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Abstract 

 
The rapid depletion of fossil fuels and the growing environmental impact of traditional energy resources 

have created the need to develop more efficient, low cost and environmentally friendly energy conversion 

and storage devices like solar cells, fuel cells, batteries and supercapacitors.  In this PhD work, the 

application of conducting polymer based composites for electrocatalytic reduction of oxygen in fuel cell 

and supercapattery have been investigated. 

 

To reduce the amount of expensive and scarce platinum metal that is used in the electrocatalytic 

reduction of oxygen, composites of graphene oxide (GO) and poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) were investigated as a conductive support 

for Pt nanoparticles.  The surface characteristics of the materials were examined using atomic force 

microscopy (AFM), X-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), 

and energy-dispersive X-ray spectroscopy (EDS).  Cyclic voltammetry (CV) and linear sweep 

voltammetry (LSV) at rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) were used 

to characterize the electrocatalytic activities of the composite materials.  The structural and 

electrochemical studies reveal that the addition of ethylene glycol (EG) favors the homogeneous 

distribution of Pt particles with reduced particle size and improves the electrocatalytic properties.  A 30% 

and 16% increase in electrochemically active surface area (ECSA), a 1.2 and 1.1 fold in specific area 

activity (SA), and a 1.5 and 1.2 fold in mass activity (MA) were observed for 30% and 40% Pt loading, 

respectively, on PEDOT:PSS.  A composite of reduced graphene oxide (rGO) and PEDOT:PSS (EG) was 

investigated for different (w/w) ratio of PEDOT:PSS and rGO.  The 1:2 w/w ratio showed an enhanced 

catalytic activity with high limiting current, more positive onset potential, higher SA and MA with lower 

H2O2 yield compared to PEDOT:PSS (EG) and rGO.  Furthermore, composites of rGO and conducting 
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polymers synthesized from 8-amino-2-naphthalene sulfonic acid (8-ANSA), 5-amino-1-naphthalene 

sulfonic acid (5-ANSA), 2-amino-1-naphthalene sulfonic acid (2-ANSA), and 4-amino-1-naphthalene 

sulfonic acid (4-ANSA) were prepared for use as metal-free electrocatalyst in oxygen reduction reaction 

(ORR).  The best performing polymer composite was found to be GC/poly(8-ANSA)/rGO, with an 

enhanced electrocatalytic activity over the rGO and poly(8-ANSA) only films.  More than 100 mV 

positive shift in the onset potential and 1.6 times increase in current density were observed.  Density 

functional theory (DFT) calculations also confirmed the experimentally observed catalytic activities of 2-

ANSA, 4-ANSA, 5-ANSA and 8-ANSA.   

 

The application of roll-to-roll printed PEDOT:PSS, Lg/PEDOT:PSS, Mo/PEDOT:PSS, and 

Lg/Mo/PEDOT:PSS on flexible indium tin oxide/polyethylene terephthalate (ITO/PET) were 

investigated for supercapattery in neutral aqueous and gel electrolyte.  The PEDOT:PSS/ITO/PET 

electrode achieved 2.2 mAh cm
-2

 (46.5 mAh g
-1

) in 0.1 M NaCl and 10 mAh cm
-2

 (216.8 mAh g
-1

) in 2 

mM Pb
2+

/0.1 M NaCl at a current density of 0.2 mA cm
-2

 (4.34 A g
-1

).  A device operating at a high 

voltage of 1.8 V was built using PEDOT:PSS/ITO/PET in aqueous electrolyte.  The energy density of the 

symmetric PEDOT:PSS/ITO/PET device was found to be 6.2 Wh kg
-1 

in 0.1 M NaCl and improved to 11 

Wh kg
-1

 in 3 mM Pb
2+

/0.1 M NaCl.  The PEDOT:PSS/ITO/PET electrode delivers a specific capacity of 

20.88 mAh g
-1

 (75.2 C g
-1

) and increased to 90.6 mAh g
-1

 (326.1 C g
-1

), to 103.1 mAh g
-1

 (371 C g
-1

), and 

303.1 mAh g
-1

 (1091 C g
-1

) at 1 A g
-1

 for Mo/PEDOT:PSS/ITO/PET, Lg/PEDOT:PSS/ITO/PET and 

Mo/Lg/PEDOT:PSS/ITO/PET, respectively in 0.1 M HClO4.  Mo/Lg/PEDOT:PSS/ITO/PET electrode 

exhibits an energy density of 1.9 mWh cm
-3

 as a sandwich-type symmetric gel-based device at a power 

density of 22 mW cm
-3

. 
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1. Introduction 

 

1.1 Background 

 

Energy is one of the most important issue in the modern world.  The cost and availability of 

energy have a significant impact on our quality of life, the health of national economies, 

relationships between nations, and the stability of our environment.  Access to energy and its 

consumption per inhabitant could be used as a comparative tool for nations' prosperity and 

technological developments
1, 2

.   

 

A fast-growing world population (8.8 billion around 2035), rapid change of living standard in 

many countries like China and India (one-third of the world population), and the hunger for fuel 

that has developed as a consequence have led to a rapid rise in the need for energy.  Such ever-

increasing demand could place a significant strain on the current energy infrastructure
1, 3, 4

 and 

has also an economic impact.  Historical and current energy systems are heavily dependent on 

fossil fuels (coal, oil, and gas) which are millions of years of solar energy stored in the form of 

chemical energy generated through the photosynthetic process in nature
1
.  However, eight 

countries have 81% of all world crude oil reserves, six countries have 70% of all-natural gas 

reserves and eight countries have 89% of all coal reserves
4
.  The massive use of traditional fossil 

fuels by modern society resulted in global warming, climate change, emission of pollutants (e.g. 

CO, NOx), and rapid depletion of precious resources
5, 6

.  Therefore,  clean, efficient and 

environmental-friendly alternative energy resources should be integrated with the current energy 
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system to address energy insecurity in the future, reduce environmental damage, minimize 

inequality and safeguard damage on global economic growth
4
. 

 

Systems for electrochemical energy storage and conversion (batteries, fuel cells, and 

electrochemical capacitors (ECs)) are promising alternative energy/power source to minimize the 

problem faced today as long as these energy devices are designed to be more sustainable and 

more environmentally friendly
7
. 

 

The Ragon plot (Figure 1) compare the current status of different electrochemical devices in 

terms of their energy and power performance.  It is found that batteries and fuel cells have a low 

power density and high energy density whereas conventional capacitors have a high power 

density with a low energy density.  Supercapacitors are located between batteries and traditional 

capacitors.  Each of these stand-alone technologies by themselves lack the requisite qualities to 

meet the commercial needs that have been shaped by the consumption of fossil fuels.  

Consequently, hybrid energy storage devices that strive to advance along the diagonal of a so-

called Ragone plot, by combining the high power characteristics of supercapacitors with the high 

energy content of rechargeable batteries in the aqueous and organic electrolyte are named 

supercaptteries as observed in Figure 1 (I and J)
8
. 
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Figure 1. The Ragone plots of various electrochemical and internal combustion power devices
8
. 

 

Electrochemical devices have demonstrated the capacity to satisfy sustainable, clean, practically 

viable and affordable technological requirements of the modern society.  However, the 

commercial success of these technologies have technical challenges.  For example, cost 

reductions and durability improvements must be sufficiently achieved to make polymer 

electrolyte fuel cells (PEFCs) commercially competitive with conventional technologies, such as 

the internal combustion engine used in transportation applications.  Although several functional 

components work in PEFCs to produce electricity, the majority of cost and durability issues arise 

from the cathodic electrochemical oxygen reduction reaction (ORR)
9
.  As a result, the 

development of effective and efficient electrocatalysts at the cathode has received comparatively 

greater research and developmental attention as compared with the electrocatalysts at the anode. 
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At present, platinum is well known to exhibit the best ORR performance in both acidic and 

alkaline media.  However, serious deficiencies resulted from poisoning of the active sites due to 

methanol crossover (methanol transport from anode to the cathode side), as well as catalyst 

ripening and dissolution practically inhibit the catalytic activity.  Furthermore, the high cost and 

scarcity of this metal limit its broad applicability and commercialization on a mass scale.  Thus, 

research should be focused on low platinum loading or platinum-free catalyst that are cost-

effective with high performance, and excellent durability for electrocatalytic oxygen reduction
9, 

10
.  Metal-free carbon-based materials showed many advantages compared to metal-containing 

electrocatalysts, such as widely available precursors, environmentally friendly, strong resistance 

to the poisoning of CO and methanol crossover
11

.  At the current stage of technology, carbon-

supported Pt and Pt-based alloy catalysts are the most active and stable catalysts for an ORR, 

which have been used for fuel cell cathodes.  It is widely accepted now a days that nanoparticles 

tend to show better catalytic performance than their bulk counterpart because of their smaller 

particle size, as well as the “nano-effect”, originated from the small size
12, 13

.  One of the most 

widely used techniques for maximizing the performance of Pt-based electrocatalysts is to load Pt 

nanoparticles (Pt-NPs) onto supporting nanomaterials to obtain supported catalysts that are less 

costly and have a large specific surface area, good conductivity, high catalytic activity, and high 

stability.   

 

The supporting matrix, which determines the distribution and stability of catalyst Pt-NPs on the 

surface, plays an important role in the performance of the electrocatalyst.  Therefore, the 

structures and properties of the catalyst support have a significant effect on both the activity and 

the durability of the supported catalysts
14, 15

.  An ideal Pt catalyst support material needs to have 
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several properties including high surface areas, electronic conductivity, electrochemical stability, 

strong cohesion to catalyst particles, and the ability to homogeneously distribute uniformly sized 

nanoparticles
9, 14

.   

 

Vulcan carbon (VC) has been widely used as support for Pt-NPs, due to their high availability, 

high conductivity, low cost, large surface area, and pore structure.  However, it suffers from 

thermo-chemical instability and corrosion caused by electrochemical oxidation under fuel cell 

operating conditions
14, 16, 17

.  Hence, to mitigate for potential degradation effects and the 

subsequent aggregation of Pt-NPs, various alternatives have been introduced as potential 

alternative electrocatalyst supports.  One of the possible options is to use highly graphitic carbon 

materials, such as carbon nanofibers, nanotubes, nanohorns, and graphenes.  These carbon 

materials show far more resistant toward degradation, given the relatively small number of edge 

plane sites, which act as reactive centers for carbon oxidation
17, 18

.  Conducting polymers (CPs) 

are also useful supports for the dispersion of platinum metal catalysts, due to their high 

accessible surface area, prevention of particle agglomeration, low resistance, and high stability in 

three-dimensional structure 
17, 19

. 

 

The synthesis methods or procedures for Pt supported nanoparticles have a significant influence 

on the composition, structure, and other properties of the catalysts, which would, therefore, affect 

their catalytic activity and stability
12

.  In order to achieve high ORR activity and stability of the 

electrocatalysts, many synthesis methods have been explored.  The currently employed synthesis 

methods includes wet impregnation
20, 21

, colloidal
13, 22

, microemulsions
23

, magnetic sputtering
24, 

25
, microwave irradiation

26-28
, polyol process

29, 30
 and electrochemical deposition

31, 32
.  The 
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electrochemical deposition is an efficient method for the preparation of metal particles and it is 

widely used with different strategies/methodologies, such as cyclic voltammetry
33

, potential step 

deposition
34

, galvanostatic
35

, potentiostatic
36

 and pulsed electrodeposition
32, 35

.  

 

The recent rapid development of portable and flexible electronics in modern society requires 

flexible supercapacitors (FSCs), which are foldable, stretchable, and/or bendable, with large 

energy and power density.  Consequently, future developments of supercapacitors are moving 

toward thinner, lighter, and cheaper solutions, as many existing supercapacitors are still too 

bulky and heavy for their intended applications
37, 38

.  The intrinsic flexibility of conducting 

polymers has made them favored materials in flexible and lightweight energy storage devices, 

which play an important role in future portable and wearable electronic devices
39

.  Among CPs, 

PEDOT:PSS, is a suitable material for FSCs owing to its excellent flexibility, tunable 

conductivity, and its high environmental stability.  Furthermore, PEDOT:PSS dispersions are 

commercially available for roll-to-roll mass production on a flexible substrate
38, 40, 41

. 
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1.2 Objectives of the study  

 

1.2.1 General objective  

 

The main objective of this work is to develop efficient, stable, and cheap materials from carbon-

based, biopolymer, conducting polymer, transition metals, and their nanocomposite for use in 

fuel cell electrocatalysis for the oxygen reduction reaction and flexible supercapattery.  

 

1.2.2 Specific objectives 

 

The specific objectives of this work are to: 

1. develop and investigate platinum catalyst support material from PEDOT:PSS and rGO 

composite with high stability and electocatalytic activity for oxygen reduction reaction. 

2. develop and characterize metal-free catalysts from graphene materials and amino-substituted 

naphthalene sulfonic acid for oxygen reduction reaction.  

3. construct homemade, flexible, cheap, and scalable PEDOT:PSS based roll-to-roll printed 

electrode material applicable for supercapattery. 

4. modify the home-made large area electrodes with biopolymers lignin and phosphomolybdic 

acid for supercapattery. 

5. investigate and optimize the energy storage capacity of the flexible electrodes in 

supercapattery using aqueous and gel electrolyte. 
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2. Literature review  

 

2.1 Conducting polymers and their composites 

 

In the 21
st
 century, the use of polymers moves from primarily passive materials such as coatings 

and containers to active materials with useful optical, electronic, energy storage, and mechanical 

properties as a result of the discovery of electronically conducting polymers.  These new class of 

polymers possessing high electronic conductivity in the partially oxidized (or, less frequently, in 

the reduced) state was discovered by three collaborating scientists, Alan J. Heeger, Alan G. 

MacDiarmid and Hideki Shirakawa for which they received the Nobel Prize in Chemistry in 

2000
42, 43

.  Since the first report of doping of polyacetylene in 1977 by these group
44

, various 

important electronically CPs have been investigated continuously, including polypyrrole (PPy), 

polyaniline (PANI), polythiophene (PT), poly(3,4-ethylenedioxythiophene) (PEDOT), trans-

polyacetylene, and poly(p-phenylene vinylene) (PPV)
45

.  Figure 2 shows the structure of 

common electronically conducting polymers and their composite materials. 
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Figure 2. Conducting polymers and their composite materials
46

. 

 

The common feature of an electronically conducting polymer is the presence of alternating single 

and double bonds along the backbone of polymer (Figure 3).  Every bond contains a strong 

localised “sigma” ( ) bond while every double bond contains a sigma and less strongly localised 

“pi” ( ) bond which is weaker.  The overlap among the p-orbitals in the series of   -bonds allow 

the electrons to be more easily delocalized and move freely between the atoms.  However, 

conjugation is not enough to make the polymer material conductive.  CPs should be doped using 

different methods (chemical, electrochemical and photo) in order to achieve high conductivities.  
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Un-doped polymers have been reported as insulators but, upon doping, their conductivity can 

change from insulating to metallic
43, 45, 47

.  Through doping, the polymer undergo redox 

processes and form charge carriers.  The electrical conductivity results from the existence and 

the ability of those charge carriers to move along the  -bonded highway
48. 

 

 

 

Figure 3. A simplified schematic of a chain containing alternating single and double 

bonds
47

. 

 

In contrast, redox conducting polymers contain electrostatically and spatially localized redox 

sites which can be oxidized or reduced, and the electrons are transported by an electron exchange 

reaction (electron hopping) between neighboring redox sites
42

. 

 

There are currently two main methods for synthesizing conductive polymers: chemical and 

electrochemical.  During chemical synthesis the monomer solution is mixed with relatively 

strong chemical oxidants like ferric chloride, ammonium persulfate and hydrogen peroxide.  This 
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process is simple and creates a powder or a thick film of the polymer, and allows its bulk 

production, which makes it the method of choice for commercial applications
43, 47

.   

 

Electrochemical polymerization occurs by applying an electrical current through electrodes 

placed into a solution containing the monomer of the polymer, the solvent and the doping agent.  

The synthesis of a polymer by electrochemical polymerization occur if its monomer can undergo 

oxidation/reduction in the presence of an electrical potential.  The electrical current causes the 

monomer to deposit and oxidize/reduce on the positively/negatively charged working electrode, 

forming insoluble thin film of the polymer with a well-controlled thickness (down to 20 nm) and 

morphology.  The electrochemical deposition can be carried out using three techniques: the 

galvanostatic (constant current), the potentiostatic (constant potential) and potentiodynamic 

methods (sweep potential)
47

.  

 

To enhance the activity and/or improve the stability of conducting polymer (CP), CP composites 

can be prepared from metal nanoparticles, enzymes, metal oxide nanoparticles, etc (Figure 2).  

Vapor polymerization, chemical functionalization, in situ polymerization, solution processing are 

among the different method used to prepare CP composite
46, 49

. 

 

Conducting polymers and their composites are attractive materials for various applications, such 

as electrochromic devices, light emitting diodes (LED), printed circuit boards, fuel cells, energy 

storage devices in batteries and supercapacitors, sensor materials, ion-exchanger membranes, 

corrosion protective coatings, and others
42, 50, 51

. 
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2.2 Graphene and its family 

 

Graphene is one atom thick single carbon layer packed into a two-dimensional (2D) honeycomb 

lattice and is a basic building block for graphitic materials of all other dimensionalities (Figure 

4).  It can be wrapped up into 0 D fullerenes, rolled into 1D nanotubes, or stacked into 3D 

graphite
52

. 

 

Figure 4. The structure of (a) graphene, (b) buckyballs, (c) carbon nanotubes and (d) graphite. 

 

(d) (c) (b) 

(a) 
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The theory of the building block of graphite as one atomic layer later called graphene was laid 

out for the first time in 1947 by P. R. Wallace
53

.  The name graphene was first coined by Boehm 

et al. in 1986 but in 1997 IUPAC formalized and incorporated into their Compendium of 

Chemical Technology
54

.  In 2004, two scientists who had emigrated from Russia, Andrei Geim 

and Kostya Novoselov, at Manchester University successfully identified single layers of 

graphene in a simple tabletop experiment.  Previously graphene was considered to be 

thermodynamically unstable and could exist only as an integral part of larger 3D structures, 

usually grown epitaxially on top of monocrystals with matching crystal lattices
52, 55

.  This single 

atomic layer carbon has remarkable properties, such as high surface area, good thermal 

conductivity, outstanding electrical conductivity, mechanical flexibility, chemical stability and 

optical transparency.  Because of these fascinating properties, graphene and graphene-based 

composites have attracted increasing research interest for various application including energy 

conversion and storage (e.g., fuel cells and capacitors), sensors, electrocatalysis and electronic 

devices
56

. 

 

Mechanical exfoliation
57, 58

, chemical vapor deposition
59, 60

, a self-assembled template of 

surfactants
61

, liquid-phase exfoliation of graphite
62

, ball-milling synthesis
63

, electrochemical 

exfoliation of graphite
64-67

 and reduction of graphene oxide (GO) that derived from chemical 

exfoliation of graphite
68-72

 are the most commonly used methods to synthesize graphene.  Among 

these, mechanical exfoliation and chemical vapor deposition (CVD), have the advantage of 

preparing graphene with high quality and large area.  However, high temperature and explosive 

gases of H2 and CH4 are usually required in the CVD method while mechanical exfoliation is a 

very sophisticated and time-consuming process
71, 73

.  
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Oxidation of graphite, like modified Hummers' method, in which graphite is firstly oxidized with 

strong oxidant to graphene oxide (GO) flakes, followed by chemical or thermal reduction could 

realize low-cost, large-scale production of graphene.  However, these method uses strong acids 

(e.g., H2SO4, HNO3) and oxidants (e.g., KMnO4, K2S2O8, H2O2) to produce decorated plane of 

carbon atoms (Figure 5) by oxygen-containing groups which expand the interlayer distance and 

make the atomic-thick layers hydrophilic.  Therefore, this layer can be exfoliated in water under 

moderate ultrasonication.  If the exfoliated sheets contain only one or a few layers of carbon 

atoms like graphene, these sheets are named graphene oxide (GO).  The carcinogenic reductant 

like hydrazine is required in these chemical methods to reduce GO to rGO.  The graphene 

products usually retain more defects with uncontrollable geometrical shapes
67

.  Graphene 

exfoliated using electrochemical methods is of high quality and has few defects.  Besides, the 

method is simple, easily scalable, and cost-effective, and most importantly allowing the tuning of 

the level of oxidation
66, 67

. 

 

 

Figure 5. A simple route for the preparation of graphene sheets from graphite
55

.
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Reduced graphene oxide (rGO) sheet shows low dispersibility in solvents and tends to restack as 

a graphite-like structure as a result of the removal of most of the oxygen functionalities.  This 

aggregation of the rGO sheets reduces the available surface area and limits electron and ion 

transport which reduces the performance of the sheet
55, 74-77

. 

 

2.3 Biopolymer-Lignin 

 

Lignin is a highly branched, three-dimensional phenolic polymer with a wide variety of 

functional groups and the second abundant biopolymer after cellulose in wood cells.  

Lignosulfonate (LS) is the main derivative of lignin and a byproduct of sulfite process during 

paper making from wood pulp.  This cheap and green material is reach in phenol group which 

can store electrical energy by switching between the benzoquinone and hydroquinone states 

(Figure 6).  Since LS is stable in its hydroquinone state, the molecule can be oxidized to a 

benzoquinone state by applying a positive potential.  However, LS is insulator and LS 

conducting composite material that enable charge transport should be prepared first in order to 

use as electrode material
78-80

. 

 

 

Figure 6. The structural transformation between hydroquinone/benzoquinone state in LS. 

Hydroquinone                                                                        Benzoquinone 
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2.4 Oxygen reduction reaction 

 

Oxygen reduction reaction (ORR) is an essential and significant electrochemical reaction in 

many energy-conversion devices, such as fuel cells and metal-air batteries.  However, the 

efficiency and performance of such devices are restricted by the sluggish kinetics of this reaction 

that is caused by the difficulties in O2 adsorption on the electrode surface, O–O bond 

activation/cleavage and oxide removal
18, 81-83

.   

 

A fuel cell (FC) converts chemical energy into electrical energy by a redox process which 

oxidizes a fuel at the anode and reduces oxygen gas (oxidant) at the cathode cleanly and 

efficiently using hydrogen or hydrocarbons as the fuel and produces water as its by-product
4, 10

.  

They are more efficient in converting energy to electricity (work) than internal combustion 

engines and most combustion systems.  The 19
th

 century and the 20
th

 century was known as the 

age of the Steam and Internal Combustion Engine, respectively.  Similarly, some believe the 21
st
 

century will be the age of the FCs because they are much in the news since they appear to be one 

of the most efficient and effective solutions to environmental problems that we face today 

(global warming, air pollution, acid precipitation, ozone depletion, forest destruction, and 

emission of radioactive substances)
4
. 

 

Fuel cells are usually classified by their operating temperature and the type of electrolyte they 

use.  Proton exchange membrane fuel cell (PEMFC), alkaline fuel cell (AFC), phosphoric acid 

fuel cell (PAFC), molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC) are 

classified based on the electrolyte used in the FCs.  State-of-the-art fuel cell electrolytes are 
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listed in Table 1, along with the mobile ionic species, temperatures of operation, and fuels 

typically utilized.  PEMFC and AFC are low-temperature fuel cells that have an operating 

temperature lower than 100
o
C.  The medium temperature fuel cells have an operating 

temperature between 100 and 300
o
C. This type includes PAFC.  High-temperature fuel cells 

have an operating temperature between 600 and 1000
o
C and include the MCFC and the SOFC.  

A higher temperature is preferred for higher efficiency and greater fuel flexibility of FCs due to 

better electrode activity, but for portable (intermittent) power applications, lower temperature 

operation is typically favored as it enables rapid start-up and minimizes stresses due to thermal 

cycling.  To avoid corrosive liquids used as an electrolyte, fuel cell developers preferred solid 

oxide and polymer electrolyte fuel cells over alkali, phosphoric acid, or molten carbonate fuel 

cells.  Nevertheless, each of the fuel cell types listed in Table 1 has been demonstrated in 

complete fuel cell systems, with alkali and phosphoric being the most mature technologies, and 

polymer electrolyte membrane fuel cells the most recent
10, 84

.  

 

Table 1. Fuel cell type
84, 85

. 

Fuel cell Electrolyte Fuel Temperature (
o
C) Mobile ion 

PEMFC Sulfonated polymers (Nafion) H2 or CH3OH 70-100  H
+
 

AFC KOH (aq) H2 60-90 OH
-
 

PAFC H3PO4 H2 150-220 H
+
 

MCFC Molten (Li, Na, K)2CO3 Hydrocarbons, CO 600-700 CO3
2-

 

SOFC Yttria (Y2O3)-stabilized 

zirconia (ZrO2)  

Hydrocarbon, CO 650-1000 O2
-
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Metal-air batteries generate electrical power as a result of redox reaction between a metal 

negative electrode (anode) and an air-breathing positive electrode (cathode) through an aqueous 

or aprotic electrolyte.  Like low temperature fuel cell, the cathode structure of the metal air 

batteries includes the current collecting layer, the gas diffusion layer and catalyst layer.  The 

metal anode gets oxidized to produce metal ions (M
+
) that move through the electrolyte to the 

cathode and react with O2 to form metal oxides
86-88

.  Lithium-air (Li-air) batteries, sodium-air 

(Na-air) batteries, aluminum-air (Al-air) batteries, magnesium-air (Mg-air) batteries, and zinc-air 

(Zn-air) batteries are among the various metal-air batteries
86

. 

 

Compared with the anode, the overpotential of the cathode in fuel cells and metal air batteries is 

high due to strong kinetic inhibition of oxygen reduction reaction.  This leads to cell voltage 

losses.  The low rate for ORR at the cathode is a limiting factor in the efficiency of these devices.  

Besides, oxygen reduction can also occur through an intermediate two electrons, H2O2
 
route, 

which can limit the efficiency of the cell
10, 89, 90

.  Therefore, implementing fuel cells and metal air 

batteries in our daily life requires highly effective, but low-cost, electrocatalysts to efficiently 

reduce O2.  The term electrocatalysis is a specific form of catalyst that functions in 

electrochemical reactions that depend strongly on the nature of electrode material and applied to 

those electrochemical reactions that start from dissociative chemisorption or a reaction step in 

which the electrode surface is involved.  The electrode potential is an important adjustable 

variable that can produce dramatic changes in the rate of the electrocatalytic reactions which 

enable for handling the selectivity of electrocatalytic processes
91

.  
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2.4.1 Reaction pathways for ORR 

 

ORR involves several elementary steps and various reaction intermediates.  An atomic-level 

understanding of the ORR mechanism is still in its early stages because of the high complexity of 

ORR kinetics.  The reaction proceeds by either four-electron pathways or by two-electron 

pathways depending on the electrode materials as well as on the reaction conditions such as 

solution pH and electrode potential
18, 92

.   

