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Lay Abstract 

New challenges have emerged due to the extensive consumption of fossil fuel and 

environmental pollution. Supercapacitors have attracted extensive attention as energy 

storage devices because of their high power density, fast charge-discharge rate and 

excellent cyclic stability. Polypyrrole (PPy) is a promising material for the fabrication of 

electrodes for supercapacitors, however, the poor capacitance retention limits its large-

scale application. The important task is the development of advanced dopants for PPy 

synthesis and fabrication of novel composites, which exhibit enhanced capacitive and 

magnetic properties. 

The objective of this work was to fabricate high-performance PPy-based electrodes for 

supercapacitors based on the development of advanced dopants and composites materials. 

Novel advanced anionic dopants were discovered and incorporated into PPy and PPy-

based materials, which laid the foundation of efficient synthesis of high performance PPy. 

The composites containing PPy and magnetic materials were developed and the 

fundamental charging mechanisms were investigated. The results presented in this work 

showed promising performance and paved the way for the development of advanced 

multifunctional materials and devices for energy storage. 
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Abstract 

In this study, PPy prepared by chemical polymerization was investigated as the active 

material for the electrode of supercapacitors. New anionic dopants and advanced 

dispersants were developed for PPy and PPy-based composites. These methods improved 

the overall electrochemical performance and cyclic stability of PPy electrodes. The 

pseudocapacitive properties of ferrimagnetic and ferromagnetic materials were explored 

and combined with PPy to fabricate composites with enhanced charge storage properties 

and magnetic properties. 

The results indicated that high active mass loading and good electrochemical performance 

of PPy-based composite electrodes were achieved by optimizing content and improving 

dispersion of conducting additives multiwalled carbon nanotubes (MWCNT) with 

advanced dopant-dispersants including 1,3,(6,7)-naphthalenetrisulfonic acid trisodium 

salt hydrate, 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt hydrate, 1-Diazo-2-

naphthol-4-sulfonic acid, sodium taurocholate, redox-active dopant methyl orange, as 

well as advanced dispersant and charge-transfer mediator gallocyanine. Surface 

modification of magnetic materials by high-energy ball milling is also beneficial for good 

performance. The electrochemical testing results demonstrated that the fabrication of PPy 

and magnetic composite materials is promising for supercapacitors applications. 
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1. Introduction 

With the development of science and technology, the demand for energy resources has 

been escalating incessantly. However, the gradual depletion of fossil fuel and 

environmental pollution over the past few centuries has severely impacted the 

sustainability of global economy and society. As a result, there is an urgent need to 

develop cleaner and more efficient renewable energy resources, such as solar, wind, and 

tidal energy. While these energy resources are considered inexhaustible, their low energy 

densities and fluctuations limit the application in grid system. In the context of this 

situation, efficient and sustainable energy storage and conversion systems have attracted 

more attention. Batteries have been widely used in fields like vehicles, laptops, and 

renewable energy storage due to their high energy densities. However, the diffusion 

controlled ion transportation mechanism limits the power densities of batteries. 

Supercapacitors (SC), also known as electrochemical capacitors, offer advantages like 

high power densities, quick charge-discharge rate, and long cycle life, which make SC a 

promising alternative or complement to batteries. 

Supercapacitors can be classified into three categories depending on their energy storage 

mechanism: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, and 

hybrid supercapacitors. In EDLCs, energy is stored by reversible ion adsorption at the 

electrode-electrolyte interface. Based on this mechanism, the electrodes for EDLCs are 

generally fabricated using carbon-based materials such as activated carbons, carbon 

aerogels and carbon nanotubes (CNTs) due to their high specific surface area. In 

pseudocapacitors, the capacitance is generated from fast and reversible surface or near-
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surface redox reactions. Transition metal oxides, hydroxides, and conducting polymers 

are promising materials for the application of pseudocapacitors electrodes because of 

their pseudo-capacitive behavior. Hybrid supercapacitors combine the storage mechanism 

of EDLCs and pseudocapacitors, and demonstrate advantages like higher capacitance, 

higher power density and excellent cyclic stability.  

Polypyrrole (PPy) has been considered as a promising conductive polymer for the 

application of supercapacitor electrodes. It offers advantages like high theoretical 

capacitance, high electrical conductivity, easy fabrication, and low cost. However, poor 

cyclic stability of PPy limits its application in supercapacitors. Ion exchange between PPy 

and electrolyte will cause swelling, which will increase interface resistance and reduce 

the capacitance during cycling. Another important parameter affecting the performance of 

PPy is the active mass loading. Although the capacitance decreases with increasing mass 

loading, the active mass loading must be larger than 10 mg cm-2 for practical application. 

Polyaromatic dopants are beneficial for the fabrication of PPy. Dopants with multiple 

anionic groups can provide links between polymer chains, thus enhancing charge transfer. 

The conductivity of PPy can be increased by 3 orders of magnitude by selection of high-

quality dopants. In addition, dopants with large molecules size and high charge to mass 

ratio can help reduce PPy swelling, improve cyclic stability of PPy and improve 

capacitance. 

Among many efforts of building efficient supercapacitors, development of advanced 

electrodes using magnetically ordered pseudocapacitive (MOPC) materials has recently 

attracted great interest. MOPC materials combine both high capacitance and advanced 
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ferrimagnetic or ferromagnetic properties in one material at room temperature. The 

coupling of capacitance and magnetization in MOPC materials provides a platform for 

strong magnetoelectric (ME) interactions. The generated local magnetic field exerts 

influence on ion transportation during charge-discharge by Lorenz force, which facilitates 

electrolyte access to the electrode surface. In addition, redox reactions of paramagnetic 

ions can result in the change of their magnetic moments and interaction energy, which 

leads to ME coupling and magnetocapacitive behavior of MOPC materials. The ME 

phenomena in MOPC materials result in enhanced capacitance, especially at fast charge-

discharge rates. 

This investigation is focused on composite materials for magnetic supercapacitors. 

Different types of MOPC materials, ferrimagnetic spinel Fe3O4, hexagonal ferrite 

BaFe12O19, and ferromagnetic perovskite La0.8Sr0.2MnO3 were chosen to combine with 

PPy and conductive additives CNTs. Advanced dopants were discovered and selected for 

fabrication of PPy. Advanced dispersant was developed for dispersion of CNTs and 

MOPC materials. The composite electrodes demonstrated high capacitance, good cyclic 

stability, and good capacitance retention. 
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2. Literature Review 

2.1 The development of supercapacitors 

The history of SC started from the invention of Leyden jar in 1745, which was the 

original form of capacitor. Since then, the concept of electrical charge storage has been 

known. In 1800s, German scientist Helmholtz put forward a model which provided solid 

foundation for the electric double layer theory. He showed that an electrical double layer 

will be generated at the interface of electrode and electrolyte with two opposite polarity 

layers under a specific potential[1]. The Gouy-Chapman model further improved the 

electric double layer theory and introduced diffusion model which showed that the 

capacitance is not a constant and electric potential drop exponentially away from the 

surface of the double layer[2]. In 1924, Stern combined the essentials of both Helmholtz 

and Gouy-Chapman models and successfully explained the double layer phenomenon. He 

laid the theoretical foundation for the development of electrochemistry and 

supercapacitors. 

In 1957, H.I. Becker from General Electric developed and applied for a patent for the first 

electrical double layer capacitor (EDLC), which was based on two porous carbon 

electrodes and aqueous electrolyte. In 1966, researchers in Standard Oil of Ohio (SOHIO) 

developed modern version of electrochemical supercapacitors. In 1970, SOHIO further 

improved supercapacitor technology and established numerous patents and journal papers 

covering all aspects of electrochemical supercapacitors. 

In 1975, Conway developed another type of supercapacitors using RuO2 as an active 

material. The mechanism is based on the reversible Faradaic reactions and electronic 
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transfer, which was different from the electric double layer charge storage mechanism. 

After that, a series of transition metal oxides were developed due to their various valence 

states. This kind of capacitors were then named as ópseudocapacitorsô. In the mid-1990s, 

hybrid supercapacitors were developed and combined the mechanism of EDLC and 

pseudocapacitors to enhance the energy density while maintaining high power density.  

2.2 The application of supercapacitors 

In recent years, supercapacitors have attracted extensive attention in industrial and 

commercial applications because of their high power density. In electric vehicles (EVs) 

and hybrid electric vehicles (HEVs), supercapacitors can be applied as complementary 

devices for batteries to supply pulse power for starting and accelerating vehicles. 

Supercapacitors can also recover the regenerative energy during the braking operation[3]. 

Because of the smaller equivalent series resistance (ESR) and longer cycle life (>106 

times) [4] compared with battery, supercapacitors can deliver power faster and provide 

large amount of energy in short time without heating problem. In this case, the primary 

battery can avoid degradation of active materials in electrodes under fast charge-discharge 

and prolong its effective cycle life.  

Due to their advantages of small size with fast charge-discharge rate and long cycle life, 

supercapacitors have been seen in portable electric devices such as flashlights, solar 

watches, remote control, and uninterruptible power supply (UPS) as energy storage 

system, as well as in digital cameras, audio players and mobile phone as memory back-

up[5]. Supercapacitors are also promising for high-tech applications such as satellite, 

telecommunications, military and avionics since they can operate in wide temperature 
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range (~ -40 to 85 )[6] without significant changes in capacitance and ESR. Flexible 

supercapacitors and micro-supercapacitors have recently been developed for the 

application of wearable electronics[7], however, more research is needed to enhance 

manufacturing techniques and mechanical properties for better strain absorption.  

High power density, high energy density, long cycle life, wide operative temperature, low 

ESR and fast charge-discharge rate, and the environmentally friendly nature of 

supercapacitors have made them promising for a variety of applications. Combing 

batteries with supercapacitors to form hybrid devices can potentially offer higher energy 

densities while maintaining higher power densities. However, further research is needed 

to design hybrid devices to address challenges such as high self-discharge, different 

operating temperatures, and better mechanical and thermal stability. 

2.3 Energy storage mechanism of supercapacitors  

2.3.1 Electrochemical double-layer capacitors (EDLCs) 

EDLCs are supercapacitors that store energy with electrostatic charge adsorption at the 

surface of electrode and electrolyte interface. The electric double layer capacitance arises 

from the reversible electrostatic accumulation of the ions. The configuration of EDLC is 

shown in Figure 2-1, where positive and negative electrodes with metallic current 

collectors are immersed in an electrolyte kept apart by an ion permeable separator. The 

purpose of the separator is to prevent an internal short circuit. 
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Figure 2-1 Schematic diagram of a EDLC[8]. Used by permission. 

