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CHAPTER IV 

Reduced graphene oxide (rGO)/PEDOT:PSS/ 

Manganese dioxide (MnO2) ternary nanocomposite 

as anode catalyst for methanol oxidation 

 
 

4.1 Introduction 

From the last few decades, researchers have grown their interest to develop transition 

metal oxide (NiO, Cu2O, ZnO, MnO2, Co3O4) based catalyst due to their several 

oxidation states and heterogeneous catalytic activity [1-5]. Among these transition metal 

oxides, manganese dioxide (MnO2) is drawing much attention due to low cost, 

environment friendliness, ease of synthesis, low operating voltage etc. [6]. Among 

different existing polymorphs of MnO2, α-MnO2 is extensively used in electrochemical 

energy storage systems due to its [2×2] tunnel structure along c-axis with MnO6 

octahedral units [7]. According to literature one-dimensional MnO2 nanorods have long 

been used as electrode material in energy storage devices, sensor, catalysis, etc. due to 

enhancement of physical and chemical properties such as short diffusion path and easy 

electron transport [8]. However, the low conductivity (10-5 to 10-6 S cm-1) of MnO2 

inhibits its application in energy storage and conversion devices. Many research groups 

are working on to overcome these drawbacks by making nanocomposites of MnO2 with 

carbon based materials. Chunyang Jia et al. [9] synthesized MnO2/poly(3,4-

ethylenedioxythiophene)/multiwalled carbon nanotubes as electrode material for flexible 

micro-supercapacitor and obtained specific capacitance of 110 F g-1 at a current density of 

2 A g-1. Li Zhang et al. [10] synthesized Graphite/PEDOT/MnO2 composites as electrode 

material for supercapacitor and they achieved power density of 90 W Kg-1 and 81.1% of 

retention capacity.  

PEDOT:PSS (Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate) is a conjugate 

polymer, where PSS is a polyelectrolyte that makes PEDOT soluble in water and carries a 

negative charge and PEDOT, the conjugate polymer carries a positive charge [11]. 

PEDOT/MnO2 based nanostructured materials have been used as electrode materials in 

energy storage systems [12, 13]; however conducting polymer and metal oxides both 

exhibit poor cyclic stability. Previous reports show that incorporation of carbon allotropes 
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may enhance the mechanical stability as well as electrochemical performance of the 

electrocatalyst [14]. 

Among the carbon compounds, two dimensional sp2 hybridized monolayer graphene 

sheets have gained much attention due to large surface area, excellent electrical 

conductivity and high tensile strength [15, 16]. Reduced graphene oxide (rGO) has some 

advantage over graphene and other graphene derivatives as catalyst support in DMFCs 

due to the presence of defects and oxygen containing functional groups such as epoxy, 

hydroxyl, carboxylic groups on its edges and basal plane as well as low cost and large 

scale production [17]. Conducting polymer/copper nanoparticles supported rGO 

nanosheets show excellent electrocatalytic activity toward methanol oxidation [18]. Surya 

Prakash and co-workers [19] studied the effect of annealing temperature of Ni/rGO 

catalysts on urea oxidation. Joong Hee Lee et al. [20] synthesized NiCo2O4-RGO 

composite as an alternative to platinum catalyst and obtained oxidation potential of 

methanol at 0.6 V with higher anodic current density. 

Recently, K. Hareesh et al. [21] synthesized PEDOT:PSS coated MnO2 nanorods/rGO 

nanocomposite for electrode material in supercapacitor and they reported that dispersion 

of MnO2/rGO in PEDOT:PSS matrix may allow edges and corners for charge storage and 

protect the binary material from dissolution in the electrolyte. PEDOT:PSS also stabilizes 

the MnO2/rGO nanocomposite and enhances film formation capability [14]. Yulin Min et 

al. [22] synthesized MnO2/GNRs/PANI ternary composites with porous structures by a 

two-step in situ polymerization method for supercapacitor electrode and achieved 472 F 

g-1 with capacitive retention 85%. De Yan et al. [23] also prepared 

MnO2/rGO/PEDOT:PSS nanocomposite for electrode material in supercapacitor and 

achieved 169.1 F g-1 of specific capacitance and capacitive retention factor of 66.2% after 

2000 cycles.  

This chapter focuses on the application of rGO/PEDOT:PSS/MnO2 ternary 

nanocomposite as an alternative to platinum anode catalyst towards methanol oxidation in 

alkaline media. To achieve the objectives of present work, initially MnO2 nanorods were 

synthesized by hydrothermal route. Subsequently, rGO/PEDOT:PSS/MnO2 ternary 

nanocomposite was synthesized by in situ polymerization method. The morphological 

characterizations of synthesized nanocomposite reveal the formation of rGO wrapped 

polymer coated MnO2 nanorods, which inhibit the agglomeration of rGO nanosheets. 

Electrochemical characterization shows that rGO/PEDOT:PSS/MnO2/ITO electrode 
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exhibits lower onset potential, higher oxidation current density and better stability than 

that of PEDOT:PSS/MnO2/ITO and MnO2/ITO electrodes. 