 

Figure 7. Simplified reaction scheme for the oxygen reduction reaction
92

.  

  

Figure 7 represents a simplified reaction scheme for the ORR in acid media.  According to the 

mechanism above, k1 is a „direct‟ reaction pathway involving a four-electron transfer forming 

H2O with no intermediates.  However, k2 describes the reaction pathway whereby O2 is first 

transformed to H2O2 by a two-electron transfer and may be further reduced to H2O via k3; if 

these reactions occur consecutively, this is known as the „series reaction pathway‟.  The H2O2 

intermediate may also be desorbed or disproportionate chemically via k4.  If the reaction involves 

the combination of a „direct‟ reaction pathway (via k1) and series reaction pathway‟(via k2 and 

k3) it is called a „„parallel‟‟ pathway.  In a dissociative mechanism, the chemisorbed O2 involves 
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the splitting of the O–O bond and the hydrogenation of atomic O to OH and H2O whereas an 

associative mechanism involves direct proton/electron transfer to it and to OOH, which breaks 

into O and OH as shown in Equations (1) and (2), respectively
18, 92, 93

. 

 

 

 
                            

      

→           
      

→                     (1)  

               
      

→                 
      

→                 
      

→          
      

→              (2)  

 

where * represents the catalytically active sites. 

 

The associative mechanism (Equation 2) involves three different intermediates, namely, *OOH, 

*O, and *OH, while the dissociative pathway only involves *O and *OH 
94

.  In principle, one 

would want a catalyst to reduce oxygen molecules by a process that is dominated by the four-

electron pathway to the water.  Nevertheless, the reduction of oxygen to H2O2 is unavoidable 

during the ORR process and related to factors such as defects, active site densities, and/or 

interparticle distances
93

. 

 

O2 reduction pathways were affected to a great extent by the O2 adsorption modes on catalyst 

surfaces.  To study the oxygen reduction mechanism, it is crucial to know the nature and 

coverage of adsorbed reaction intermediates.  However, there is no simple adequate 

spectroscopic method for identifying adsorbed intermediates.  The most active catalyst for the 

ORR is the one that exhibits intermediate binding to its intermediates as it was first proposed by 

a French chemist called Paul Sabatier
95

.  The idea behind this principle is that a desirable catalyst 

should bind atoms and molecules with an intermediate strength: not too weakly to be able to 
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activate the reactants, and not too strongly to be able to desorbs the product
96

.  The Sabatier 

principle is readily illustrated in a so-called volcano plot (Figure 8) which has some measure of 

the catalytic rate on the ordinate and the stability of the intermediate (bond strength) on the 

abscissa
96, 97

.  

 

 

Figure 8. Schematic representation of the qualitative Sabatier principle 
96

. 

 

The above picture provides a general qualitative understanding of the optimum catalyst 

requirement but does not specify the bond strength that corresponds to the optimum catalyst.  For 

these reasons, the Sabatier principle cannot be used as a basis for catalyst design rules.  The 

advent of computational electronic structure methods that are efficient enough to treat reactions 

on metal surfaces and accurate enough to have predictive power has significantly changed the 

availability of systematic data for adsorption energies and activation energies for surface 

chemical reactions
96

. 
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2.4.2 Theoretical studies on the ORR in fuel cells 

 

In order to derive the mechanism behind the ORR, screen better electrocatalysts, and improve the 

catalytic activity, it is important to determine the nature and the coverage of reaction 

intermediates using computational study, which is almost impossible with spectroscopic 

methods.  In the past few years theoretical modeling studies in electrocatalyst materials which 

are enabled by better computational algorithms and fast computational facilities complement 

experimental study and shed light on detailed surface phenomena, the formation of 

intermediates, and the activation energies related to elementary reaction steps and provided a 

better understanding of ORR mechanisms.  Methodologies that employ structure-activity 

relationships such as adsorption energy, activation energies, and d-band centers have shown 

encouraging results in identifying better electrocatalysts.  The major issue with the theoretical 

study of ORR is how to model the interface effectively.  Therefore, better models and 

methodologies need to be developed to study electrochemical systems
98, 99

.  There are three 

adsorption models for molecular oxygen adsorption which are Griffiths, Pauling, and Yeager 

(bridge) models. 

 

Griffiths model  

 

In this model, O2 interacts with two bonds with a single substrate atom.  This type of bonding 

can be viewed as rising from two contributions: (1)  -type bonding is formed by overlapping 

between  - orbitals of O
2 
and empty   

  orbitals on the metal surface atom, (2) π back bond from 

the partially filled    
 
or    

 
orbitals of the metal to the antibonding π* orbitals of O2. 
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Pauling model  

 

In this model, end on adsorption through a single σ type bond with a σ orbitals of O
2 

donates 

electron density to an acceptor   
 

 

orbitals on the metals.  

 
Bridge (Yeager) model 

 

This model involves the formation of a bridge bonded structure formed by the interaction 

between the oxygen sp
2 

orbitals and the partially filled    
 
or     orbitals of the two surface 

atoms principally for the reaction on platinum metals. 

 

Yeager adsorption is typically followed by oxygen bond dissociation, where the oxygen 

reduction proceeds exclusively through the direct route.  Four electron reduction reactions takes 

place in the case of Griffiths and Bridge models, while parallel two and four electrons reduction 

simultaneously take place in the Pauling model
99, 100

. 

 

The knowledge established by experimental investigations and computational studies is 

important for understanding the ORR activity trends on various metal or carbon-based catalysts, 
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so as to get guidance for the development of effective ORR electrocatalysts.  Computational 

studies can provide insights regarding intermediates, their geometries, and energies
99

.  

 

2.4.2.1 Understanding the electrocatalysis of oxygen reduction on metal catalyzed reaction 

 

Based on possible pathways for ORR, researchers dedicated to find the rate-determining step 

(RDS), and understand the sequence of electron transfer and proton transfer.  Different 

computational studies predicted that ORR on metal catalysts are mainly hindered (rate-limiting) 

by three steps: (1) the first electron transfer of ORR
101

; (2) the hydration of oxygen
102, 103

; and (3) 

a recently wider accepted adsorption of intermediate species such as *OOH, *O, and *OH
94, 104

.  

Thus, it is reasonable to investigate the oxygen adsorption energy (∆EO) and search a catalyst 

surface with the optimal adsorption energy for every intermediate to achieve the best catalytic 

activity.  The binding energies of all the intermediates in ORR are governed by a linear scaling 

relation (LSR) between ∆EO and ORR activity.  LSR refers to the phenomenon whereby moving 

toward stronger adsorption of OOH* (one intermediate) to facilitate the dissociation of O2 

molecule will result in a less favored subsequent reduction and desorption of OH* (another 

intermediate).  On the other hand, a surface with weaker adsorption of OOH* that promotes OH* 

desorption will result in difficulty for O2 adsorption.  Therefore, based on an LSR, an ideal 

catalyst should have a surface that adsorbs all intermediates neither too weakly nor too strongly.  

This phenomenon yields the well-known volcano-shaped plot of catalytic activity as a function 

of different catalyst surfaces, as shown in Figure 9
93, 105

. 



Teklewold Getachew Page 25 
 

 

Figure 9. Trends in oxygen reduction activity
104

. 

 

The volcano plot in Figure 9 indicates that there was some room for improvement.  The most 

active catalyst (peak of the volcano plot) should exhibit somewhat lower oxygen binding energy 

than platinum to its intermediates, *OOH, *O, and *OH.  In principle, a number of different 

metal alloy surfaces satisfy this requirement and could be a candidate but almost all metals are 

thermodynamically unstable at the working conditions of cathodes PEM fuel cell.  Consequently, 

the vast majority of research into ORR catalysis has been focused on Pt and its alloys, as they 

constitute the only class of materials that are both active and stable
95

. 
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2.4.2.2 Origin of the electrocatalytic oxygen reduction activity of graphene-based catalysts 

 

More insights into the chemistry of graphene and its catalytic performance in the ORR can be 

gained utilizing theoretical modeling of this process.  Understanding the role of catalytic surfaces 

and the nature of intermediates involved in the ORR is very important for understanding the 

pathway and mechanism of ORR electrocatalysis
106, 107

.  Yan Jiao et al
107

 performed DFT 

calculations to systematically investigate the nature and origin of ORR activity of a series of 

heteroatom-doped graphene (N, B, S, and P) catalysts.  The calculations, allow derivation of a 

volcano plot between the ORR activity and the adsorption free energy of intermediates on metal-

free materials, similarly as in the case of metallic catalysts.  For all heteroatom-doped graphene 

models, the calculation of the free energy shows the first electron transfer step to form OOH* is 

the ORR rate-determining step.  This study shows that graphene-based metal-free catalysts 

possess the potential to surpass the ORR performance of the state-of-the-art Pt catalyst.  

 

Zhang et al.
108

 studied electrocatalytically active sites and their associated electron transfer 

processes for nitrogen-doped graphene (NG) using density functional theory (DFT).  The energy 

calculated for each ORR step showed that the ORR active sites on single NG had either high 

positive spin density or high positive atomic charge density.  N-doping could introduce an 

asymmetrical spin density and atomic charge density, making it possible for NG to give high 

electrocatalytic ORR activity.  Also, quantum mechanical calculations revealed that pyridinic 

and/or graphitic-N in the carbon frameworks could play an essential role in enhancing 

electrocatalytic ORR activity. 
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For dual-doped B, N-graphene the energy of HO2 adsorption (Ead), which is the rate-determining 

step of the ORR process, on various catalyst models was used as the criterion to evaluate the 

ORR activity of each catalyst
109

.  The authors also employed density functional theory (DFT) 

calculations to further understand the interactions between nitrogen and boron dopant species.  

They found a beneficial synergistic effect in a B–C–N in heteroring towards the ORR.  The 

charge-transfer process induces a synergistic coupling effect between N and B dopants, in which 

N has the role of an electron-withdrawing group to indirectly activate B and thus make the latter 

an active site to enhance the ORR activity.  The strength of the synergistic effect decreases 

gradually as the distance between the B and pyridinic N dopants increases.  The study also shows 

that B atom at meta position to a pyridinic N atom has the highest Ead value, whereas an ortho B 

atom directly bonded to N (both pyridinic and graphitic forms) as BN has the lowest activity 

owing to the lack of the C bridge
109

.  

 

2.4.2.3 Theoretical study on the catalytic activity of conducting polymers toward oxygen 

reduction 

 

V.G. Khomenko et al.
110

 studied the mechanism and explain the reasons of the catalytic activity 

for polyaniline, polypyrrole (PPy), polythiophene (PTh), and poly(3-methyl)thiophene (PMeT) 

using quantum-chemical calculations of the electronic structure and their adsorption complexes 

with molecular oxygen.  They found that adsorption of molecular oxygen (electron acceptor) on 

all polymer (electron donor) surface is realized only when both oxygen atoms form bonds with 

surface carbon atoms, i.e. a bridge model of adsorption is most probably.  The electron density 

displaced from the surface to O2 during adsorption occupies the antibonding MO‟s of adsorbed 
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oxygen molecule which is responsible for the destabilization of the O–O bond in O2 (ads.) during 

the chemisorptions of O2 on polymer.  Hence,   bonds in O2 (ads.) and surface adsorption sites 

undergo rupture and forming new two donor-acceptor C–O  -bonds which exhibit a decrease in 

bond orders and an increase in the bond length of O–O in chemisorbed oxygen molecules.  Thus, 

chemisorbed O2 molecules have a fairly high degree of activation and can be easily reduced, 

which accounts for the catalytic activity of electronically conducting polymers. 

 

2.4.3 Practical study on electrocatalytic oxygen reduction reaction 

 

Hydrodynamic methods together with voltammetric methods such as linear sweep voltammetry 

and cyclic voltammetry are the most commonly used techniques to assess the performance and 

extract fundamental data for electrocatalytic ORR.  

 

2.4.3.1 Cyclic voltammetry in oxygen reduction reaction 

 

Cyclic voltammetry (CV), is an electrochemical technique in which the potential of a stationary 

working electrode (in an unstirred solution), is scanned linearly between two values at a fixed 

rate using a triangular potential waveform (Figure 10a.).  Depending on the information sought 

single or multiple cycles can be used.  It is very useful for initial electrochemical studies of new 

systems and offers a rapid location of redox potentials of electro-active species as shown in the 

cyclic voltammogram in Figure 10b and Figure 11
111, 112

.  
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Figure 10. (a) Potential-time excitation signal in cyclic voltammetric experiment and (b) cyclic 

voltammogram for a reversible O + ne    redox process
111

. 

(b) 

(a) 
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Figure 11. Cyclic voltammograms for irreversible (curve A) and quasi-reversible (curve B) 

redox processes
111

.  

 

The difference between anodic peak potential (Ep, a) and cathodic peak potential (Ep, c) in CV, 

often symbolized by ΔEp, is an indicative test for reversible processes.  For electrode reactions 

that have rapid electron transfer kinetics which are often referred to as reversible electron 

transfer reactions (Figure 10b), the separation between peak potential is close to 59/n mV.  Thus, 

the peak separation can be used to determine the number of electrons transferred.  For those 

electrode reactions with slow electron transfer processes relative to the voltage scan rate, the 

individual peaks are reduced in size and widely separated.  This happens because the kinetics of 

the reaction is „slow„ and thus the equilibria are not established rapidly or the current takes more 

time to respond to the applied voltage than in the reversible case.  For these cases, the reactions 

are referred to as quasi-reversible or irreversible (Figure 11) electron transfer reactions 
111-113

.  

 

Cyclic voltammetry is also used to study the state of the electrocatalyst surface by determination 

of the electrochemically active surface area (ECSA) and surface coverage.  To design highly 
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efficient platinum electrocatalysts for practical application Pt dispersed with large surface areas 

are extremely important.  ECSA of such Pt-based electrocatalysts is used to determine the 

specific activity for evaluation and comparison of the different catalysts from various sources.   

The charge densities involved in the electro-adsorption and/or electro-desorption (stripping) of 

probe species such as hydrogen (H), copper (Cu), silver (Ag), carbon monoxide (CO), oxygen 

(O), and hydroxide (OH), are used to estimate the ECSA of various Pt electrocatalysts.  The 

charge passed from under potential deposition (UPD) or the subsequent stripping processes of H, 

CO and some metal cations on Pt electrode surfaces are commonly employed method for 

determination of ECSA
113

. 

 

 

 

Figure 12. Cyclic voltammogram for a platinum electrode in 0.5 M H2SO4 solution (V vs MSE).  

The inset shows the different charge contributions in the hydrogen region
114

. 

 

By assuming hydrogen adsorbs in a form of monolayer (ratio for Pt and H is normally assumed 

to be 1:1), one can use charge associated with hydrogen adsorption/desorption voltammetric 
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peaks, corrected for double layer charging, to evaluate the amount of hydrogen adsorbed on the 

surface (QH) (Figure 12)
35

.  The charge integration (Figure 13) obtained from cyclic 

voltammogram after the double layer correction is used to calculate ECSA.  

 

 

Figure 13. Cyclic voltammogram on Pt/Vulcan electrode in 0.5 M H2SO4, scan rate: 20 mV s
-1

. 

The gray rectangle is the estimated double layer charge and the vulcane capacitance used to 

correct the charge due to the hydrogen adsorption
 98

. 

 

The integration that can be carried out is, therefore: 

       =        
 

 
    ∫          

  

  
     ( 3) 

where v is the sweep rate at which the cyclic voltammetry is recorded, j is the current density, jdl 

is the current density due to the double layer charging and dV is the change in potential. 

 

ECSA is calculated using the following equation: 

             
    

  ) =     
  

                   (4) 
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where Q is the average of charges exchanged during hydrogen adsorption (μC cm
-2

) which is 

obtained after double-layer correction; m is the mass of platinum loading (μg cm
-2

) and the 

numerical value 210 (μC cm
-2

) represents the charge required to oxidize a monolayer of 

hydrogen on Pt surface. 

 

ECSA can also be determined by CO stripping voltammetry by forming a saturated CO adlayer 

on the catalyst surface which is achieved by holding electrode at a potential below CO oxidation 

onset potential (typically around 0.05 V vs. RHE) while CO is introduced into the electrolytic 

solution.  After saturation, CO is removed from the solution by purging with an inert gas stream.  

In the final step, the electrode potential is swept in a positive direction so that adsorbed CO is 

oxidized according to:  

 

        +                 +       +         (5) 

 

For the case of Pt catalysts surface area covered by CO (SCO) is evaluated as:  

 

     =       
   

                   (6) 

 

where QCO is the total charge under CO stripping peak, while the value of 420 μC cm
-2 

corresponds 

to the charge required to strip CO monolayer.  The ratio for Pt and CO is 0.68. 
 

There are some uncertainties related to surface area measurement by CO stripping.  The first one 

relates to the nature of CO bonding on the surface.  The second one is related to the correction of 

CO charge for the contributions due to double-layer charging and metal oxide formation. 



Teklewold Getachew Page 34 
 

Practically, this is solved by considering that oxide layer formation is the same with and without 

CO adlayer formed on the surface.  This means that the baseline for CO stripping experiment is 

the second cycle in cyclic voltammetry experiments after CO adlayer is oxidatively stripped 

(Figure14). 

 

 

Figure 14. CO stripping voltammogram (thick line, 1
st
 cycle) and the second potential cycle 

(thin line) for Pt/C catalysts (40 wt.% Pt), (           100 mV s
-1

 in de-aerated 0.1 M HClO4)
113

. 

 

CV curves at a low scan rate are also used for the determination surface coverage (Γ) of an 

electrocatalyst using Equation (7).  

 

Γ =Q/nFA        (7) 

 

where Q is the charge obtained by integrating the cathodic peak under the background correction 

115
. 
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2.4.3.2 Linear sweep voltammetry (LSV) in oxygen reduction reaction 

 

In linear sweep voltammetry (LSV), the current passing through the working electrode is 

measured, while the potential between the working electrode and the reference electrode is swept 

linearly in time, between two preset values.  The current response is plotted as a function of 

voltage rather than time starting from preset potential E1 where negligible current flows and then 

the voltage is swept further to more reductive values where current flow begins and finally goes 

through a maximum before dropping (Figure15)
113

. 

 

 

  

Figure 15. LSV curve recorded in quiescent solution and LSV of the same electrochemical 

reaction using a rotating disk electrode set-up (RDE). 
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If the primary focus is on the kinetics of charge transfer to investigate the mechanism and 

kinetics of the electrochemical reaction, the mass transfer rate can be increased so as to not 

represent a limiting factor of electrode kinetics.  This is possible using methods of forced 

convection.  Methods involving convective mass transport of reactants and products are 

sometimes called hydrodynamic methods.  These involve systems where the electrode is itself in 

motion (e.g., rotating disks, rotating wires, streaming mercury electrodes, rotating mercury 

electrodes, vibrating electrodes) or ones where there is forced solution flow past a stationary 

electrode (conical, tubular, screen, and packed-bed electrodes in fluid streams, channel 

electrodes, bubbling electrodes).  Mass transport of the reactant to a static electrode in a 

quiescent solution is diffusion-limited.  However, the rates of mass transfer at the electrode 

surface in hydrodynamic methods are typically larger than the rates of diffusion alone, so that the 

relative contribution of mass transfer to electron-transfer kinetics is often smaller.  The rotating 

disk electrode (RDE) is one of the few convective electrode systems for which the hydrodynamic 

equations have been solved rigorously for the steady-state
112, 113

. 

 

RDE and RRDE 

 

Rotating disk electrode technique is one of the most extensively used techniques for 

investigating the mechanism and kinetics parameters of a variety of electrochemical reactions.  

This method enables us to separate the diffusion component of the current from its kinetic part 

through suitable mathematical apparatus leading to the determination of some overall kinetic 

parameters.  In this manner, the number of electrons exchanged per molecule of reactant, the 

overall order of the reaction, and the overall reaction rate constants can be determined for the 

number of processes.  This technique has also been extensively used in the determination of the 
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mechanism of oxygen reduction and together with the rotating ring-disk technique has led to 

some important conclusions about the specific steps in oxygen reduction
89, 112, 113

. 

 

Mass transport of the reactant to a static electrode in a quiescent solution can be increased by 

using a rotating disc electrode (RDE) (Figure 16a), an electrode attached to an electric motor that 

has fine control over the electrode„s rotation rate.  In a rotating ring-disk electrode (RRDE), RDE 

is surrounded by a ring electrode (Figure 16c).  For RRDE, the current-potential characteristics 

of the disk are unaffected by the presence of the ring and the experiments involve the 

examination of two potentials (disk, ED, and ring, ER) and two currents (ID and IR)
113

.  

 

 

 

Figure 16. Configuration of RDE (a) and RRDE (c). Linear sweep voltammogram (LSV) curves 

of electrocatalysts in oxygen-saturated electrolytes with different rotating speeds (b) typical 

oxygen reduction curves on the disc and ring electrodes, respectively (d)
89

. 
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Typical rotating disk voltammogram  (Figure 17) shows three distinct regions namely: diffusion-

controlled region at high overpotential which corresponds to the limiting current density (Jd) that 

depends only on mass transport process, mixed diffusion kinetic limitation where the rate of the 

reaction is controlled by charge-and-mass transfer processes and Tafel region (kinetic or 

activation control) where the rate of the ORR is mainly controlled by a charge transfer process
16

. 

 

 
  

 

Figure 17. Extraction of kinetic current density (Jk) from measured ORR polarization curve in 

RDE setup
113

. 

Rotating disk elect 

The current density (current per geometric area of the electrode) of ORR in RDE is dependent on 

the kinetic current density (Jk) and diffusion-limiting current density (Jd).  Kinetic current  

density (Jk) represents the current in the absence of any mass-transfer effects and is given by: 

 

        
   

   =        
    (8) 
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where JK is the kinetic current density, n is the overall number of electrons transferred in oxygen 

reduction, F is the Faraday constant (F = 96485 C mol
−1

),    
 is the electron transfer rate 

constant,    is the heterogeneous rate constant, and Γ is the surface coverage of the catalyst. 

 

Kinetic current density is determined by the reaction kinetic process.  However, the slow mass 

transport of the reactants (e.g., O2) from the bulk of electrolyte solution to the electrode surface 

results in the formation of a concentration profile of the reactants in front of the electrode 

surface.  If the applied overpotential is high enough, every atom/ion reaching the electrode reacts 

immediately, resulting in nearly zero concentration at the surface, leading to a diffusion-limiting 

current density, which is only determined by the rate of diffusion.  Mass transport can be 

increased by using a rotating disc electrode (RDE) attached to an electric motor that controls 

over the electrodes rotation rate (ω).  Levich showed the following relationship between the 

diffusion-controlled current density (Jd), sometimes called Levich current and the disk rotation 

rate (ω): 

 

            
  ⁄     ⁄    ⁄    (9) 

 

where Jd is diffusion-limiting current density, ω is the angular velocity of the disk (in rpm), C0 is 

the bulk concentration of O2, D0
 
is the diffusion coefficient of oxygen, ν is the kinematic 

viscosity of the electrolyte. 
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The overall measured current density, J, can be expressed as being dependent on the kinetic 

current density (Jk) and the diffusion-limiting current density (Jd), which can be expressed in 

terms of the Koutecky–Levich equation as follows: 

 

 

 
  

 

  
  

 

  
 

 

    ⁄  
 

  
     (10) 

 

where ω is the electrode rotating rate.  B is determined from the slope of the Koutecky–Levich 

plot based on the Levich equation as given below
89, 113

. 

 

B =          
  ⁄     ⁄      (11) 

 

For estimating the kinetic current to obtain the mass transfer-corrected Tafel Equation (13), the 

modified Koutecky–Levich equation was used as shown in Equation (12).  Tafel plots (log|jk| vs 

E) are very useful in examining the kinetic parameter in the catalytic reaction.  The exchange 

current density    and the Tafel slope can be calculated from the intercept and slope of the Tafel 

plots.  The higher Tafel slope leads to lower efficiency of the electrocatalyst
116, 117

.   

 

    
       

    
       (12) 

where Jk is the kinetic current density and Jd is the measured limiting current density 

 

         
 

 
                  (13) 

b = 
       

   
       (14) 
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where E is the measured potential of the working electrode, E
0
 is the equilibrium open-circuit 

potential, b is the Tafel slope, R is gas constant (8.314 J         ); T is the Kelvin temperature, 

Jk is the kinetics current density, and J0 is the exchange current density. 

 

Exchange current density (J0) is a very important kinetic parameter that represents the 

electrochemical reaction rate at equilibrium and is considered as a measure of the intrinsic 

electrocatalytic activity towards ORR.  A higher value of J0 indicates a faster electrochemical 

reaction that is developed by the catalyst
16

.  The determination of J0 is susceptible to significant 

errors because of the extrapolation of the Tafel line and the linear fitting of the Tafel slope which 

depends on the potential range selected.  Hence, a practical and conventionally accepted concept 

for the representation of the electrocatalytic activity is the determination of the mass activity 

(MA) and the specific area activity (SA) of the electrocatalysts specifically for Pt and Pt-group 

metals.  The MA and SA can be obtained through the following equations
10, 16

: 

 

MA (A     ) = 
  

   
      (15) 

SA (mA     ) = 
  

    
      (16) 

 

where        kinetic current       mass of platinum and ECSA is an electrochemically active 

surface area. 

 

RRDE voltammetry is designed to provide an inherent analysis of the reaction selectivity instead 

of relying on complex calculations and data plotting techniques such as K–L plot.  RRDE 



Teklewold Getachew Page 42 
 

measurements were used to assess the extent of peroxide formation, the number of electrons 

transferred per O2 molecule (n), and pathways for ORR.  The equations used to calculate n (the 

apparent number of electrons transferred during ORR, the percentage of H2O2 released during 

ORR (% H2O2), and the collection efficiency (N) are the following
113, 118

. 

 

  
   

   
  
 

     (17) 

% H2O2  
     

   
  
 

    (18) 

    
  

  
     (19) 

 

where N is the collection efficiency of RRDE, and id and ir are the disk and ring electrode 

currents, respectively. 

 

The value of N for an ideal RRDE is independent of the reaction and rotational rate (ω) but 

dependent only on its geometrical parameters.  However, when a thick catalyst layer is loaded on 

the disk, the geometry of the RRDE changes; therefore, it is necessary to calibrate the N value of 

the RRDE with the catalyst.  The calibration of N is carried out using a simple one-electron 

transfer redox pair reaction
118

. 
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2.4.4 Requirements for oxygen reduction reaction electrocatalyst 

 

For electrocatalysis of an ORR, the most important criteria are high catalytic activity, good 

electrical conductivity, good electrochemical (not being oxidized at high electrode potentials) 

and chemical stability (not being oxidized by proton and oxygen and not soluble in acidic or 

basic aqueous solution).  Moreover, favorite structure with optimum composition, favorite 

morphology, high specific surface area, small particle size, high porosity, and uniform 

distribution of catalyst particles on the support, and strong interaction between the catalyst 

particle and the support surface are also important
12

.   