The electric double layer (EDL) was first theorized using the Helmholtz model. It 

describes the charge separation at the electrode and electrolyte interface under the action 

of a specific potential. Figure 2-2 (a) is a schematic of the Helmholtz model, where the 

electrode is polarized and ions of opposite charges form a condensed layer parallel to the 

electrode surface. The concept of electric double layer was further extended in the Gouy-

Chapman model shown in Figure 2-2 (b). They observed that the diffusion ions in the 

solution and thermal fluctuation according to the MaxwellïBoltzmann principles should 

be considered. In addition, the potential decreases exponentially from the surface of 

electrode to the bulk solution. However, the Gouy-Chapman model is insufficient to 

explain the highly charged EDL. In 1924, Stern suggested a model that integrated the 

Helmholtz and Gouy-Chapman model by considering the hydrodynamic motion of ions in 

the diffusion layer and the accumulation of ions adhered to the electrode surface.  
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Figure 2-2 (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the EDLC models 

at the positive electrode[9]. Used by permission. 

The equivalent double layer capacitance (Cdl) can be divided into two parts with the 

contribution of Helmholtz layer (CH) and diffuse layer (Cdiff) capacitances, which can be 

represented the equation below: 

ρ

ὅ

ρ

ὅ

ρ

ὅ
ς ρ 

The Helmholtz layer capacitance forms a major part of the total double layer capacitance, 

which is comparable to the parallel plate capacitors. The EDLC capacitance can be 

evaluated by using the equation below: 

ὅ
‐‐ὃ

Ὠ
ς ς 

Where Ůr is the relative dielectric constant of the double layer, Ů0 is the permittivity of 

vacuum, A is the surface area of the active material, and d represents the effective 

thickness of the double layer. 
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In order to achieve a high capacitance, electrodes with high specific surface area materials 

are needed. Porous carbon and carbon aerogels are typical active materials that maximize 

the surface area of the double layer. The specific surface area of porous carbon materials 

was reported in the range of 1000-3000 m2g-1[10, 11]. Reduced thickness of a EDLC can 

also improve the capacitance, which is in the order of ion diameters (3-8¡)[12]. The 

combination of extremely large specific surface area and small separation distance result 

in high capacitance of EDLC (typically in the range of F) compared to conventional 

capacitors (typically in the range of ɛF and pF). 

2.3.2 Pseudocapacitors 

Pseudocapacitors (Figure 2-3) are another type of supercapacitors that store energy by 

fast and reversible redox reaction at the surface or near-surface of electrodes. 

Pseudocapacitance arises from the Faradic reactions which involve the passage of charge 

(q) at the surface or in the bulk near the surface of the solid electrode material, and the 

passage of charge (q) is a function of potential (V). The derivative dq/dV is equivalent to 

the pseudocapacitance C[13]: 

ὅ
Ὠή

Ὠὠ
ς σ 
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Figure 2-3 Schematic diagram of a pseudocapacitor[8]. Used by permission. 

Three types of faradic mechanism that can result in pseudocapcaitance, as it was indicated 

by B.E. Conway in 1970s: underpotential deposition, redox pseudocapacitance and 

intercalation pseudocapacitance[14], which are shown in Figure 2-4. In underpotential 

deposition mechanism, energy is stored when ions (e.g. H, Pb, Cu) form a monolayer on 

metal (e.g. Pt, Au, Ru) surface based on the potential-dependent adsorption[13]. Redox 

pseudocapacitive occurs when ions are electrochemically absorbed onto the surface or 

near-surface of active material accompanied with charge transfer. Metal ions (e.g. RuO2, 

IrO2, Co3O4 and MnO2) and conducting polymers (e.g. polypyrrole, polyaniline and 

polythiophene) are typical pseudocapacitive materials that are currently under extensive 

research. Intercalation pseudocapacitance mechanism occurs when ions intercalate into 

tunnels or layers of a redox-active material (e.g. Nb2O5[15], TiO2[16] and LaMnO3[17]) 

with a faradaic charge transfer process without changing the crystallographic phase. 
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Figure 2-4 different types of faradaic systems that give rise to pseudocapacitance: (a) 

underpotential deposition, (b) redox pseudocapacitance, and (c) intercalation 

pseudocapacitance (only show positively charged electrode)[14]. Used by permission. 

Although pseudocapacitors enjoy higher specific capacitance and higher energy density 

than EDLC, they suffer from poor power density and cyclic stability because of the 

degradation of electrodes after multiple faradic reactions. 

2.3.3 Hybrid supercapacitors 

Hybrid supercapacitors (Figure 2-5) combine the mechanism of EDLC and 

pseudocapacitor, and can be divided into three categories: asymmetric hybrid 

supercapacitors, symmetric hybrid supercapacitors and battery-like hybrid 

supercapacitors. Asymmetric hybrid supercapacitors consist of pseudocapacitive materials 

as cathode and double-layer capacitance materials as anode. Symmetric hybrid 

supercapacitors are made of two pseudocapacitive materials. A battery-like hybrid 

supercapacitor has a battery-like electrode as energy source and a capacitor-like electrode 

using capacitance to store energy as power source.  
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Figure 2-5 Schematic diagram of a battery-like hybrid supercapacitor[8]. Used by 

permission. 

The combination leads to overshadowing of the limitation of components and offers 

advantages like larger voltage window, higher energy density, higher power density and 

higher capacitance by optimizing electrode materials. However, since the total 

capacitance of hybrid supercapacitor is dominated by the electrode with lower 

capacitance, and the capacitance of anode and cathode materials at different charge-

discharge rates are different, the selection of electrode materials should be careful and 

balanced to each other to obtain the highest total capacitance. 

2.4 Electrode materials of pseudocapacitors 

Metal oxides, nitrides, sulfides and conducting polymer are promising materials for 

pseudocapacitors due to their high specific pseudocapacitance originated from the highly 

reversible redox reaction, which leads to a higher energy density than EDLCs. 

2.4.1 Metal oxides 

Transition metal oxides such as RuO2, IrO2, MnO2, V2O5, Fe3O4, NiO, Ni(OH)2 have 

been investigated as pseudocapacitor materials due to their various valence states, high 

specific capacitance and good electrochemical stability. 
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RuO2 has been extensively studies for its application in supercapacitors because of its 

high capacitance, high electric conductivity, good electrochemical reversibility, wide 

voltage window, long cycle life and good cyclic stability[18, 19]. The pseudocapacitive 

behavior of RuO2 is attributed to the fast redox reaction, where Ru oxidation states 

change from ( ) to ( ), and the adsorption of proton on the surface of RuO2 particles, 

which can be represented as follow: 

Ὑόὕ ὼὌ ὼὩ ᴾὙόὕ ὕὌ   π ὼ ς ς τ 

The pseudocapacitive performance of RuO2 can influenced by the annealing conditions, 

crystallinity, the amount of combined water, and particle size[20]. Lin er al.[21] 

developed an evaporation-induced self-assembled method and fabricated a 3D 

mesoporous crystalline RuO2 film, which demonstrated high power density while 

maintaining acceptable energy density. Kim et al.[22] reported a RuO2ѻxH2O thin-film 

electrode with high capacitance 650 F g-1 by electrostatic spray deposition method and it 

was suggested that the specific capacitance of RuO2ѻxH2O is dependent on the number of 

reaction sites during the annealing process. However, the high cost of RuO2 limits its 

application, and more efforts have been made to fabricate composites with reduced 

loading of RuO2[23]. 

MnO2 is another pseudocapacitive material suitable for supercapacitor applications. 

Advantages such as high theoretical capacitance (1370 F g-1), low cost and environmental 

friendliness[24] have made MnO2 a promising alternative to RuO2-based electrode 

materials. The charge storage mechanism of MnO2 is attributed to the adsorption of 

electrolyte cations on MnO2 surface and the reversible insertion/extraction of protons in 
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the bulk of MnO2, which can be expressed as below: 

ὓὲὕ ὓ Ὡ ᴾὓὲὕὕὓ ς υ 

where M+ represents alkali metal cations K+, Na+, Li+. The pseudocapacitance of MnO2 

originates from the redox transition of Mn( )/Mn( ) and Mn( )/Mn( ) within the 

potential window of electrolyte[25]. MnO2 has various crystal structures, including Ŭ, ɓ, 

ɔ, ŭ, and ɚ phases, that affect the pseudocapacitive performance by controlling the cation 

intercalation via the size of tunnels. It was reported that Ŭ and ŭ crystal structures 

demonstrate higher specific capacitance than other phases[26]. In addition, the defect 

chemistry (cation distributions and oxidation states), porosity, morphology and textures 

are critical factors determining the electrochemical properties of MnO2[27]. The problems 

that limit better performance of MnO2 electrode are the poor electrical conductivity, low 

structural stability and flexibility, which result in low cyclic stability. Efforts have been 

made to modify the chemical and structural characteristics of MnO2 to introduce more 

reaction sites and shorten the transport path length for electrons and cations. Ghodbane et 

al.[27] prepared a series of MnO2 allotropic phases by hydrothermal method and obtained 

compounds with 1D channels, 2D layers and 3D interconnected tunnels structures. The 

highest capacitance was obtained from 3D-type spinel (241 F g-1) and followed by 2D-

type birnessite (225 F g-1). 1D group demonstrates the poorest performance. High surface 

area and electronically conducting carbon architectures such as carbon nanotubes[28-30], 

ordered mesoporous carbon[31] and carbon nanofoam[32] are used for the fabrication of 

MnO2-based composite electrodes. Wang et al.[30] prepared MnO2/carbon nanotubes 

(CNTs)-embedded carbon nanofibers (CNFs) nanocomposites via electrospinning and in 
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situ redox deposition method. The substrate exhibited a porous network structure with 

rough and uneven surface, which enlarged the specific surface area. The high 

conductivity of CNTs-embedded CNFs substrate facilitated the electron transport and the 

utilization of MnO2. High capacitance (374 F g
-1), high rate capability (53%) and 

excellent capacitance retention of 94% after 1000 cycles were obtained. Efforts have also 

been dedicated to incorporate conductive polymers, such as polypyrrole[33], 

polyaniline[34] and polythiophene[35], with MnO2 to fabricate MnO2-polymer composite 

electrodes with desirable morphologies by taking advantages of excellent conductivity 

and good mechanical stability from applied polymers. 