 

4.2 Morphological characterizations 

4.2.1 Scanning electron microscopy  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: SEM images of (i) MnO2 nanorods, (ii) PEDOT:PSS/MnO2 nanocomposite 

and (iii) rGO/PEDOT:PSS/MnO2 nanocomposite and (iv) EDX spectrum of 

rGO/PEDOT:PSS/MnO2 nanocomposite. Elemental mapping of rGO/PEDOT:PSS/MnO2 

nanocomposite for (v) C, (vi) O, (vii) S and (viii) Mn.  
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Figures 4.1 (i), (ii) and (iii) show the SEM images of MnO2 nanorod, PEDOT:PSS/MnO2 

and rGO/PEDOT:PSS/MnO2 nanocomposites respectively. Figure 4.1 (i) depicts the SEM 

image of randomly oriented and densely packed porous networks of MnO2 nanorods. In 

Figure 4.1 (ii), homogeneous distribution of polymer coated bundle of MnO2 nanorods 

are observed however in Figure 4.1 (iii), these nanorod structures are not visible due to 

wrapping of polymer coated nanorods by rGO nanosheets. The possible reason of the 

observed nanostructure may be due to van der Waals interaction between rGO plane and 

conducting polymer which enhances the growth of rGO nanosheet over the polymer 

coated nanorods [24]. From EDX spectrum (Figure 4.1 (iv)), the presence of manganese 

(Mn), carbon (C), oxygen (O) and sulfur (S) is confirmed in rGO/PEDOT:PSS/MnO2 

nanocomposite. In EDX, higher elemental contribution (44.73 wt.%) comes from C due 

to presence of rGO and PEDOT. Significant amounts of O (41.74 wt.%), Mn(1.61 wt.%) 

and S (11.92 wt.%) are also observed due to presence of MnO2 and PSS. Elemental 

mapping of rGO/PEDOT:PSS/MnO2 nanocomposite reveals uniform distribution of C, O, 

S and Mn in the nanocomposite as shown in Figures 4.1 (v)-(viii), however, distribution 

of carbon and oxygen is higher than that of sulfur and manganese.    

 

4.2.2 Transmission electron microscopy 

Microstructural investigations of rGO, MnO2, PEDOT:PSS/MnO2 and 

rGO/PEDOT:PSS/MnO2 nanocomposites have been done by TEM as shown in Figure 

4.2. In Figure 4.2 (i), few layers of crumpled paper like rGO nanosheets are observed 

[25]. Figures 4.2 (ii) and (iii) confirm the formation of MnO2 nanorods with diameter 

range from 10-50 nm and length within 100-300 nm. Figures 4.2 (iv) and (v) reveal the 

formation of thick shell of PEDOT:PSS wrapped MnO2 nanorods. The TEM images of 

rGO/PEDOT:PSS/MnO2 nanocomposite (Figures 4.2 (vi) and (vii)) show that polymer 

coated  MnO2 nanrods are embedded  within rGO nanosheets which is consistent with 

SEM results. The morphology of MnO2 nanorods are well maintained even after polymer 

coating and incorporation of rGO. As observed from Figures 4.2 (vi) and (vii), the porous 

network of polymer coated MnO2 nanorods are interconnected by conductive rGO 

nanosheet which enhances electrochemical performance of the electrocatalyst.  
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Figure 4.2: TEM images of (i) rGO nanosheet, (ii)-(iii) MnO2 nanorods, (iv)-(v) 

PEDOT:PSS/MnO2 nanocomposite and (vi)-(vii) rGO/PEDOT:PSS/MnO2 

nanocomposite. 

 

4.3 Physical Characterizations 

4.3.1 X-ray diffraction  

The crystallinity of synthesized samples is investigated by XRD in the 2θ range of 0o to 

70o. XRD patterns of GO and rGO are presented in Figure 4.3 (i). Figure 4.3 (ii) depicts 

the XRD analysis of MnO2, PEDOT:PSS, PEDOT:PSS/MnO2 and 

rGO/PEDOT:PSS/MnO2 nanocomposites. The GO peak at 10o with interlayer spacing of 

0.88 nm corresponds to (002) plane [26]. On chemical reduction with hydrazine hydrate, 

the GO peak shifts to 25o with interlayer spacing of 0.35 nm [24]. Decrease in interlayer 

spacing between rGO nanosheets indicates successful removal of oxygen containing 
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(i) (ii) 

groups during reduction of GO. One small rGO peak is observed around 43o due to 

turbostratic disorder of carbon materials [27]. Characteristic peaks of MnO2 nanorods 

observed at 12.7o, 18o, 28.7o, 37.4o, 42o, 49.7o, 56o, 60o and 65.2o are well indexed to 

reflections from (110), (200), (310), (211), (301), (411), (600), (521) and (002) crystal 

planes of α- MnO2 nanorod, respectively [21]. These XRD peaks correspond to tetragonal 

phase of α-MnO2 nanorod as confirmed by standard data of JCPDS no. 44-0141 [28]. The 

broad peak of PEDOT:PSS around 26o corresponding the reflection from (010) plane 

appears due to interchain planar ring stacking distance [29]. The intensity of characteristic 

peaks of MnO2 nanorod decreases sharply in PEDOT:PSS/MnO2 nanocomposite. 

However a small intense broad peak ranging from 20.2o to 30o appears due to successful 

in situ polymerization of PEDOT:PSS over MnO2 nanorods. A broad diffraction peak 

around 24.5o appears in rGO/PEDOT:PSS/MnO2 nanocomposites due to overlapping of 

(010) plane of PEDOT:PSS and (002) plane of rGO. The characteristic XRD peaks of 

MnO2 nanorods disappear in the ternary nanocomposite upon incorporation of 

PEDOT:PSS and rGO and the nanocomposite becomes amorphous [30]. This suggests 

that MnO2 nanorods are uniformly coated by PEDOT:PSS and wrapped-up in rGO 

nanosheets [31, 32] as corroborated with SEM results (Figure 4.1 (iii)).  
 

 
 

Figure 4.3: (i) XRD patterns of (a) rGO and (b) GO, (ii) XRD patterns of (a) α-MnO2 

nanorods, (b) PEDOT:PSS (c) PEDOT:PSS/MnO2 nanocomposite and (d) 

rGO/PEDOT:PSS/MnO2 ternary nanocomposite. 
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4.3.2 Raman spectroscopy 

 

 

 

 

Figure 4.4: (i) Raman spectrum of α-MnO2 nanorod, (ii) Raman spectra of (a) 

PEDOT:PSS, (b) PEDOT:PSS/MnO2 nanocomposite, (c) rGO/PEDOT:PSS/MnO2 

ternary nanocomposite and (d) rGO.  