 

The catalyst‟s activity measures how fast the electrochemical reaction can be speeded up by the 

catalyst.  Electrocatalytic activity of different electrocatalyst can be compared using onset 

potential (Eonset) and half-wave potentials (    ) (Figure 18).  Onset potential is defined as the 

potential at which the catalyzed ORR current starts to appear or the potential at which the ORR 

current is 5% of the diffusion-limited current.  The half-wave potential is the potential at which 

the current is half of the diffusion-limited current.  The more positive is the potential 

(Eonset         ) the more active is the catalyst.  The selectivity of the catalysts that reduce O2 via 

the four-electron pathway, i.e., the lowest the yield of (H2O2) and the electron transfer number of 

ORR are also important parameters for evaluating the performances of catalysts
14

. 
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Figure 18. Typical ORR polarization curve and the parameters used to quantitatively determine 

the activity. 

 

The United States Department of Energy (DOE) has set of „benchmark‟ standards for research 

purposes, with a Pt mass activity (MA) target of 0.44 A mgPt
-1

 @ 900 mV iR free and a 

corresponding specific area activity (SA) target of 0.72 mA cm
-2

 @ 0.9 V for electrocatalysts for 

use in the portable applications market by the year 2017.  The most commonly employed 

commercial catalyst, Pt/C (Etek), typically achieves  SA of 0.2 mA cm
-2

 and MA of 0.1 A mgPt
-1

 

10
. 
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2.4.5 Oxygen reduction reaction on platinum-based electrocatalysts  

 

In the last two decades, enormous achievements have been made in the development of the ORR 

electrocatalysts.  Among the different electrocatalyst for ORR, Pt is still the benchmark and most 

efficient element for ORR despite effort has been made to replace with less precious metal and 

metal-free catalysts
93

.  

 

2.4.5.1 Graphene support material for platinum for oxygen reduction reaction  

 

Graphene is emerged as a new kind and promising platinum electrocatalyst support material in 

recent years due to its unique physicochemical properties, including excellent electrical and 

thermal conductivities, fast charge transport mobility, good transparency, great mechanical 

flexibility, astonishing elastic properties and huge specific surface area (theoretically 2630 m
2
 g 

−1
 for a single layer)

14
.  Therefore, graphene-based materials are one of the feasible catalyst 

supports for Pt metals
14

. In the past decade, graphene-based supports displayed remarkable 

catalytic activity
21, 28, 70, 119

, electrochemical stability
119, 120

, mechanical stability
120

 , high 

electroactive surface area
21, 120

 compared to traditional carbon materials. 

 

Scientists have aimed to improve the electrocatalytic activity and stability of catalysts towards 

ORR by employing different techniques for deposition of platinum nanoparticles as well as 

synthetic of graphene family as support or metal-free catalyst.  One of the main problems 

associated with the use of graphene is its inevitable aggregation and restacking exhibited by 

unsatisfactory electrochemical performance
121

.  Chao Xu et al.
122

, synthesized graphene-metal 
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(Au, Pt, and Pd) NPs using graphene oxide sheets as a precursor in the solution approach and the 

metal NPs formed first and were adsorbed onto the surface of carbon sheets, which is not only 

beneficial for the following reduction of graphene oxide but also prevents the restacking of these 

reduced graphene sheets.  Simultaneous reduction of platinum nanoparticles and GO using 

chemical treatment exhibited much better ORR catalytic performance than commercially 

available Pt/C catalyst
123

.  The superior activities were attributed to the large ECSA of platinum 

on graphene (Pt/G), which could facilitate the diffusion of O2 on the graphene surface to the Pt 

metal sites.  

 

Graphene composites consisting of secondary building blocks such as carbon black, carbon 

nanotube, and conducting polymers have been made to inhibit the restacking of graphene 

nanosheets (GNS)
119

.  Li et al.
124

 insert carbon black particles (CB) between the Pt/rGO sheets 

which effectively prevent stacking of rGO and promote the diffusion of oxygen molecules 

through the rGO sheets.  The composite structure not only enhances the catalytic activity but also 

dramatically improves the durability of the catalyst with the insertion of CB particles between 

rGO sheets.  Hussain et al.
125

 synthesized nitrobenzene-functionalized graphene nanosheets 

(NB/G) as electrocatalysts for oxygen reduction reaction in 0.1 M KOH.  Comparable specific 

activity was observed by Pt-NB/G (0.184 mA cm
–2

) to that of commercial 20 wt.% Pt/C catalyst 

(0.214 mA cm
–2

) at 0.9 V vs RHE. 

 

The underlying catalyst–support interactions can be regulated by introducing heteroatom 

„„dopants‟‟ (i.e., nitrogen, sulfur) into the graphitic carbon support structures.  The heteroatom 

species serve as nucleation sites and allow the deposition of uniformly sized and well-dispersed 
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platinum nanoparticles (Pt-NPs).  They also modify the electronic structure of the Pt-NPs which 

can lead to ORR activity enhancements through weakened interactions with adsorbed surface 

species (i.e., OHads) and strengthened interactions between the doped carbon supports and the Pt-

NPs
9
.  Hoque and co-workers used graphene and sulfur-doped graphene as catalyst support for 

Pt-NPs for ORR in 0.1 M HClO4
126

.  They found that the amount of sulfur significantly affects 

the electrochemical activity and stability of nanowire catalysts due to the influence of the sulfur 

dopants present in graphene.  Their experimental and computational investigations show that 

with increasing sulfur contents, the number of graphene layers increased, the ratio of sp
2
 and sp

3
 

carbon decreases, indicating a less graphitic character of sulfur doped graphene (SG).  Moreover, 

band gap increases and the electrical conductivity decreases with increasing the amount of sulfur 

in graphene.  For the optimum amount of sulfur (1.40%) a mass activity of 182 mA mgPt
-1

 and 

specific activity of 662 μA cm
-2 

Pt at 0.9 V vs RHE were recorded for sulfur-doped graphene as 

catalyst support for Pt-NPs.   

 

Compared to other heteroatoms, nitrogen doping plays a more critical role in modifying the 

carbon structure, due to the comparable atomic size of nitrogen and carbon, as well as the 

presence of five valence electrons in the nitrogen atoms available to form strong covalent bonds 

with carbon atoms
127

.  Bai et al.
128

 investigated graphene and nitrogen (N)-doped graphene 

synthesized by a solvothermal method as catalyst supports for oxygen reduction reactions.  Pt 

nanoparticles supported on N-doped graphene can contribute to four-electron oxygen reductions 

in acidic solution, but they demonstrated much slower reaction kinetics in alkaline solution.  

Despite its low efficiency in catalyzing the ORR in acidic solution, nitrogen doped graphene 

greatly improved the electrocatalytic performance of Pt when employed as supporting material.  
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The enhanced performance is due to improved carbon-catalyst binding which stabilizes catalyst 

nanoparticles dispersed on the substrate.  

 

The introduction of other heteroatoms, such as P, S, and B to form two or three co-doped 

heteroatom carbon nanomaterials can further enhance the catalytic activity.  Boron and nitrogen-

dual-doped graphene sheets (BNG) prepared by Zhu et al
28

 for Pt support show an excellent 

electron-donating of BNG to Pt that facilitates the reduction of O2 and strengthens BNG/Pt 

interaction.  The Pt/BNG catalyst exhibits nearly three times as high mass activity as that of 

commercial Pt/C in O2-saturated 0.1 M HClO4 at 0.9 V vs RHE which is nearly three times as 

high as that of commercial Pt/C.  

 

2.4.5.2 Electronically conducting polymer as platinum support for oxygen reduction 

reaction 

 

Electron conductive polymers are convenient substrates for the immobilization of dispersed 

platinum particle at the molecular level
19, 129

 and have an advantage over commonly used carbon 

support
130

 due to prevention of particle agglomeration
131

, permeability to water
132

, charge 

transferability through their films
133

, have mixed electronic and ionic conductivity and their 

porous structure
50

.  Electrodeposition of metals is the most widely used method to prepare metal/ 

polymer composites.  The electrodeposition of metal particles in conductive polymer layers can 

be employed either by a one-step method where polymer electrosynthesis is performed in the 

presence of metal precursors or polymer layer electrosynthesis (in the absence of metal) followed 

by metal electrodeposition (two-step methods)
17

.  The one-step preparation methods result in a 
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three-dimensional homogeneous distribution of metal particles in the bulk of the CP layer 

whereas electrodeposition carried out in a separate step, generally results in preferential 

deposition on the outer polymer surface
134

.  However, electrodeposited platinum microparticles 

into polyaniline (PA) films on glassy carbon (GC) electrodes by two-step methods were 

dispersed three-dimensionally in the polymer film
135

.   

 

Gajendran et al.
136 studied the electrochemical reduction of oxygen on poly(o-

phenylenediamine) (PoPD) containing platinum nanoparticles incorporated into the polymer film 

by cyclic voltammetry in acidic solution.  A platinum loading of about 175 μg cm
-2

 on the PoPD 

electrode results in 70 times greater in the reduction current than the bare platinum electrode.  

The catalytic effect is due to the synergistic effects between the dispersed platinum particles and 

PoPD film.  The electrocatalytic activity depends on the metal loading in the catalysts.  Berhanu 

and shimelis
36

 prepared platinum loaded (17-303 μg) p-(4-amino-3-hydroxynaphtalene sulfonic 

acid) at constant electrode potential from a 0.5 M H2SO4 solution containing 2 mM 

H2PtCl6.6H2O.  They found that lower platinum loading on the polymer gave better 

electrocatalytic activity than the higher loading.  The platinum loaded p-(AHNSA) was found to 

change the oxygen reduction reaction path from 2 in p-(AHNSA) to 4 electrons.  Chemically 

prepared poly(3,4-ethylenedioxythiophene):poly(styrene-4-sulfonate) supported catalysts for the 

chemical deposition of Pt as a thin film in a Nafion matrix on carbon electrodes were found to 

exhibit similar oxygen reduction activities, exchange current densities and mechanisms to a 

commercial carbon-supported catalyst
132

.  Coutanceau et al.
131

 studied the electrocatalytic 

reduction of oxygen at platinum particles dispersed in a polyaniline conducting matrix, 

electropolymerized on a GC electrode, with different platinum loadings ranging from 11 to 600 
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μg cm
-2

.  They found that, for the smallest platinum loadings, the total number of exchanged 

electrons is definitely lower than four (production of water) and may reach three which is a result 

of as much of hydrogen peroxide as water is formed by the oxygen reduction reaction.  Similarly, 

the Tafel slope varies from about 60 mV dec
-1

 at the lowest Pt loadings, to 120 – 130 mV dec
-1

 at 

the highest platinum loading.  These variations with the platinum loading may be related to 

particle size effect, particularly for the lowest platinum loading, for which the particle diameter 

(d) is a few nanometers.  

 

2.4.6 Graphene and conducting polymer as a metal-free catalyst for oxygen reduction 

reaction 

 

Recently, several research groups prepared graphene-based metal-free catalysts using different 

techniques and precursor materials having comparable or superior electrocatalytic activity, 

stability, and tolerance to the crossover effect than commercially available Pt/C for ORR
66, 67, 69, 

82, 137-140
.  Bai et al.

128
 investigated that N-doped graphene (N-G) demonstrated higher 

electrocatalytic activity in both acidic and alkaline solutions.  Their study also showed the 

influence of electrolyte media on the selectivity of ORR pathways.  They found that both N-G 

and graphene (G) displayed a direct four-electron pathway for the ORR in alkaline solution but 

follow the two-electron reductions reaction pathways in acidic solution.  The enhancement of N-

G electrocatalytic activity was attributed to (1) increased electrical conductivity by pyrrolic-liked 

nitrogen atoms within carbon structures, (2) increased in the absorption of oxygen on graphene 

surfaces by its sp
3
-hybridized electronic structure, (3) the formation of pentagons and defects in 

N-doped graphene structure which furnishes more reaction sites for the ORR.   
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The electrochemical investigations at polyaniline (PANI), polypyrrole (PPy), polythiophene 

(PTh), and poly(3-methyl)thiophene (PMeT)
110

, poly(p-aminobenzene sulfonic acid)
115

, 

poly(3,4-ethylenedioxythiophene) (PEDOT)
141, 142

 indicate the existence of electrocatalytic 

activity toward the oxygen reduction reaction as metal-free catalysts.  The catalytic mechanism 

of conducting polymer (CP) has been explained from two aspects: (1) A strong interaction 

between an electron donor neutral CP and an electron acceptor O2 molecules adsorbed on its 

surface via charge transfer, activating the latter by decreasing its molecular symmetry and 

increasing the lengths of O=O bonds (2) CPs naturally remained in a mildly oxidized form in the 

electrochemical cell.  The O2 molecules adsorbed on the surface of a CP catalyst can further 

oxidize CP chains to a higher oxidation degree, while themselves are reduced into O
2−

anions
143

.   

 

The electrocatalytic performances of CP catalysts could be optimized by increasing the specific 

surface area and conductivities.  A larger specific surface area provides CP catalysts with more 

exposed active sites for enhancing its catalytic activity.  Hence, CPs were usually nanostructured 

by choosing different doping ions in their synthesis processes
143

 and the choice of methods for 

synthesis
47

.  Several techniques can be applied to increase the conductivities of CPs, such as 

modulating their doping ion
47

, solvent additive or pre-treatment method
41, 144-146

 and adding 

conductive additives
147

.  The conductivity of commercially available PEDOT:PSS can be 

increased to about 1000 S cm
−1

 by treating it with dimethyl sulfoxide, ethylene glycol, or 

hexafluoroacetone and even up to 4380 S cm
−1

 by using concentrated sulfuric acid.  The 

conductivities of CP catalysts can also be improved by blending highly conductive carbon 

nanomaterials such as carbon nanotubes and graphene
143

.  The introduction of graphene
138, 148, 
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149
, antraquinonedisulphonate

150
, nitrogen-doped carbon nanotube

151
 can further enhance the 

catalytic activity of conducting polymers.  
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2.5 Supercapacitors 

 

The use of capacitors for electrical energy storage goes back to the year 1745 on the discovery of 

the Leyden Jar by Dean Kleist at Leyden or almost simultaneously to Musschenbroek at Kamin, 

Pomernania
152

.  A Leyden jar is an early capacitor consisting of a glass jar coated inside and 

outside with a thin layer of silver foil with the outer foil being grounded, the inner foil could be 

charged with an electrostatic generator, or a source of static electricity, and could produce a 

strong electrical discharge from a small and comparatively simple device
152, 153

.  

 

The use of capacitor at the beginning was in electrical and electronic products, but now they are 

used in fields ranging from the industrial application to automobiles, aircraft and space, 

medicine, computers, games, and power supply circuits
154

. 

 

A conventional capacitor (Figure 19a) is a passive component that stores energy in an 

electrostatic field rather than in chemical form.  It consists of two parallel electrodes (plates) 

separated by a dielectric.  When a potential difference (voltage) is applied across the electrodes, 

positive and negative charges migrate toward the surface of electrodes of opposite polarity.  

When charged, a capacitor connected in a circuit will act as a voltage source for a short time
153

.  
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Figure 19. Schematic representation of a conventional capacitor (a) and a electrical double layer 

supercapacitor (b)
155

. 

 

The capacitance (C) of a capacitor measured in Farads (F) is defined as the ratio of stored charge 

Q to the applied voltage V. 

 

   
 

 
      (20) 

 

For a conventional capacitor, C is directly proportional to the surface area (A) of each electrode 

and the permittivity (ε) of the dielectric and inversely proportional to the distance (D) between 

the electrodes. 

 

   
      

 
     (21) 
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where    is the permittivity of free space and     is the dielectric constant (or relative 

permittivity) of the material between the plates
153

.  

 

Conventional capacitors are often rated in the micro- and milli-Farad ranges and those capacitors 

that are used in electronic circuits cannot store enough energy for applications that require 

significant energy in pulse form.  For these applications, the development of high energy density 

capacitors called electrochemical capacitors (ECs) has been undertaken by various groups 

around the world.  Electrochemical capacitors (Supercapacitors, Figure 19b) are a special kind of 

capacitors based on charging and discharging at the electrode-electrolyte interface of high 

surface area materials, such as porous carbons or some metal oxides.  They are governed by the 

same basic principles as conventional capacitors and are ideally suited to the rapid storage and 

release of energy
153, 156

.  They bridge the gap between batteries and conventional capacitors.  

Supercapacitors (also known or ultracapacitors) do not use conventional dielectrics between the 

plates; instead, they consist of two electrodes separated by an ion-permeable separator (such as 

cardboard, ceramic, glass, plastic or paper) and an electrolyte that ionically connects the two 

electrodes (Figure 19b)
155

. 

 

2.5.1 Types of supercapacitors (SCs) 

 

The current research trend divide SCs into three main areas, based on the mode of energy storage 

and construction of SCs, the electric double-layer capacitor (EDLC), the redox SCs (also referred 

to as pseudocapacitor), and hybrid capacitors.   
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2.5.1.1 The electric double-layer capacitor (EDLC) 

 

The electrical double layer is the whole array of charged species and/or oriented dipoles existing 

at every material interface.  Different models (Figure 20) of the electrical double layer are 

postulated to gain a structural view, predict its properties, and compare them to the known facts 

of real systems
112

. 

 

Models for double-layer structure 

 

The concept of the EDL was first described and modeled by von Helmholtz in the 19
th

 

century
157

.  The Helmholtz double-layer model (Figure 20a) states that two layers of opposite 

charge formed at the electrode/electrolyte interface and are separated by an atomic distance 

similar to that of two-plate conventional capacitors
153, 157

.  Even though the charge on the 

electrode is confined to the surface according to simple Helmholtz EDL, the same is not 

necessarily true of the solution particularly at low concentrations of electrolyte, one has a phase 

with a relatively low density of charge carriers.  Therefore the model should involve a diffuse 

layer. 
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Figure 20. Models of the electrical double layer at a positively charged surface (a) the Helmholtz 

model, (b) the Gouy–Chapman model, and (c) the Stern model, showing the inner Helmholtz 

plane (IHP) and outer Helmholtz plane (OHP)
157

. 

 

Gouy and Chapman independently proposed a model based on the idea which considers a 

continuous distribution of electrolyte ions (both cations and anions) in the electrolyte solution, 

driven by thermal motion, which is referred to as the diffuse layer (Figure 20b).  However, the 

Gouy–Chapman model leads to an over estimation of the EDL capacitance
112, 157

.  Stern 

combined the Helmholtz model with the Gouy–Chapman model and recognized that two regions 

of ion distribution exist at the electrode-electrolyte interface an inner region called the compact 

layer (Stern layer) and the diffuse layer (Figure 20c).  In the compact layer, ions (very often 

hydrated) are strongly adsorbed by the electrode.  In addition, the compact layer consists of 

specifically adsorbed ions (in most cases they are anions irrespective of the charged nature of the 
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electrode) and non-specifically adsorbed counterions.  The inner Helmholtz plane (IHP) and 

outer Helmholtz plane (OHP) are used to distinguish the two types of adsorbed ions.  The diffuse 

layer region is what the Gouy–Chapman model defines
157

.  Therefore, the capacitance at an 

electrode-electrolyte interface double layer (Cdl) can be regarded as consisting of two 

components, the compact double-layer capacitance (CH) and the diffuse region capacitance 

(Cdiff).  CH and Cdiff are conjugate components of the overall double-layer capacitance (at a single 

electrode), Cdl, corresponding to the series relationship: 

 

 

   
 

 

  
 

 

     
     (22) 

 

The factors that will ultimately determine the electric double-layer capacitance include the 

electrode material (conducting or semiconducting), electrode area, accessibility to the electrode 

surface, the electric field across the electrode, and electrolyte/solvent properties
157

.  

 

2.5.1.2 Pseudocapacitors 

 

Pseudocapacitance is a Faradaic charge storage mechanism based on fast and highly reversible 

surface or near-surface redox reactions that have the electrochemical signature of a capacitive 

electrode, i.e., a linear dependence of the charge stored with changing potential within the 

window of interest
5, 158

. 
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Figure 21. Schematic representation of the electrochemical energy storage system in a 

pseudocapacitor
155

. 

 

Different charge storage mechanisms can be distinguished in a pseudocapacitive electrode: 

underpotential deposition (H on Pt and Pb on Au), redox reactions of transition metal oxides 

(RuO2, MnO2) (Figure 21), intercalation pseudocapacitance (Li
+
 into TiS2) and also reversible 

electrochemical doping and dedoping in conducting polymers
5, 158, 159

. 

 

2.5.1.3 Hybrid capacitors 

 

Hybrid supercapacitors (Figure 22) refer to those capacitors that use both the electrical double-

layer (non-faradic capacitive) and faradaic( capacitive or non-capacitive) mechanisms to store 

charges.  The hybrid SCs include (a) those based on composite electrodes made from both EDL 
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capacitive materials and pseudocapacitive materials or rechargeable battery-type electrode; (b) 

those of asymmetric design with one EDL electrode and the other pseudocapacitive or battery-

type electrode; as well as, (c) those of the asymmetric structure with one pseudocapacitive 

electrode and the other rechargeable battery-type electrode
160

.  

 

 

Figure 22. Schematic representations of different possible hybridization approach between 

supercapacitor and battery electrodes and materials
161

. 

 

For instance, a lithium-ion capacitor (Figure 23) combines a porous carbon positive electrode 

and a negative electrode with a battery-type redox reaction (i.e., insertion, intercalation, or 

conversion reaction).  The cell voltage of lithium-ion capacitors is mostly controlled by the 

capacitive potential change at the positive electrode, while the negative battery electrode 

operates only within a narrow potential range.  Batteries employ Faradaic reactions of the bulk 

electrode material which can be of the conversion or insertion/intercalation which is non-

capacitive
162

. 
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Figure 23. A hybrid lithium ion-capacitor
160

. 

 
Hybrid system (Figure 22) consisting of one electrode or a full-cell (device) containing more 

than a single charge storage mechanism.  Hence, the term hybrid system can be applied to both a 

single hybrid electrode and a hybrid device
162

.  Hybrid energy storage devices that combine a 

non-faradaically (or pseudo-faradaically) rechargeable electrochemical capacitor type of 

electrode with a faradaically rechargeable battery-type electrode (e.g. acid PbO2/PbSO4 or 

alkaline NiOOH/Ni(OH)) are named supercapatteries (Figure 24)
8, 159, 161, 163, 164

. 
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Figure 24. Schematic correlation between EDL capacitor, pseudocapacitor, battery, and 

supercapattery (hybrid of supercapacitor and battery) in terms of capacitive and faradaic charge 

storage processes
165

. 

 

2.5.2 Performance characterization of supercapacitors 

 

Characterization is key in the supercapacitor system for the optimization and validation of all 

components towards its performance.  The performance of a supercapacitor can be characterized 

by key parameters such as the cell capacitance, operating voltage, equivalent series resistance, 

power density, and energy density.  Capacitance (F g
-1

) and energy/power density (Wh kg
-1

 and 

W kg
-1

), tested at a specific current density (A g
-1

), are generally used to evaluate the 

electrochemical performance of supercapacitors.  Cyclic voltammetry (CV), constant current 

charge/discharge (CCCD), and electrochemical impedance spectroscopy (EIS) tests are 
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commonly applied to characterize the electrochemical performance of supercapacitors.  All such 

measurement fundamentally determine voltage, current, and time and other metrics, including 

the capacitance, equivalent series resistance, operating voltage, and, subsequently, the time 

constant, energy, and power performance of supercapacitor, can be derived from them
166, 167

. 

 

2.5.2.1 Cyclic voltammetry (CV) in supercapacitors 

 

CV testing applies a linearly changed electric potential between positive and negative electrodes 

for two-electrode systems, or between reference and working electrodes for three-electrode 

configurations.  The specific capacitance (Cs) at different scan rates was calculated using 

Equation (23):    

 

    =  
 

          
 ∫    

  

  
    (23) 

 

where I (A) is the response current,   (V   ) is the scan rate, ΔV = (Vf - Vi) is the potential 

window, and m (g) is the mass of the active electrode material, Vf and Vi are the final and initial 

potentials (V), respectively for the forward sweep
167, 168

. 

 

In addition to the capacitance and energy performance determination obtained by integrating the 

CV curves, CV testing by scanning a huge range of scan rates can determine the operating 

voltage or potential window, reversibility test, and kinetic analysis
153, 167

. 
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2.5.2.2 Constant current charge/discharge (CCCD) test 

 

CCCD test is the most efficient and widely used method of measurement for capacitance 

evaluation.  It is conducted by repetitive charging and discharging of the supercapacitor device 

or the working electrode at a constant current level and a plot of the potential (E) vs time (s) is 

the output.  This method is also called chronopotentiometry and gives access to different 

parameters such as capacitance, resistance, and cyclability.  The specific capacitances for 

supercapacitors and specific capacity for hybrid materials (battery-like) can be calculated using 

the following equations:
153, 167, 168

 

 

Cs (F g
-1

) =    
   

   
    (24) 

Cs (C g
-1

) =    
   

 
    (25) 

CA (F cm
-2

) =    
   

   
    (26) 

CA (C cm
-2

) =    
   

 
    (27) 

 

where Cs is the specific capacitance (F g
-1

) or specific capacity (C g
-1

); CA is the areal 

capacitance (mF cm
-2

) or areal capacity (mC cm
-2

); I is the current (mA or A); Δt is the 

discharging time (s), ΔV is the potential window and m is the mass of active material (g) and A 

is the area of the working electrode. 

 

The efficiency of electron transfer within a device which is one of the criteria for the 

characterization of energy storage devices can be analyzed by calculating the columbic 

efficiency (ηC) using Equation (31)
155

. 
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            (28) 

 

where td and tc are discharging and charging time. 

 

Rate capability 

 

Rate capability is one of the most important characteristics of energy storage devices and is 

studied by measuring the capacitance/capacity of a device at different current densities.  A 

device with a high rate capability shows almost stable capacitance at each current density.  

EDLC materials often demonstrate high rate capabilities, whereas pseudocapacitive materials, 

which rely on Faradaic redox reactions for charge storage often result in compromises of rate 

capability. 

 

Cycling stability 

 

Cycling stability of energy storage devices can be measured by continuously repeating 

galvanostatic charge-discharge cycles at a given current density for a few hundred (in batteries) 

to several thousand (in supercapacitors) cycles.  The result is often reported as the percent of the 

initial capacitance/capacity that the device retains after a specified number of cycles
155

.  
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Power and energy density 

 

Power density and energy density are the most directly relevant and widely employed metrics to 

evaluate the overall performance of the end applications for supercapacitor devices.  Power 

density and energy density describe the efficiency in energy uptake/delivery and the amount of 

electrical energy stored or deliverable, respectively.  They can be expressed either 

gravimetrically or volumetrically in W kg
-1

 /or W L
-1

 for power density and Wh kg
-1

 or Wh L
-1 

for energy density
166, 167

.  The energy and power density of the device can be calculated using the 

following equations
169, 170

: 

 

  = 
 

 
 C         (30) 

  = 
      

  
      (31) 

 

where C is capacitance;   is the potential window,   is specific energy (Wh kg
−1

, Wh cm
-3

) and 

P is power density (W kg
−1

, W cm
-3

). 

