ = 25° assigned to 

the repeating unit of the pyrrole ring and revealing the amorphous nature of the resulting 

polymer. This observation is in agreement with PPy materials obtained by classical chemical 

or electrochemical methods [64,65].  Diffraction peaks indexed by an asterix correspond to the 

ITO substrate. The two broad peaks at 2θ values of 37.1° and 42.2° correspond to the (131) and 

(300) crystal planes, respectively, which confirm the crystallographic variety -MnO2 in 

agreement with the literature (JCPDS no. 14-0644) [66]. Due to the PPy amorphous nature, 

MnO2/PPy/ITO samples have an X-ray profile similar to that of pure MnO2, indicating no 

noticeable change in crystal structure. 
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Fig. 4. a: XRD diffraction patterns of MnO2, PPy/ITO, PPy/MnO2/ITO (i-MnO2 and 

tsoaking = 5 min), PPy/MnO2 (i-MnO2 and tsoaking = 10 min), and PPy/MnO2/ITO (d-

MnO2). b: FTIR spectra of PPy and PPy/MnO2 films. 

 

The FTIR spectra of PPy and PPy/MnO2 films are shown in Figure 4.b. The observed 

bands confirm the formation of polypyrrole. The absorption bands at 1550, 1450, and 

1030 cm-1 are characteristic of the C-C, C-N, and C-H stretching vibrations on the PPy 

rings [67], whereas the bands observed at 1300 and 1160 cm-1 correspond to the in-plane 

deformation of the C-H and the C-N stretching vibrations [68]. The other bands around 

1045 cm-1 reflect the N-H plane strain vibration of the doped PPy [69]. Although the 

PPy/MnO2 and PPy spectra are very similar, we note that the position and the intensity 

of the characteristic bands of the polypyrrole in PPy/MnO2 composites are influenced 

by the insertion of MnO2, as already observed in the literature [70,71]. 

 

3.3. Electrochemical characterization of MnO2/PPy/ITO 

 EIS experiments were conducted for further characterizing the PPy/MnO2/ITO 

electrodes. Fig. 5 shows the Nyquist plots with are characterized by a typical semicircle in the 

high frequency region for all samples, which corresponds to the charge transfer resistance (Rct) 

of the electrodes. For all samples, the semicircle starts at the same value, indicating that the 

resistance of the electrolyte remains unchanged. 

 

Fig.5. Complex-plane Nyquist impedance plots at Eappl = 0.2 V vs. SCE 
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in 0.1 M KCl, for the electrodes ITO, PPy/ITO, PPy/MnO2/ITO(i-MnO2 and tsoaking = 5 

min), PPy/MnO2(i-MnO2 and tsoaking = 10 min), and PPy/MnO2/ITO (d-MnO2). 

For a given electrode, the lower Rct is, the higher is the electrical conductivity. The results 

gathered in Table 1 show that Rct = 175, 75, 13 and 8  cm2 for PPy, PPy/d-MnO2, PPy/i-MnO2 

(5 min) and ITO/PPy i-MnO2 (10 min), respectively. In the presence of MnO2, the Rct values 

decrease drastically, inducing a lower interfacial charge transfer resistance [72] and thus higher 

electrical conductivity of the electrodes compared to PPy. Rct is even lower when MnO2 was 

incorporated in the polymer by the indirect method compared to the direct method. The 

modelling of EIS data by a representative equivalent electrical circuit enables the 

determination of QCPE (constant phase element), from the equation QCPE ={(Ciω)α}-1.  The 

α values are between 0.66 and 0.83 for all composite electrodes, suggesting the uniformity and 

the homogeneity of the materials. 

 

 

Table 1. Impedance parameters of the composite electrodes. 

 

Given the great importance of the development of electrode materials for O2 reduction 

in batteries, the behavior of the composite electrodes has been studied by LSV from 1.4 to 0 V 

vs. SCE in 1M KCl. As shown in Fig.6, the oxygen reduction current starts without 

overpotential at 1.4 V vs. SCE, and the current densities show a semi-plateau, resulting from 

the control of the electrocatalytic reaction by diffusion of the oxygen to the electrode surface. 

The MnO2/ITO electrode delivers the lowest current density about -0.9 mA.cm-2, confirming 

the crucial role of PPy in improving electrode performance. 
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Fig. 6. LSV of the composite electrodes ITO/PPy/MnO2 in aqueous 1 M KCl electrolyte 

between 1.4 and 0 V vs. SCE at a scan rate of 25 mV s-1. 