 

Figure 4.4 (i) represents Raman spectrum of α-MnO2 nanorod and Figure 4.4 (ii) shows 

Raman spectra of PEDOT:PSS, rGO, PEDOT:PSS/MnO2 and rGO/PEDOT:PSS/MnO2 

nanocomposites. In Figure 4.4 (i), the Raman band at 572 cm-1 corresponds to Mn-O 

stretching vibration in the basal plane of MnO6 sheets while the band at 639 cm-1 appears 

due to the symmetric stretching vibration (Mn-O) of MnO6 groups [33]. The Raman band 

at 182 cm-1 can be attributed to an external vibration that obtained from the translational 

motion of MnO6 octahedral [28]. The Raman bands at 386 and 500 cm-1 are related to 

lattice vibrations of Mn-O in MnO2  [34]. The characteristic Raman band of PEDOT:PSS 

at 1004 cm-1 corresponds to C-S aliphatic stretching vibration mode of PSS [35]. The 

sharp peak at 1445 cm-1 in curve (a) of Figure 4.4 (ii) is related to Cα=Cβ symmetrical 

stretching vibration [36]. The Raman bands at 1527 cm-1 and 1580 cm-1 appear due to the 

Cα=Cβ asymmetrical stretching vibration that related to thiophene rings in the middle and 

at the end of PEDOT chains, respectively [36]. The small intense Raman bands at 1265 

and 1384 cm-1 are associated with Cα-Cα inter ring stretching vibrations and Cβ-Cβ 

stretching deformations, respectively [37]. In Raman spectrum of PEDOT:PSS/MnO2 

nanocomposite (curve (b)), the presence of characteristic Raman bands of PEDOT:PSS 

indicates successful formation of the composite. The characteristic peaks of rGO i.e. D 

band at 1365 cm-1 is related to breathing modes of carbon with A1g symmetry which 

indicates the presence of defects and disorder in rGO while the G band at 1620 cm-1 
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corresponds to first order scattering from E2g phonon modes of sp2 bonded C atoms in 

rGO sheets [38, 39]. In Raman spectrum of rGO/PEDOT:PSS/MnO2 nanocomposite, the 

characteristic peaks of both PEDOT:PSS and rGO are observed, however the Raman 

bands of α-MnO2 nanorods disappear in both PEDOT:PSS/MnO2 and 

rGO/PEDOT:PSS/MnO2 nanocomposites due to wrapping of nanorods by PEDOT:PSS 

and rGO nanosheets, which is consistent with SEM and XRD results.  

 

4.3.3 X-ray photoelectron spectroscopy 

XPS has been performed to investigate the composition of surface, chemical oxidation 

and electronic states of rGO/PEDOT:PSS/MnO2 nanocomposite. Figure 4.5 (i) presents 

full-scan survey spectra of α-MnO2 nanorod and rGO/PEDOT:PSS/MnO2 nanocomposite. 

The appearance of C 1s (286.2 eV), O 1s (532.5 eV), Mn 2p (640-660 eV) and S 2p peaks 

(162-172 eV) in the survey spectrum of ternary nanocomposite confirms the presence of 

these elements in the composite. The prominent peaks of O 1s and Mn 2p are observed in 

the full scan spectrum of α-MnO2. The spectra are analysed using a peak fit program and 

the peak deconvolution is performed. The peaks have been deconvoluted to Gaussian 

components using the appropriate positions. The individual spectrum of Mn 2p (Figure 

4.5 (ii)) shows two peaks at 643 eV and 654.7 eV corresponding to Mn 2p3/2 and Mn 2p1/2 

spin orbit peaks of MnO2, respectively with a separation energy of 11.7 eV. A shake up 

peak is observed at a binding energy centred at 646.3 eV due to Coulomb interactions 

between the 3d orbital electrons of transition metal and the ligand O 2p [40]. The 

Gaussian fit of C 1s core-level spectrum of the nanocomposite (Figure 4.5 (iii)) shows 

three peaks: nonoxygenated C-C (284.7 eV), C-O (286.1 eV) and C=O (288.6 eV). The O 

1s spectrum of the composite (Figure 4.5 (iv)) shows two peaks. The two peaks at 531.4 

eV and 533.1 eV are attributed to O species of hydroxyl group bonded with manganese 

(Mn-O-H) in MnO2 and adsorbed water (H-O-H), respectively. Two prominent XPS 

peaks are observed in S 2p spectrum as shown in Figure 4.5 (v) implying the presence of 

sulfur atoms from both PEDOT and PSS. The deconvoluted peaks at 163.8 and 165 eV 

are attributed to S 2p3/2 and S 2p1/2 electronic configurations of thiophene ring in PEDOT 

[41], while the peaks at 167.9 eV corresponds to electronic state S 2p3/2 of sulfonate and 

at 168.4 eV is assigned to S 2p1/2 of sulfonic acid groups in PSS [41].  
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Figure 4.5: (i) XPS survey spectra of (a) α-MnO2 nanorod and (b) 

rGO/PEDOT:PSS/MnO2 nanocomposite. High resolution XPS profile of (ii) Mn 2p, (iii) C 

1s, (iv) O 1s and (v) S 2p of rGO/PEDOT:PSS/MnO2 nanocomposite. 
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(i) 

(ii) 

4.3.4 Nitrogen (N2) adsorption-desorption analysis   
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(iii) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: N2 adsorption-desorption isotherms of (i) MnO2 nanorods, (ii) 

PEDOT:PSS/MnO2 nanocomposite and (iii) rGO/PEDOT:PSS/MnO2 ternary 

nanocomposite. Pore size distributions of the corresponding curves are shown in inset.  