2.4.2 Metal Nitrides/Sulfides 

Metal nitride such as TiN, CrN, VN, MoN, and MnN are promising electrode materials 

for supercapacitor application due to their high specific capacitance, excellent electronic 

conductivity, high stability and low cost[36-38]. 

VN is the most well-studied metal nitride due to its high specific capacitance (1340 F g-1), 

excellent electrical conductivity (~1.6Ĭ106 S m-1), multiple oxidation states (- ) and 

wide operation windows in negative potential[39]. Lu et al.[40] reported an asymmetric 

quasi-solid-state supercapacitor using VN nanowire as anode material and VOx nanowire 

as cathode material, which demonstrated high energy density. The VN electrode obtained 

superior capacitance of 298.5 F g-1 at the scan rate of 10 mV s-1, and exhibited good 

capacitance retention (95%) after 10,000 cycles. Wu et al.[41] developed a hybrid VN/C 

membranes electrode where VN nanoparticles were uniformly distributed in the 

hierarchical porous carbon 3D networks using a simple multi-phase polymeric strategy. 
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The electrode showed high capacitance of 392 F g-1 at 0.5 A g-1 and excellent rate 

capability with capacitance retention of 50.5% at high current density of 30 A gī1. 

CrN is an attractive candidate for supercapacitors because of its wide band gap, good 

mechanical and chemical stability[42]. Gao et al.[43] used arc ion plating method to 

prepare CrN-Ni composite coating with various ratio of Ni, followed by the HCl leaching 

treatment to fabricate porous nanostructure CrN electrode (Figure 2-6). The coating with 

54.2% Ni in its as-deposited state gives the highest capacitance after the HCl treatment, 

which is 58.5 mF cm-2 at 1.0 mA cm-2 in 0.5 M H2SO4 electrolyte. The combination of 

CrN and Ni and the following treatment with HCl increased the specific surface area and 

adsorption sites, which significantly improved the electrochemical performance of the 

CrN thin film supercapacitor.  

 

Figure 2-6 Schematic illustration of the fabrication process and SEM images for porous 

CrN thin films: (a) as-deposited CrN, (b) as-deposited CrNïNi, and (c) porous CrN 

films[43]. Used by permission. 

Xu et al.[44] developed a 3D CrN@nitrogen-doped carbon nanosheet arrays deposited on 

carbon paper (CrN@NCs@CP) via reactive magnetron sputtering method. The 

CrN@NCs was uniformly coated above the carbon paper, and the electrode 

https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/topics/engineering/thin-films
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CrN@NCs@CP gives the highest capacitance of 132.1 mF cm-2 at current density of 1.0 

mA cm-2 along with excellent capacitance retention of 95.5% after 20,000 cycles. 

Metal sulfides such as NiS, CoS and MoS have attracted tremendous attention due to their 

complex valence states, large crystal lattice dimensions, good thermal consistency and 

mechanical stability, low cost and environmentally friendliness[45, 46]. The general 

reversible redox reactions of metal sulfides in alkaline electrolyte can be expressed as 

follows[45]: 

ὓὛ ὕὌᵶὓὛὕὌὩ ς φ 

ὓὛὕὌὕὌᵶὓὛὕὌὕ Ὡ ς χ 

The main issues for metal sulfides are their large volume variation, slow reaction kinetics 

and possible detrimental side reactions. Strategies including optimizing synthesis 

methods, controlling morphologies and structure, improving current collector/electrode 

and electrode/electrolyte interfaces properties and composites fabrication. Chen et al.[47] 

designed a self-supported Ni3S2 nanosheet arrays, which demonstrated excellent 

electrochemical properties. The capacitance at a current density of 50 A g-1 achieves high 

value of 1232 F g-1 for 20,000 cycles, which can be attributed to the unique 2D nanosheet 

structure facilitating the Faradaic redox reactions at the surface. Shi et al.[48] fabricated a 

high performance 3D CoS/graphene hybrid network with a nanosheet structure on Ni 

foam by green electrodeposition method. The conductivity was increased by successfully 

integrating two component and the electroactive surface area was enlarged. The 

CoS/graphene composite exhibited high capacitance of 3785 F g-1 at 1 A g-1, and good 

rate capability with 82% retention at 20 A g-1. Xu et al.[49] prepared hierarchical MoS2 
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microspheres by a zinc ion-assisted hydrothermal method and an acid corrosion strategy. 

The composite demonstrates a 3D flower-like morphology with high specific capacitance 

254 F g-1 at 1 A g-1 and good cycling stability (78.5% retention after 10,000 cycles). 

2.4.3 Conducting polymer (CP) 

Conducting polymer such as polypyrrole (PPy), polyaniline (PAni), polythiophene (PTh) 

and poly(3,4-ethylenedioxythiophene) (PEDOT) are another type of pseudocapacitive 

materials for supercapacitor applications and have been extensively studied in recently 

years. Their molecular structures are shown in Figure 2-7.  

 

Figure 2-7 Various conducting polymers structures.[50] Used by permission. 

The main advantages of conducting polymers are the high theoretical capacitance, high 

conductivity, easy fabrication, and low cost (compared with metal oxides), as shown in 

Table 2-1, which make them promising for the development of devices with low 
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equivalent series resistance (ESR), high energy density and high power density. The 

pseudocapacitance of CPs arises from the fast and reversible redox reaction process, 

which not only takes place on the surface, but also within the bulk material, improving 

the specific capacitance, charge storage capacity and reducing the self-discharge. 

However, compared to carbon-based supercapacitors, CPs offer relatively lower power 

density due to the slow ions diffusion within the bulk of electrodes. 

Table 2-1 Electrochemical properties of CPs[51]. Used by permission. 

Conducting 

polymer 

Molecular 

weight 

(g mol-1) 

Doping 

type 

Dopant 

level 

Potential 

range 

(V) 

Conductivity 

(S cm-1) 

Theoretical 

specific 

capacitance 

(F g-1) 

PAni 93 n, p 0.5 0.7 0.1-5 750 

PPy 67 p 0.33 0.8 10-50 620 

PTh 84 n, p 0.33 0.8 300-400 485 

PEDOT 142 n, p 0.33 1.2 300-500 210 

The electrical conductivity of CPs originates from their delocalized -́conjugated system 

along the polymer backbone after redox process. CPs can be synthesized by chemical 

oxidation or electrochemical oxidation of the monomer. Depending on the dopant ions 

and the redox process, CPs have two types of charging process: p-doping and n-doping, 

as shown in Figure 2-8.  
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Figure 2-8 Schematic diagram of charging /discharging process for (a) p-type and (b) n-

type.[52] Used by permission. 

CPs can be p-doped with anions during the oxidation process and n-doped with cations 

during the reduction process. The charging process can be expressed as follows: 

ὅὴO ὅὴ ὃ ὲὩ ὴ ὨέὴὭὲὫ ς ψ 

ὅὴ ὲὩ ᴼ ὅ ὅὴ ὲ ὨέὴὭὲὫ ς ω 

Where A- and C+ represents anion and cation, representatively. The discharge process is 

the reverse of above equations. It was reported that p-doped polymers are more stable 

than n-doped polymers[53]. Some CPs such as PPy and PAni can only be p-doped 

because the potential required for n-doping is more negative than the reduction potential 
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limit of molecular solvent-based electrolytes[54].  

However, the main factor that limit the application of CPs are their poor cyclic stability. 

Compared to the carbon-based supercapacitor with capability of >500,000 cycles, devices 

with CPs electrodes begin to degrade under less than a few thousand cycles[55]. The 

mechanical and electrochemical properties will be reduced because of their volumetric 

changes such as cracks, swelling, shrinkage or breaking of the polymer chains during the 

charging and discharging process. In addition, the working potential range of CP 

electrodes are fixed and limited by the over-oxidation potential. The properties of CPs can 

be enhanced by combining CPs and other materials such as carbon nanotubes, metal 

oxides and hydroxides to fabricate composite. The composite materials demonstrate 

higher specific capacitance, increased conductivity, better cyclic stability and mechanical 

stability[56, 57]. 

PAni is one of the most studied CPs due to its high specific capacitance, high 

electroactivity, high doping level, good environmental stability, and facile 

processability[58]. However, it needs a proton to be fully charged or discharged, thus a 

protic solvent, an acidic solution or a protic ionic liquid is required[59]. Moreover, the 

poor cyclic stability, poor rate capability and limited redox reaction in the bulk material 

have limited the practical application of PAni. Extensively studies have been conducted 

with different strategies in order to improve the overall electrochemical performance of 

PAni. Efforts including rationally design nanostructured electrodes and combining PAni 

with carbon materials have been considered as promising methods to overcome the 

drawback of PAni electrodes. Wang et al.[60] developed a template-free galvanostatic 
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current method to fabricate large arrays of vertically aligned PAni nanowires on various 

conducting substrates. The electrode showed good capacitance of 950 F g-1 at 1 A g-1, and 

high capacitance retention with 780 F g-1 at high current density 40 A g-1. The excellent 

electrochemical performance can be attributed to the very narrow diameters and 

perpendicular orientation to the substrate, which shorten ions diffusion path and enhance 

the stability. Yu et al.[61] reported 3D interconnected honeycomb-like hierarchically 

porous nitrogen-doped carbon (HPC)/PAni nanowire arrays nanocomposites by a facile 

and cost-effective method. The carbon precursor has high specific surface area of 1294 

m2 g-1. The obtained nanocomposite HPC/PAni exhibited high specific capacitance of 

1080 F g-1 at 1 A g-1 in 1 M H2SO4 electrolyte. An asymmetric supercapacitor was 

assembled with HPC/PAni as positive electrode and HPC as negative electrode in wide 

voltage window 0-1.8 V in 1 M Na2SO4 electrolyte. The supercapacitor demonstrated 

excellent performance with high capacitance, high energy density and power density, and 

good cyclic stability with 91.6% capacitance retention after 5,000 cycles. 

PPy is another CP that attracts great attention due to its high conductivity, high theoretical 

capacitance, easy fabrication method, low cost and environmental friendliness. Compared 

to other CPs, PPy has higher mass density and better flexibility[62], which allow better 

performance in a smaller volume and can be adapted for different forms.  The outstanding 

advantages has allowed PPy to be applied in various fields including biosensors, drug 

delivery system[63], mechanical actuators[64], antielectrostatic coatings[65],  besides 

supercapacitor. However, due to the common poor cyclic stability problem of CPs, the 

application of PPy is limited. Strategies have been developed to solve these problems, 
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such as synthesize PPy with rationally designed morphology and nanostructure and 

combine PPy with carbon materials or metal oxides to enhance the ion diffusion rate, 

increase surface area and reduce volume change. Biswas and Drzal[66] reported a novel 

multilayered nanoarchitecture of graphene nanosheets and PPy nanowires electrodes, 

which exhibited enhanced charge transport within the electrodes due to the high 

electrolytic ionic accessibility of fibrous network PPy and highly conductive graphene. 