The maximal current density of O2 reduction for d-MnO2/PPy/ITO, i-

MnO2/PPy/ITO(10 min) and i-MnO2/PPy/ITO(5 min) electrode is -4.9, -7.6 and -7.9 mA.cm-2, 

respectively. These values reveal the importance of the synthesis technique used in the design 

of efficient MnO2/PPy composites. In the indirect method, we assume that the amount of MnO2 

in PPy affords a close contact between the electrode material and the electrolyte. The maximal 

current density delivered by i-MnO2/PPy/ITO(5 min) electrode is -7.9 mA/cm2, which is eight 

times the current density delivered by the electrode without PPy. This result shows the 

advantage of possible applications of MnO2 and PPy to prepare efficient electrodes. In 

comparison with literature, our composite polypyrrole/MnO2 cathodes have a high and 

competitive efficiency for oxygen reduction reaction (ORR) with the reported MnO2 cathodes. 

As an example, efficient MnO2-based electrocatalysts have been synthesized for ORR, such as 

multi-walled MnO2/PPy/MnO2 nanotubes [39], or α-MnO2 nanowires prepared in the presence 

of an ionic liquid as structure-directing agent [73], able to generate current densities closed to 

7 mA.cm-2. The introduction of nanoparticles into MnO2 materials has enable ORR to be 

boosted with delivered current densities close to 6 mA.cm-2, such as example with Ag in 

amorphous MnO2 mixed with carbon nanotubes [74], or with Co3O4 attached to the surface of 

MnO2 nanorods [75]. 

 

4. Conclusion  

 In this study, MnO2/PPy electrodes were successfully prepared and examined. The 

insertion of MnO2 in the polymer matrix was confirmed by DRX and EDX. SEM micrographs 

showed cauliflower-like growth on the deposited substrate. MnO2 grains of similar size were 

homogeneously distributed in the polymer. The composite electrode showed a decrease in 
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charge transfer resistance and excellent electrochemical stability. Electrochemical experiments 

revealed that the composite materials prepared by the direct incorporation of MnO2 gave the 

highest performance for O2 reduction. This study contributes toward advances in the design of 

efficient MnO2/PPy composites suitable for rechargeable battery electrodes. 
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Table 1. Impedance parameters of the composite electrodes. 

Sample  ZCPE (F /cm2) Rct(kcm2) 

ITO 137.9 222.6 0.83  

ITO/PPy  138.7  174.7 0.78  

ITO/PPy/d-MnO2 153.4 75.0 0.66 

ITO/PPy/i-MnO2(5 min) 178.6 13.1 0.67 

ITO/PPy i-MnO2(10 min) 194.1 8.2 0.74  
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Fig. 1 Cyclic voltammetry of Pyrrole (0.1 M) at the electrode ITO performed over 20 cycles 

between -1 and 1.2 V vs. SCE at scanning rate 20 mV.s-1, in the electrolyte 0.1 M LiClO4 

inacetonitrile. Insert: SEM image of PPy/ITO sample 
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Fig. 2. (a,b) Cyclic voltammograms of PPy/ITO electrode over 10 scans in the potential range 

0.4 - 1.5 V vs. SCE in aqueous solution containing 0.4 M KCl and 0.05 M MnCl2. (c,d) Cyclic 

voltammograms of ITO/PPy electrode for 10 scans in the potential range 0.2 - 1.5 V vs. SCE 

in 0.4 M KCl solution, after immersion of the electrode in 10-2 M MnCl2 and 0.4 M KCl 

solution. Potential scan rate is 20 m V.s-1. 
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Fig.3 SEM images and EDS of (a,a’) d-MnO2/PPy/ITO, (b,b’) i-MnO2/PPy/ITO(5 min) and 

(c,c’) i-MnO2/PPy/ITO (10 min). 
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Fig. 4. a: XRD diffraction patterns of MnO2, PPy/ITO, PPy/MnO2/ITO (i-MnO2 and tsoaking = 

5 min), PPy/MnO2 (i-MnO2 and tsoaking = 10 min), and PPy/MnO2/ITO (d-MnO2). b: FTIR 

spectra of PPy and PPy/MnO2 films. 
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Fig.5. Complex-plane Nyquist impedance plots at Eappl = 0.2 V vs. SCE 

in 0.1 M KCl, for the electrodes ITO, PPy/ITO, PPy/MnO2/ITO(i-MnO2 and tsoaking = 5 min), 

PPy/MnO2(i-MnO2 and tsoaking = 10 min), and PPy/MnO2/ITO (d-MnO2). 
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Fig. 6. LSV of the composite electrodes ITO/PPy/MnO2 in aqueous 1 M KCl electrolyte 

between 1.4 and 0 V vs. SCE at a scan rate of 25 mV.s-1. 
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