 

Figure 4.6 displays the nitrogen adsorption-desorption isotherms and pore size 

distribution curves (inset) of MnO2, PEDOT:PSS/MnO2 and rGO/PEDOT:PSS/MnO2 

nanocomposites. The surface area of synthesized samples have been calculated using 

Brunauer-Emmett-Teller (BET) method at 77 K. Pore size distribution curves have been 

plotted from desorption isotherm using Barrett-Joyner-Halenda (BJH) method. Surface 

areas of the samples are calculated from Brunauer-Emmett-Teller method within the 

relative pressure range (P/P0) of 0.05 to 0.3 P/P0 and pore volume is calculated from 

single point measurement at a relative pressure of 0.95 P/P0 [42]. Figure 4.6 (i) shows that 

MnO2 nanorods exhibit hysteresis loop beyond the relative pressure range of 0.8 P/P0 

indicating type II isotherm. From the inset of Figure 4.6 (i), average distribution of pore 

size is observed at 1.5 nm indicating the presence of slit shaped micropores [8]. The 

hysteresis loops of PEDOT:PSS/MnO2 and rGO/PEDOT:PSS/MnO2 nanocomposites fall 

in the range from 0.5-1 P/P0 and 0.4-1 P/P0 implying type IV isotherms. The broad 

hysteresis loop of rGO/PEDOT:PSS/MnO2 ternary nanocomposites suggests the presence 

of large concentration of mesopores which is consistent with that reported in literature 

[21]. From pore size distribution curves, it is observed that mesopore sizes of 
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PEDOT:PSS/MnO2 nanocomposite and rGO/PEDOT:PSS/MnO2 ternary nanocomposite 

fall within the range of 3-20 nm and 3-40 nm, respectively. The surface area of the 

ternary nanocomposite is observed to be enhanced (190 m2 g-1) than that of 

PEDOT:PSS/MnO2 nanocomposite (76 m2 g-1) and MnO2 nanorods (56 m2 g-1) due to 

large specific area of rGO nanosheets. The pore volume of ternary nanocomposite is 

larger (0.55 cm3 g-1) than that of PEDOT:PSS/MnO2 nanocomposite (0.28 cm3 g-1) and 

MnO2 nanorods (0.11 cm3 g-1). The mesoporous nature of the ternary nanocomposite 

results in shortening of ion diffusion path that leads to easy penetration of the electrolytes 

into the electroactive sites present in the electrocatalyst [43].  

 

4.4 Electrochemical characterizations 

4.4.1 Electrochemical activity of the modified electrodes 

Figure 4.7 (i) depicts CVs of MnO2/ITO, PEDOT:PSS/MnO2/ITO and 

rGO/PEDOT:PSS/MnO2/ITO electrodes in 0.5 M NaOH at scan rate 50 mV s-1. All the 

modified electrodes exhibit a pair of redox peaks within the range from -0.35 V to +0.35 

V due to Mn3+/Mn4+ redox couple. The redox peaks appear due to following reactions 

[44]: 

                                   MnO2 + e− + H2O → MnOOH + OH−       (Cathode)                [4.1] 

                                   MnOOH − e− + OH− → MnO2 + H2O        (Anode)                  [4.2] 

The peak to peak separation (∆Ep) value for rGO/PEDOT:PSS/MnO2/ITO electrode is 

comparatively less (170 mV) than that of PEDOT:PSS/MnO2/ITO (185 mV) and 

MnO2/ITO (217 mV) electrodes. Fine dispersion of polymer coated MnO2 nanorods over 

the highly conductive rGO nanosheets leads to fast electron transfer between the electrode 

and electrolyte, which is the possible reason for exhibiting highest current and narrowest 

∆Ep value by rGO/PEDOT:PSS/MnO2/ITO electrode. The enclosed area under the CV 

curve of rGO/PEDOT:PSS/MnO2/ITO electrode is also larger than that of the other two 

electrodes implying better electrochemical performance of rGO/PEDOT:PSS/MnO2/ITO 

electrode. 
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4.4.1.1 Variation of anodic peak current (Ipa) and cathodic peak current (Ipc) vs. scan 

rate rate (ν) 

Figures 4.7 (ii), (iii) and (iv) represent CVs of the modified electrodes in 0.5 M NaOH 

within the scan rate of 10-100 mV s-1. The Figures show that the anodic and cathodic 

peak currents increase with increase in scan rate as well as anodic peak shifts toward 

positive side and cathodic peak shifts toward negative side indicating quasi-reversible or 

irreversible redox reactions caused by increase in internal resistance of the electrode [45, 

46].  

 

Figure 4.7: (i) Cyclic voltammograms of MnO2/ITO, PEDOT:PSS/MnO2/ITO and 

rGO/PEDOT:PSS/MnO2/ITO electrodes at a scan rate of 50 mV s-1. Cyclic 

voltammograms of (ii) MnO2/ITO, (iii) PEDOT:PSS/MnO2/ITO and (iv) 

rGO/PEDOT:PSS/MnO2/ITO electrodes at scan rates of 10-100 mV s-1 in 0.5 M NaOH 

solution.  

 

The anodic and cathodic peak current densities are linearly proportional to scan rates upto 

40 mV s-1 as shown in Figure 4.8, indicating electrochemical behaviour of the redox 

couple [47]. Surface coverage (ґ*) of the redox species Mn3+/Mn4+ over the electrode 
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surface can be calculated using slope (Ip/ν) of these two lines and Brown-Anson model 

[47], given by the equation, 

                                                      Ip =
n2F2ґ∗Aν

4RT
                                          [4.3] 

Where, n is the number of electrons involved in the process, F is Faraday constant, A is 

area of the electrode, ν is scan rate, R is gas constant and T is temperature.  

 

Figure 4.8: Linear dependence of anodic and cathodic peak current densities vs. scan 

rate (10-40 mV s-1) for (i) MnO2/ITO, (ii) PEDOT:PSS/MnO2/ITO and (iii) 

rGO/PEDOT:PSS/MnO2/ITO electrodes. 