The composite was fabricated without binder and relied on the strong van der Waals force 

between highly aromatic graphene basal plane and ˊ conjugated PPy chains. The 

multilayered composite electrode showed high specific capacitance and good capacitance 

retention with 165 F g-1 at 1 A g-1 after 1,000 cycles. Liang et al.[67] fabricated single-

wall carbon nanotubes (SWNTs)@MnO2/PPy film achieving excellent electrochemical 

performance compared with SWNTs@MnO2 electrodes. It was reported that PPy can 

serve as a bridge between the MnO2 and SWNTs, which increased the electron transport 

efficiency. The obtained flexible hybrid film showed high specific capacitance of 353 F g-

1, high power density 39.7 Wh g-1 and high energy density 10 KW kg-1. 

2.5 Fabrication of PPy and PPy-based composites 

2.5.1 Properties of PPy 

PPy is a heterocyclic and positively charged CP with high conductivity, good 

electroactivity in organic electrolyte and aqueous solutions, nontoxic, biocompatibility, 

and environmental stability. These advantages has enabled PPy to be applied in various 

fields (supercapacitors, adsorbents, gas sensors, biosensors, drug delivery, actuator, etc.) 

with different forms and morphologies, such as nanoparticles[68], nanowires[66], 
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nanotubes[69], nanofiber[70], thin film[71], and sponge-like structure[72]. 

PPy is conductive due to the alternating single and double bonds. The ́-conjugated 

system allows the delocalized -́electrons to move freely within the PPy backbone and 

construct an electrical pathway for mobile charge carriers[73]. The degree of conductivity 

is related to the conjugation length, density and mobility of electrons, and the nature of 

charge carriers including solitons, polarons and bipolarons[74]. Moreover, the mechanism 

of electronic conduction has been proposed on the basis of quantum chemical theory. It 

was stated that conductivity not only results from the charge transfer along the polymer 

chains or between different conjugated segments in one chain, but also the electron 

hopping from chains to chains[75]. The non-degeneracy of PPy of the ground state 

produces structural defects in the polymer backbone, resulting in the alternating change in 

single and double bond[76]. The non-degenerate ground state configurations and charge 

carrier defects are shown in Figure 2-9. 
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Figure 2-9 Non-degenerate ground state configurations and charge carrier defects of 

PPy[77]. Used by permission. 

However, pure undoped PPy is an insulator with a large band gap of about 3.16 eV[78]. 

PPy can only be p-doped and is typically doped by single charge anions such as Cl-, ClO4
-

, SO3
-, or multiple charge anions like SO4

2-. It was reported that PPy doped with multiple 

charge anions can form crosslinks between polymer chains, which offer high ion 

diffusivity and porosity and lead to high capacitance[79]. During the doping process, PPy 

is oxidized, and a -́electron is removed from the neutral PPy chain. The structure of PPy 

changes from benzenoid (aromatic) form (Figure 2-9 (a)) to the quinoid form (Figure 2-9 

(b)). After that, a polaron (Figure 2-9 (c)) forms, and with further oxidation, the second ˊ-
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electron is removed and forms the doubly charged bipolaron (Figure 2-9 (d))[78, 80]. The 

conductivity of PPy can be influenced by many factors including type of oxidants, initial 

oxidant to pyrrole monomer ration, dopants, surfactants, polymerization temperature and 

procedures[81, 82].  

The stability of PPy belongs to the extrinsic stability, which is relevant to vulnerability to 

external environmental agents like oxygen and water. PPy can be attacked in the charged 

sites of polymers by the nature of electrophilicity and nucleophilicity. Due to the low 

oxidation potential of PPy, the redox reactions of PPy are more sensitive to the oxygen 

than other polymers that are more difficult to oxidise[83, 84]. PPy is also sensitive to 

moisture due to the leaching of counter ions, leading to a break of conjugation and the 

loss of conductivity. The nature of counter ions or dopants is the key factor in the 

properties of PPy, which not only affect the electrical conductivity and electroactivity, but 

also influence the general properties of the final product on chemical, morphological, 

mechanical properties, and thermal and environmental stability. It was found that PPy 

doped with arylsulfonates demonstrated good stability in inert atmospheres while less 

stable in dry or humid air[85], and PPy doped with tosylate anion was promising for 

enhancing the stability[86]. 

The electroactive behavior of PPy film is a redox reaction accompanied by the change of 

electrical properties from an insulating state to a conductive state[87]. The whole 

oxidation and reduction process involves electron transitions as well as mass transport 

process that are not involved in other redox systems[88].  
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Figure 2-10 Redox reaction of PPy containing releasable and un-releasable dopant 

counter ions[89]. Used by permission. 

Oxidation of pyrrole generates a charged polymer film with incorporated anions. When a 

sufficient negative potential is applied, the electroneutrality is obtained by the release of 

anions or incorporation of cations from electrolyte solution. Conversely, when positive 

potential is applied, the anions are inserted into the film, or cations are expelled to oxidise 

the neutral film[84, 89]. The reaction process is shown in Figure 2-10. For some 

immobilised polymeric dopants such as large surfactant anions and anionic 

polyelectrolytes, the incorporated dopants or counter ions can not be released during the 

reduction process[90]. In this case, the electroneutrality of PPy is conducted by the 

penetration of electrolyte cations into the PPy matrix. Therefore, the electrochemical 

behavior of PPy involves cations transport. The large polyanions can be trapped within 

the PPy matrix and entangle PPy chains, which lead to enhanced stability and mechanical 

strength of PPy film[87]. 

2.5.2 Fabrication methods of PPy and PPy-based composite 

PPy can be easily synthesized based on the oxidative polymerization of pyrrole monomer 
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in organic (e.g. acetonitrile[91] and propylene carbonate) and aqueous medium in the 

presence of oxidizing agents like FeCl3, (NH4)2S2O8. Chemical polymerization and 

electrochemical polymerization method has been widely applied for the preparation of 

PPy because of their facile process and capability of massive production. Other synthesis 

methods have also been developed, which include ultrasonic radiation[92], vapor phase 

polymerization (VPP)[93], electrospinning[94], microemulsion polymerization[95], 

mechanochemical polymerization[96], photopolymerization[97]. The advantages and 

disadvantages of PPy synthesis methods are summarized in Table 2-2. 

Table 2-2 Advantages and disadvantages of PPy synthesis methods[98]. Used by 

permission. 

Synthesis 

method 
Advantages Disadvantages 

Chemical 

polymerization 

-Simple and fast fabrication method 

-Efficient to produce bulk quantities in 

the form of dispersion, powder and 

coating 

-Difficult to obtain 

homogenous PPy with 

uniform structure 

-Produce very thick film 

and difficult to control the 

film thickness 

-Difficult to synthesize 

rigid insoluble polymers 

Electrochemical 

polymerization 

-High rates of accuracy and purity  

-Produces very thin films  

-Powerful method to modify CPs 

morphology and its electrochemical 

properties  

-Provide higher mechanical resistance 

and electrical conductivity to the 

produced films  

-High efficiency  

-Possible to deposit a doped PPy layer 

onto exposed photoactive area of 

substrate to avoid possible short circuits 

-Difficult to scale-up the 

process.  

-Some monomers are 

theoretically unable to 

electropolymerize  

-High oxidation potential 

could lead to overoxidation 

of the polymer  

-Costly and time-

consuming method 

2.5.2.1 Chemical polymerization method 

Chemical polymerization is an easy and fast process, by which bulk quantities of PPy 
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nanoparticles can be obtained. The conductivity, morphologies and other properties of 

final product are influenced by reaction conditions, including the nature of oxidants, 

concentration of solution components, initial concentration ratio of oxidant to monomer, 

reaction temperature and time. 

The possible mechanism of chemical polymerization of PPy is shown in Figure 2-11. In 

the initiation step, pyrrole monomers are oxidized, yielding a radical cation. 

Subsequently, the two generated radical cations couple with each other and form a 

bipyrrole after the deprotonation process. In the propagation process, the bipyrroles are 

oxidized again and couple with other radical cations to form oligomers. The process 

continues and results in the formation of higher oligomers and finally generates PPy. 

Many oxidants such as ammonium persulfate (APS), iron( ) chloride (FeCl3), hydrogen 

peroxide, ferric nitrate have been used for the synthesis of PPy. The solvent of the 

synthesis can be either acidic or organic such as water, chloroform, methanol, ethanol, 

aqueous HNO3, HCl, acetonitrile, tetra hydro furan, benzene and ethylene glycol. For 

example, zero-dimensional PPy nanoparticles were fabricated using FeCl3 as oxidant in 

the presence of nitric acid[99]. The method obtained PPy with a yield of 90% and the 

uniform globule morphology and narrow size distribution. The conductivity was as high 

as 39 S/cm as a result of the nanostructure and anionic surfactant sodium dodecyl sulfate 

(SDS). The specific capacitance was 398 F g-1 at the current density of 0.1 A g-1. One-

dimensional PPy nanotubes and nanofibers are also extensively studied due to their high 

conductivity and high capacitance. Yan et al.[100] prepared PPy nanotubes with methyl 

orange as dopant by a in-situ chemical polymerization method. The polymerization 
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parameters including concentrations of reactants, temperature and the types of solvents on 

the diameters of the nanotubes were investigated and optimized. The obtained PPy 

nanotubes showed stable diameter value of around 100 nm. The maximum capacitance of 

960 F g-1 was obtained at 0.5 A g-1, and the capacitance retention as about 97.1% after 

10,000 cycles. However, it should be noted that the mass loading of PPy nanotubes active 

material was 1 mg cm-2, which was not practical for the application. Xu et al.[101] 

reported novel hierarchical graphene/polypyrrole (GNS/PPy) nanosheet composites by 

adsorbing pyrrole monomers on the surface of GNS via ́ḯ  interactions, hydrogen bonds 

and Van der Waals forces and then was oxidized by APS and coated on GNS. The large 

surface areas and short electron transportation distance contribute to the superior 

performance of nanosheet composite with superior stability, high capacitance (318.6 F g-1 

at a scan rate of 2 mV s-1) and good capacitance retention. 
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Figure 2-11 Mechanism of chemical polymerization of PPy[73]. Used by permission. 