 

In the case of non-linear galvanostatic charge/discharge characteristics, the specific energy (Wh 

kg
−1

) should be calculated by integrating, i.e. finding the area under the galvanostatic discharge 

curve using Equation (32)
171

: 

    
 

    
∫       

        

        
    (32) 

 

where   specific energy (Wh kg
−1

), m is the mass of active material (g),           and           is 

discharge time at maximum and minimum voltage, respectively. 
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2.5.2.3 Electrochemical impedance spectroscopy (EIS) 

 

EIS is one of the principal methods for examining the fundamental behavior of materials.  It 

estimates capacitance values, charge transfer, and transport-related phenomena occurring at 

different time scales.  The EIS can be expressed as a Nyquist plot (imaginary part of the complex 

impedance (Im Z) versus real part of the complex impedance (Re Z)) on a complex plane.  This 

is composed of three regions, a semicircle at high frequency (larger than 10
4
 Hz), presenting the 

interface resistance, a high-to-medium frequency region (10
4
 to 1 Hz), showing the pseudo 

charge or charge transfer resistance, and a nearly vertical line along the imaginary axis at low 

frequency (less than 1 Hz), indicating the capacitive behavior.  The imaginary part of the 

impedance (Im Z) and the frequency (f) are related using the Equation (29):  

 

C = 
 

          
     (29) 

 

where f  is the frequency.  Normally this frequency is identified at which the phase angle reaches 

–45 degrees, or simply as the lowest frequency applied. 

 

The contribution of the individual structural component to the total impedance can be determined 

by fitting the experimental result with suitable equivalent circuit models
166, 167, 170

. 
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2.5.3 Conducting polymers in supercapacitor application 

 

Supercapacitor electrodes and devices that utilize conducting polymers have the potential to 

bridge the gap between existing carbon-based supercapacitors and batteries to form units of 

intermediate specific energy.  Conducting polymers are pseudo-capacitive materials, which 

undergo a redox reaction associated with the π-conjugated polymer chains to store charge in the 

bulk of the material and thereby increasing the energy stored and reducing self-discharge.  In 

general, conducting polymers are more conductive, have high charge density and low cost 

compared with the relatively expensive metal oxides
153, 172

. 

 

Conducting polymers (CPs) can be p-doped with counter anions and n-doped with counter 

cations when oxidized and reduced, respectively with insertion/deinsertion of counterions.  The 

simplified equations for these two charging and discharging  processes are as follows
172

: 

 

                                           
        

 
           

            
                                  

                                
        

 
           

                  
                                          

 

The insertion/deinsertion of counterions during cycling causes volumetric changes of CPs, with a 

progressive electrode degradation because of swelling, breaking, and shrinkage, being the origin 

of a conductivity loss
153

.  
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Supercapacitor devices made solely from conducting polymers can have three configurations
172

:  

 Type I (symmetric) using the same p-dopable polymer for both electrodes. 

 Type II (asymmetric) using two different p-dopable polymers with a different range of 

electroactivity. 

 Type III (symmetric) using the same polymer for both electrodes with the p-doped form 

used as the positive electrode and the n-doped form used as the negative electrode. 

In addition, asymmetric (or hybrid) devices can be constructed using a conducting polymer and 

carbon, lithium, zinc, lead oxide (PbO2), or lead sulfate electrode
172-174

.  

 

Theoretically, a Type III device based entirely on conducting polymers should be highly 

conductive in the charged state, release charge at higher potentials (up to at least 3 V) compared 

with Type I and Type II devices and in turn, result in high specific energy and power.  In reality, 

these types of conducting polymer supercapacitor devices do not perform as expected due to the 

difficulty of the n-doping process.  Many conducting polymers, such as polyaniline and 

polypyrrole, can only be p-doped due to the very negative potentials requirement for n-doping 

which is below the reduction potential limit of molecular solvent-based electrolytes.  Therefore, 

n-doping requires a purified electrolyte or a room temperature ionic liquid with a wide 

electrochemical window
172

. 

 

Polythiophene is a promising n-dopable material but it is n-doped at very low potentials (below 

−2.0 V vs Ag|Ag+) and has low stability to oxygen and water, as well as lower conductivity than 

in the p-doped state.  By substituting at the 3-position of the thiophene ring with phenyl, ethyl 

and alkoxy groups can improve stability to oxygen and water while substitution at the 3-position 
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with an aryl group results in more positive n-doping potentials.  Some of these derivatives are 

shown in Figure 25
172

. 

 

 

Figure 25. (a) 3-substituted polythiophene, (b) poly(3,4-ethylenedioxythiophene) (PEDOT), (c) 

poly(3- (4-fluorophenyl) thiophene) (PFPT). 

 

2.5.3.1 PEDOT:PSS in supercapacitors 

 

A popular thiophene derivative is poly(3,4-ethylenedioxythiophene) (PEDOT) which has been 

widely studied as electrode material in supercapacitors for its considerable capacitance, wide 

potential window, high conductivity, and stability.  The polymer is electroactive over a 

particularly wide potential window (nearly 2.0 V), but the smallest specific capacitance due to a 

combination of the large molecular weight of the monomer unit and the low doping level.  This 

polymer has a low band gap of 1 – 3 eV, is highly conducting in the p-doped state (300–500 S 

cm
−1

), has good thermal and chemical stability and high charge mobility that results in fast 

electrochemical kinetics.  The polymer has also been found to have good film-forming properties 
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and can be switched rapidly with a minimum of side reactions leading to a long cycle-life.  One 

of the major limitations of PEDOT is that the monomer cannot be dissolved in aqueous solvents.  

Consequently, a volatile and toxic organic solvent, such as acetonitrile, is generally used to 

deposit the polymer
39, 172

.  The incorporation of water-soluble insulating polystyrene sulfonate 

(PSS) to PEDOT leads to the enhancement of the dispersibility in an aqueous solution and some 

polar organic solvents due to the formation of the polyelectrolyte complex of PEDOT:PSS, 

resulting in better processibility and allows good device performance when using aqueous 

electrolytes.  PSS serves as an excellent oxidizing agent, charge compensator, and a template for 

polymerization
41, 146

. 

 

PEDOT:PSS (Figure 26a) is the most studied and explored mixed ion-electron conducting 

polymer system.  PEDOT:PSS is commonly included as an electroactive conductor in 

supercapacitors, displays, transistors, and energy-converters.  Generally, charge storage in 

supercapacitors is due to electric double-layers formed along with electrode/electrolyte interfaces 

or is related to pseudocapacitance
145, 175

.  It is widely accepted that charge storage in 

PEDOT:PSS like all other conducting polymers is related to the redox process (doping/dedoping) 

occurring during charging/discharging through a combination of charge injection into the 

polymer backbone from the current collector and ion exchange from the electrolyte to maintain 

charge neutrality in the film (pseudocapacitance)
172, 176

.  However, experimental evidence and 

theoretical modeling results reported by Volkov et al.
175

 significantly depart from this commonly 

accepted picture.  It is demonstrated that the major contribution to the capacitance originates 

from electrical double layers formed along with the interfaces between nanoscaled PEDOT-rich 

and PSS-rich interconnected grains (Figure 26b) that comprises two phases of the bulk of 
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PEDOT:PSS.  This mechanism resembles the one present in supercapacitors based on porous 

electrodes storing the charge by the formation of an electric double layer (a non-Faradaic 

phenomenon). 

 

 

 

 

 

 

 

 

 

 

Figure 26. (a) Chemical structures of PEDOT:PSS and (b) Schematic diagram of the 

morphology model. 

 

(a) 

(b) 
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2.5.3.2 PEDOT:PSS for flexible supercapacitors 

 

Guo et al.
39

 reported PEDOT film on a flexible ITO/PET substrate prepared by electrochemical 

polymerization at a constant potential of 1.0 V.  The PEDOT electrode shows an area 

capacitance of 4.3 mF cm
-2

 and specific capacitance of 108 F g
-1

 at a current density of 0.1 mA 

cm
-2

.  Lehtimaki et al.
74

 improved the capacitance of PEDOT from 14 mF cm
-2

 to 18 mF cm
-2

 by 

electrochemically synthesized composite films of PEDOT in the presence of GO in the ionic 

liquid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIMBF4) onto flexible graphite-

poly(ethylene terephthalate) substrates.  Cheng et al.
40

 successfully fabricated multilayer free-

standing PEDOT:PSS electrode by spin-coating of a doped PEDOT:PSS solution.  They show 

an improved areal specific capacitance and energy density with the increase of the PEDOT:PSS 

layers, suggesting larger electrochemical storage capability of the supercapacitors with more 

PEDOT:PSS layers.  The explanation for this improvement was mainly because of an increase in 

the mass of the active materials, namely the PEDOT, with an increase in the layers.  Several 

research groups studied PEDOT or PEDOT:PSS composites with rGO
177

, RuO2
178

, molybdenum 

disulfide
179

, polyaniline
180

, and CNT
181

 for flexible or stretchable supercapacitors. 

 

2.5.4 Electrolytes for supercapacitors 

 

The electrolytes are one of the vital constituents of electrochemical energy storage devices, and 

their physical and chemical properties play an important role in these devices' performance, 

including capacity, power density, rate performance, cyclability and safety
160, 182

.  Electrolytes 

must have a high concentration of mobile ions, low resistance, low concentration of electrically 
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active impurities, and be chemically stable
183

.  Various type of electrolyte and their classification 

is shown in Figure 27
182

.  

 

 

 

Figure 27. Classification of electrolytes for electrochemical supercapacitors. 

 

Organic electrolytes have a wide electrochemical stability window (approximately 2.7 V) but 

they are, expensive, flammable, and in some cases, toxic.  Although aqueous electrolytes 

(alkaline and acidic) have a narrower electrochemical stability window (approximately 

1.23 V), they are non-flammable, inexpensive, have higher ion conductivity, and higher 

capacitance due to smaller ions.  However, they require low-cost, electrochemically stable 

materials that withstand the aggressive nature of the aqueous environment.  Ionic liquids (ILs) 

are generally defined as those salts composed solely of ions (cations and anions) with melting 

points below 100
0
C.  High thermal, chemical and electrochemical stability, negligible volatility, 
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and non-flammability are some advantages of IL.  Low conductivity and high viscosity can 

significantly increase the equivalent series resistance (ESR) values which limit power 

performance unless it is compensated by the increase of cell voltage.  Major types of solid-state 

electrolytes developed for ESs are polymer-based and very limited work has been focused on 

inorganic solid materials (e.g., ceramic electrolytes).  The major advantages of such electrolytes 

are the simplification of packaging and fabrication processes.  An electrolyte may contain redox 

mediators (e.g. KI) which contribute extra capacitance to the electrolyte from the 

reduction/oxidation of the redox mediator.  Such electrolyte is redox-active electrolytes.  Highly 

concentrated “water in salt” electrolytes are also promising electrolytes for energy storage 

devices.  However, their high viscosity, low conductivity, and salt precipitation at low 

temperatures affect the performance of energy storage devices
160, 182-184

.  
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3. Experimental 

 

3.1 Reagents and materials 

 

Potassium nitrate (Riedel de Haen), sodium nitrate (Sigma-Aldrich), lead nitrate (Wagtech 

International Ltd,UK), sodium chloride (Wagtech International Ltd,UK), 8-amino-2-naphthalene 

sulfonic acid (8-ANSA) (Sigma-Aldrich), 5-amino-1-naphthalene sulfonic acid (5-ANSA) 

(Sigma-Aldrich), 2-amino-1-naphthalene sulfonic acid (2-ANSA) (Sigma-Aldrich), 4-amino-1-

naphthalene sulfonic acid (4-ANSA) (Sigma-Aldrich), potassium chloride (Sigma-Aldrich), 

nitric acid (Sigma-Aldrich), potassium hexacyanoferrate (III) (Riedel de Haen), hydrogen 

peroxide (Riedel de Haen), potassium permanganate (BDH), potassium hydroxide (BDH), 

graphite (Riedel de Haen), hydrochloric acid (Carlo Erba Reagents), ethylene glycol (Sigma-

Aldrich), sodium sulfate (Sigma-Aldrich), 5 wt% nafion solution (Sigma-Aldrich), 4.0 mg mL
-1

 

graphene oxide dispersion in water (Sigma-Aldrich), 70% perchloric acid (Fluka), 98% sulfuric 

acid (Carlo Erba Reagents), hexachloroplatinic acid (Research Lab Fine Chem Industries) 

phosphomolybdic acid, H3PMo12O40.nH2O (Alfa Aesar), lignosulfonate (LC 30, Mw = 13 400, 

Medwestveco), and Clevios PH1000 (PEDOT:PSS) (Heraeus) were used for the preparation of 

electrolyte solutions and inks for electrode preparation.  Indium tin oxide on polyethylene 

terephthalate (ITO/PET) plastic sheets (thickness of 125 mm and square resistance of 50 Ω) was 

purchased from FOM Technologies, Denmark.  Nitrogen and oxygen gases were purchased in 

cylinders from Chora gas and chemical product factory.  Deionized (DI) water was used 

throughout the experiment. 
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3.2 Instruments and apparatus  

 

A potentiostat/galvanostat (Autolab PGSTAT 128N) (Figure 28a) connected to a computer with 

a general purpose electrochemical system (GPES v 4.9) software and Pine bipotentiostat (model 

AFCBP1) (Figure 28b) connected to a computer with aftermath (v 1.2.5033) software were used 

to characterize the electrochemical properties of different materials.  Pine rotation speed 

controller (AFMSRCE 2957) (Figure 28c) was used during the RDE and RRDE measurements. 

 

 

Figure 28. Electrochemical set up in (a) Autolab potentiostat/galvanostat (b) Pine bipotentiostat 

and (c) Pine rotation speed controller. 

(b) (a) 

(c) 
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AFM was used to study the sample's surface morphology and dispersion of nanoparticles using a 

Nanotec Electronica SPM (Figure 29a).  The images were processed with Ws x M software (v 

3.1). 

 

Figure 29. (a) AFM instrument set up and (b) Rigaku Smart Lab SE X-ray diffractometer. 

 

XRD spectra were collected using Rigaku Smart Lab SE X-ray diffractometer (Cu-K  radiation 

at λ = 0.15406 nm) (Figure 29b).  The average crystallite size of the nanoparticles was estimated 

using the Debye–Scherrer Equation (33)
23, 35

: 

   Z = 
    

             
     (33) 

where Z is the diameter of the average crystallite size (angstrom or nm); λ is the X-ray 

wavelength (1.5406 A) for Cu K ; 𝜃 is the Bragg angle; k is the Scherrer constant (typically 

from 0.9 to 1.0); B is the full width at half maximum. 

 

 

(b) 
(a) 
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X-ray photoelectron spectroscopy (XPS) measurements were performed with a Thermo 

ESCALAB 250Xi equipped with a monochromatic Al (Ka) X-ray excitation source operated at 

h  = 1486.6 eV (Figure 30a).  

 

 

Figure 30. (a) Thermo ESCALAB 250Xi and (b) Hitachi, S-4800 for FESEM imaging. 

 

FESEM measurement were performed on Hitachi, S-4800 (Figure 30b) and an EDS (HORIBA, 

EX-250) coupled on the FESEM was used to confirm the component in the samples.  

 

 

 

 

 

(a) (b) 
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PerkinElmer Spectrum 65 FT-IR Spectrometer (Figure 31a) was used to record the infrared 

spectra.  Conducting plastic film electrodes were made using  desk-top roll-to-roll printer from 

FOM Technologies, Denmark (Figure 31b).  The thickness roll to roll printed were measured 

with Bruker Dektak XT profilometer (Figure 31c). 

 

 

 

 

 

 

Figure 31. (a) PerkinElmer Spectrum 65 FT-IR Spectrometer (b) A picture of the desktop roll-

to-roll printing machine and (c) Bruker Dektak XT profilometer. 

 

 

(b) 

(c) 

(a) 
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3.3 Electrode preparation and electrochemical characterization 

 

3.3.1 Preparation of platinum nanoparticles dispersed on electrochemically reduced 

graphene oxide/PEDOT:PSS composites glassy carbon electrode (GCE) 

 

3.3.1.1 Preparation of the modified glassy carbon electrode (GCE) 

 

The Pt support were first prepared by drop casting 3 µL of PEDOT:PSS without EG 

(PEDOT:PSS), PEDOT:PSS and rGO/PEDOT:PSS with EG (PEDOT:PSS (EG), rGO/PEDOT 

:PSS (EG)) onto a 0.196 cm
2
 glassy carbon disk electrode (polished with 0.05 μm alumina 

powder).  6 vol % EG which is optimal concentration to improve the conductivity was added on 

PEDOT:PSS
185

.  The addition of EG induces a conformational change in the PEDOT chain from 

a benzoid with a preferred coiled structure to a quinoid with a preferred linear or expanded-coil 

structure.  This conformational change results in an increase in the intrachain and interchain 

charge-carrier mobility
145

.  The films were then dried under room temperature overnight.  The 

GO:PEDOT:PSS(EG) composites were prepared by mixing solution of GO and 

PEDOT:PSS(EG) in weight ratios of 2:1, 1:1, 1:2, 1:3 and 1:5 (GO:PEDOT:PSS(EG)). 

 

The electrochemical reduction of GO to rGO was carried out with CV in the potential range from 

0 to -1.5 V vs Ag/AgCl at a scan rate of 50 mV s
-1

 in N2 saturated 0.1 M Na2SO4 for 20 cycles
68

.  

Pt particles were then electrodeposited onto PEDOT:PSS, PEDOT:PSS(EG) and 

rGO/PEDOT:PSS(EG) potentiostatically from a 5 mM H2PtCl6 in 0.5 M H2SO4 by applying a 

potential of -0.15 V (vs Ag/AgCl) until the amount of charge consumed to reduce Pt (IV) to Pt 
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(0) were 10% (m Pt = 3.6 μg), 20% (m Pt = 8.1 μg), 30% (m Pt = 13.85 μg) and 40% (m Pt = 21.6 

μg) of the total mass the catalytic material assuming 100% current efficiency
34, 36

.  Galvanostatic 

deposition of 40% platinum on PEDOT:PSS/GC for 10 s (at -4.5 mA), 15 s (at -3 mA), 20 s ( at -

2.25 mA), 30 s (-1.5 mA) and 40 s (-1.125 mA) were also performed.  The quantity of electricity 

associated with double-layer charging and the reduction of surface oxide is obtained by 

integration in the double layer region and subtracted from the total charge for determining the 

mass of platinum loading
34

.  3 µL of Nafion (0.05%) was dropped on the catalyst film as a 

binder
186

. 

 

For comparison purposes, a thin film electrode made from a commercial Pt/C catalyst (Etek) (20 

wt% ) were deposited on rotating glassy carbon electrode with Pt loading of 20 mg Pt cm
-2

. 

10 mg of a 20 wt% Pt/C catalyst (Etek), 1 mL of isopropanol, 3.98 mL of deionized water and 20 

mL of 5 wt% Nafion ionomer solution were mixed, ultrasonicated for 60 minutes in a water bath 

for the catalytic ink formation. 10 mL of the resulting suspension was dropped on glassy carbon 

disc electrode (0.196 cm
2
) dried using solvent evaporation by covering the catalyst ink-coated 

electrode with a beaker to get smooth and crack free film
187

. 

 

3.3.1.2 Determination of electrochemically active surface area (ECSA) 

 

PEDOT:PSS/Pt, PEDOT:PSS(EG)/Pt and rGO/PEDOT:PSS(EG)/Pt electrode were cycled 

between 0 and 1.20 V vs RHE for 40 cycles at 200 mV s
-1

 in 0.1 M HClO4 nitrogen saturated (25 

min) solution to remove residues hidden in the porous electrode and obtain stable CV curves.  

Then, cyclic voltammograms (3 cycles) recorded at a scan rate of 20 mV s
−1

 between 0.05 V and 
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1.20 V were used to determine the ECSA of the Pt catalysts.  The ECSA was estimated using 

Equation (4) by integrating the hydrogen adsorption charge (Q) in the potential range from 0.40 

to 0.075 V after correction for double-layer charging
187

 . 

 

3.3.1.3 Determination of kinetic current (ik), mass activity (MA) and specific area activity 

(SA) 

 

After the ECSA measurements, linear sweep voltammograms on RDE were recorded at 20 mV s
-

1
 between 0.05 V and 1.03 V under O2 or N2 saturated 0.1 M HClO4.  The net Faradic current 

was obtained by subtracting the voltammogram recorded under N2 from the one recorded under 

O2
113, 187

.  Then, the mass transport corrected kinetic current is extracted from the mixed 

activation-diffusion region of linear sweep voltammograms using Equation (12).  MA and SA 

were calculated using Equations (15) and (16). 

 

3.3.1.4 Determination of collection efficiency (N), number of electrons transferred (n) and 

percentage of H2O2 (% H2O2) 

 

RRDE measurements were carried out at room temperature on a Pine bipotentiostat connected to 

a computer with aftermath (v 1.2.5033) software.  Glassy carbon disk electrode (0.2472 cm
2
) 

surrounded by a Pt ring (0.1859 cm
2
) was used for RRDE measurements.  Silver/silver chloride 

(Ag/AgCl, 3 M KCl) and a platinum wire served as reference and counter electrodes, 

respectively.  Pine rotation speed controller (AFMSRCE 2957) was used during the RDE and 
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RRDE measurements.  The measured potential of this reference electrode was converted to the 

RHE reference scale using E (vs RHE) = E (vs Ag/AgCl) + 0.21 V + 0.0591 V × pH
188

.  

Correction for IR drop was made after solution resistance was determined using electrochemical 

impedance spectra obtained for RDE catalyst layers using a frequency response analyzer (FRA, 

AutoLab) under N2 or O2 atmosphere at a rotation rate of 1600 rpm in the frequency range from 

10 kHz to 0.1 Hz with a 5 mV amplitude voltage perturbation. 

 

The disk and ring currents were recorded as a function of the disk potential scanned between 0 V 

and 1.2 V vs RHE at 10 mV s
-1

 at one rotation speed (1600 rpm).  The ring electrode potential 

being held at +1.3 V vs RHE.  The amount of N was determined using 1 M KNO3 and 10 mM 

K3Fe(CN)6 deaerated with pure nitrogen
23, 189

.  n, % H2O2 and the amount of N were calculated 

using Equations (17), (18) and (19), respectively. 

 

3.3.1.5 Stability and electrochemical crossover test 

 

The methanol tolerance ability of the catalyst was analyzed by chronoamperometry in O2-

saturated 0.1 M HClO4 solution at a rotation speed of 1600 rpm and an applied potential of 0.8 V 

(vs RHE).  The durability was performed by chronoamperometry in O2-saturated 0.1 M HClO4 at 

a rotation speed of 1600 rpm and an applied potential of 0.8 V (vs RHE) for 9,000 s. 
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3.3.2 Preparation of graphene/amino substituted naphathalene composite for metal-free 

catalyst 

 

3.3.2.1 Synthesis of GO 

 

Graphene oxide was synthesized from graphite powder using modified Hummer‟s method
190

.  

Specifically, graphite powder (1 g) and sodium nitrate (0.5 g) were mixed and added to 

concentrated sulphuric acid (23 mL) in a beaker under constant stirring at room temperature.  

The beaker was put in an ice bath for cooling to 0
o
C under constant stirring for one hour and 

potassium permanganate (3 g) was added gradually to the mixture while keeping the temperature 

less than 20
o
C.  The mixture was stirred in a water bath at 35

o
C for 6 hours to form a thick paste 

and the resulting solution was diluted by adding 500 mL of water under vigorous stirring. 

Subsequently, the suspension was further treated with 30% H2O2 solution (5 mL) to terminate 

the reaction.  The resulting mixture was washed with a 1:10 HCl aqueous solution followed by 

filtration.  The collected solid material was dried in a vacuum oven to obtain GO. 

 

3.3.2.2 Electrochemical reduction of GO 

 

Five mg GO was dispersed in 10 mL deionized water and ultrasonicated for 1 h.  20 μL of the 

graphene oxide dispersion (0.5 mg mL
-1

) was drop-casted onto the pre-polished glassy carbon 

electrode (GC) or on polymer-modified GC (GC/poly(ANSA)) and was left to dry slowly in the 

air. 
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After drying, 3 μL 0.05 wt.% Nafion solution was applied to the surface of the resulting 

electrode to improve the adhesion of the film to the electrode surface.  The electrochemical 

reduction of GO to rGO was carried out with cyclic voltammetry in the potential range from 0 to 

-1.5 V vs Ag/AgCl at a scan rate of 50 mV s
-1

 in N2 saturated 0.1 M Na2SO4 for 20 cycles
68, 191

. 

 

3.3.2.3 Electropolymerization 

 

Electropolymerization of 2 mM of the monomers (8-ANSA, 2-ANSA, 4-ANSA, and 5-ANSA) 

on bare glassy carbon electrode (GC) or on GC/rGO in 0.1 M HNO3 was performed using cyclic 

voltammetry by scanning the potential between -0.8 V and 2.0 V vs Ag/AgCl at a scan rate of 

100 mV s
-1

 for 16 cycles.  Then, the modified electrode was stabilized for 24 cycles in monomer 

free 0.5 M H2SO4 until a stable cyclic voltammogram was obtained
36

. 

 

3.3.2.4 Electrochemical measurements 

 

The oxygen reduction reaction was carried out in 0.1 M KOH solution.  The oxygen reduction 

currents were recorded in oxygen saturated 0.1 M KOH.  Cyclic and linear sweep 

voltammograms were recorded at a scan rate of 20 mV s
-1

.  For the RRDE measurement, the disk 

and ring currents were recorded as a function of the disk potential scanned between - 0.7 V and 

0.1 V vs Ag/AgCl at 10 mV s
-1

 at one rotation speed (1600 rpm).  The ring electrode potential 

was held at +1 V vs Ag/AgCl
138

.  The collection efficiency (N) was determined using 1 M KNO3 

and 10 mM K3Fe(CN)6 deaerated with pure nitrogen.  The measured collection efficiency was 

found to be 38±1.5%.  The oxygen reduction currents were normalized to the geometric area of 
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the electrode and corrected for the background electrode current recorded in pure nitrogen 

saturated 0.1 M KOH solution
187

. 