 

The surface coverage of redox species over MnO2/ITO, PEDOT:PSS/MnO2/ITO and 

rGO/PEDOT:PSS/MnO2/ITO electrodes are found to be 1.44 × 10−8 , 1.92 × 10−8  and 

3.34 × 10−8 mol cm-2, respectively, which are comparatively higher than that of the 

reported values in literature for conducting polymer based electrocatalyst in methanol 

oxidation [48]. The surface coverage of redox species over rGO/PEDOT:PSS/MnO2/ITO 

electrode is 1.7 times and 2.3 times larger than that of PEDOT:PSS/MnO2/ITO and 

MnO2/ITO electrodes, respectively. The higher surface coverage obtained for 
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rGO/PEDOT:PSS/MnO2/ITO electrode can be attributed to large surface area of 

incorporated rGO nanosheet which provides large number of reactive sites for redox 

species. 

 

Figure 4.9: Dependence of anodic and cathodic peak current densities on square root of 

scan rate (50-100 mV s-1) for (i) MnO2/ITO, (ii) PEDOT:PSS/MnO2/ITO and (iii) 

rGO/PEDOT:PSS/MnO2/ITO electrodes.  

 

As shown in Figure 4.9, anodic and cathodic peak current densities are proportional to 

square root of scan rate at higher scan rates (50-100 mV s-1) implying diffusion controlled 

process followed by Faradaic reaction. Diffusion capability of hydroxyl ions is 

determined from the slope of anodic peak currents (Ipa) vs. square roots of scan rate (v1/2). 

Usually, a larger slope value implies fast diffusion capability of hydroxyl ions and 

presence of more number of electroactive MnOOH species over the electrode surface. 

The anodic slopes of these plots for MnO2/ITO, PEDOT:PSS/MnO2/ITO and 

rGO/PEDOT:PSS/MnO2/ITO electrodes are obtained to be 0.170, 0.262 and 0.304, 

respectively. The larger slope for rGO/PEDOT:PSS/MnO2/ITO electrode indicates 
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enhanced diffusion of hydroxyl ions over the electrode surface and thus large number of 

MnOOH species are formed over rGO/PEDOT:PSS/MnO2/ITO electrode surface.  

 

4.4.1.2 Variation of anodic peak potential (Epa) and cathodic peak potential (Epc) vs. 

scan rate (ν) 

 

Figure 4.10: Linear fitted plots of anodic and cathodic peak potentials (Ep) vs. logarithm 

of scan rate (logν) for (i) MnO2/ITO, (ii) PEDOT:PSS/MnO2/ITO and (iii) 

rGO/PEDOT:PSS/MnO2/ITO electrodes.  

 

To understand the reaction kinetics and electron transfer rate between the electrode and 

electrolyte, determination of heterogeneous rate constant (ks) and electron transfer 

coefficient (α) is necessary. According to Laviron’s method [49], values of ks and α can 

be obtained by plotting anodic and cathodic peak potential (Ep) vs. logarithm of scan rate 

(logν) using the following equations: 

                                                       Epc = E0 − 2.3RT
logν

αnF
                                             [4.4] 

                                                      Epa = E0 + 2.3RT
logν

(1−α)nF
                                        [4.5]                                                                             
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                           logks = α log(1 − α) + (1 − α)logα − log (
RT

nFν
) −

α(1−α)nF∆Ep

2.3RT
       [4.6]  

Where, Epa is anodic peak potential, Epc is cathodic peak potential, ν is scan rate, n is the 

number of electrons involved (here n=1), ∆Ep  is peak to peak separation and the other 

terms have their usual meanings. Figure 4.10 shows the plots of anodic and cathodic peak 

potential (Ep) vs. logν, from which slope can be determined. The calculated values of 

anodic electron transfer coefficient (αa), cathodic electron transfer coefficient (αc) and 

heterogeneous rate constant (ks) for all the modified electrodes are tabulated in Table 4.1. 

As observed from the Table 4.1, values of anodic electron transfer coefficient (αa) and 

cathodic electron transfer coefficient (αc) are not same for all the electrodes, implying that 

rate limiting step for both oxidation and reduction might not be the same [50]. The higher 

value of ks (0.055 cm s-1) at rGO/PEDOT:PSS/MnO2/ITO electrode indicates that the 

presence of rGO enhances electron transfer rate between the electrode and electrolyte. 

Table 4.1: Calculated values of anodic electron transfer coefficient (αa), cathodic 

electron transfer coefficient (αc) and heterogeneous rate constant (ks) of the modified 

electrodes.  

 

4.4.2 Electrochemical activity of the electrodes toward methanol oxidation 

Figure 4.11 (i) shows CVs of all the modified electrodes in presence of 0.5 M methanol at 

a scan rate 50 mVs-1. The anodic oxidation current density obtained for 

rGO/PEDOT:PSS/MnO2/ITO electrode is much higher (56.3 mA cm-2) than that for 

PEDOT:PSS/MnO2 electrode (21.5 mA cm-2). Again the onset oxidation potential of 

rGO/PEDOT:PSS/MnO2/ITO electrode shifts toward negative side (0.32 V) than that for 

PEDOT:PSS/MnO2/ITO electrode (0.35 V). The higher electrochemical performance of 

rGO/PEDOT:PSS/MnO2/ITO electrode can be attributed to fine dispersion of 

PEDOT:PSS coated MnO2 nanorods over rGO sheets. Electrocatalytic activity of the 

electrocatalyst depends on the following factors [48]: (i) energy level of the 

Electrodes 

 

Anodic electron 

transfer 

coefficient (αa) 

Cathodic electron 

transfer 

coefficient (αc) 

Heterogeneous 

rate constant 

(ks) (cm s-1) 