Shi et al.[102] developed a nanostructured PPy hydrogel via an interfacial polymerization 

method. The unique 3D porous nanostructure constructed by interconnected polymer 

nanospheres endows PPy hydrogels with good mechanical properties and high 

performance acting as supercapacitor electrodes with a specific capacitance of 380 F gī1 

and excellent rate capability.   

Most of the PPy chemical polymerization are low cost and simple, which shows great 

potential for scale-up production. However, the mechanism is not fully understood and 

itôs challenging to obtained homogeneous PPy with uniform structure.                                                                 

2.5.2.2 Electrochemical polymerization method 

Electrochemical polymerization is another synthesis method that offer unique advantages 

over chemical polymerization. High conductivity PPy can be obtained by in-situ 
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deposition on the electrode surface. The properties of PPy film including the mass, 

thickness and structures can be tuned by simply controlling the polymerization 

parameters, such as solvent, electric potential, current density, electrodeposition period, 

concentration of monomer and the nature of the substrate[103, 104]. In addition, the 

resultant PPy-coated electrode can be directly used for supercapacitors applications, while 

the resultant PPy from chemical polymerization require further impregnation on the 

current collector with binder. The mechanism of electrochemical polymerization is shown 

in Figure 2-12. 

 

Figure 2-12 electrochemical polymerization reaction of PPy[105]. Used by permission. 

where the A- represents the counter ions that incorporates into the polymer backbone to 

maintain the charge balance.  

The electrochemical performance of PPy can be determined by the electrolyte, because 

different counter ions have different charge and different doping level, resulting in 

different electrical conductivity. By varying substrate and supporting electrolyte, different 

structures can be obtained, such as nanowires, nanotubes, films, and 3D networks. 

PPy thin film can be synthesized by cyclic voltammetry (CV), galvanostatic and 

potentiostatic deposition methods. Li et al.[106] selected different substrates including 

gold, glassy carbon and ink-made carbon composite for PPy deposition via three 
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deposition methods. It was reported that the galvanostatic deposition method provided the 

highest electrochemical activity for the film, and the thin film with ink-made carbon 

composite substrate demonstrated the best performance. Wysocka-ŧoğopa and co-

worker[107] reported a soft-template one-step electrochemical polymerization method to 

fabricate PPy film with vertically aligned cone-like structures in aqueous solutions. They 

used NaClO4, NaBF4, NaCl, Na2SO4, NaNO3 as supporting electrolytes, 

polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate (SDS) as polymeric and anionic 

surfactants, respectively. The impact of different supporting electrolyte on the 

morphology of PPy were investigated, and it was found that the conical structures formed 

in the solutions containing ClO4
- and BF4

-, while irregular three-dimensional PPy film 

structure was found in other electrolytes. The influence of the concentration of surfactant 

on the PPy film was also investigated. The largest capacitance of 375 F g-1 was obtained 

for the film of cone-shaped PPy structures. Yang et al.[69] developed functional PPy 

nanotubes by a self-assembly electrochemical polymerization method in the presence of 

methyl orange (MO). MO fibrillar precipitate was formed by electric flocculation on the 

electrode in a neutral aqueous solution before the polymerization of pyrrole, which acted 

as a template for the growth of PPy nanotubes. The azo dye MO also played as a 

functional dopant. The resultant PPy-MO nanotubes showed high conductivity of 76 

S/cm. Chang et al.[108] synthesized electrochemically reduced graphene oxide (RGO) 

and PPy composite film by cyclic voltammetry method. A high capacitance of 424 F g-1 

was obtained and was attributed to the large accessible surface area from RGO for charge 

separation at the interface of electrode and electrolyte, as well as the pseudocapacitance 
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from PPy. 

Although electrochemical polymerization method offer several advantages such as 

homogenous PPy with uniform structure, precise control of PPy loading and procedural 

simplicity without the purification and separation of materials, the relatively high cost of 

scale-up production limits its application compared to chemical polymerization. 

2.6 Effect of dopants on the properties of PPy 

The overall performance of PPy can be improved by the selection of high-quality dopants. 

The morphology (size and shape), conductivity, capacitance, thermal stability[109], and 

mechanical strength[110] of PPy are influenced by the nature, the dimensions of dopants 

and the doping level[111].  

Relatively high conductivity of PPy can be obtained by using aromatic anionic 

dopants[112]. It was found that aromatic dopants promote orientation of pyrrole ring 

parallel to the electrode or grow surface and enhance PPy conductivity[113]. By altering 

the dopant anions, the electric conductivity of PPy can be improved by three orders of 

magnitude[114]. Particularly, anionic dopants containing multiple charged groups can 

provide links to different polymer macromolecules, increasing interchain mobility of 

charge carriers and thus increasing PPy conductivity[115]. A variety of materials have 

been chosen as dopants, such as dodecylbenzenesulfonic acid[116], p-toluenesulfonic 

acid[117] and naphthalene sulfonic acid[118]. Benzenesulfonic compounds have been 

extensively studied due to the strong ˊīˊ conjugate interactions between the aromatic 

ring and PPy chains[119]. It was found that the overlap of the electron cloud enhances the 

charge delocalization of PPy backbone, therefore, the charge transfer processes between 
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adjacent chains are facilitated, leading to improved conductivity[120]. In addition, the 

sulfonate group can enhance the intermolecular interactions of PPy and increase the 

solubility of dopants via hydrophilic interactions[121]. In addition, the investigation 

showed that aromatic dopants containing sulfonic anionic groups increase the 

conductivity of PPy film with increasing charge/mass ratio of the dopant molecules[122].  

The use of large dopant molecules offers advantages of their reduced movement during 

the charge-discharge process, thus reducing the PPy swelling and improving the cyclic 

stability[123]. Moreover, the increase in the size and charge to mass ratio of dopant 

molecules can reduce the size of PPy particles, reduce agglomeration, improve cyclic 

stability and increase capacitance[124]. 

Besides conductivity and capacitance, the microstructure of PPy can also be influenced 

by dopants[125]. The structure of anionic dopants affects the size and shape of PPy 

particles and the electrochemical performance of PPy by chemical polymerization 

method[117]. PPy nanoparticles, nanofibers, nanosheets and nanorods can be obtained by 

varying the dopant concentration[126]. 

2.7 Fundamental of magnetoelectric and magnetocapacitance phenomena 

The magnetoelectric effect allows for the coupling of electrical and magnetic properties, 

enabling the manipulation of magnetic characteristics through variations in the electric 

field, which realise the control of device functions[127]. The interest in magnetoelectric 

phenomena arises from its possibility of controlling the electrochemical process with a 

magnetic field. The magnetic field can influence the electrolyte flow, local pH, and 

electrochemical reaction rate. 
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The electromigration and diffusion process during the electrolyte transport are two 

important factors that impact the electrochemical reaction kinetics[128]. The diffusion 

process leads to the formation of Nernst diffusion layer and thus increasing its effect on 

the reactions[129]. In addition, the electrochemical reactions will change the local pH at 

the surface of both cathode and anode, which influence the product and electrochemical 

reactions rate[130]. The external magnetic field exerts influence on electrolyte transport 

and local pH by Lorentz force[131]: 

Ὂᴆ  ὠᴆ ὄᴆ ς ρπ 

where V represents the ion velocity, and B is the magnetic field. Lorentz force is zero 

when V and B are parallel to each other, and it reaches its maximum when V and B are 

perpendicular. In the presence of large magnetic field, Lorentz force can influence the 

flux of reactants and products, leading to the formation of convective flow, which 

facilitate the efficiency of electrochemical reactions[131]. The effect can be described as 

magnetohydrodynamic (MHD) theory, and the convective flow can be named as MHD 

flow. MHD flow can also reduce pH gradient at the surface of electrode, promoting the 

electrode reaction efficiency. The influence of MHD flow in the presence of magnetic 

field on electrolyte diffusion can be described by modifying Fickôs law[132]: 

ὐ Ὀ
‬ὅ

‬ὼ

ὲὊ

ὙὝ
 Ὀὅὺὄ ς ρρ 

Where J represents the net flux of electrolyte ions, C is the electrolyte concentration, D is 

diffusion coefficient, n is the number of electrons passing the electrode during the 

reaction, F is the Faradayôs number, RT represents the thermal energy. 
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The magnetocapacitance phenomenon occurs when the capacitance of a material changes 

in response to an external magnetic field applied to it, which can be described as follows: 

Ὄ  ςὐ ╢ ╢  ς ρς 

where H is the Heisenberg Hamiltonian, ╢  and ╢ are spin operators, J is the exchange 

integral. J > 0 indicates a ferromagnetic interaction, which tends to align the two spins 

parallel; J < 0 indicates a ferrimagnetic interaction, which tends to align the two spins 

antiparallel. The change of magnetic moments during the reaction of paramagnetic ions 

and the change of their interaction energy provides a platform for magnetoelectric 

coupling and magnetocapacitive behavior of MOPC[133]. 
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3. Problem statements and objective 

3.1 Problem statements 

The interest in developing PPy as an active material for supercapacitor electrodes is 

attributed to its high specific capacitance, high electrical conductivity, and low cost. One 

of the challenges of achieving good electrochemical performance of PPy-based bulk 

electrode is the requirement of high active mass loading, which must be > 10 mg cm-2 for 

practical applications[1]. Although high gravimetric capacitance has been reported using 

low mass loading, typically below 10 mg cm-2, the fabrication technology may not 

suitable for large-scale production. However, the increase in PPy mass loading leads to 

poor electrolyte access to the active material, resulting in increasing impedance and 

decreasing specific capacitance[2]. In addition, the high active mass loading can cause 

reduced capacitance retention at fast charge-discharge rate[3]. Another challenge limiting 

the application of PPy in supercapacitors is the poor cyclic stability. The swelling 

resulting from the anion exchange between PPy and electrolyte during the charge-

discharge process impairs cyclic stability[4]. Therefore, there is a demand for the 

development of novel materials and processing technologies for the fabrication of 

electrodes with high active mass loading. 

The development of anionic dopants for the synthesis of PPy have attracted extensive 

attention, because of the influence of dopants on the conductivity and capacitance of PPy. 