 

3.3.3 Roll-to-roll printed electrodes 

 

3.3.3.1 Electrode coating procedure  

 

First, ITO-free PET and ITO PET-foil (1 m length) were mounted on the roller using heat-stable 

tape (3 M).  Roll-coated PEDOT:PSS and Lg/PEDOT:PSS, Mo/PEDOT:PSS and 

Mo/Lg/PEDOT:PSS were fabricated on both substrate (ITO/PET or PET) using the blend of 

PEDOT:PSS and 6 vol % EG for pristine PEDOT:PSS and 8 mg mL
-1

 phosphomolibidic acid 

and 5 mg mL
-1

 lignosulfonate for Lg/PEDOT:PSS, Mo/PEDOT:PSS and Mo/Lg/PEDOT:PSS.  

The blend was transferred from a syringe via the pump to the slot-die head and roll-coated on the 

top of ITO-free PET and ITO PET-foil in the form of 12 mm wide stripes.  The coating was 

performed under ambient air, with the roller kept at 70
0
C and with a web speed of 0.58 m min

-1
.  

The flow of the solution was set to 0.65 mL min
-1

.  After drying, the mass of active material was 

weighed using XPR Micro and Ultra-Microbalances (Mettler Toledo).  Samples of the printed 

films are shown in Figure 32. 
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Figure 32. A picture of samples of the printed plastic films. 

 

3.3.3.2 Preparation of gel and liquid electrolyte for SCs devices  

 

The PVA/H2SO4 gel electrolyte was prepared by mixing PVA powder (1.0 g), H2SO4 (1.0 g), 

and deionized water (10.0 mL).  The mixture was then heated at 85
0
C under stirring until the 

solution becomes clear
192

.  Finally, the viscous solutions were cast into polystyrene-molds and 

dried at room temperature.  The dried gel films were peeled off the molds, cut, and put between 

two electrodes followed by pressing them together to assemble into a SCs. 

 

Aqueous solution of 0.1 M NaCl or Pb
2+

/0.1 M NaCl were used for devices with liquid 

electrolyte.  The symmetric supercapacitors were assembled by sandwiching two roll-to-roll 

printed PEDOT:PSS on ITO/PET electrodes together with separator monolayer filter paper 

(ASTM E 832-81).  The filter paper separator was soaked in aqueous solution of 0.1 M NaCl or 

Pb
2+

/0.1 M NaCl. 
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3.3.3.3 Electrochemical measurements 

 

The electrochemical properties of the electrode materials and symmetric devices were 

investigated both in 3-electrode (Figure 33a) and 2-electrode configurations (Figure 33b).  The 

electrode materials and the devices were cycled 10 times before recording the final data.  

Galvanostatic charge/discharge curves were used to calculate the specific capacitance (Equation 

24 or Equation 26), the specific capacity (Equation 25 or Equation 27), columbic efficiency 

(Equation 28), energy density (Equation 30 or Equation 32), and power density(Equation 31). 

 

 

Figure 33. Electrochemical setup for (a) 3-electrode and (b) 2-electrode system. 

 

 

 

(b) (a) 
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3.4 Physical characterization of electrodes 

 

The crystalline structure of platinum catalyst (PEDOT:PSS/Pt, PEDOT:PSS(EG)/Pt) and the 

structural changes occurring during the conversion of graphite to GO were investigated by using 

XRD. 

 

AFM was used to study the sample‟s surface morphology and dispersion of Pt nanoparticles on 

PEDOT:PSS and PEDOT:PSS(EG). 

 

The morphology of rGO/PEDOT:PSS(EG)/Pt was characterized by a FESEM and EDS was used 

to confirm the component of the rGO/PEDOT:PSS(EG)/Pt.  

 

Samples for XPS were pristine roll to roll printed PEDOT:PSS on ITO/PET, lead deposited on 

PEDOT:PSS/ITO/PET, Mo/PEDOT:PSS ITO/PET, Lg/PEDOT:PSS ITO/PET, and 

Mo/Lg/PEDOT:PSS ITO/PET.  The thickness of PEDOT:PSS, Mo/ PEDOT:PSS, 

Lg/PEDOT:PSS, and Mo/Lg/PEDOT:PSS on ITO/PET were 1012.75 nm, 1186.6 nm, 1552 nm, 

and 1357.3 nm, respectively. 

 

3.5 Computational Details 

 

All calculations were carried out with the Gaussian 16 program package
193

.  The B3LYP
194-196

 

functional together with the 6-311++G(d,p) basis sets
197

 were used.  Solvent effects were 

corrected by using the polarizable continuum model (PCM) in its integral equation formalism
198

 

together with water as a solvent.  Vibrational frequency analyses were performed to verify that 

the optimized structures are minima without an imaginary frequency and to obtain the free 
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energies of the dimers and their complexes.  The Natural Bond Orbital (NBO) analysis
199, 200

 was 

used to explore the charges on the atoms before and after the adsorption of the molecular oxygen 

on the dimers.  
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4. Results and discussion 

 

4.1 Electrocatalytic reduction of oxygen at platinum nanoparticles dispersed on 

electrochemically reduced graphene oxide/PEDOT:PSS composites 

4.1.1 Background 

 

Commercialization and widespread application of fuel cells and metal-air batteries in different 

sectors demand the development of catalyst materials with low cost and satisfactory activity and 

stability
201, 202

.  In all these applications, the oxygen reduction reaction (ORR) at the cathode is 

the major contributor to single-cell efficiency losses due to its slow kinetics.  Hence, platinum 

(Pt) and Pt-based alloys are commonly employed catalysts to improve the kinetics of the ORR
202, 

203
.  However, the cost of Pt is very high and its supply is limited

32
.  To circumvent this problem, 

several authors investigated and reported non-Pt based catalysts
204, 205

 and while others used Pt-

dispersed nanoparticles on different supports
201, 202

 to reduce the amount of Pt-loading.  The 

dispersion of Pt on catalyst support not only reduces the cost of the noble metals but also 

improves the efficiency of the electrocatalysts
131, 206

.  Higher catalytic activity on a support 

matrix requires nanometric dimensions with a uniform distribution of Pt particles
15

. 

 

Various carbon-based materials such as carbon blacks, carbon nanotubes, carbon nanofibers, 

multiwall carbon nanotubes, conducting polymers, and graphene have been extensively 

investigated as Pt supports for ORR
15, 124, 131, 201, 207, 208

.  Among these, graphene (or reduced 

graphene oxide, rGO) has become more attractive in recent years due to its unique 

physicochemical properties, like excellent conductivity, high charge-carrier mobility, good 
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transparency, great mechanical flexibility, and huge specific surface area 
14, 121, 124, 208

.  However, 

weak interaction of graphene with metals and restacking of graphene sheets due to pi-pi 

interaction are still some of the problems that are hindering its application as electrocatalyst 

support for Pt-NPs
9, 124

.  On the other hand, conducting polymers, which are good catalysts for 

ORR and support materials for the dispersion of Pt metal catalysts, prevent aggregation of 

graphene sheets and particle agglomeration in addition to their high accessible surface area, low 

resistance and high stability in three-dimensional structure
17, 19, 121, 209

. 

 

Among conducting polymers, PEDOT:PSS is one of the most versatile and commercially 

available polymers successfully used in many different applications like organic solar cells, 

organic light-emitting diodes, energy storage, transistors, and sensors
210

.  It can also be 

promising support material for Pt particle dispersion due to its chemical stability, dispersibility in 

water, and some organic solvents, tunable conductivity, and electrochemical performance
40, 144

.  

Though dependent on the method of synthesis and microstructures, PEDOT
141, 142

 and 

PEDOT:PSS
138

 also shows electrocatalytic activity for ORR.  Since the electrocatalytic ORR on 

Pt in acidic solution is a proton-coupled electron transfer reaction
18

, PEDOT:PSS, which has a 

polyanionic phase (PSS) will promote proton transport.  The conducting polymer phase 

(PEDOT) further ensures electronic transport
211

.  Moreover, the high boiling point polar organic 

compounds like ethylene glycol added into PEDOT:PSS aqueous solution to improve its 

conductivity 
145

 is known to improve the activity of Pt-supported catalyst by decreasing the 

average particle size, inhibition of growth of Pt particle, and evenly dispersion of Pt particle
35

.  

Hence, a composite of rGO and PEDOT:PSS treated with ethylene glycol combined the best 

features of each material.  As part of numerous efforts in the search for reducing the amount of 
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Pt used in the electrocatalytic reduction of oxygen, this work investigates the potential 

application of commercially available GO and PEDOT:PSS composites with solvent additive EG 

as an alternative support for Pt-NPs towards ORR. 

 

4.1.2 Galvanostatic deposited platinum on PEDOT:PSS 

 

The typical chronopotentiometric curve for galvanostatic electrodeposition of 40% platinum on 

PEDOT:PSS/GC are shown in Figure 34.  The curves can be divided into four-time intervals.  In 

the beginning, the first time interval (I), Pt (IV) chlorine-complex adsorption to electrode surface 

occur and adsorbed ions are generated followed by the second time interval (II) where adsorbed 

ions discharge and transform to adsorbed atoms and then the formation of a high nuclei number.  

In the third time interval (III) the deposited nuclei to obtain Pt clusters.  Finally, the time interval 

(IV), Pt macro-clusters generation developing towards a full covering of the electrode surface
31

. 
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Figure 34. Typical chronopotentiograms for the electrodeposition of Pt particles onto 

PEDOT:PSS from the electrolyte solution of 5 mМ H2PtCl6, 1 M H2SO4 with applied current and 

time of ■ (- 4.5 mA, 10 s), ●(- 3 mA, 15 s), ▲(- 2.25 mA, 20 s), ▼(- 1.5 mA, 30 s) and ♦(- 1.125 

mA, 40 s), respectively. 

 

As can be seen from chronopotentiometry curves in Figure 34, the larger the applied current, the 

more negative potential, and the earlier nucleation.  The difference in the conditions (applied 

current and time) of nucleation and growth of the platinum nuclei at the initial stage of 

electrodeposition resulted in differences in the electrochemical response of the platinum particles 

on the surface of PEDOT:PSS. 

 

CVs recorded at 20 mV s
-1

 for different samples with the same total platinum loading of 40% 

under different experimental conditions (cathodic current and time) are shown in Figure 35.  The 

figures show the characteristics hydrogen adsorption-desorption peaks between 0.05 V and 0.3 
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V, a double layer region up to 0.55 V, and Pt oxide formation and reduction at a higher potential 

between 0.6 V - 0.95 V vs RHE. 

Figure 35. Cyclic voltammograms of galvanostatically deposited Pt (40%) on PEDOT:PSS at a 

deposition time of 10 s (■), 15 s (●), 20 s (▲), 30 s (▼) and 40 s (♦) in N2-saturated 0.1 M 

HClO4 at scan rate of 20 mV s 
-1

. 

 

For electrodeposition at 10 s and 15 s, smaller hydrogen adsorption/desorption and Pt oxide 

peaks are observed.  But, clearly observable biggest peaks are obtained for the electrode for 30 s 

electrodeposition which resulted, in turn, a large electrochemical surface area. 

 

4.1.3 Potentiostatic deposited platinum on PEDOT:PSS 

 

The current versus time plot in a potentiostatic step experiment (Figure 36) shows different time 

intervals.  In the beginning (region I), a sharp increase followed by a decay of the current to its 
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minimum appears that corresponds to the double-layer charging current and the initial nucleation 

process. Then (region II), the current increases due to the free growth of independent nuclei for 

deposition or to the formation of new nucleation.  The current increases in this zone reaching a 

maximum.  After that (region III), the current decreases due to the overlapping of the diffusion 

zones of different nuclei, and the coalescence of the growth centers or the result of a decrease in 

the surface area of platinum particles. 

 

Figure 36. Current against time response for a potentiostatic deposition of platinum on 

PEDOT:PSS at -0.15 V vs Ag/AgCl. 

 

Comparing the two CVs (Figure 37) for platinum deposited by galvanostatic and potentiostatic 

method, considerably higher current values in the anodic and cathodic regions are evident for Pt 

particles on potentiostatic method.   
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Figure 37. Cyclic voltammograms of galvanostatically (for 30 s) (▼) and potentiostatically (●) 

deposited Pt (40%) on PEDOT:PSS catalyst in N2-saturated 0.1 M HClO4 at a scan rate of 20 

mV s
-1

. 

The ORR activity using linear sweep voltammetric method at RDE is also used to compare the 

two electrodeposition methods.  The polarization curves of the ORR PEDOT:PSS(EG)/Pt (40%) 

modified rotating disc GC electrode by the two deposition methods are shown in Fig. 38.  More 

positive onset potential and higher limiting current density were obtained for potentiostatic Pt 

loading on PEDOT:PSS.  Hence, extensive study of PEDOT:PSS as a support for platinum 

particle were done by potentiostatic deposition of platinum. 
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Figure 38. Background corrected oxygen polarization LSV curves for galvanostatically (for 30 

s) (▼) and potentiostatically (●) deposited Pt (40%) on PEDOT:PSS in O2-saturated 0.1 M 

HClO4 at a scan rate of 20 mV s
-1

 rotating at 1600 rpm. 

 

4.1.4 Surface characterization 

 

The crystalline structure of Pt nanoparticles dispersed on to PEDOT:PSS/Pt (30%), PEDOT:PSS 

(EG)/Pt (30%) and rGO/PEDOT:PSS(EG)/Pt (30%) were investigated by XRD studies.  Figure 

39 shows the XRD patterns of PEDOT:PSS/Pt (30%), PEDOT:PSS(EG)/Pt (30%) and 

rGO/PEDOT:PSS(EG)/Pt (30%) films.  A broad peak (Figure 39a) at 2θ = 25
o
 observed in all 

materials correspond to the (020) plane of PEDOT:PSS
179

.  The peaks at 2θ = 39.9°, 46.5°, 67.7°, 

and 81.9° correspond to the diffraction planes (111), (200), (220), and (311) of Pt, 

respectively
121

.  
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Figure 39. XRD patterns of (a) PEDOT:PSS/Pt (30%), PEDOT:PSS(EG)/Pt (30%), and 

rGO/PEDOT:PSS(EG)/Pt (30%) (b) over a narrow range of 2𝜃 (35-44 degrees) for 

PEDOT:PSS/Pt (30%) and PEDOT:PSS(EG)/Pt (30%). 
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The average crystallite size of PEDOT:PSS supported Pt was calculated from the broadening of 

the (111) diffraction peak using Debye–Scherrer Equation (33) and Figure 39b.  The average 

crystallite size of Pt obtained by using EG is 7.3 nm which is smaller compared to the deposition 

of Pt in the absence of EG (7.9 nm).  But, the incorporation of rGO returned the average 

crystallite size of Pt supported on rGO/PEDOT:PSS(EG) to 7.9 nm.  The AFM images for 

PEDOT:PSS/Pt (Figure 40b) and PEDOT:PSS(EG)/Pt (Figure 40c) shows a small cluster of 

particles not observed in PEDOT:PSS (Figure 40a) confirming the deposition of Pt particle on 

PEDOT:PSS films.  PEDOT:PSS(EG)/Pt (Figure 40c) film shows small Pt-NPs and full 

coverage of the Pt particle compared to PEDOT:PSS/Pt (Figure 40b).  The incorporation of EG 

in PEDOT:PSS not only minimizes the rate of growth of Pt clusters during electrodeposition but 

also improves the distribution of Pt particles
212

. 

 

 

 

  

 

 

 

 

Figure 40. The 2D AFM images of (a) PEDOT:PSS (b) PEDOT:PSS/Pt and (c) 

PEDOT:PSS(EG)/Pt. 
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To further reveal the electrodeposition of the Pt particles, FESEM/EDS spectra were recorded for 

the PEDOT:PSS/Pt (30%), PEDOT:PSS(EG)/Pt (30%) and rGO/PEDOT:PSS(EG)/Pt (30%).  A 

typical SEM image and the selected rectangular area used for EDS studies of Pt deposited on 

PEDOT:PSS (Figure 41a), PEDOT:PSS(EG) (Figure 41c) and rGO/PEDOT:PSS(EG) (Figure 

41e) are shown in Figure 41.  

 

The EDS (Figure 41 b, d, f) reveals the presence of carbon (from PEDOT or PEDOT and rGO), 

Sulfur (from PEDOT and PSS), oxygen (from PEDOT:PSS, rGO and EG) and Pt-NPs.   

The lighter areas on PEDOT:PSS/Pt (30%) (Figure 41g), PEDOT:PSS(EG)/Pt (30%) (Figure 

41i) and rGO/PEDOT:PSS(EG)/Pt (30%)(Figure 41k) are Pt particles distributed onto the 

surface as confirmed by EDS data (Figure 41 b, d, f).  Electrochemically deposited Pt-NPs tend 

to agglomerate instead of dispersed nanoparticles on the surface of the substrate
15

.   
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Figure 41. SEM images (a, c, e) used for EDS (x 50 k), EDS (b, d, f) spectrum, SEM images (g, 

i, k) and elemental color maps for carbon (h (i), j (i), l (i)), oxygen (h (ii), j (ii), l (ii)), sulfur (h 

(iii), j (iii), l (iii)) and platinum (h (iv), j(iv), l(iv)) for PEDOT:PSS/Pt (30%), 

PEDOT:PSS(EG)/Pt (30%) and rGO/PEDOT:PSS(EG)/Pt (30%), respectively. 
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Figure 41 (i and j (iv)) reveals that PEDOT:PSS(EG) deposite small Pt nanoparticles with full 

coverage compared to PEDOT:PSS (Figure 41g and h (iv)) which is in agreement with the AFM 

results.  Figure 41k shows SEM images depicting a heterogeneous morphology for a 

rGO/PEDOT:PSS(EG)/Pt (30%).  The composite reveals globular microstructure characteristic 

of PEDOT and a wrinkled morphology which is a characteristic feature of rGO.  The elemental 

mapping images of (Figure 41 l ) reveals a homogeneous distribution of C, O and S (Figure 41l 

(i-iii)) throughout the composite while
 
some larger aggregated Pt within the mapped area is 

observed (Figure 41l (iv)). 

 

4.1.5 Electrochemical characterization 

 

4.1.5.1 Cyclic voltammetric studies 

 

The cyclic voltammograms for the different Pt loading (10 - 40%) on PEDOT:PSS and 30% Pt 

deposited on various rGO/PEDOT:PSS composite electrodes are depicted in Figure 42a and 42b, 

respectively.  The figures show the characteristics hydrogen adsorption-desorption peaks 

between 0.05 V and 0.3 V, a double layer region up to 0.55 V, and Pt oxide formation and 

reduction at a higher potential between 0.6 V - 0.95 V vs RHE except for 10% loading (Figure 

42a).  The exception in the cyclic voltammogram of 10% Pt on PEDOT:PSS is because the 

electrochemistry of the polymer support dominates the electrochemical behavior which hides the 

Pt fingerprint
132

. 
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Figure 42. Cyclic voltammograms of (a) different wt% Pt catalyst on PEDOT:PSS (b) 

rGO:PEDOT:PSS(EG)/Pt (30%) catalyst in N2-saturated 0.1 M HClO4 at scan rate of 20 mV s
-1

. 

 

ECSA for PEDOT:PSS/Pt (30%) is higher than PEDOT:PSS/Pt (40%) in the presence and 

absence of EG.  This indicates that Pt particles tend to form progressively larger agglomerates up 

on increase in Pt loading.  In an ideal case in which the particle size is constant and no 

agglomerates are formed, the ECSA should be constant for different loadings
25

. 

 

The oxide reduction peak in Figure 42b increase when PEDOT:PSS(EG) was added to rGO until 

the w/w ratio is 1:3 and reduced on further addition of PEDOT:PSS (1:5).  The reduction peak 

potential is also shifted to more positive value with a maximum shift of about 30 mV for 1:2 

ratio.  The real surface area (Ar) of platinum determined by charge integration under the 

hydrogen adsorption peaks increased from 0.5 cm
2
 to 0.8 cm

2
 as the amount of rGO/PEDOT:PSS 

ratio increased from 1:0 to 1:5.   
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4.1.5.2 Linear sweep voltammetric studies at RDE  

The ORR activity was further investigated using a linear sweep voltammetric method at a RDE.  

The polarization curves of the ORR at PEDOT:PSS/Pt modified GC electrode for different Pt 

loadings are shown in Figure 43a. These polarisation curves show the characteristics of 

diffusion-controlled region (< 0.6 V), mixed diffusion kinetic limitation region (0.6 – 0.8 V), and 

Tafel region (> 0.8 V)
23

.  As expected, more positive onset potential and higher limiting current 

density were obtained for the highest Pt loading (PEDOT:PSS/Pt) (40%).   

 

The electrocatalytic ORR activity was also studied by adding EG to PEDOT:PSS.  

PEDOT:PSS(EG) modified GC electrode was also used in comparison as a reference.  The onset 

potential and the current density are remarkably improved after platinum is deposited on 

PEDOT:PSS(EG).  The limiting current density for ORR increased upon the addition of EG onto 

PEDOT:PSS ink (Figure 43b).  The increase in the limiting current upon addition EG shows that 

the presence of EG promotes Pt particle coverage and distribution.  Moreover, 30% and 16% 

increase in ECSA for 30% and 40% Pt loading, respectively, was observed for 

PEDOT:PSS(EG), showing that the increase in ECSA was more pronounced at the lower Pt 

loading (30%).  Therefore, EG enhances the dispersion of Pt particle with large area coverage 

and hence increases Pt utilization
25, 35

.   
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Figure 43. Background corrected oxygen polarization curves for (a) PEDOT:PSS/Pt, (b) 

PEDOT:PSS(EG), 30% and 40% platinum on PEDOT:PSS(EG) and PEDOT:PSS (c) rGO and 

rGO/PEDOT:PSS/Pt (30%) in O2-saturated 0.1 M HClO4 at a scan rate of 20 mV s
-1

 rotating at 

1600 rpm. 
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The kinetic currents (ik) extracted from Figure 43b were used to calculate mass activity (MA) 

and the specific area activity (SA) of the electrocatalyst using Equations (15) and (16).  The 

calculated values are summarized in Table 2.  An increase in SA of 1.2 and 1.1 fold and a 1.5 

and 1.2 fold in MA were obtained at 0.81 V by the addition of EG on PEDOT:PSS for 30% and 

40% Pt loading, respectively.  These enhancements were attributed to a change in platinum 

morphology and inhibition of agglomeration of Pt nanoparticles during the process of 

electrodeposition by the addition of EG
25, 35

.   

 

Hence, using this pronounced effect of EG at 30% Pt loading different ratios of rGO and 

PEDOT:PSS(EG) were further investigated.  Typical background-corrected polarisation curves 

for the rGO, rGO/Pt (30%) and rGO/PEDOT:PSS(EG)/Pt (30%) catalyst in 0.1 M HClO4 at 1600 

rpm are shown in Figure 43c.  More positive onset potentials and higher limiting current 

densities were obtained as the percentage of PEDOT:PSS increased from 1:0 to 1:2.  Increasing 

the percentage of PEDOT:PSS beyond 1:2 to 1:3 and 1:5 lowers the onset potential and limiting 

current density.  Hence, rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) which gave a 2.2 and 2.9 fold 

increase in the SA and MA at 0.81 V, respectively, was found to be the optimum composition. 

 

rGO modified GC electrode (Fig. 43c) shows a clear reduction pre-wave at low overpotential, 

followed by a second reduction wave starting at around -0.013 V, which is indicative of a 

prevalent     
reduction pathway

68
.  The onset potential and the current density are remarkably 

improved after platinum is deposited on rGO. 
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Table 2. Kinetic parameters for oxygen reduction on PEDOT:PSS/Pt, PEDOT:PSS(EG)/Pt, and 

rGO/PEDOT:PSS(EG)/Pt (30%) in 0.1 M HClO4 at 1600 rpm. 

  

Electrocatalyst      Pt loading 

(mg cm
-2

) 

Ar (cm
2
) ECSA 

(m
2
 g

-1
) 

SA 

(μA cm
-2

 Pt) 

0.81 V      0.86 V 

MA 

(mA mgPt
-1 

0.81 V     0.86 V 

PEDOT:PSS/Pt (30%) 0.071 0.41 2.93 194.5        41.3 5.8           1.2 

PEDOT:PSS/Pt (40%) 0.11 0.526 2.32 284.          33.4 6.6           0.7  

PEDOT:PSS(EG)/Pt (30%) 0.071 0.526 3.8 228.4        49.8 8.7           1.9 

PEDOT:PSS(EG)/Pt (40%) 0.11 0.61 2.68 287.3        83.7 7.71         2.24 

rGO/PEDOT:PSS(EG) (1:0)/Pt (30%) 0.071 0.49 3.57 212.4        96.5 7.8           3.4  

rGO/PEDOT:PSS(EG) (2:1)/Pt (30%) 0.071 0.47 3.36 514.7       158.6 17.3         5.3 

rGO/PEDOT:PSS(EG) (1:1)/Pt (30%) 0.071 0.69 4.96 419         134.8 20.8         6.7 

rGO/PEDOT:PSS(EG) (1:2)/Pt (30%) 0.071 0.65 4.72 472         162 22.3        7.6 

rGO/PEDOT:PSS(EG) (1:3)/Pt (30%) 0.071 0.78 5.63 284.8     102.3 16.02      5.8 

rGO/PEDOT:PSS(EG) (1:5)/Pt (30%) 0.071 0.77 5.58 347.5      129.7 19.4        7.2 

 

The mass transport corrected Tafel plots (log|jk| vs E) for PEDOT:PSS/Pt, PEDOT:PSS(EG)/Pt, 

and rGO/PEDOT:PSS(EG)/Pt are shown in Figure 44.  The figures show a transition in the Tafel 

slope from 60 mV decade
-1

 to 120 mV decade
-1

 for all the catalysts.  The observed Tafel slope of 

~60 mV decade
-1

 at low overpotential is associated to an oxygen reduction process on an oxide-

covered Pt, and the 120 mV decade
-1

 slope at higher overpotentials is related to reduction process 

taking place on oxide-free Pt surfaces 
16

.  The addition of EG reduces the Tafel slope for both the 

30 and 40% Pt loading (Table 3) which confirms more favorable kinetics for ORR
213

. 
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Figure 44. Mass transport corrected Tafel plots for (a) PEDOT:PSS/Pt, PEDOT:PSS(EG)/Pt and 

(b) rGO/PEDOT:PSS(EG)/Pt obtained from disk current in the cathodic sweep at 1600 rpm.  

Scan rate: 20 mV s
-1

. 
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oxygen reduction current referring to the ORR activity.  The ring current indicates the oxidation 

current of intermediates on the Pt ring electrode, referring to the production of H2O2 during the 

ORR process.  The most positive onset potential and largest limiting current density on the disk 

electrode as well as very low ring currents characterizes the perfect catalytic material for the 4-

electron ORR.   

 

Determination of collection efficiency (N) 

 

The ring and the disk currents in the negative sweep direction (10 mV s
-1

) at a constant ring 

potential of 1.3 V for the determination of collection efficiency Pt (30%) deposited on rGO (1:0) 

are shown in Figure 45.   