MnO2/ITO 0.46 0.4 0.038 

PEDOT:PSS/MnO2/ITO 0.43 0.46 0.041 

rGO/PEDOT:PSS/MnO2/ITO 0.45 0.51 0.055 
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(iii)

electrocatalyst and electrode material, (ii) charge transfer process and diffusion of ions 

between the electrode and electrolyte and (iii) the surface structure of electrode. Here the 

presence of highly porous MnO2 nanorods makes it accessible for the electrolyte ions and 

electrons to penetrate deep into the pores of the nanocomposite coated electrode. Thus 

diffusion becomes easier due to porous morphology of the nanocomposite. Since 

PEDOT:PSS is p-type semi-conducting polymer [51], the holes present in the polymer 

during oxidation combine with electrons extracted from the electrolyte and charge 

transfer takes place through the polymer chain [48]. Again the wrapped rGO nanosheets 

in ternary nanocomposite enhance the electron transfer rate and number of reaction sites 

due to its high conductivity and large surface area, respectively. 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.11: (i) Cyclic voltammograms of (a) MnO2/ITO, (b) PEDOT:PSS/MnO2/ITO 

and (c) rGO/PEDOT:PSS/MnO2/ITO electrodes in presence of 0.5 M methanol 

containing in 0.5M NaOH as background electrolyte at a scan rate 50 mV s-1; (ii) Cyclic 

voltammograms of rGO/PEDOT:PSS/MnO2/ITO electrode in 0.5 M NaOH solution in 

presence of  0.1 M, 0.5 M, 1 M, 1.5 M and 2 M methanol at a scan rate 50 mV s-1; (iii) 

Cyclic voltammograms of rGO/PEDOT:PSS/MnO2/ITO electrode in presence of 0.5 M 

methanol at different scan rates (a) 10 mV s-1, (b) 30 mV s-1, (c) 50 mV s-1,(d) 70 mV s-1, 
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(e) 90 mV s-1, (f) 110 mV s-1, (g) 130 mV s-1 and (h) 150 mV s-1 (Inset shows linear 

dependence of anodic peak current density on square root of scan rate).  

 

Figure 4.11 (ii) presents the CV curves of rGO/PEDOT:PSS/MnO2/ITO electrode in 0.5 

M NaOH solution containing 0.1 M, 0.5 M, 1 M, 1.5 M and 2 M of methanol at scan rate 

of 50 mV s-1. The possible electro-oxidation mechanism of methanol can be explained by 

the following reactions [52, 53]: 

                                                   Mn(OH)2 + OH− → MnOOH + H2O + e−                       [4.7] 

                                  MnOOH + CH3OH +
5

4
 O2 → Mn(OH)2 + CO2 +

3

2
 H2O           [4.8] 

The typical reaction mechanism corresponds to electro-catalytic (EC/) mechanism where 

electron transfer is followed by catalytic chemical reaction and the system becomes 

autocatalytic [54, 55]. As observed from Figure 4.11 (ii), a small cathodic peak at 0.06 V 

appears due to reduction of MnOOH to Mn(OH)2. A thick layer of MnOOH forms during 

reduction of MnO2 which acts as electron mediator and presence of Mn(OH)2 and 

MnOOH (electroactive species) are the reason for electrocatalytic activity of Mn based 

catalyst [53]. The intensity of the cathodic peak at 0.06 V decreases with increase in 

concentration of methanol, since consumption of MnOOH during oxidation of methanol 

as shown in equation 4.8, instead of reduction to Mn(OH2) and finally disappears at 2M 

methanol concentration [56]. The number of reactive sites at the electrode decreases due 

to adsorption of intermediates produced during methanol oxidation which deteriorates the 

electrocatalytic activity of the electrode. So the cathodic peak at -0.14 V indicates 

oxidation of intermediate species and regeneration of reactive sites for further oxidation 

[45]. This peak becomes more prominent on increase in methanol concentration due to 

oxidation of large number of intermediates and products. Methanol oxidation mechanism 

involves two processes: (a) at first adsorption of methanol molecules on the electroactive 

sites of the electrocatalyst, and (b) subsequent splitting of water molecules from which 

oxygen is obtained [57]. The poisonous CO formed during methanol oxidation is further 

oxidized to CO2 by water-gas shift reaction. The water-gas shift reaction involves 

regenerative redox mechanism where first removal of hydrogen from activated water 

molecules and then dissociation of hydroxyl ion to form atomic oxygen [57]. The 

poisonous carbon monoxide reacts with oxygen to form carbon dioxide. Equation 4.8 

shows the overall reaction of formation of CO2 from methanol.  
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Figure 4.11 (iii) depicts the CV curves of rGO/PEDOT:PSS/MnO2/ITO electrode in 0.5 

M methanol solution at scan rates of 10, 30, 50, 70, 90, 110, 130 and 150 mV s-1. Inset 

shows that anodic peak current density linearly increases with scan rate indicating 

diffusion controlled process.  

 

4.4.3 Tafel analysis  

Figure 4.12: Tafel plots obtained from rising part of the cyclic voltammograms of (i) 

PEDOT:PSS/MnO2/ITO and (ii) rGO/PEDOT:PSS/MnO2/ITO electrodes in presence of 

0.5 M methanol at scan rate 50 mV s-1. 

 

Figures 4.12 (i) and (ii) display Tafel plots (log i vs. η) of PEDOT:PSS/MnO2/ITO and 

rGO/PEDOT:PSS/MnO2/ITO electrodes for methanol oxidation reaction, respectively. As 

shown in Figure 4.12, data for Tafel plots are obtained from rising part of the CV curves 

of the electrodes in presence of 0.5 M methanol at a scan rate 50 mV s-1. The calculated 

values of kinetic parameters obtained from the Tafel slopes are tabulated in Table 4.2. 