The conductivity of PPy can increase by three orders of magnitude by selecting high 

quality dopants[5]. It was reported that polyaromatic dopants can facilitate the fabrication 

of PPy and promote preferred orientation of the pyrrole ring parallel to the electrode or 
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growth surface and enhanced PPy conductivity[6]. Large polyaromatic molecules offer 

advantages of reduced movement during the cycling, which can reduce PPy swelling, 

improving PPy capacitance retention and cyclic stability. Dopants with multicharged 

groups can provide links within different chains and enhance the charge transfer[7]. The 

charge to mass ratio of aromatic dopants is also an important factor, and dopants with 

large charge to mass ratio can reduce the PPy particle size and reduce agglomeration, 

which enhance specific capacitance[3].  

Another strategy of solving these problems is the fabrication of PPy-multiwalled carbon 

nanotube (PPy-MWCNT) composite electrodes, which demonstrates enhanced cyclic 

stability, high conductivity, high porosity microstructure and surface area because of 

carbon nanotubes. However, MWCNTs are typically sold in tightly entangled micron-

sized agglomerates, which require good dispersion to take their advantages. Moreover, it 

should be noted that the specific capacitance of conductive additives MWCNTs is 

significantly lower than that of PPy[8], thus the amount of MWCNTs in the composite 

should be optimized and the dispersion of MWCNTs in the PPy matrix is important. It 

was found that acid treatment of MWCNTs allowed the fabrication of chemically 

functionalized MWCNTs[9], which showed better dispersion. However, the 

functionalization strategies introduce defects on the MWCNTs sidewalls and reduce 

conductivity of MWCNTs[10]. An important breakthrough is the discovery of dispersing 

agents, which offer advantages of high conductivity and low percolation limit of 

MWCNTs. Particular interest is molecules from catechol family, and bile acids and their 

salts. Catecholic molecules are natural phenolic compounds, that can be found in plants 
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and animals. The characteristics of a catecholic molecular structure is the benzene ring 

with two adjacent hydroxyl groups attached[11]. The non-covalent -́ˊ interaction 

between carbon rings and aromatic rings allows the adsorption of catecholic molecules on 

MWCNTs[12], leading to the dispersion of MWCNT. In addition, catecholic molecules 

also exhibit remarkable adhesion and stability within wide pH range, and they are able to 

form complexes with metal atoms on materials surfaces by OH group of the catechol 

ligands[13]. The mechanism of catecholic bonding with metals oxides involves chelating, 

inner sphere bridging, outer sphere bridging, and carboxylic adsorption[11]. Other 

functional groups may also play a role in adsorption. The adsorption of catecholic 

molecules facilitate the co-dispersion of MWCNTs and metal oxides and enhance their 

mixing. In addition, some molecules in the catechol family have other properties like 

pseudocapacitance, which can be applied as charge-transfer mediators for energy storage 

application[14]. Bile acids and their salts are another type of dispersing agents that are 

natural anionic surfactants and can be found in human bile[15]. The structure of bile salt 

is characterized by the steroid backbone, which contains a hydrophobic concave side and 

a hydrophilic convex side, leading to the unique amphiphilic chemical structure[16]. The 

adsorption of bile acids is based on the hydrophobic interactions of hydrophilic convex 

side of steroid bile acid backbones with MWCNTs. This kind of interactions allows for 

the dispersion of MWCNTs by the formation of a ring around MWCNTs, without 

changing the intrinsic electronic properties[12]. The solubility of bile acid and their salts 

is significant, which can be used for the fabrication and dispersion of composite materials 

containing MWCNTs. 
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In this case, an important task is the development of advanced dopants and dispersants for 

the fabrication of PPy-MWCNT composite electrodes. The use of polyaromatic dopants 

can offer benefits for PPy and may also serve as dispersants for MWCNTs due to their 

special functional groups.  

3.2 Objective 

Based on the above literature review, the overall objective of this research is to develop 

advanced PPy-based electrode materials for electrochemical supercapacitors. This long-

term objective can be achieved by the following short-term objectives: 

 ̧ Development of novel advanced anionic dopants for PPy and dispersants for 

MWCNT 

 ̧ Development of easy fabrication procedures of PPy nanoparticles through 

optimized chemical polymerization methods 

 ̧ Development of composites containing PPy, CNTs, and ferrimagnetic or 

ferromagnetic materials 

 ̧ Fabrication and electrochemical testing of advanced composite electrodes with 

optimized component ratio and high active mass loading, high capacitance and 

excellent cyclic stability 
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4.1 Abstract 

1-Diazo-2-naphthol-4-sulfonic acid (DNS), and sodium taurocholate (ST) are used as new 

anionic dopants-dispersants for the fabrication of polypyrrole (PPy) supercapacitor 

electrodes. The electrodes show ideal pseudocapacitive behavior with capacitances of 

4.89 and 4.77 F cm-2 for DNS and ST, respectively. Composites with high active mass of 

40 mg cm-2 containing ferromagnetic La0.8Sr0.2MnO3 (LSM) and conductive PPy are 

obtained. The approach of this investigation eliminates the problems of previous works 

on PPy-LSM composites related to the use of negative potential window and alkaline 

electrolyte. In contrast to previous works, the electrodes showed nearly ideal 

pseudocapacitive behavior in a neutral Na2SO4 electrolyte. Moreover, the composite 

electrodes showed significantly higher capacitances of 2.82 and 2.60 F cm-2 for DNS and 

ST, respectively, and enhanced capacitance retention at high charging rates. The 

composites combine advanced pseudocapacitive properties of PPy with high 

magnetization of ferromagnetic LSM. 

 

 

 

 

Key words: polypyrrole, dopant, manganate, ferromagnetic, composite, supercapacitor 
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4.2 Introduction 

Composites containing magnetic particles and conductive polymers, such as polypyrrole 

(PPy) and polyaniline (PANI), have generated significant interest for microwave 

adsorption, water purification, biosensors, drug delivery and electrocatalysis[1-3]. 

Especially promising are applications of such composites for energy storage in 

supercapacitors and capacitive deionization of water. The combination of 

pseudocapacitive and magnetic properties in materials has generated interest due to novel 

magnetoelectric (ME) phenomena. Such materials showed remarkable capacitance 

increase in magnetic field, improved cyclic stability, enhanced capacitance at fast 

charging speeds, electric potential controlled reversible on/off switching of magnetization 

at a remarkably fast speed of small electric signal, giant magnetoelectric coupling 

coefficient, significant shift of Curie temperature in electric field and other novel ME 

phenomena, which provide a platform for conceptually new applications[4].  

Composites containing PPy and ferromagnetic particles showed enhanced interface 

charge transfer, which led to increased pseudocapacitance and magnetization. PPy-

ferromagnetic La0.8Sr0.2MnO3 composites showed higher capacitance, compared to pure 

PPy[5]. Surface modification of La0.67Sr0.33MnO3 particles with PPy resulted in increased 

magnetization[6]. It was suggested that delocalized “-electrons of PPy were transferred to 

the outer disordered layer of La0.67Sr0.33MnO3. The electron transfer resulted in enhanced 

double exchange interactions and higher magnetization[6]. PANI-La2/3Sr1/3MnO3 

composites showed enhanced magnetoresistance[7]. Previous investigations of 

pseudocapacitive properties of La1-xSrxMnO3-PPy involved electrodes with low active 
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mass and were performed in the negative potential range in KOH electrolyte[5]. The 

important task is to achieve good electrochemical performance for practically important 

high active mass electrodes while avoiding PPy degradation in the negative potential 

range in alkaline electrolytes. 

The goal of this investigation was the fabrication of PPy- La0.8Sr0.2MnO3 electrodes with 

high active mass using advanced dopants-dispersants and investigation of 

pseudocapacitive performance in a neutral electrolyte.  

4.3 Experimental procedures 

La0.8Sr0.2MnO3 (LSM), Na2SO4, pyrrole, 1-diazo-2-naphthol-4-sulfonic acid (DNS), 

polyvinyl butyral (PVB), sodium taurocholate (ST), and ammonium persulfate (APS) 

were supplied by MilliporeSigma. Chemical polymerization was performed from 0.1 M 

pyrrole solutions, containing 0.01 M DNS or ST by adding 0.2 M APS solution at 4ÁC. 

Obtained PPy was washed and dried at 60ÁC. Multiwalled carbon nanotubes (CNT, 

Bayer) were used as conductive additives. Ni-foams (95% porosity, 1.5 mm thickness, 

Vale) were used as current collectors. Composite electrodes were obtained by 

impregnation of the current collectors from slurries, containing 80 mg PPy, 20 mg CNT 

and 3 mg PVB (PPy-CNT) or 40 mg PPy, 40 mg LSM, 20 mg CNT and 3 mg PVB (PPy-

LSM-CNT) in ethanol. The impregnated current collectors were dried and pressed to 25% 

of initial thickness. The experimental procedure is shown in Schematic 4-1. 
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Schematic 4-1 Experimental procedure of electrode fabrication. 

XRD testing was conducted with a diffractometer Bruker D8 Advance with Cu-KŬ 

radiation. Transmission electron microscopy (TEM) investigations were carried out with 

TALOS L102C instrument (Thermo Fisher Scientific). Magnetic measurements were 

performed using a Quantum Design SQUID magnetometer. The electrochemical testing 

cell for cyclic voltammetry (CV), impedance spectroscopy (EIS) and 

chronopotentiometry (CP) studies contained a saturated calomel electrode (SCE) 

reference, Pt mesh counter electrode and a composite working electrode in 0.5 M Na2SO4 

electrolyte. The equations used for the capacitance calculations from the experimental 

data, obtained using different techniques with SP300 Biologic potentiostat, were 

previously described[8].  

4.4 Results and discussion 

The conductivity and pseudocapacitive properties of PPy are influenced by dopants[9]. 

DNS and ST were tested as new dopants with advanced functionality for the fabrication 

of bulk PPy-CNT and PPy-LSM-CNT electrodes. Figure 4-S1 shows chemical structures 
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of DNS and ST. The aromatic structure of DNS promoted adsorption of this molecule on 

CNT and facilitated CNT dispersion. The chelating properties of DNS are important for 

adsorption on inorganic particles by bonding to surface metal atoms. ST belongs to the 

bile salt family of materials, which exhibit strong dispersion and solubilization properties 

due to their amphiphilic structure[10]. ST showed excellent dispersion of CNT 

suspensions in water. The 1 g L-1 CNT suspensions, containing 1 g L-1 ST were stable for 

over 1 year.  Preliminary testing results (Figure 4-S2) showed that higher capacitance can 

be achieved by dispersing CNT in pyrrole solutions before polymerization for improved 

mixing. Electrochemical testing was performed in the voltage window -0.5 - +0.4 V vs 

SCE. Preliminary testing results also showed that CNT content of 20% is optimal for 

obtaining the highest capacitance (Figures 4-S3-5). Moreover, good material utilization 

was evident from capacitance increase with increasing electrode mass (Figures 4-S6-8). 