 

Figure 45. Ring (       
   →        

   + e
-
) and disk (       

  + e
-
 →          

  ) currents 

for the determination of the collection efficiency on 1:0 in 1 M KNO3 supporting electrolyte with 

10 mM K3Fe(CN)6. Negative sweeps at 20 mV s
-1

; ERing = 1.3 V. 
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The N values of the RRDE loaded with catalysts (Figure 46) are lower than the bare RRDE 

(0.37) as supplied by the manufacturer.  The N values of Pt (30%) on 2:1 (0.35), 1:1 (0.36) and 

1:2 (0.36) are close to 0.37 but even lower values for 1:0 (0.31), 1:3 (0.30), and 1:5 (0.32) were 

recorded.   

 

Figure 46. Variation of the collection efficiency with potential and catalyst loading for the 

different catalysts (a) PEDOT:PSS(EG)/Pt and (b) rGO/PEDOT:PSS(EG)/Pt (30%).  
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Figure 47 a, b shows typical RRDE voltammograms including the ring and the disk currents 

versus the disk potential for rGO/PEDOT:PSS/Pt at different rGO and PEDOT:PSS ratios.  The 

number of electrons transferred (n) derived from RRDE result using Equation (17) over the 

potential range of 0.07 to 0.3 V was 3.86, 3.88, 3.92, 3.93, 3.91, and 3.85, respectively for Pt 

(30%) deposited on 1:0, 2:1, 1:1, 1:2, 1:3 and 1:5 as shown in Figure 47c which confirms the 

improvement of the electrocatalytic activity of rGO up on the addition of PEDOT:PSS(EG).   

 

The percentage of H2O2 generated was quantified using Equation (18) and found to be 7.9% for 

Pt (30%) deposited on 1:0 composition and significantly reduced to 3.3% for 1:2 composition 

(Figure 47d).  Hence, the 1:2 composition (rGO/PEDOT:PSS(EG)/Pt (30%)) exhibits the largest 

limiting current density (on the disk electrode), the most positive onset potential, and the lowest 

% H2O2 indicating an excellent ORR activity via the 4-electron pathway.  The detection of 

hydrogen peroxide at potentials below 0.8 V in Figure 47b indicates that the two-electron 

pathway does in fact occur on the surface of rGO/PEDOT:PSS(EG)/Pt (30%).  The yield of H2O2 

increase with decreasing potential and a significant increase in H2O2 formation was observed at 

potentials < 0.1 V.  This can partly be attributed to the blockage of surface active sites by 

adsorbed hydrogen atoms, preventing the dissociative adsorption of oxygen molecules
92

.  The 

higher activity and number of electron transfer observed for rGO/PEDOT:PSS(EG)(1:2)/Pt 

(30%) could be related to the decreased H2O2 formation by further reduction of H2O2 to H2O
25

. 

Therefore, the electrocatlytic ORR on rGO/PEDOT:PSS(EG)/Pt (30%) largely proceeds via a 

sequential pathway via H2O2 species, rather than via direct reduction of O2. 
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Figure 47. (a) RRDE voltammograms disk current density, (b) ring current density, (c) the 

number of electron transferred, and (d) % H2O2 formation as a function of the disk potential for 

various rGO/PEDOT:PSS composite at 1600 rpm in 0.1 M HClO4 solution. 
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For comparison, the RRDE voltammograms, n, and % H2O2 formation as a function of the disk 

potential for various Pt loadings (10%, 20%, 30%, and 40%) on PEDOT:PSS(EG) were studied 

and are shown in Figure 48.   

 

The % H2O2 yield determined for 10%, 20%, 30% and 40% Pt loading on PEDOT:PSS(EG) 

were found to be 52%, 24%, 12%, and 4.5%, respectively.  The electron transfer numbers (n) 

over the potential range of 0.07 to 0.3 V were found to be 2.96, 3.52, 3.78, and 3.91, 

respectively, for 10, 20, 30, and 40% Pt loading on PEDOT:PSS(EG).  PEDOT:PSS(EG)/Pt 

(10%) displays the largest % H2O2 indicating that electrochemistry is largely dominated by the 

PEDOT:PSS
132

.  
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Figure 48. (a) RRDE volatmmograms, (b) % H2O2 formation and (c) electron transfer number 

(n) as a function of the disk potential for various platinum loadings on PEDOT:PSS(EG) at 1600 

rpm in 0.1 M HClO4 solution. 
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The % H2O2 yields and n for 30% Pt loading on PEDOT:PSS(EG), rGO and 

rGO/PEDOT:PSS(EG)(1:2) are shown in Figure 49.  Lower % H2O2 and higher n were found for 

Pt particles deposited on rGO/PEDOT:PSS(EG) composite.  The MA for ORR on Pt particles 

deposited on rGO, PEDOT:PSS(EG), and rGO/PEDOT:PSS(EG) were found to be 7.8, 8.7, and 

22.3 A g
-1

, respectively (Table 2).  Hence, a 2.9 fold increase in mass activity was found in the 

optimized composite ratio.   

 

The electrocatalytic performance of the optimized composite material was compared with 

previously reported values of Pt deposited on PEDOT:PSS and Vulcan carbon treated with EG 

(Table 3).  The composite shows better electrocatalytic performance and the use of commercially 

available materials (PEDOT:PSS and rGO) and their synergistic effect further give promise for 

widespread application.  

 

Figure 49. (a) % H2O2 and (b) n as a function of the disk potential for PEDOT:PSS(EG)/Pt 

(30%), rGO/PEDOT:PSS(EG)(1:0)/Pt (30%) and rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) at 1600 

rpm in 0.1 M HClO4 solution. 
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Table 3. Comparison of the kinetic parameters of the electrocatalyst materials for ORR. 

 

Samples Pt 

loading 

( μg 

cm-2) 

Ar 

(cm2) 

ECSA 

(m2 g-1) 

Tafel slope 

(mV dec-1) 

lcd/hcd 

n SA 

(μA cm-2 Pt) 

 

MA 

(mA mg Pt 

-1) 

References 

Pt/C(Vulcan) 

(pulse current 

deposition), (EG) 

55 1.83 16.9 - - 33
b 

 
5.6 

b 
35 

PEDOT:PSS/Pt (73 μg 

cm-2) 

73 0.8 15.5 66/159 - 17
a
 

- 
132 

PEDOT:PSS/Pt(138 μg 

cm-2) 

138 1.5 15.37 90/200 3.7 87
a
 - 132 

PEDOT:PSS/ 

Pt(30%) 

71 0.41 2.93 68/154 3.46 132
c
, 156

d 
4.62

d
 This work 

PEDOT:PSS/ 

Pt(40%) 

110 0.526 2.32 70/133 3.71 137
c
, 291

d 
7.1

d
 This work 

PEDOT:PSS(EG)/ 

Pt(30%) 

71 0.526 3.8 61/146 3.75 144
c
, 175

d 
6.65 

d
 This work 

PEDOT:PSS(EG)/ 

Pt(40%) 

110 0.61 2.68 62/120 3.91 262
c
, 376

d 
10.61

d
 This work 

rGO/PEDOT:PSS(EG)/ 

(1:2)/Pt (30%) 

    71 0.65 4.72 66/125 3.93 158
c
, 188

d 
10.54

d
  This work 

lcd/hcd -low current density/high current density 

a  -  rotational rate = 750 rpm, E (V vs RHE) = 0.836  

b  -  rotational rate = 1000 rpm, E (V vs RHE) = 0.800 

c  -  rotational rate = 400 rpm, E (V vs RHE) = 0.836 

d  -  rotational rate = 900 rpm, E (V vs RHE) = 0.836 
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Stability and electrochemical crossover effect are two important factors to evaluate the 

performance of an electrocatalyst in fuel cells.  To further verify the electrocatlaytic performance 

of the catalyst, a small quantity of 3 M methanol was introduced at 500
th

 s in 

chronoamperometric (CA) measurement (Figure 50) for ORR at rGO/PEDOT:PSS(EG)(1:2)/Pt 

(30%) and commercial Pt/C (Etek, 20%).  A sharp and immediate jumping in current on 

rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) and commercial Pt/C catalyst upon the addition of 

methanol indicates the occurrence of methanol oxidation.  The rGO/PEDOT:PSS(EG)(1:2)/Pt 

(30%) electrode exhibited better methanol tolerance with 15% current decay compared with a 

22% current decay for commercial Pt/C electrode.   
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Figure 50. Comparative study of methanol tolerance ability of rGO/PEDOT:PSS(EG)(1:2)/Pt 

(30%) and Pt/C (Etek, 20%) by chronoamperometry at 0.8 V in O2-saturated 0.1 M HClO4 with a 

rotational speed of 1600 rpm.  
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The durability of rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) and commercial Pt/C catalysts was also 

investigated by I-t measurement.  As shown in Figure 51, rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) 

exhibits a very slow attenuation with high current retention  of 96.02% after 9000 s.  By contrast, 

the Pt/C electrode exhibited a gradual decrease with 86.2% current retention after the same 

period indicating that rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) electrocatalyst is much more stable 

than the commercial Pt/C catalyst. 

 

Figure 51. Chronoamperometric responses of rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) and Pt/C 

(Etek, 20%) by chronoamperometry at 0.8 V in O2-saturated 0.1 M HClO4 with a rotational 

speed of 1600 rpm.  
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4.2 Amino-substituted naphthalene sulfonic acid/graphene composite as metal-free 

catalysts for oxygen reduction reactions 

 

4.2.1 Background 

 

Oxygen reduction reaction (ORR) is one of the most important reactions in a fuel cell, metal-air 

batteries, chloroalkali electrolyzer, metal corrosion, sensors, industrial electrolytic process, and 

electro-organic reactions
115, 214, 215

.  However, ORR is kinetically sluggish, involves several steps 

and many intermediates which makes it challenging for researchers in the field.  The most 

efficient catalyst generally considered so far for ORR are noble metals such as platinum (Pt) and 

its alloy.  Nevertheless, these catalysts have a high price, scarcity, poor durability, poor tolerance 

for CO poisoning, and methanol crossover.  In order to overcome these challenges researchers 

explore and develop non-precious metals or metal-free catalysts for ORR
82, 214, 216-218

.  

 

Graphene is becoming a promising candidate for ORR electrocatalysts due to its excellent 

conductivity, unique specific surface area, and customized surface chemistry
219, 220

.
 
 Graphene 

oxide has become the most common precursor for the cost-effective and mass production of 

graphene-based materials.  Graphene oxide (GO) needs a reduction to restore the disrupted π 

system/sp
2
 hybridized network using chemical or electrochemical reduction or thermal 

annealing.  The electrochemical reduction method is advantageous over the others in that it is 

simple, fast, and doesn't require the use of any toxic reducing agents.  Reduced graphene oxide 

(rGO) sheet shows low dispersibility in solvents and tends to restack as a graphite-like structure 

due to the removal of most of the oxygen functionalities.  This aggregation of the rGO sheets 

reduces the available surface area, limits electron and ion transport which resulted in poor 
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electrochemical performance.  One applied strategy to solve this problem is the composite 

formation of rGO with conducting polymers.  The most commonly used conducting polymers are 

polypyrrole, polyaniline, polythiophene, and their derivatives
68, 74, 121, 221

. 

 

In recent years, graphene composited with poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
138

, polypyrrole
222

, polyaniline
149, 

223
 has been reported as an electrocatalyst for ORR.  In this work, composite films of amino-

substituted naphthalene sulfonic acid-based polymers and graphene layers were synthesized for 

metal-free electrocatalyst for oxygen reduction reaction in alkaline media.  Enhanced durability 

for metal-free over metal catalysts is observed in alkaline media
14

.  

 

4.2.2 Surface characterization
 

 

The XRD pattern of graphite and GO were recorded in order to verify the structural changes 

occurring during the conversion of graphite to GO and are shown in Figure 52.  The intense 

sharp peak (2θ = 26.6°) for graphite powder (Figure 52a) corresponding to the (002)
76

 reflection 

plane disappeared and shifted to a lower 2θ angle of 11.4° after being oxidized to GO (Figure 

52b).  The shift is attributed to the intercalation of oxygen-containing groups during oxidation 

with KMnO4.
224

.  An interlayer distance of ~0·78 nm was calculated using Bragg's equation for 

GO, which is larger than that of graphite powder (~0.34 nm).  The small peak (Figure 52) at 2  = 

42.6
0 

is corresponding to the (100) in-plane hexagonal atom arrangement
225

. 
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Figure 52. XRD patterns of (a) graphite and (b) GO.  

 

The FTIR spectra of GO (Figure 53b) shows several characteristic peaks.  A broad and intense 

peak at 3414      attributed to O-H stretching of carboxyl groups, a weak peak at 1735      

assigned to C=O stretching of carbonyl groups, an intense peak at 1632      corresponds to 

C=C stretching, a sharp peak at 1399      and a broad peak at 1065 cm
-1

 are assigned to C-O 

stretching vibration of carboxyl and alkoxy group, respectively 
56, 76, 225

.  The relative intensity of 

these oxygen functionalities characteristic peaks in graphite (Figure 53a) are to a much lower 

value compared to GO.  This is in agreement with the XRD results. 
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Figure 53. FT-IR spectra of (a) graphite and (b) GO. 

 

4.2.3 Modification of glassy carbon electrode 

 

Figure 54a shows typical cyclic voltammograms for the electropolymerization of 8-ANSA on a 

polished glassy carbon rotating disk electrode.  During the first cycle, anodic and cathodic peaks 

at 0.78 V and -0.0811 V, respectively, were observed.  In the successive scans, three new anodic 

peaks appeared at 0.251 V, 0.332 V, and 0.6139 V.  Unlike the peak at 0.78 V which is due to 

the redox activity of the monomer
226

, all the peaks increase with an increasing number of cycles 

which shows the formation of a polymer film on the surface of the glassy carbon electrode (GC) 

36
. 
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Figure 54. Cyclic voltammograms obtained for the electropolymerization of (a) 8-ANSA on GC 

and (b) 8-ANSA on GC/rGO from a solution containing 2 mM 8-ANSA monomer in 0.1 M 

HNO3 at a scan rate of 100 mV s
-1

 for 16 scans between -0.8 V to 2.0 V vs Ag/AgCl. 

 

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-2.6

0.0

2.6

5.1

7.7

(a)

J
 (

m
A

 c
m

-2
)

E (V vs Ag/AgCl)

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-15.31

-10.20

-5.10

0.00

5.10

10.20

15.31

20.41

J
 (

m
A

 c
m

-2
)

E (V vs Ag/AgCl)

(b)



Teklewold Getachew Page 127 
 

During the first cycle of potentiodynamic polymerization of 8-ANSA onto rGO (Figure 54b) 

coated electrodes, two anodic peak and a cathodic peak at 0.55 V, 1.9 V and  -0.25 V appeared.  

The peak current at 0.55 V diminished in the subsequent cycles.  The peak currents at 1.9 V and -

0.25 V decreases in each cycle which are due to monomer oxidation to the cation radical and 

monomer reduction.  The anodic peak at 0.25 V increases in each cycle which is an indication of 

film growth on rGO/GC
226

.  Peak currents for polymerization of 8-ANSA onto rGO (Figure 54b) 

coated electrode is higher than polymerization on the surface of the glassy carbon electrode 

(Figure 54a) since modification by rGO leads to a larger electroactive surface area.
   

 

Figure 55a shows the electrochemical reduction of graphene oxide (GO) on bare glassy carbon 

electrode.  The observed reduction peak for GO in the first scan disappeared in subsequent scans 

confirming the electrochemical formation of rGO.  A similar trend as a reduction of GO on GC 

was observed for the reduction of GO to rGO on 8-ANSA modified glassy carbon electrode 

(Figure 55b). 
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Figure 55. Electrochemical reduction of GO on (a) bare glassy carbon and (b) 8-ANSA in 0.1 M 

Na2SO4  solution for 20 cycles at a scan rate of 50 mV s
-1

. 
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4.2.4 Computational study of ORR on poly(2-ANSA), poly(4-ANSA), poly(5-ANSA) and 

poly(8-ANSA) 

 

The reaction mechanism of oxygen reduction involves diffusion in the bulk of the electrolyte and 

the conducting films, adsorption process, and electron transfer
110

.  Any of these processes might 

be rate controlling and can be one of the criteria for the catalytic activity of materials.  To 

explain the catalytic activity of poly(5-ANSA), poly(4-ANSA), poly(2-ANSA), and poly(8-

ANSA), quantum-chemical calculations of the electronic structure for all the amino-substituted 

naphthalene sulfonic acid and their adsorption complexes with molecular oxygen were 

performed using density functional theory (DFT).  The dimers (Figure 56) and their adsorption 

complexes with oxygen were used for all the calculations.  To identify the adsorption sites, we 

used the natural charges from the Natural Bond Orbital (NBO) analysis.  From the results in 

Table 4, the maximum negative change are concentrated on carbon atoms in positions C3, C4, C8, 

C9, C14, C15, C17, and C18.  Each carbon atoms can in principle be an adsorption site for oxygen 

binding, however, the carbon atoms with larger negative charges are more preferable for the 

oxygen adsorption.   
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Figure 56. Dimers of (a) 2-ANSA, (b) 4-ANSA, (c) 5-ANSA, and (d) 8-ANSA molecular 

cluster.  Hydrogen atoms were omitted for clarity.  
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Table 4. Natural charges obtained from the natural bond orbital (NBO) analysis in the dimers 

and dimer-O2 complexes (where the binding site in all dimers is C8-C9), calculated using 

B3LYP/6-311++G(d,p)/PCM/water calculations. Other possible binding sites are also shown in 

bold-italic fonts. 

Atom 2-ANSA 2-ANSA-O2 4-ANSA 4-ANSA-O2 5-ANSA 5-ANSA-O2 8-ANSA 8ANSA-O2 

C1 -0.047 -0.060 -0.065 -0.030 -0.081 -0.049 -0.084 -0.089 

C2 -0.097 -0.073 -0.085 -0.051 -0.060 -0.029 -0.066 -0.102 

C3 -0.123 -0.123 0.175 0.186 0.182 0.190 -0.165 -0.211 

C4 -0.232 -0.219 -0.301 -0.294 -0.240 -0.236 -0.227 -0.198 

C5 0.239 0.228 0.280 0.284 -0.202 -0.201 0.155 0.106 

C6 -0.370 -0.333 0.117 0.088 -0.202 -0.234 -0.217 -0.202 

C7 -0.152 -0.235 -0.187 -0.234 0.189 0.139 0.177 0.244 

C8 -0.207 0.077 -0.219 0.071 -0.270 0.077 -0.252 0.098 

C9 -0.222 0.072 -0.201 0.096 -0.186 0.078 -0.207 0.081 

C10 -0.168 -0.122 -0.202 -0.164 -0.248 -0.213 -0.226 -0.205 

C11 -0.079 -0.082 -0.072 -0.075 -0.071 -0.077 -0.070 -0.068 

C12 -0.050 -0.051 -0.051 -0.051 -0.043 -0.046 0.013 0.009 

C13 -0.208 -0.208 -0.201 -0.193 -0.265 -0.260 0.185 0.192 

C14 -0.195 -0.193 -0.170 -0.183 -0.174 -0.190 -0.243 -0.254 

C15 -0.236 -0.234 -0.204 -0.202 -0.206 -0.207 -0.173 -0.170 

C16 -0.162 -0.161 -0.191 -0.176 -0.149 -0.137 -0.217 -0.225 

C17 -0.170 -0.140 -0.231 -0.231 0.205 0.202 -0.147 -0.148 

C18 -0.217 -0.237 -0.205 -0.207 -0.250 -0.255 -0.205 -0.206 

C19 0.172 0.180 0.318 0.322 -0.169 -0.168 -0.302 -0.304 

C20 0.077 0.068 0.120 0.116 -0.224 -0.231 -0.175 -0.175 

O43 - -0.327 - -0.336 - -0.329 - -0.345 

O44 - -0.335 - -0.331 - -0.322 - -0.367 
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The results listed in Table 4 show a clear increase in the negative charge on O2  (from 0.0 to 

−0.367; see the last two rows of Table 4), and a positive charge on the adsorption sites (C8-C9) in 

the complexes (2-ANSA–O2, 4-ANSA–O2, 5-ANSA–O2, and 8-ANSA–O2), indicating the 

adsorption of O2 on the dimers. 

 

The Gibbs free energy of formation (Δ    (Table 5) between the oxygen atoms and the carbon 

atoms in positions 8 and 9 are lower for all ANSA-O2 complexes than for other carbon atoms 

(e.g, C14 and C15).  This clearly shows that positions 8 and 9 are the most preferable O2 

adsorption sites.  

 

The electron density transferred to O2 and occupies the antibonding MO‟s of O2 (adsorbed) is 

responsible for the destabilization of the O–O bond in O2.  This is evident from the O–O bond 

length which is elongated to 1.498, 1.5, 1.497, and 1.492 Å for 2-ANSA–O2, 4-ANSA–O2, 5-

ANSA–O2, and 8-ANSA–O2, respectively, from that of 1.21 Å for the bare O2 molecule.  The O-

Cx and O-Cy bond lengths also show the adsorption of the O2 molecule.  Thus, chemisorbed O2 

molecules have a fairly high degree of activation and can be easily reduced, which accounts for 

the catalytic activity of the ANSA polymers.  Furthermore, 8-ANSA followed by 2-ANSA, with 

lowest Δ   and more possible adsorption sites, are the best electrocatalytic materials for oxygen 

reduction reaction.   
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Table 5. Change in Gibbs free energy of formation, ΔGf (kcal mol
-1

), equilibrium interatomic 

distances (Å) between the oxygen atoms, r(O=O), and the carbon atoms, r(O-C), in the dimers 

and dimer-O2 complexes.  

 

 Binding site 

(Cx-Cy) 

ΔGf r(O=O) r(O-Cx) r(O-Cy) 

O2 - - 1.205 - - 

2ANSA-O2 C8-C9 10.73 1.498 1.490 1.467 

C14-C15 10.89 1.499 1.495 1.467 

4ANSA-O2 C8-C9 12.99 1.500 1.489 1.467 

C14-C15 14.94 1.497 1.484 1.466 

5ANSA-O2 C8-C9 12.68 1.497 1.484 1.466 

C14-C15 14.90 1.497 1.484 1.466 

8ANSA-O2 C8-C9 10.71 1.492 1.545 1.455 

C14-C15 11.14 1.497 1.535 1.455 

 

 

4.2.5 Oxygen reduction study using cyclic and linear sweep voltammetry  

 

The oxygen reduction reaction for graphene oxide (GO) and reduced graphene oxide (rGO) 

modified glassy carbon electrodes are shown in Figure 57.  The peak potential for oxygen 

reduction is shifted positively from -0.6 V in GC/GO to -0.36 V at GC/rGO electrode.  This 

result shows electrochemically reduced GO has better ORR catalytic activity than that of GO.  
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Figure 57. CVs of oxygen reduction at (a) GO and (b) rGO modified glassy carbon electrode in 

an O2-saturated 0.1 M KOH solution at a scan rate of 20 mV s
-1

. 

 

After the electrosynthesis of all the monomers (8-ANSA, 2-ANSA, 4-ANSA, and 5-ANSA) on 

bare RDGC electrode under similar conditions, electrochemical reduction of GO on polymer-

modified GC electrodes were performed.   
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Figure 58. Comparison of the background corrected (a) cyclic voltammograms and (b) linear 

sweep voltammograms of (♦) GC/rGO, (▲) GC/poly(5-ANSA)/rGO, (●) GC/poly(4-

ANSA)/rGO, (□) GC/poly(2-ANSA)/rGO, and ( ) GC/poly(8-ANSA)/rGO (c) linear sweep 

voltammograms of (♦) GC/rGO, (+) GC/poly(8-ANSA), ( ) GC/poly(8-ANSA)/rGO, and (●) 

GC/rGO/poly(8-ANSA) electrodes in 0.1 M KOH at a scan rate of 20 mV s
-1

 rotating at 1600 

rpm. 
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Cyclic (CV) and linear sweep (LSV) voltammetry measurements were performed in O2-saturated 

0.1 M KOH to compare the electrocatalytic activity of the four different amino-substituted 

naphthalene sulfonic acid polymers composited with rGO.  rGO modified GC electrode was also 

used in the comparison as a reference.  The results are depicted in Figure 58a,b.  The ORR 

activity for all the polymers-rGO modified GC electrode was found to be higher than that of 

GC/rGO.  The onset potentials of GC/poly(2-ANSA)/rGO and GC/poly(8-ANSA)/rGO were 

more positive compared to that of GC/poly(4-ANSA)/rGO and GC/poly(5-ANSA)/rGO 

composite films.  In terms of the current density, GC/poly(8-ANSA)/rGO has the highest value 

among all the polymers.  This is in agreement with the computational prediction.  Thus, 

GC/poly(8-ANSA)/rGO composite was chosen for further analysis. 

 

The electrocatalytic activities for ORR of GC/rGO, GC/poly(8-ANSA), GC/poly(8-ANSA)/rGO 

and GC/rGO/poly(8-ANSA) were studied using linear sweep voltammetry in N2 and O2 saturated 

0.1 M KOH solution and compared with each other in Figure 58c.  Background corrected 

polarization curves (Figure 58c) at 1600 rpm shows GC/poly(8-ANSA)/rGO has the highest 

current density and more positive onset potential than GC/poly(8-ANSA) as well as GC/rGO, 

which indicates better electrocatalytic activity of GC/poly(8-ANSA)/rGO.  GC/rGO/poly(8-

ANSA) composite exhibits lower electrocatalytic activity towards ORR.  At -0.6 V for instance, 

the current density recorded for ORR on the GC/ poly(8-ANSA)/rGO is 2.27 mA cm
−2

 which is 

much higher than GC/rGO/ poly(8-ANSA)(1.44 mA cm
−2

).  This is attributed to oxidation 

potential applied to electropolymerized 8-ANSA on GC/rGO to produce GC/rGO/ poly(8-

ANSA) which could also possibly oxidize the previously synthesized rGO forming less 

conductive graphene oxide (GO).  
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The kinetics of the ORR activity of GC/poly(8-ANSA)/rGO were further investigated at different 

electrode rotational rates from 400 to 2500 rpm in 0.1 M KOH as shown in Figure 59.  The onset 

of the O2 reduction wave on GC/poly(8-ANSA)/rGO begins at a potential close to -0.21 V (vs 

Ag/AgCl).  The current density increased when the rotational rates were increased from 400 rpm 

to 2500 rpm, indicating that the ORR is controlled by mass diffusion
138

.  

 

Figure 59. Linear sweep voltammograms of GC/poly(8-ANSA)/rGO at different rotation speeds  

(400, 900, 1600 and 2500 rpm) and a scan rate of 20 mV s
-1

. 