Tafel slope for anodic reaction can be determined by using the following equation [58]: 

                                                         log i = logio +
αnF

2.303RT
η                                       [4.9]   

Where, i0 and α are the exchange current density and electron transfer coefficient of 

methanol oxidation, respectively. The lower value of Tafel slope (69 mV dec-1) of    

rGO/PEDOT:PSS/MnO2/ITO electrode indicates good electrocatalytic activity due to 

slower increase in overvoltage with increase in current density. Electron transfer 

coefficient (α) of PEDOT:PSS/MnO2/ITO and rGO/PEDOT:PSS/MnO2/ITO electrodes 

are calculated to be 0.55 and 0.86, respectively. The higher value of α of 

rGO/PEDOT:PSS/MnO2/ITO electrode indicates that oxidation is favoured and the larger 
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value of exchange current density (2.29 × 10-2 mA cm-2) of rGO/PEDOT:PSS/MnO2/ITO 

electrode suggests lower overvoltage and more stable to external effects. 

 

Table 4.2: Kinetic parameters of the modified electrodes obtained from Tafel plot. 

 

Electrodes 

 

Tafel slope 

(β) (mV 

dec-1) 

 

Electron 

transfer 

coefficient (α) 

 

Exchange current 

density (io) (mA cm-2 ) 

 

PEDOT:PSS/MnO2/ITO  

 

107 

 

0.55 

 

2.04 × 10-3 

 

rGO/PEDOT:PSS/MnO2/ITO  

  

69 

 

0.86 

 

2.29 × 10-2 

 

4.4.4 Chronoamperometry and Cyclic stability test 

Figure 4.13 (i) displays the chronoamperometric curves of all the modified electrodes in 

0.5 M methanol containing in 0.5 M NaOH for 1 h at 0.32 V. Chronoamperometric 

analysis shows that rGO/PEDOT:PSS/MnO2/ITO electrode holds more current density 

i.e. 50 mA cm-2 than that of PEDOT:PSS/MnO2/ITO (21 mA cm-2) and MnO2/ITO (1.6 

mA cm-2) electrodes, which is in good agreement with CV results. The current retention 

factor for MnO2/ITO, PEDOT:PSS/MnO2/ITO and rGO/PEDOT:PSS/MnO2/ITO are 

calculated to be 8.3% 54.2% and 70.3% of initial current, respectively. All the electrodes 

exhibit sudden decay of current for first few seconds due to formation of double layer 

capacitance and then slow decay of currents over the whole time range due to CO 

adsorption on the surface of electrocatalysts [59]. The large surface area of rGO 

nanosheets may act as active sites for the conversion of intermediates of methanol 

oxidation such as CO to CO2 by combining with hydroxyl ions which may regenerate the 

active sites and maintain the stability of the electrocatalyst.   

The stability of the electrodes is also observed by continuous 1000 CV cycles as depicted 

in Figure 4.13 (ii). rGO/PEDOT:PSS/MnO2/ITO electrode exhibits cyclic stability upto 

1000 CV cycles with current retention factor 74% of initial value at a scan rate 50 mV s-1. 

The decrement in current is observed due to consumption of methanol and formation of 

intermediate products. The current retention factor returns to 82% of its initial value when 

the electrolyte is replaced with fresh 0.5 M methanol containing in 0.5 M NaOH 

electrolyte. These results suggest that rGO/PEDOT:PSS/MnO2/ITO electrode exhibits 

good electrocatalytic activity and long term stability.  
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Figure 4.13: (i) Chronoamperometric curves of (a) MnO2/ITO, (b) 

PEDOT:PSS/MnO2/ITO and (c) rGO/PEDOT:PSS/MnO2/ITO electrodes at an applied 

potential of 0.32 V; (ii) Cyclic stability of rGO/PEDOT:PSS/MnO2/ITO electrode upto 

1000 CV cycles at a scan rate 50 mV s-1; (iii) Nyquist plots of 

rGO/PEDOT:PSS/MnO2/ITO electrode before and after 1000 CV cycles in presence of 

0.5 M methanol containing in 0.5 M NaOH electrolyte.  

 

4.4.5 Electrochemical impedance spectroscopy measurements after cyclic 

stability test 

Figure 4.13 (iii) depicts the Nyquist plots of rGO/PEDOT:PSS/MnO2/ITO electrode 

before and after 1000 CV cycles in presence of 0.5 M methanol containing in 0.5 M 

NaOH solution. In Nyquist plot, the initial point of the semi-circle on x-axis, diameter of 

the semi-circle in higher frequency side and the straight line in lower frequency side 

define solution resistance (Rs), charge transfer resistance (Rct) and Warburg impedance 

(W), respectively. The slight change in charge transfer resistance from 5.05 Ω to 6.13 Ω 
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and small inclination of Warburg impedance line towards lower angle side after 1000 CV 

cycles as observed in Figure 4.13 (iii) indicate better stability of the electrode. Increase in 

charge transfer resistance and inclination of Warburg impedance line may be due to 

formation of oxidation intermediates and change in diffusion path length in presence of 

methanol [45, 52].  

 

4.4.6 Characterizations after cyclic stability test 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: TEM micrographs of rGO/PEDOT:PSS/MnO2 nanocomposite after 1000 

CV cycles in presence of 0.5 M methanol containing in 0.5 M NaOH at resolutions of (i) 

50 nm and (ii) 20 nm, (iii) XRD patterns of (a) rGO/PEDOT:PSS/MnO2 nanocomposite 

and (b) rGO/PEDOT:PSS/MnO2/ITO electrode after 1000 CV cycles in 0.5 M methanol 

containing solution.  