The maximum mass loading for PPy-CNT electrodes for the fixed thickness of current 

collectors was limited to 35 mg cm-2. Figure 4-1 and 4-S9 show electrochemical testing 

results for PPy-CNT.  
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Figure 4-1 (A,B) CVs at scan rates of (a)2, (b)5, (c)10, (d)20 mV s-1, (C) capacitance 

versus scan rate, (D) Nyquist plot, (E,F) components of complex capacitance versus 

frequency, (G,H) chronopotentiometry data at (a)3, (b)5, (c)7, (d)10 mA cm-2, (I) 

capacitance versus current density for PPy-CNT electrodes with mass loading of 35 mg 

cm-2 prepared using (A), (C(a)), (D(a)), (E(a)), (F(a)), G, (I(a)) DNS and (B), (C(b)), 

(D(b)), (E(b)), (F(b)), H, (I(b)) ST. 

Nearly rectangular current-potential dependences were obtained. DNS and ST allowed 

high capacitances of 4.89 and 4.77 F cm-2, respectively, at 2 mV s-1. The electrodes 

prepared using DNS showed good capacitance retention with increasing charge-discharge 

rate. The capacitance of 1.96 F cm-2 was obtained at 100 mV s-1, which was significantly 

higher than that obtained using other polyaromatic dopants[9]. The high capacitance was 

achieved at a low impedance. The studies of frequency dependences of complex AC 

capacitance showed relatively high relaxation frequencies, which corresponded to 
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maxima in the imaginary components. CP data showed nearly ideal triangular shape of 

charge-discharge curves and obtained capacitances correlated with capacitances obtained 

from CV data. The high capacitance of the PPy-CNT composites and good capacitance 

retention at high charge-discharge rates pave the way for the fabrication of composites, 

containing LSM.  

Figure 4-2 shows results of LSM characterization. The XRD pattern of LSM shows peaks 

of perovskite.  

 

Figure 4-2 (A) XRD pattern, ǒ-peaks corresponding to JCPDS file 89-0648, (B) 

Magnetization versus magnetic field, (C, D) TEM images at different magnification for 
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LSM. 

Magnetic measurements confirmed ferromagnetic behavior of LSM, which showed a 

magnetization of about 37 emu g-1. TEM images at lower magnification showed particles 

with a typical size of 200-400 nm. However, at higher magnifications the particles were 

found to be agglomerates of smaller particles.  

Figure 4-3 and 4-S9 show electrochemical testing results for PPy-LSM-CNT electrodes. 

Due to the higher density of LSM, compared to that of PPy, the mass loading was 

increased to 40 mg cm-2 for the same electrode thickness. 

 

Figure 4-3 (A,B) CVs at scan rates of (a)2, (b)5, (c)10, (d)20 mV s-1, (C) capacitance 

versus scan rate, (D) Nyquist plot, (E,F) components of complex capacitance versus 

frequency, (G,H) chronopotentiometry data at (a)3, (b)5, (c)7, (d)10 mA cm-2, (I) 

capacitance versus current density for PPy-LSM-CNT electrodes with mass loading of 40 
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mg cm-2 prepared using (A), (C(a)), (D(a)), (E(a)), (F(a)), G, (I(a)) DNS and (B), (C(b)), 

(D(b)), (E(b)), (F(b)), H, (I(b)) ST. 

Pseudocapacitive properties of the composite electrodes were evident from the nearly 

rectangular CVs without obvious redox peaks, vertical lines of the Nyquist plots and 

triangular CP dependences. The PPy-LSM-CNT composites showed capacitances of 2.82 

and 2.60 F cm-2 at 2 mV s-1 and capacitance retention 43 and 40%, for DNS and ST, 

respectively. In comparison with high active mass PPy-CNT electrodes studied in 

previous work[9], we achieved significant improvement of capacitance retention, which is 

critically important for practical application. Another important finding was the ideal 

pseudocapacitive behavior, higher capacitance, enhanced capacitance retention and low 

impedance of PPy-LSM-CNT electrodes in Na2SO4 electrolyte, compared to previous 

studies[5] in alkaline electrolyte in negative window, which showed redox peaks in CV. 

The composite materials combine advanced pseudocapacitive properties of PPy and 

ferromagnetic properties of LSM. 

4.5 Conclusions 

The use of DNS and ST dopants-dispersants allowed the fabrication of bulk PPy-CNT 

electrodes with high capacitances of 4.89 and 4.77 F cm-2, respectively.  Such dopants-

dispersants facilitated the fabrication of PPy-LSM-CNT electrodes with capacitances of 

2.82 and 2.60 F cm-2 for DNS and ST, respectively. The high capacitance retention is 

promising for the fabrication of devices for operation at fast charge-discharge rates. In 

contrast to previous investigations performed in the negative potential range in KOH 

electrolyte, which can promote PPy degradation, higher capacitances of PPy were 

achieved in neutral electrolyte in a voltage window of -0.5-+0.4V vs SCE. Good 
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pseudocapacitive performance, high capacitance, good capacitance retention and low 

electrode impedance were achieved at high active mass loading.  The composite materials 

combine advanced pseudocapacitive properties of PPy with high magnetization of 

ferromagnetic LSM. 

4.6 Supporting information 

 

Figure 4-S1 (A) Chemical structures of (A) 1-Diazo-2-naphthol-4-sulfonic acid (DNS) 

and (B) sodium taurocholate (ST). 

 

Selection of anionic dopants 

The chemical structure of DNS contains two aromatic rings and offers advantages 

compared to monoaromatic dopants[11], such as Tiron and p-Toluene sulphonic acid 

sodium salt. It is known that the use of polyaromatic dopants offers benefits of higher PPy 

conductivity[9]. It was found that DNS facilitated dispersion of PPy particles and carbon 

nanotubes and allowed for their improved mixing. ST can be used not only as an anionic 

dopant for PPy, but also as a co-dispersant for PPy and carbon nanotubes[12-14]. The 

amphiphilic chemical structure of ST, containing hydrophobic and hydrophilic sides is 

beneficial for adsorption on PPy and carbon nanotubes [12-14], their co-dispersion and 

improved mixing.  
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Conductivity of PPy and LSM 

LSM exhibits metallic conductivity below Curie temperature, which results from 

Mn3+ƄOƄMn4+ ion hoping mechanism [15, 16]. The electrical conductivity depends on 

Sr content, it is typically[15, 17, 18] in the range of 10-100 S cm-1.The  electrical 

conductivity of LSM  is by 6 orders of magnitude higher than that of other advanced 

materials for supercapacitors, such as MnO2, which is the most promising  cathode 

materials for asymmetric supercapacitors for operation in neutral Na2SO4 or K2SO4 

electrolytes [19]. PPy is a conductive redox-active polymer, which exhibits a 

conductivity[20] of 10-200 S cm-1. The high electrical conductivity of PPy coupled with 

its redox properties makes this material very promising for energy storage in 

supercapacitors[20, 21]. 

Analysis of microstructure and morphology 

XRD studies showed peaks, corresponding to JCPDS file 89-0648 and confirmed the 

perovskite structure of LSM. XRD peak intensities and diffraction angles are in 

agreement with JCPDS file 89-0648.  

Magnetic measurements showed that LSM is a soft ferromagnetic material with 

magnetization of about 37 emu g-1. The magnetization of LSM results from double 

exchange interactions of Mn3+ and Mn4+ ions[15, 22-24]. TEM studies showed that as-

received LSM contained agglomerates with a typical size of 200-400 nm. The analysis of 

the agglomerates at higher magnification showed many small primary particles with a 

typical size 5-30 nm. The agglomeration of the primary LSM nanoparticles resulted from 

different factors, such as high surface area, Van der Waals and magnetic attraction forces. 
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Analysis of capacitive properties 

Areal (CS) and gravimetric (Cm) capacitances were derived from the CV data using the 

following equation:  

                                         ὅ
ȿ᷿ ȿȿ᷿ ȿ

                                      (S1) 

where DQ is charge, I-current and DU- the potential range, and from the the 
chronopotentiometry data: 

                                                                  C=IDt/DU                                                                (S2) 

The complex capacitance C*(ɤ) =Cǋ(ɤ) - iCǋǋ(ɤ) was derived at different frequencies (ɤ) 
from the complex impedance Z*(ɤ) =Zǋ(ɤ) + i Zǋǋ(ɤ): 
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The composite materials tested in this investigation showed nearly ideal capacitive 

properties at low charge-discharge rates.  The charge (q) of an ideal capacitor is a linear 

function of applied potential (U) and capacitance (C) is independent on the electrode 

potential: 

                                                                       q=CU                                                        (S5) 

The cyclic voltammograms (CV) of ideal capacitors exhibit a rectangular shape without 

redox peaks because charge/discharge currents (i) are time(t)-independent at a constant 

scan rate (dU/dt): 

                                                                i=dq/dt=CdU/dt                                              (S6) 

At the galvanostatic (i-constant) charge/discharge, the potential is a linear function of 
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time (Equation S6) and the chronopotentiometry charge-discharge curves exhibit a 

triangular shape. However, the CVs at high scan rates, such as 50 and 100 mV s-1 

deviated from rectangular shape and were tilted due to limited electrolyte access to the 

active material and increased resistance.  