 

 

Koutecky-Levich (K-L) equation was applied in a mixed kinetic-diffusion controlled region in 

order to estimate the transferred electron number per oxygen molecule involved in the ORR.  In 

0.1 M KOH, the bulk concentration of O2 (C0) is 1.2 × 10
−3

 M, the diffusion coefficient of 

oxygen (D0)
 
is 1.9 × 10

 -5 
cm

2
 s

−1
, the kinematic viscosity of the electrolyte (ν) is 0.01 cm

2
 s

−1
. 

 The calculated values for the heterogeneous rate constant (  ), and Γ (the surface coverage )of 

the catalyst on GC electrode as given in Table 6.  The surface coverage Γ was evaluated using 

-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

-3.57

-3.06

-2.55

-2.04

-1.53

-1.02

-0.51

0.00

0.51

J
 (

m
A

 c
m

-2
)

E (V vs Ag/AgCl)

400 rpm (N2)

 (rpm)

  400

  900

  1600

  2500



Teklewold Getachew Page 138 
 

Equation (7) by integrating the cathodic peak under the background correction at low scan rate 

from Figure 57a.  

 

K-L plots (     vs       ) for GC/poly(8-ANSA)/rGO (Figure 60) are parallel and linear, 

confirming that ORR follows first-order kinetics with respect to O2 molecule.  Furthermore, the 

plots do not pass through the origin indicating a mixed kinetic diffusion-controlled 

mechanism
149, 150

.  The number of electrons transferred (n) and JK can be obtained from the slope 

and intercept of the K-L plots
142

.   

Figure 60. K-L plots (J
-1

 vs  -1/2
) at different electrode potentials in 0.1 M KOH. 

 

The heterogeneous rate constants (kf) for the reduction of oxygen were calculated from JK and 
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.   The electron 
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transfer number (Figure 61) were calculated using K-L plots over the potential region of -0.36 to 

-0.43 V to be 2.5 - 2.8 for GC/poly(8-ANSA)/rGO, 2 - 2.13 for GC/rGO, and 1.8 - 2.5 for 

GC/poly(8-ANSA).  These results demonstrated that the ORR process at the GC/poly(8-ANSA) 

and GC/rGO composite proceed with two electrons (2e−) pathway with the formation of    
  

but a mixture of    
  and     for GC/poly(8-ANSA)/rGO

216
.  The direct, green and in situ 

electroreduction of O2 dissolved in alkaline media to    
  on GC/rGO and GC/poly(8-ANSA) 

electrodes is an attractive alternative to the current anthraquinone-based industrial production of 

H2O2, which produces a large number of chemical pollutants in a multistep energy-intensive 

process
227

. 

 

 

 

 

 

 

 

 

 

 

 

Figure 61. Electron transfer number as a function of potential of GC/rGO, GC/poly(8-ANSA), 

and GC/poly(8-ANSA)/rGO. 
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The RRDE was used further to evaluate the ORR pathway by monitoring the intermediate 

peroxide species of    
  generated at the disk electrode in the alkaline medium during the ORR 

process at the GC/poly(8-ANSA)/rGO, GC/rGO, and GC/poly(8-ANSA) electrodes.  As shown 

in Figure 62, all three catalysts generate ring currents over the potential range from −0.2 to −0.7 

V for ORR.  The electron transfer numbers (n) derived from RRDE result using Equation (17) 

over the potential range of -0.36 to -0.43 V to be 2.1 - 2.18 for GC/poly(8-ANSA), 2.14 - 2.15 

for GC/rGO, and 2.76 - 2.82 for GC/poly(8-ANSA)/rGO, being consistent with the RDE results.  

Hence, the    
  yields determined using Equation (18) for GC/poly(8-ANSA)/rGO (57%) 

significantly lower than GC/rGO (93%), and GC/poly(8-ANSA) (92%).  All these values 

demonstrate the synergistically enhanced electrocatalytic efficiency of the composite 

(GC/poly(8-ANSA/rGO). 

 

Figure 62. RRDE voltammograms of GC/rGO, GC/poly(8-ANSA), and GC/poly(8-ANSA)/rGO 

at 1600 rpm.  The ring current was polarized at + 1.0 V. 
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The logarithm of Jk was plotted against the potential (Figure 63) to analyze the Tafel behavior for 

GC/poly(8-ANSA)/rGO, GC/poly(8-ANSA), and GC/rGO catalysts.  The reaction kinetics can 

be evaluated using Tafel Equations (13) and (14).  Using Equation (13), the high value of J0 and 

low value of b will give high Jk value under the same overpotential (E–E0).  J0 is a key parameter 

that reflects intrinsic rates of electron transfer between the solution and the electrode.  It can be 

used to judge the catalytic efficiency of materials
116, 117

.   

 

Figure 63. Tafel plots for the ORR at GC/poly(8 ANSA)/rGO (▲), GC/poly(8-ANSA) (●), and 

GC/rGO (■) at an electrode rotation rate of 1600 rpm. 
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in Table 6.  Therefore, incorporation of 8-ANSA between GC and rGO reduces the Tafel slope 

from 74 mV dec
-1

 to 68 mV dec
-1

 indicating more favorable kinetics for ORR
213

.  The exchange 

current densities (Jo) were estimated from the intercept of a linear portion of the Tafel plots
117

.  The 

Jo values for GC/8-ANSA/rGO is much higher than that of GC/rGO and GC/8-ANSA, showing an 

improved catalytic efficiency of the composite for ORR. 

 

The reaction order (m) of ORR on GC/rGO, GC/poly(8-ANSA), and GC/poly(8-ANSA)/rGO 

catalysts was checked further by plotting log i versus log[(i-i/id)]
228

.  From Figure 64 and Table 

6, the first-order dependence of the kinetics of the ORR was performed on GC/rGO, GC/poly(8-

ANSA), and GC/poly(8-ANSA)/rGO. 

 

Figure 64. Reaction order plot for oxygen reduction reaction on GC/rGO, GC/poly(8-ANSA), 

and GC/poly(8-ANSA)/rGO (the slope stands for the reaction order number). 
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Table 6. Tafel slopes and exchange current densities for the ORR at GC/rGO, GC/8-ANSA, and 

GC/8-ANSA/rGO. 

Catalyst m 

 

N 

K-L      RRDE   

  

 

b 

(mV dec
-
) 

   

(mA cm
-2

) 

Γ 

 (mol cm
-2

) 

   

(cm s
-1

) 

GC/rGO 1 2.04         2.01 0.8 74 1.76 x10
-5 

1.87 x10
−8

 2.7 x10
−3

  

GC/8-ANSA 1 2.3           2.12 0.81 73 1.78 x 10
-5

 2.01 x10
−8

 3.8 x10
−3

 

GC/8-ANSA/rGO 1 2.7           2.8 0.87 68 9.58 x10
-5

 2.36 x10
−8

 3.5 x10
−2

 

 

The value of kf depends on the intrinsic activity of the catalyst sites and the surface concentration 

of catalyst sites
150

.  In the present work, the surface coverage of all the catalyst films has the 

same order of magnitude (10
−8

 mol cm
−2

) therefore, the surface concentration of the catalysts is 

assumed to be constant.  GC/rGO, GC/poly(8-ANSA), and GC/poly(8-ANSA)/rGO yielded a 

slope of 74, 73, and 68 mV dec
-1

, respectively at a low current density and the Tafel slopes 

increase at a higher current density.  A Tafel slope of 60 mV dec
- 1

 at 25°C would suggest a fast 

electron transfer reaction followed by a rate-determining chemical step.  Furthermore, an 

increase in Tafel slope at the more negative potential in alkaline solution would also attribute to 

the chemical rate-determining step
150, 229

.  A mechanistic scheme that is consistent with these 

results is as follows: 

 

GC/Q   +     → GC         (a) 

GC        + O2   → GC/Q        
     (b) 

GC/Q        
  + H2O +   → GC/Q  + H       

 +       (c) 

H       
 + H2O  +   →3          (d) 
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Where, GC/Q is glassy carbon modified with rGO, poly(8-ANSA), or poly(8-ANSA)/rGO. 

Reaction (b) is the rate-determining slow chemical step that occurred after a fast electron transfer 

step (reaction (a)). 

 

The specific performance of GC/poly(8-ANSA)/rGO is comparable or better with similar other 

values reported in the literature in Table 7. 

Table 7. Comparison of materials and specific performance of the catalyst in 0.1 M KOH. 

Catalyst  
Peak potential 

(vs Ag/AgCl) 

b(mv dec
-1

)   J
o
 (mA cm

-2
) Reference 

rGO-DAB
 

-0.28 V 62 - - 82 

PEDOT:PSS/rGO -0.27 V - - - 138 

Py-EGO -0.28 V - - - 219 

Fe-N/ rGOHN500
 

- 88 0.67 2x10
-5

 224 

Fe-N/rGO sonic
 

- 86 0.69 2x10
-5

 224 

(G-dye-FeP)n MOF
 

-0.23 V - - - 230 

CNx/graphene
 

-0.19 V - - - 231 

PPy/rGO -0.30 V - - - 231 

N -doped graphene -0.32 V - - - 232 

GC/poly(8ANSA)/rGO -0.29 V 68 0.87 9.58 x 10
-5

 This work 

-DAB-1,4-diaminobutane  

-Py-EGO-pyridine functionalized graphene nanosheets  

-HN500- thermal annealed under H2–N2 atmosphere at 500°C 

-Sonic- ultrasonication 

-(G-dye-FeP)n MOF-dye functionalized rGO- iron−porphyrin metal-organic framework 

-Carbon-nitrogen (x =0.15)  

-PPy -polypyrrole  
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4.3 Roll-to-roll printed high voltage supercapattery in lead-contaminated aqueous 

electrolyte 

4.3.1 Background 

 

Portability in electronic devices is increasingly prevalent in the modern world which strongly 

demands the development of light-weighted, flexible, wearable, inexpensive, and environmental-

friendly energy storage devices
233-236

.  Electrochemical capacitors (supercapacitors), particularly 

flexible and wearable supercapacitors have great potential and suitable for portable electronic 

devices owing to high power-density, fast charging-discharging rate, and long operational life
74, 

235, 237
.  Supercapacitors are classified as the ideal electrical double-layer capacitors (EDLCs) and 

pseudocapacitors (SCs).  The ideal EDLCs exhibit significantly low energy density (< 10 Wh kg-

1) than batteries which limits their potential applications
238

.  Hence, several investigations were 

carried out to improve the energy density by using materials that do have pseudocapacitance 

behaviors, like transition metal oxides and conducting polymers
79, 168, 176, 180, 239-243

.  

 

Conducting polymers (CPs) are a distinct group of pseudocapacitive materials that can 

accumulate energy via both redox and pseudo-capacitive properties.  CP store and release energy 

based on the fast and reversible faradic reaction which combines the charge injected into the 

polymer backbone and ion exchange with the electrolyte to keep electrical neutrality in the film.  

This redox reaction requires that the CP has high electronic and ionic conductivity.  The rate of 

the redox reaction is influenced by the mass transport of ions through the film and therefore it is 

highly dependent on electrode variable (material, surface area, geometry, surface condition), 
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solution variables (concentration, pH, solvent type), electrical variables (potential, current, 

quantity of electricity) and external variables (temperature, pressure, time)
74, 112, 176, 244

. 

 

Polypyrrole, poly(3,4-ethylenedioxythiophene), polyaniline and its derivatives, are the most 

common CPs used as pseudocapacitore electrode material
39, 79, 112, 176

.  Among CPs, poly(3,4-

ethylenedioxythiophene):(styrene sulfonate) (PEDOT:PSS), is a suitable material for solution-

processable and roll-to-roll printable charge storage devices due to its excellent flexibility
40

, high 

and tunable electrical conductivity
40, 245

, chemical stability under ambient conditions
245

, 

commercial availability
41, 50

, dispersibility in water and some organic solvents
144

.  Although CPs 

possess the capacity to accumulate energy, they have still low energy density when used alone.  

One of the strategies to improve their performance is by incorporating redox-active metals and 

metal oxides into the conducting polymer to form a composite material
237

.  Some of these 

composite materials exhibit an intense peak on the cyclic voltammograms and a non-linear shape 

in the galvanostatic charge-discharge curves.  This led to the third class of supercapacitors 

named supercapattery.  Such composites combine high energy density battery-type materials 

with high power capability supercapacitor materials
8, 159, 161, 163, 164

.   

 

PEDOT:PSS can capture and used to remove toxic metals like lead by applying a potential and 

the adsorbed toxic metal can be further released by applying a reverse potential into another 

reservoir, which allows the regeneration of the adsorbent material without using additional 

chemicals and introducing additional costs and wastes
246

.  However, one needs to find a way to 

use the highly concentrated toxic metal found in the second reservoir after cleaning the water. In 

the report on the potential application of PEDOT:PSS for electrosorption/desorption of Pb
2+

 ions, 
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a significant redox activity on the PEDOT:PSS was observed which can be harnessed for charge 

storage through faradic processes
246

.  Hence, this work report a roll-to-roll printed PEDOT:PSS-

based plastic electrode which has a potential application for a self-detoxifying printable plastic 

supercapattery electrode. 

 

4.3.2 Electrochemical deposition of PbCl2 on PEDOT:PSS/ITO/PET film 

 

A representative cyclic voltammograms for ITO/PET, PEDOT:PSS/PET and 

PEDOT:PSS/ITO/PET electrode cycled 10 times in 1 mM Pb
2+

/0.1 M NaCl in order to form 

reduciable/oxidizable PbCl2 onto the working electrode are shown in Figure 65.  To avoid over 

oxidation of PEDOT at higher potential, the negative scan of potential was beginning at 0.8 V
247

 

and extend to -1 V to include complete redox peaks.  In the first negative scan of the preliminary 

10 cycles (Figure 65), lead was electrodeposited on the working electrode from the solution 

containing Pb
2+

 in 0.1 M    .  On the anodic scan, lead on the surface of the electrode oxidize 

and form PbCl2 film ( Pb + 2      PbCl2 +    )
248-250

.  On repeated cycling, the oxidation 

products (PbCl2) formed during the positive half cycle are reduced to metallic lead in parallel 

with the electrodeposition of Pb
2+

 ions from the solution forming a thicker film of PbCl2 up on 

reduction
249

.   
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Figure 65. CV curves of 10 cycles for (a) PEDOT:PSS/PET, (b) PEDOT:PSS/ITO/PET (c) 

ITO/PET in 1 mM Pb
2+

/0.1 M NaCl at a scan rate of 50 mV s
-1

. 

 

4.3.3 XPS study of PEDOT:PSS/ITO  

 

X-ray photoelectron spectroscopy (XPS) was used to investigate the change in surface chemistry 

of the PEDOT:PSS/ITO/PET films in the presence and absence of Pb
2+

 in 0.1 M NaCl aqueous 

solution.  Typical full-range XPS survey spectra before and after deposition of lead from 3 mM 

Pb 
2+

/0.1 M NaCl aqueous solution on PEDOT:PSS/ITO films are depicted in Figure 66a.  The 

incorporation of lead and chlorine into the PEDOT:PSS/ITO/PET film can be seen from the 

appearance of the characteristics peaks of lead around 140 eV and chlorine at 198.1 eV (Figure 

66a (b‟) which were not present in the pristine film before the deposition of lead (Figure 66a (a‟).  

After electrochemical deposition of lead, the doublets characteristic peaks of lead were observed 

at a binding energy of 138.6 (Pb 4f7/2) and 143.4 eV (Pb 4f5/2) as shown in the resolved spectra 

(Figure 66b).  The presence of a peak at 138.6 eV (Pb-Cl) in Figure 66b and peak at 198.1 eV 

-1.2 -0.8 -0.4 0.0 0.4 0.8

-1.7

-0.8

0.0

0.8

1.7

J
 (

m
A

 c
m

-2
)

E (V vs Ag/AgCl)

(c)
(a)

(b)



Teklewold Getachew Page 149 
 

(Cl 2p) in Figure 66c showed that PbCl2 adlayers were formed on the surface of 

PEDOT:PSS/ITO/PET
251-253

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 66. (a) Full range survey X-ray photoelectron spectra of the PEDOT:PSS/ITO/PET film 

(a') before and (b') after deposition of Pb (b) Pb 4f spectra for adsorbed lead ions on 

PEDOT:PSS/ITO/PET and (c) Cl 2p spectra on PEDOT: PSS/ITO/PET. 
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4.3.4 Cyclic voltammetry studies on PEDOT:PSS/ITO/PET films  

 

Figure 67 shows the CV curves (1 cycle) after a steady state is obtained for 10 cycles.  

Comparing the CV curves of PEDOT:PSS/PET in 0.1 M NaCl and 1 mM Pb
2+

/ 0.1 M NaCl 

electrolyte (Figure 67 a, b), a cathodic peak at -0.8 V and an anodic peak at -0.26 V (Figure 67b ) 

were observed for Pb
2+

 containing 0.1 M NaCl solution.  These redox peaks correspond to the 

oxidation and reduction of Pb/PbCl2 onto the roll to roll printed PEDOT:PSS film similar to 

battery type of electrode process: Pb + 2    → PbCl2 +    .  The lead-acid anode process, Pb → 

PbSO4, behaves similarly
159

.  Both 0.1 M NaCl and 1 mM Pb
2+

/0.1 M NaCl electrolyte on 

PEDOT:PSS/PET in the potential region 0 to 0.8 V shows an ideal rectangular curve 

characteristics of PEDOT:PSS
74, 176

.  The CV curve obtained for PEDOT:PSS on ITO/PET 

(Figure 67c) showed a distinctly higher in redox peak current compared to PEDOT:PSS on PET 

(Figure 67b) and ITO/PET (Figure 67d).   

 

The overall integral capacity of 0.5 mAh g
-1

, 19 mAh g
-1

, 31 mAh g
-1

 were calculated from 

Figure 67 b, c and d for ITO/PET, PEDOT:PSS/PET, and PEDOT:PSS/ITO/PET, respectively.  

Clearly, the capacity on ITO/PET is small but enhanced charge storage properties were observed 

for roll to roll printed PEDOT:PSS on ITO/PET.  Therefore, PEDOT:PSS/ITO/PET was thus 

used for subsequent experiments.  The separation of peak potential (∆Ep = Eanodic - Ecathodic) for 

PEDOT:PSS/ITO/PET in Pb
2+
/0.1 M NaCl were 0.64 V.  Based on ΔEp as an indicative test for  

reversible processes which is always close to 59/n mV at 25
o
C, the formation of PbCl2 during 

oxidation and its reduction to metallic lead is an irreversible process
112

.  However, the deviation 

is a direct result of an increase in the amount of PbCl2 reduced from that originally
 
formed 

product at the anode accompanied by an increase of ∆Ep.  In spite of these deviations, the 
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chemical and stoichiometric changes of the electroactive species involved remain reversible
159, 

249
. The Pourbaix diagram of Pb-H2O-Cl in a neutral solution shows immunity at a potential 

below -0.47 V vs Ag/AgCl, the formation of tribasic PbCl2 (3PbO.PbCl2) between -0.47 V and 

0.54 V and formation of PbO2 at a higher potential
248, 254

.
 

 

Figure 67. CV curves (a) PEDOT:PSS/PET film in 0.1 M NaCl, (b) PEDOT:PSS/PET in 1 mM 

Pb
2+

/0.1 M NaCl, (c) PEDOT:PSS/ITO/PET in 1 mM Pb
2+

/0.1 M NaCl and (d) ITO/PET in 1 

mM Pb
2+

/0.1 M NaCl at a scan rate of 50 mV s
-1

. 

 

CV was performed for PEDOT:PSS/ITO/PET electrode between -1.0 V and 0.8 V in 0.1 M NaCl 

at different concentration of Pb
2+

 (Figure 68).  The current response increase with increasing the 

concentration of lead from 0.5 mM to 2 mM. 
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Figure 68. CV curves of PEDOT:PSS/ITO/PET (a) 0.5 mM Pb
2+

/0.1 M NaCl, (b) 1 mM 

Pb
2+

/0.1 M NaCl, (c) 1.5 mM Pb
2+

/0.1 M NaCl, (d) 2 mM Pb
2+

/ 0.1 M NaCl, at a scan rate of 50 

mV s
-1

. 

 

4.3.5 Galvanostatic charge-discharge studies on PEDOT:PSS/ITO/PET films 

 

Typical GCD curves for PEDOT:PSS/ITO/PET at different concentration of Pb
2+

 ions in 0.1 M 

NaCl and measured at 0.2 mA cm
-2

 under a potential window of -1.0 V to 0.8 V (vs Ag/AgCl) 

are depicted in Figure 69.   
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Figure 69. GCD curves of PEDOT:PSS/ITO/PET in (a) 0.1 M NaCl, (b) 0.5 mM Pb
2+

/0.1 

M NaCl, (c) 1 mM Pb
2+

/0.1 M NaCl, (d) 1.5 mM Pb
2+

/0.1 M NaCl, and (e) 2 mM 

Pb
2+

/0.1 M NaCl at 0.2 mA cm
-2

. 

 

Non-ideal triangular shape with a voltage plateau region for Pb
2+

/0.1 M NaCl solution is in 

agreement with the observations in the CV curves.  These nonlinear GCD behaviors originated 

from the battery-type charge storage behavior as a result of the lead incorporated in PEDOT:PSS 

plastic film electrode.  This mechanistic behavior in a single electrode is what is termed as 

supercapattery electrode
242
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Figure 70. (a) GCD curves of PEDOT:PSS/ITO/PET in 1 mM Pb
2+

/0.1 M NaCl at (a') 0.2 mA 

cm
-2

, (b') 0.4 mA cm
-2

, (c') 0.6 mA cm
-2

 and (d') 0.8 mA cm
-2

. (b) Areal capacity of 

PEDOT:PSS/ITO/PET in 1 mM Pb
2+

/0.1 M NaCl at different current density. 

 

Figure 70a shows the GCD curves of PEDOT:PSS/ITO/PET in 1 mM Pb
2+

/0.1 M NaCl at 

different current densities.  About 84% of the specific capacity is retained (Figure 70b) on 

average for each 0.2 mA cm
-2

 increment in the current density, which suggests a good power 

capability of the PEDOT:PSS/ITO/PET.  Generally, an increase in discharging current densities 

gradually decreases the capacity since insufficient active materials are involved in the redox 

reaction
255

. 

 

The areal capacitance and specific capacitance of PEDOT:PSS/ITO/PET in 0.1 M NaCl were 

calculated using Equations (24) and (26) due to linear behavior of the charge-discharge curves.
 

The capacitances for an active material loading of 0.046 mg cm
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literature in Table 8.  A better performance in a neutral aqueous solution was observed for 

PEDOT:PSS on ITO/PET substrate.  The specific capacity of PEDOT:PSS/ITO/PET electrode in 

0.5 mM Pb
2+
/0.1 M NaCl was 2.54 μAh cm

-2 
(55.2 mAh g

-1
).  As the concentration of the Pb

2+
 

ions in 0.1 M NaCl solution increased from 1 mM to 1.5 mM, and 2 mM Pb
2+

 the specific 

capacity increased from 4.64 μAh cm
-2 

(100.9 mAh g
-1
) to 6.4 μAh cm

-2 
(138.8 mAh g

-1
), and 10 

μAh cm
-2 

(216.8 mAh g
-1

) at 0.2 mA cm
-2

 (4.34 A g
-1

), respectively.   

 

Table 8. Comparison of our result with some reported values of PEDOT based electrodes. 

 

Materials Electrolyte Test condition Areal 

capacitance 

( mF cm
-2

) 

Specific 

Capacitance 

( F g
-1

) 

References 

PEDOT/PET BMIMBF4 100 mV s
-1

 11 - 74 

PBOTT-

BTD/ITO/PET 

0.1M TBAPF6/ACN 0.1 mA cm
-2

 2.5 31 39 

PEDOT/ITO/PET 0.1 M TBAPF6/ACN 0.1 mA cm
-2

 4.3 108 39 

PEDOT:PSS/PET PVA/H3PO4 0.025 mA cm
-2

 1.64 28.76 40 

PEDOT/ITO glass 1 M H2SO4(aq) 0.2 mA cm
-2

 ~
   

 
(43.75) - 76 

PEDOT:PSS-SWNT 1 M NaNO3(aq) 5 mV s
-1 

( 0.67 A g
-1

) - 133 256 

PEDOT:PSS/PET 0.5 M K2SO4(aq) 100 mV s
-1

 1 - 257 

Ru2O/PEDOT/PET 1 M H2SO4 100 mV s
-1

 1.2 - 178 

PEDOT/PANI hydrogel 1 M H2SO4 5 mV s
-1

 - 112.6 180 

PEDOT:PSS/ITO/PET 0.1 M NaCl 0.2 mA cm
-2 

(4.4 A g
-1

) 4.3 93 This work 

BMIMBF4 - 1-butyl-3-methylimidazolium tetrafluoroborate 

PBOTT-BTD - Poly[4,7-bis(3,6-dihexyloxy-thieno[3,2-b]thiophen-2-yl)]benzo[c][1,2,5]thiadiazole  

TBAPF6 - Tetra-n-butylammonium hexafluorophosphate  

ACN - Acetonitrile  

rGO - Reduced graphene oxide  

PVA - Polyvinyl alcohol 

SWNT - Single walled carbon nanotubes 

PANI -. Polyaniline 
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4.3.6 Cyclic stability study of PEDOT:PSS/ITO/PET films  

 

The cyclic stability of the electrode material, which is an important parameter for the energy 

storage material, was investigated by cycling PEDOT:PSS/ITO/PET electrode 1000 times in 1 

mM Pb
2+/

 0.1 M NaCl solution at a higher current density of 0.4 mA cm
-2

.   

 

 

Figure 71. Normalized capacity against number of cycles for PEDOT:PSS/ITO/PET in 1 mM 

Pb
2+

/0.1 M NaCl at a current density of 0.4 mA cm
-2

. 

 

Figure 71 shows the capacity retention, C/C0 (expressed in %) as a function of cycle numbers 

where C is the specific capacity of each cycle, and C0 is the specific capacity before the charge-

discharge cycle.  The capacity initially decreases by 30% until 200 cycles, but after 200 cycles 

the capacity increased and become 89% of the initial capacity after 900 cycles.  After 1000 

cycles, 63% of the initial capacity was recorded on PEDOT:PSS/ITO/PET.  The increase in the 
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capacity after 200 cycles may most likely be due to an increase in the rate of the reaction on 

cycling for a fresh compact PbCl2 film on PEDOT:PSS/ITO/PET which could be difficult to be 

fully utilized at the beginning of the electrochemical reaction.  A similar increase in capacity 

with cycling was also reported and the observed result was due to a conditioning effect on the 

carbon/Pb-PbSO4 interface or a Pb dissolution/precipitation reaction on the electrode surface
258

. 