TEM, XRD and XPS measurements of rGO/PEDOT:PSS/MnO2/ITO electrode have been 

done after 1000 CV cycles to investigate morphology, structure and composition of the 

electrode. The TEM images (Figure 4.14 (i) and (ii)) reveal that MnO2 nanorods appear 
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even after 1000 CV cycles however diameter and length of the nanorods decrease that lie 

within the range of 7-15 nm and 30-50 nm, respectively. The XRD pattern of 

rGO/PEDOT:PSS/MnO2/ITO electrode has been recorded after 1000 CV cycles in 

presence of 0.5 M methanol containing in 0.5 M NaOH electrolyte. Figure 4.14 (iii) 

shows that the characteristic broad peak of rGO/PEDOT:PSS/MnO2 nanocomposite 

appears around 24.5o even after cyclic stability test for 1000 CV cycles indicating 

structural stability of the ternary nanocomposite. The intense peaks of ITO glasses have 

been observed at 21.5o, 30.4o, 35.6o, 50.7o and 60.3o attributing to (211), (222), (400), 

(440) and (622) planes, respectively.  

In the survey spectrum (Figure 4.15 (i)) of rGO/PEDOT:PSS/MnO2/ITO, the peaks 

corresponding to In 4d, Sn 3d and In 3p bands of ITO are observed [60]. The intensity of 

Mn 2p peak slightly decreases after stability test as shown in Figure 4.15 (ii). The 

continuous transition between Mn(OH)2 and MnOOH, which act as electroactive media 

during oxidation process of methanol causes consumption of Mn species. Therefore, the 

intensity of Mn 2p spectrum decreases after continuous 1000 CV cycling. In C 1s 

spectrum (Figure 4.15 (iii)), the intensity of deconvoluted peak at 284.8 eV corresponding 

to C-C bond decreases due to consumption of carbon content in 

rGO/PEDOT:PSS/MnO2/ITO electrode during 1000 CV cycling and a satellite peak 

appears at 291.2 eV. The intensity of deconvoluted peak at 530.5 eV associated with Mn-

O-H group in O 1s spectrum decreases as shown in Figure 4.15 (iv) due to consumption 

of manganese ions during methanol oxidation and broad peak appears at 534.9 eV upon 

continuous CV cycling upto 1000 cycles and that corresponds to sodium Auger peak 

(NaKLL) indicating the presence of significant amount of Na+ on the electrode surface. 

As shown in Figure 4.15 (v), the intensity of peak associated with PEDOT in S 2p 

spectrum diminishes due to disintegration of PEDOT:PSS film after stability test. A small 

intense peak at 1073 eV arises in the survey spectrum (Figure 4.15 (i)) of 

rGO/PEDOT:PSS/MnO2/ITO electrode after continuous cycling test indicating the 

adsorption of Na+ ions from the electrolyte onto the electrode surface. 
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Figure 4.15: (i) Survey spectra of (a) rGO/PEDOT:PSS/MnO2 nanocomposite (b) 

rGO/PEDOT:PSS/MnO2/ITO electrode after 1000 CV cycles. Core-level XPS spectra of 

(ii) Mn 2p, (iii) C 1s, (iv) O 1s (v) S 2p regions of (a) rGO/PEDOT:PSS/MnO2 

nanocomposite (b) rGO/PEDOT:PSS/MnO2/ITO electrode after 1000 CV cycles in 0.5 M 

methanol containing in 0.5 M NaOH solution. 

 

4.5 Summary 

A ternary nanocomposite rGO/PEDOT:PSS/MnO2 has been synthesized and its 

morphological, structural, electrochemical behaviour and electrocatalytic properties 

toward methanol oxidation have been investigated. SEM and TEM images reveal that 

PEDOT:PSS coated MnO2 nanorods are wrapped within rGO nanosheets. The higher 

surface area (190 m2 g-1) and mesoporous structure (pore volume 0.55 cm3 g-1) of the 
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ternary nanocomposites enhance the penetration of ions into deep pores leading to 

improved contact between electrolyte and electroactive sites of the electrocatalyst. 

rGO/PEDOT:PSS/MnO2/ITO electrode exhibits enhanced anodic current density of 56.3 

mA cm-2 and lower onset potential of 0.32 V in presence of 0.5 M methanol containing in 

0.5 M NaOH solution at a scan rate of 50 mV s-1. On increase in methanol concentration, 

anodic current density gradually increases and cathodic current density decreases due to 

consumption of MnOOH electroactive species during oxidation, although intensity of 

reverse peak due to oxidation of intermediate species increases due to more production of 

carbonaceous intermediates at higher methanol concentration. 

rGO/PEDOT:PSS/MnO2/ITO electrode exhibits enhanced stability with current density 

50 mA cm-2 upto 1 h and higher cyclic stability of 74% upto 1000 CV cycles. The TEM 

micrographs show that MnO2 nanorod structures appear even after 1000 CV cycles 

however diameter and length of the nanorods decrease due to continuous CV cycling. The 

characteristic broad XRD peak of rGO/PEDOT:PSS/MnO2 nanocomposite appears even 

after stability test. A small peak appears at 1073 eV in the survey spectra of 

rGO/PEDOT:PSS/MnO2/ITO electrode indicating the presence of significant amount of 

Na+ on the electrode surface. Moreover, the changes in core spectra of Mn 2p, C 1s, O 1s 

and S 2p peak after 1000 CV cycling suggest the consumption of Manganese species, 

carbon content and degradation of PEDOT:PSS film, respectively.  

The enhanced electrocatalytic activity of rGO/PEDOT:PSS/MnO2/ITO electrode can be 

attributed to (i)  the presence of deep open pores between the nanorods which act as 

reactive sites for electrolyte diffusion, (ii) PEDOT:PSS, the p-type conducting polymer 

acts as matrix which donates holes for electro-oxidation process and (iii) presence of rGO 

enhances the electron transfer rate and it also provides larger surface area for oxidation of 

methanol molecules. Synergetic effects of all these three materials lead to the 

enhancement of electrocatalytic property of rGO/PEDOT:PSS/MnO2/ITO electrode. 
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