 

4.3.7 Electrochemical studies of symmetric devices 

 

To obtain a more realistic data for the application of PEDOT:PSS/ITO/PET electrode in real 

devices, two PEDOT:PSS/ITO/PET electrodes were assembled in symmetric structure with 

aqueous NaCl electrolyte with and without Pb
2+

.  An extended potential window up to 2.2 V 

could be obtained using a neutral medium
259

.  CV and the GCD curves of symmetric  

PEDOT:PSS/ITO/PET supercapacitor and supercapattery with 0.1 M NaCl, 1 mM Pb
2+

/0.1 M 

NaCl, 2 mM Pb
2+

/0.1 M NaCl, and 3 mM Pb
2+

/0.1 M NaCl are shown in Figure 72a, b.  

Rectangular CV curve and ideal triangular GCD curve are observed for supercapacitors with 0.1 

M NaCl.  This indicates that the material charges and discharges quickly and efficiently
74

.  The 

peaks in the CV curve and non -ideal triangular shape of the GCD curve for lead (Pb
2+

) 

containing 0.1 M NaCl are an indication for non-capacitive charge storage in the devices
165

.  

From the GCD measurement for the symmetric device in 0.1 M NaCl the specific capacitance 

was 15.7 F g
-1

 (7.9 mAh g
-1

) whereas the specific capacity in 1.0 mM Pb
2+

/0.1 M NaCl, 2 mM 

Pb
2+

/ 0.1 M NaCl, and 3 mM Pb
2+

/0.1 M NaCl were found to be, 8.8, 12.7 and 18.4 mAh g
-1

 for 

a current density of 0.1 mA cm
-2

 (1.1 A g
-1

).   
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Figure 72. (a) CV curves and (b) GCD curves (0.1 mA cm
-2

 or 1 A g
-1

) PEDOT:PSS/ITO/PET 

symmetric devices with (a') 0.1 M NaCl, (b') 1 mM Pb
2+

/0.1 M NaCl, (c') 2 mM Pb
2+

/0.1 M 

NaCl, and (d') 3 mM Pb
2+

/0.1 M NaCl. 
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Ragone plot obtained from the devices operating at 1.8 V with 0.1 M NaCl, 1 mM Pb
2+

/0.1 M 

NaCl, 2 mM Pb
2+

/0.1 M NaCl, and 3 mM Pb
2+

/0.1 M NaCl are shown in Figure 73.  The energy 

densities of a supercapattery with Pb
2+

 are higher than that of a supercapacitor with 0.1 M NaCl.  

The energy density of the devices with 0.1 M NaCl was 6.2 Wh kg
-1

 and enhanced in 1 mM, 2 

mM, and 3 mM Pb
2+

 to 6.8, 8.5, and 11 Wh kg
-1

 at nearly the same power density (0.7 kW kg
-1

), 

respectively.  Better or comparable energy and power density were recorded compared with 

other similar reported data as shown in Table 9. 

 

Figure 73. Ragone plots for PEDOT:PSS/ITO/PET symmetric devices with (a) 0.1 M NaCl, (b) 

1 mM Pb 
2+

/0.1 M NaCl, (c) 2 mM Pb
2+

/0.1 M NaCl, and (d) 3 mM Pb
2+

/0.1 M NaCl. 
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Table 9. Comparison of values in our work with reported symmetric supercapacitor devices. 

 

 

PMMA- Polymethylmethacrylate, PC- propylene carbonate, GO-graphene oxide, CC- Carbon cloth 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials Electrolyte Voltage 

 

Energy density 

 

Power density References 

PEDOT/GO/PET 1 M NaCl 0.9 V 1.65 μWh cm
-2 

at 0.06 mA cm
-2

 2.5 mW cm
-2

  74 

PEDOT/rGO/PET 1 M NaCl 0.9 V 2.16 μWh cm
-2 

at 0.06 mA cm
-2

 4.1 mW cm
-2

  74 

PBOTT-BTD/ITO/PET 0.2 M-TBAPF6-PMMA-

PC 

0.6 V 0.3 Wh kg 
-1

 at 0.2 mA cm
-2

 0.2 kW kg 
-1

 39 

PEDOT:PSS/PET PVA/H3PO4 0.8 V 0.13 mwh cm
-2 

at 0.025 mA cm
-

2
 

0.036 w cm
-2

 40 

PEDOT:PSS-

SWNT/ITO/glass 

1 M NaNO3 1 V 7 Wh kg 
-1 

 at 1 A g
-1

 0.825 kW kg 
-1

 256 

PEDOT:PSS/CC PVA/H3PO4 1 V 2.22 Wh kg 
-1

 at 1 A g
-1

 0.25 kW kg 
-1

  177 

PEDOT:PSS/MoS2/PE

DOT 

PVA/H3PO4 1 V 0.2 μ Wh cm
-2 

at 0.125 mA cm
-

2
  

0.09 mW cm
-2

 179 

PEDOT:PSS/ITO/PET 0.1 M NaCl 1.8 V 6.2 Wh kg 
-1

/ 0.57 μ Wh cm
-2 

at 

0.1 mA cm
-2

 (1 A g
-1

) 

0.858 kW kg 
-1 

(0.079 mW cm
-2

) 

This work 

PEDOT:PSS/ITO/PET 3 mM Pb
2+

/0.1 M NaCl 1.8 V 11Wh kg 
-1

 / 0.992 μ Wh cm
-2 

at 0.1 mA cm
-2

 (1 A g
-1

) 

 

0.636 kW kg 
-1  

(0.06 mW cm
-2

 ) 

This work 
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4.4 Roll-to-roll printed Phosphomolybdic acid/Lignin/PEDOT:PSS composite for 

supercapattery 

 

4.4.1 Background 

 

The rise of wearable and portable electronics including mobile phones, laptops, cameras, 

smartwatch, and many more stimulated to explore flexible, lightweight, and environmentally 

friendly energy storage devices
260, 261

.  Supercapacitors (SCs) are energy storage devices that can 

be used to power such devices when fast charge/discharge rate, high power density, and long 

cycle life are required
177, 179, 262

.  The existing commercial SCs are produced as a large and bulk 

shape which presents some major drawbacks for their use in practical wearable and portable 

applications.  Recently, flexible supercapacitors (FSCs) have emerged as a new class of energy 

storage devices and have attracted considerable attention in such applications
38, 260, 263

.  Similar to 

conventional supercapacitors, FSCs exhibit fast charge/discharge rate, high power density, and 

long cycle.  Depending on the charge-storage mechanism, FSCs can be classified into electrical 

double-layer capacitors (EDLCs) and pseudocapacitors
38

. 

 

Carbonaceous materials, such as carbon nanotubes and graphene, which have high surface area 

can store and release energy based on the accumulation of charges at the interface between a 

porous electrode and the electrolyte are excellent electrode materials for EDLC whereas 

transition metal oxides/hydroxide and conducting polymers (CPs) which store charge on fast and 

reversible faradaic redox reactions at the surface and/or in the bulk are ideal electrode materials 

for pseudocapacitors
74, 172, 182, 264

.  Among these materials, CPs have been considered as the most 

promising materials for FSCs due to their high redox active-specific capacitance, high 
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conductivity, ease of synthesis, and high intrinsic flexibility
37, 39, 51, 180

.  CPs, such as polypyrrole 

and polyaniline, have shown very high specific capacitance 600 and 800 F g
-1

, respectively but 

are unstable and quickly degrade due to large volume changes during the charging/discharging 

processes, leading to irreversible changes in 3-D structure
74, 79

.  Although PEDOT does not 

possess the highest specific capacitance of CPs, it is widely studied for SCs application due to its 

high conductivity, high chemical and thermal stability, and electrochemical stability in a 

relatively wide potential window
74

.  PEDOT, which is insoluble in most solvents, can be 

dispersed in water by using water-soluble insulating PSS and form PEDOT:PSS.  

 

In this work, an attempt has made to permanently anchor redox-active organic molecule 

lignosulfonate (LS) and a multi-oxidation state heteropolyacid on PEDOT:PSS/ITO/PET during 

the roll-to-roll printing for use in flexible solid-state SCs.  LS is a derivative of lignin, which is 

the second most abundant biopolymer which can store electrical energy in its phenolic groups by 

switching between the benzoquinone and hydroquinone states
79, 168

 whereas the heteropolyacid 

contribute their faradaic charge-storage by switching among its multi oxidation states
168, 265

.  The 

electrochemical profile of these redox materials deviated from regular rectangular cyclic 

voltammogram and linear shapes in charge/discharge curve that are observed in typical EDLC 

and pseudocapacitive electrode.  This battery like material in combination with the capacitive 

behavior of PEDOT:PSS termed as supercapattery
266

.  The redox reaction of the battery like 

material in supercapattery extended discharge time and improved energy density without altering 

the power density.  Hence, in this section, a roll-to-roll printed ternary composite system 

consisting of PEDOT:PSS, LG, and phosphomolybdic acid were used in gel electrolytes for 

solid-state FSCs. 
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4.4.2 Structural and compositional studies 

 

The survey spectra of PEDOT:PSS, Lg/PEDOT:PSS, Mo/PEDOT:PSS and Mo/Lg/PEDOT:PSS 

on ITO/PET films are shown in Figure 74.  Signals from C1s, O1s, In3d, and S2p levels are 

common to the survey spectra of all films, but the Mo/PEDOT:PSS/ITO/PET and 

Mo/Lg/PEDOT:PSS/ITO/PET films show an additional signal from Mo3d. 

 

 

 

 

 

 

Figure 74. XPS survey spectra of (a) PEDOT:PSS/ITO/PET, (b) Lg/PEDOT:PSS/ITO/PET, (c) 

Mo/PEDOT:PSS/ITO/PET and (d) Mo/Lg/PEDOT:PSS/ITO/PET. 
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The deconvoluted C1s, core level spectrum (Figure 75a, b) consists of peaks at 284.8 eV, 286.5 

eV, and 288.6 eV corresponds to C-C, C-O, and O-C=O bond, respectively
267, 268

.  High-

resolution XPS spectra for O1s (Figure 75c) show two components at 531 and 532.5 eV 

corresponding to C=O and C-O bonds of PEDOT and PSS moieties, respectively
268

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 75. Deconvoluted core level spectra of (a) C1s, (b) O1s, (c) S2p and (d) Mo3d of a 

Mo/Lg/PEDOT:PSS/ITO/PET film. 
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Figure 75d shows high-resolution S2p spectra of PEDOT:PSS film with peaks at around 163.6 

and 168.3 eV, assigned to the sulfur atoms in the thiophene ring of PEDOT and sulfur atoms in 

the sulfonic acid of PSS polymer
268

.  Fitted spectra of Mo3d region in Figure 75d for 

Mo/Lg/PEDOT:PSS/ITO/PET with the binding energies at 233.1 and 236.2 eV corresponding to 

Mo3d5/2 and Mo3d3/2, respectively.  The binding energy and calculated splitting width (3.1 eV) 

are in good agreement with Mo
6+

 oxidation state
269

. 

 

4.4.3 Cyclic voltammetric studies on PEDOT:PSS/ITO/PET films 

 

The CV curves at various scan rates from 10 - 100 mV s
-1 

for PEDOT:PSS, Lg/PEDOT:PSS and 

Mo/PEDOT:PSS on ITO/PET are shown in Figure 76.  The CV curves for PEDOT:PSS (Figure 

76a) are rectangular and well maintained upon increasing the scan rate.  This indicates that the 

material charges and discharges quickly and efficiently with high interfacial kinetics
74, 240

.  A 

pair of strong reduction/oxidation curves is observed for Lg/PEDOT:PSS/ITO/PET (Figure 76b).  

These redox peaks are the redox activity of the quinone functional groups in lignin
239

.  The 

cathodic and anodic peak current was found to vary linearly with the square root of the scan rate 

(Figure 77a) with R-value 0.999 and 0.997, respectively, and suggesting the diffusion-controlled 

characteristics of the redox reaction
242

.  The CV curves (Figure 76c) of 

Mo/PEDOT:PSS/ITO/PET shows three distinct reversible redox peaks (ia/ic, iia/iic and iiia/iiic) at 

E1/2 of about 0.3, 0.184 and 0.05 V.  These redox peaks corresponded to a two-electron redox 

reversible reaction of the phosphomolybdate, which can be explained by the following 

reactions
270, 271

: 
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The three distinct cathodic and anodic peak currents were found to vary linearly with the square 

root of the scan rate (Figure 77b) with R-value 0.999 for all cathodic and anodic peaks 

suggesting the diffusion-controlled characteristics of the redox reaction
242

.   

 

Figure 76. Cyclic voltammograms of (a) PEDOT:PSS/ITO/PET, (b) Lg/PEDOT:PSS/ITO/PET 

and (c) Mo/PEDOT:PSS/ITO/PET at different scan rate in 0.1 M HClO4. 
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Figure 77. Plots of peak currents versus square root of scan rates (a) Lg/PEDOT:PSS/ITO/PET  

and (b) Mo/PEDOT:PSS/ITO/PET. 
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Typical cyclic voltammograms of the ternary composites (Mo/Lg/PEDOT:PSS) on ITO/PET 

obtained at different scan rates are depicted in Figure 78a.  Four distinct reversible redox peaks 

were observed.  The redox peaks from the quinone functional groups of lignin at more anodic 

potentials and three distinct peaks of phosphomolybdate anion were combined with the 

capacitance of PEDOT:PSS in a single electrode.  This redox activity of the composite can be 

harnessed for charge storage in electrochemical supercapacitor
265

.  Figure 78b shows the CV 

curves of PEDOT:PSS, Lg/PEDOT:PSS, Mo/PEDOT:PSS and Mo/Lg/PEDOT:PSS on ITO/PET 

in 0.1 M HClO4 aqueous electrolyte at a scan rate of 20 mV s
-1

.  The current density of 

PEDOT:PSS is very low but a substantial increase in current density was observed for the 

ternary composite (Mo/Lg/PEDOT:PSS) electrode material.  The result was an outcome of redox 

features from the biopolymer lignin and phosphomolybdate anion of the inorganic acid.  This 

approach allows for a substantial boost of the energy density of a strategic material of the 

conducting polymer PEDOT:PSS.  Peak current in the potential region of the inorganic acid and 

lignin biopolymer decrease in the ternary composites (Mo/Lg/PEDOT:PSS).  This is due to the 

competition for the available positive sites in the polymer backbone
168

.   

 

 



Teklewold Getachew Page 169 
 

 

Figure 78. CV curves of (a) Mo/Lg/PEDOT:PSS/ITO/PET at different scan rate in 0.1 M 

HClO4, (b) Lg, Mo, Lg/Mo composited with PEDOT:PSS on ITO/PET and pristine 

PEDOT:PSS/ITO/PET at 20 mV s
-1

 in 0.1 M HClO4. 
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4.4.4 Galvanostatic charge-discharge studies on binary and ternary composites of 

PEDOT:PSS/ITO/PET films 

 

Typical GCD curves for PEDOT:PSS, Lg/PEDOT:PSS, Mo/PEDOT:PSS and 

Mo/Lg/PEDOT:PSS at different current densities under a potential window of -0.2 V to 0.8 V (vs 

Ag/AgCl) are depicted in Figure 79.  The GCD curves of PEDOT:PSS (Figure 79a) were close 

to a symmetrical triangle shape, illustrating that a good reversible charge/discharge process 

occurred in the electrochemical reaction of the electrode/electrolyte.  However, the GCD curves 

Lg/PEDOT:PSS (Figure 79b), Mo/PEDOT:PSS (Figure 79c) and Mo/Lg/PEDOT:PSS (Figure 

79d) shows non-ideal triangular shape with a voltage plateau region which is in agreement with 

the observations in the CV curves.  Mo/Lg/PEDOT:PSS (Figure 79d) shows a voltage plateau of 

the contribution of a redox species arising from the quinones in the lignin biopolymer and 

phosphomolybdate anion of phosphomolybdic acid.  The nonlinear GCD behaviors originated 

from the battery-type charge storage behavior as a result of the lignin and phosphomolybdate 

anion incorporated in PEDOT:PSS plastic film electrode.  This mechanistic behavior in a single 

electrode is what is termed as supercapattery electrode 
242

.  
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Figure 79. GCD curves (a) PEDOT:PSS/ITO/PET, (b) Lg/PEDOT:PSS/ITO/PET (c) 

Mo/PEDOT:PSS/ITO/PET and (d) Mo/Lg/PEDOT:PSS/ITO/PET at different current density in 

0.1 M HClO4. 
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The comparative galvanostatic charge/discharge (GCD) curves (Figure 80a) of PEDOT:PSS, 

Lg/PEDOT:PSS, Mo/PEDOT:PSS and Mo/Lg/PEDOT:PSS electrodes on ITO/PET at a constant 

charge/discharge specific current of 1 A g
-1

.  GCD of Mo/Lg/PEDOT:PSS/ITO/PET 

demonstrated a longer charge/discharge time indicating excellent electrochemical performance, 

which is well in agreement with the CV analysis.  The specific capacity (Cs) of the 

supercapattery electrodes were calculated using Equation (25).  For comparison purposes, Cs of 

PEDOT:PSS/ITO/PET is also calculated in mAh g
-1

.  

 

The specific capacity of PEDOT:PSS electrode was 20.88 mAh g
-1

 (75.2 C g
-1

) but increased to 

90.6 mAh g
-1

 (326.1 C g
-1

), to 103.1 mAh g
-1

 (371 C g
-1

), and 303.1 mAh g
-1

 (1091 C g
-1

) at 1 A 

g
-1

 for Mo/PEDOT:PSS, Lg/PEDOT:PSS and Mo/Lg/PEDOT:PSS, respectively.  Figure 80b 

shows the GCD curves of all electrodes at different current densities.  The specific capacity of all 

electrodes steadily decreases with an increase in specific current.  Generally, an increase in 

discharging current densities gradually decreases the capacity because the electrolyte ions have 

less probability to utilize the whole portion of the active material at a higher current density and 

the outer active surface of the electrode material can only be utilized as a result insufficient 

active materials are involved in the redox reaction
242, 255

. 
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Figure 80. (a) A plot of potential versus time of Mo/PEDOT:PSS, Lg/PEDOT:PSS and 

Mo/Lg/PEDOT:PSS at 1.0 A g
-1

 (b) the specific capacity of electrodes at different current 

density. 
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4.4.5 Electrochemical studies of symmetric devices 

 

To obtain a more realistic data for the application of the electrodes in real devices, a sandwich-

type symmetric cell was fabricated using two pieces of PEDOT:PSS/ITO/PET, 

Lg/PEDOT:PSS/ITO/PET, Mo/PEDOT:PSS/ITO/PET and Mo/Lg/PEDOT:PSS/ITO/PET 

electrodes separated by PVA-H2SO4 gel electrolyte.  Figure 81a, shows the CV curves of 

symmetric devices of PEDOT:PSS, Lg/PEDOT:PSS, Mo/PEDOT:PSS, and Mo/Lg/PEDOT:PSS 

on ITO/PET at a scan rate of 20 mV s
-1

.  Similar to the single cell, a rectangular CV curve with 

very low current density was observed for PEDOT:PSS devices but a slight increase in current 

density for the Lg/PEDOT:PSS electrode material were observed as a result of redox features of 

the biopolymer lignin.  A pronounced battery like behavior with well-defined redox peaks was 

observed for Mo/PEDOT:PSS and Mo/Lg/PEDOT:PSS.  Comparative GCD curves of a 

symmetric device of PEDOT:PSS/ITO/PET, Lg/PEDOT:PSS/ITO/PET, 

Mo/PEDOT:PSS/ITO/PET and Mo/Lg/PEDOT:PSS/ITO/PET at 0.5 A g
-1

 are shown in Figure 

81b.  All the GCD curves are well agreed with the CV curves and Mo/Lg/PEDOT:PSS/ITO/PET 

demonstrated a longer charge/discharge time indicating excellent electrochemical performance. 
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Figure 81. (a) CV curves at a scan rate of 20 mV s
-1

, (b) GCD curves at a current density of 0.5 

A g
-1

 and (c) columbic efficiency of PEDOT:PSS, Lg/PEDOT:PSS, Mo/PEDOT:PSS and 

Mo/Lg/PEDOT:PSS on ITO/PET. 
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The specific capacity of PEDOT:PSS devices was 4.32 mAh g
-1

 (15.6 C g
-1

) but increased to 

6.71 mAh g
-1

 (24.2 C g
-1

), to 15.1 mAh g
-1

 (54.4 C g
-1

), and 17.3 mAh g
-1

 (62.4 C g
-1

) at 0.5 A g
-

1 for Mo/PEDOT:PSS, Lg/PEDOT:PSS and Mo/Lg/PEDOT:PSS, respectively.  The columbic 

efficiency (ηC) calculated at various current density (0.25 – 4 A g
-1

) using Equation (28) is shown 

in Figure 81c.  The calculated columbic efficiency for devices made of 

Mo/Lg/PEDOT:PSS:ITO/PET are 85.5%, 92.9%, 96.3%, 97.8% and 98.3% at the current density 

of 0.25, 0.5, 1, 2 and 4 A g
-1

, respectively.  The same trend in efficiency was observed for 

PEDOT:PSS:ITO/PET, Lg/PEDOT:PSS:ITO/PET and Mo/PEDOT:PSS:ITO/PET at the 

measured current density as shown Figure 81c.  The values of the columbic efficiency show an 

efficient electron transfer within a device which is one of the criteria for the characterization of 

energy storage devices
155

. 

 

The cyclic stability of PEDOT:PSS, Mo/PEDOT:PSS, Lg/PEDOT:PSS, Lg/Mo/PEDOT:PSS on 

ITO/PET electrodes are investigated.  As shown in Figure 82, after 1000 cycles at 1 A g
-1

, 

PEDOT:PSS, Mo/PEDOT:PSS, Lg/Mo/PEDOT:PSS 86.7% , 80.4% and 70%.  The capacity of 

Lg/PEDOT:PSS electrode increases in the first 100 cycles due to the self-activation process
272

 

and does not display change for the next 700 cycles.  It retains 102.3% of the first cycle after 

1000 cycles.  According to the GCD measurement of the first and last five cycles (inset Figure 

82) for Lg/Mo/PEDOT:PSS, the charge-discharge curve can still maintain the original shape 

after testing. 
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Figure 82. Cycle life of all devices and the inset is the GCD curves of the first five cycles and 

the last five cycles for Lg/Mo/PEDOT:PSS/ITO/PET. 

 

The Ragone plot, an essential parameter of power density against energy density, obtained from 

the devices operating at 0.8 V are shown in Figure 83.  The energy density of the devices with 

PEDOT:PSS/ITO:PET was 0.7 mWh cm
-3

 at a power density of 39 mW cm
-3

 and enhanced to 

1.9 mWh cm
-3

 for Mo/Lg/PEDOT:PSS/ITO:PET at a power density of 22 mW cm
-3

.  Based on 

the Ragon plots, the performance of our device for energy storage is better than most of the 

reported PEDOT composites based supercapacitors (Figure 83)
179, 180, 273-278

. 
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Figure 83. The Ragone plots of this work and values for previously reported supercapacitor 

devices. 

 

 

 

 

 

 

 

 

 

-400 -200 0 200 400 600 800 1000
-0.4

0.0

0.4

0.8

1.2

1.6

2.0

2.4

2.8

PEDOT NP(Ref. 277)

PPy/PEDOT@MWCNT(Ref. 273)

PEDOT:PSS/Ag NFS(Ref. 278)

PEDOT:PSS/MoS
2
/PEDOT(Ref. 179)

PEDOT-Ppy-GO (Ref. 274)

PEDOT-CP (Ref.276)

E
n

er
g

y
 d

en
si

ty
 (

 m
W

h
 c

m
-3

)

Power density (mW cm-3
)

Au-PEDOT(Ref. 275)PEDOT/PANI (Ref.180)

Lg/Mo/PEDOT:PSS(This work)

Mo/PEDOT:PSS(This work)

Lg/PEDOT:PSS(This work)

PEDOT:PSS(This work)



Teklewold Getachew Page 179 
 

5. Conclusions 

 

Electroreduction of oxygen on platinum nanoparticles and metal-free catalyst was studied in 

acidic media and alkaline media employing the rotating disk and rotating ring-disk electrode 

techniques.  The platinum nanoparticles was anchored on PEDOT:PSS, rGO, and their 

composite either galvanostatically or potentiostatically from the metal salt solution.  The addition 

of ethylene glycol reduces the particle size and distributes platinum particle uniformly on 

PEDOT:PSS.  Composite of rGO and PEDOT:PSS(EG) was investigated for different (w/w) 

ratio of PEDOT:PSS and rGO.  rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) electrodes exhibited higher 

electrocatalytic activity for the four-electron reduction of oxygen in acidic solution.  

rGO/PEDOT:PSS(EG)(1:2)/Pt (30%) exhibits better tolerance to methanol crossover effect and 

longer durability than that of the Pt/C catalyst.  The composite of rGO and PEDOT:PSS(EG) is a 

promising support material for platinum in the oxygen reduction reaction in low-temperature 

polymer electrolyte fuel cells.  The reduction of oxygen was also studied on metal-free catalysts 

made from amino-substituted naphthalene sulfonic acid and graphene composite in an alkaline 

solution.  Quantum mechanical (QM) calculations have shown that the existence of 

electrocatalytic activity for oxygen reduction reaction on different amino-substituted naphthalene 

sulfonic acid.  The calculations also predict a much better catalytic activity for poly(8-amino-2-

naphthalene sulfonic acid) than 2-ANSA, 5-ANSA, and 4-ANSA.  The preparation and 

characterization of 8-ANSA, 2-ANSA, 5-ANSA, and 4-ANSA with rGO as composite 

electrocatalytic material for oxygen reduction reaction were investigated electrochemically.  

Analysis of the electrochemical reduction of oxygen at GC/poly(8-ANSA)/rGO exhibits 

enhanced catalytic activity with high exchange current density and high kinetic current towards 

oxygen reduction reaction in alkaline solution compared to GC/rGO and GC/poly(8-ANSA).  
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The application of roll-to-roll printed PEDOT:PSS, PEDOT:PSS/Lignin, 

PEDOT:PSS/Molybdenum, and PEDOT:PSS/Lignin/Molybdenum on flexible ITO/PET were 

investigated for supercapattery in neutral aqueous and gel electrolyte.  A symmetric device with 

a high operating voltage of 1.8 V has been built using PEDOT:PSS/ITO/PET electrode in neutral 

aqueous electrolyte.  This device exhibits an energy density of 11 Wh kg
-1

 at a power density of 

0.636 kW kg
-1

 in 3 mM Pb
2+

/0.1 M NaCl.  A ternary roll to roll printed film was also prepared 

from an aqueous suspensions of commercially available PEDOT:PSS blended with redox-active 

phosphomolybdic acid and lignosulfonate.  The flexible symmetric SC from the ternary electrode 

with PVA-H2SO4 gel-electrolyte exhibits an energy density of 1.9 mWh cm
-3 

 and a power 

density of 22 mW cm
-3

.  Considering the large-scale production and simplicity of electrode 

preparation of the PEDOT:PSS/ITO/PET electrode, this method has a potential application to be 

used in portable and wearable electronic devices. 
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