 

Figure 4-S2 (A, B) CVs at scan rates of (a)2, (b)5, (c)10, (d)20, (e)50 and (f)100 mVs-1, 

(C) capacitance versus scan rate, (D) Nyquist plot, (E, F) components of complex 

capacitance versus frequency, (G, H) chronopotentiometry data at (a)3, (b)5, (c)7, (d)10 

mA cm-2, (I) capacitance versus current density for PPy-CNT electrodes with mass 

loading of 35 mg cm-2 prepared using ST by adding CNT (A), (C(a)), (D(a)), (E(a)), 

(F(a)), G, (I(a)) after and (B), (C(b)), (D(b)), (E(b)), (F(b)), H, (I(b)) before 

polymerization. 
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Figure 4-S3 (A-E) CVs at scan rates of (a)2, (b)5, (c)10, (d)20, (e)50 and (f)100 mVs-1, 

(F) capacitance versus scan rate for PPy-CNT electrodes with mass loading of 35 mg cm-2 

prepared using DNS as a dopant and containing (A) and (F(a))10, (B) and (F(b)) 15, 

(C)and (F(c))20, (D) and (F(d))25,  (E) and (F(e))30% CNT 

 

Figure 4-S4 EIS data: (A) Nyquist plot, (B, C) components of complex capacitance 

versus frequency for PPy-CNT electrodes with mass loading of 35 mg cm-2 containing 

(a)10, (b)15, (c)20, (d)25 and (e)30% CNT prepared using DNS as a dopant. 
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Figure 4-S5 Chronopotentiometry data: (A-E) charge-discharge at current densities of 

(a)3, (b)5, (c)7 and (d) 10 mA cm-2 and (D) capacitance versus current density for PPy-

CNT electrodes with mass loading of 35 mg cm-2 prepared using DNS as a dopant and 

containing (A) and (F(a))10, (B) and (F(b)) 15, (C)and (F(c))20, (D) and (F(d))25,  (E) 

and (F(e))30% CNT. 
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Figure 4-S6 (A-D) Cyclic voltammetry data : (A, C) CVs at scan rates of (a)2, (b)5, (c)10, 

(d)20, (e)50 and (f)100 mVs-1, (B, D) capacitance versus scan rate for PPy-CNT 

electrodes with mass loading of (A, B) 30 and (C, D) 35 mg cm-2 prepared using DNS as 

a dopant. 

 

Figure 4-S7 (A) Nyquist plot and (B, C) components of complex capacitance versus 

frequency for PPy-CNT electrodes with mass loading of (a) 30 and (b) 35 mg cm-2 

prepared using DNS as a dopant. 
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Figure 4-S8 (A-D) Chronopotentiometry data: (A, C) charge-discharge at current 

densities of (a)3, (b)5, (c)7 and (d) 10 mA cm-2 and (B, D) capacitance versus current 

density for PPy-CNT electrodes with mass loading of (A, B) 30 and (C, D) 35 mg cm-2 

prepared using DNS as a dopant. 
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Figure 4-S9 CVs at sweep rates of (a) 50 and (b) 100 mV s-1 for (A, B) PPy-CNT 

electrodes with mass loading of 35 mg cm-2 prepared using (A) DNS and (B) ST, (C, D) 

PPy-LSM-CNT electrodes with mass loading of 40 mg cm-2 prepared using (C) DNS and 

(D) ST. 
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Figure 4-S10 (A) Nyquist plot of the experimental data and simulation data for PPy-

LSM-CNT electrodes with mass loading of 40 mg cm-2 prepared using (a) DNS and (b) 

ST, (B) the equivalent circuit used for simulation study. 

 

The equivalent circuit was similar to that[25] developed for high active mass electrodes. 

ZSimpWin software was used for simulations. The electrodes prepared DNS and ST 

showed charge transfer resistances of 0.30 and 0.49 Ohms with lower charge transfer 

resistance for electrodes prepared DNS.  
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5. Charge storage properties of ferrimagnetic BaFe12O19 and polypyrrole ï 

BaFe12O19 composites 
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5.1 Abstract 

This investigation is motivated by interest in multiferroic BaFe12O19 (BFO), which 

combines advanced ferrimagnetic and ferroelectric properties at room temperature and 

exhibits interesting magnetoelectric phenomena. The ferroelectric charge storage 

properties of BFO are limited due to high coercivity, low dielectric constant and high 

dielectric losses. We report pseudocapacitive behavior of BFO which allows superior 

charge storage, compared to the ferroelectric charge storage mechanism.  The BFO 

electrodes show a remarkably high capacitance of 1.34 F cm-2 in a neutral Na2SO4 

electrolyte. The charging mechanism is discussed. The capacitive behavior is linked to 

beneficial effect of high energy ball milling (HEBM) and the use of efficient dispersant, 

which facilitates charge transfer. Another approach is based on the use of conductive 

polypyrrole (PPy) for the fabrication of PPy-BFO composites. The choice of new 

polyaromatic dopants with high charge to mass ratio plays a crucial role in achieving high 

capacitance of 4.66 F cm-2 for pure PPy electrodes. The composite PPy-BFO (50/50) 

electrodes show a capacitance of 3.39 F cm-2, low impedance, reduced charge transfer 

resistance, enhanced capacitance retention at fast charging rates and good cyclic stability 

due to beneficial effect of advanced dopants, HEBM and synergy of contribution of PPy 

and BFO. 

5.2 Introduction 

BaFe12O19 (BFO) is an advanced ferrimagnetic material for applications in magnetic 

recording media, microwave devices, sensors, transducers and electromagnetic 

shielding[1]. Moreover, magnetic properties of BFO were used for the development of 
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absorbents for the removal of various toxins from water[2].  BFO exhibits high 

magnetization and magnetic anisotropy, high Curie temperature of 723 K and a good 

maximum energy product value (BHmax)[3]. BFO shows superior magnetic hardness, 

compared to other hexaferrites.  Moreover,  BFO has high chemical stability, high 

electrical resistivity and corrosion resistance[1, 4]. The crystallographic unit cell of BFO 

contains 24 Fe3+ ions in three different crystallographic positions. The superexchange 

interactions result in a magnetic moment of 40 ɛB per unit cell. The high remanent 

magnetization and high coercivity of BFO were beneficial for the fabrication of hard 

magnetic composites, containing BFO particles in a polymer matrix[5, 6]. 

There is currently a surge of interest in electrical properties of BFO. The deformation of 

FeO6 octahedron in the BFO magnetoplumbite structure and off-center shift of Fe3+ ions 

results in polarization, which can be enhanced by doping[3]. Pure and doped BFO 

showed  multiferroic properties[7]. The spontaneous polarization of pure BFO was 

found[8] to be 48.0-49.5 ɛC cm-2. BFO showed[9] a decrease of the dielectric constant 

with increasing magnetic field and a magnetodielectric coupling coefficient of 13% at 

room temperature[9]. The application of electric field of 20 kV cm-1 to BFO resulted in 

remanent  magnetization decrease by 5-6 % and increase in magnetic coercive field by 6-

8%[9]. The magnetoelectric coupling in BFO resulted in magnetocapacitance of about 

4%[9]. A magnetic field induced polarization was also reported in this material[10]. BFO 

showed phase transformation from ferroelectric to antiferroelectric and from 

antiferroelectric to paraelectric phases at relatively high temperatures[10]. The 

combination of ferroelectricity and magnetism in materials offers possibilities for various 
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applications based on magnetoelectric effects[11]. Despite of high spontaneous 

polarization, the applications of BFO ferroelectric properties for capacitors presents 

difficulties due to its high ferroelectric coercive field of 441 kV cm-1,  low dielectric 

permittivity at room temperature and high dielectric losses[10]. However, BFO showed 

interesting redox properties, which can provide a platform for electrochemical charge 

storage[12] devices. BFO was investigated as a cathode material for magnesium 

batteries[12] and an anode material for lithium-ion batteries[13]. BFO is currently under 

investigation for electrical charge storage application in supercapacitors. The capacitance 

of graphene electrodes was increased by adding recycled BFO[14]. Various charge 

storage mechanisms of BFO were suggested, which involved oxygen defects and 

Fe2+/Fe3+/Fe4+ redox reactions[15]. The capacitive behavior of BFO was tested in KOH 

electrolyte and obtained electrodes showed relatively low capacitance of about 20 F g-1 

and high resistance[16]. Reduced resistance was reported for composites of BFO with 

conductive polyaniline polymer[17]. Moreover, the addition of BFO to polyaniline 

resulted in enhanced capacitance, compared to pure polyaniline in H2SO4 electrolyte[18].  

The high magnetization and pseudocapacitive properties of BFO make it a promising 

magnetically ordered pseudocapacitive (MOPC) material. It is in this regard that many 

MOPC materials[19], such as Fe3O4, ɔ-Fe2O3, CuFe2O4, NiFe2O4 and CoFe2O4, show by 

factor 106 higher capacitance, compared to multiferroics[19-25]. MOPC exhibit 

interesting effects related to coupling of electrochemical charge storage and magnetic 

properties. It was hypothesized that the use of MOPC materials can address problems 

related to development of high active mass supercapacitors with advanced energy-power 



M.A.Sc. Thesis ï Silin Chen; McMaster University ï Materials Science & Engineering 

93 

 

characteristics for operation at fast charging speeds[19]. The high magnetization and high 

coercivity of BFO are beneficial for creation of local magnetic fields in high active mass 

electrodes, containing small BFO particles. In this case, magnetohydrodynamic effect[19] 

can facilitate ion access to the electrode surface and improve capacitive properties at fast 

charging rates. Moreover, MOPC materials offer advantages for magnetic field enhanced 

energy efficient capacitive deionization devices. However, limited progress was achieved 

in the application of BFO for supercapacitors. 

The goal of this investigation was the development of advanced BFO and BFO-

polypyrrole (PPy) electrodes with high active mass loading for energy storage in 

supercapacitors. PPy is a conductive redox active polymer, which is used for many 

advanced energy storage and catalytic applications[26-31]. This polymer and its 

composites exhibit good charge storage properties, which are especially important for 

supercapacitors[31, 32]. The approach developed in this investigation offers benefits of 

the use of neutral Na2SO4 electrolyte. High capacitance of BFO (1.34 F cm-2) was 

achieved using high energy ball milling (HEBM) and gallocyanine (GCA) as an advanced 

dispersant. The catechol group of GCA facilitated its adsorption on BFO particles, 

whereas the electric charge of this molecule allowed electrostatic dispersion.  Moreover, 

the GCA molecule exhibits valuable redox properties, which were used to facilitate 

charge transfer. New anionic dopants, such as 1,3,(6,7)-naphthalenetrisulfonic acid 

trisodium salt hydrate (NTS), 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt hydrate 

(PTS) were tested for the fabrication of PPy-NTS and PPy-PTS electrodes with high 

capacitance of 4.66 F cm-2 and the influence of the dopant structure on capacitance was 
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analyzed. The composite electrodes, containing BFO and PPy showed a capacitance of 

3.39 F cm-2, good capacitance retention at fast charge/discharge rates and low impedance 

due to the synergy of contributions of the individual components. 

5.3 Materials and Methods 

5.3.1 Materials 

Pyrrole (Py), BaFe12O19, gallocyanine (GCA), 1,3,(6,7)-naphthalenetrisulfonic acid 

trisodium salt hydrate (NTS), 1,3,6,8-pyrenetetrasulfonic acid tetrasodium salt hydrate 

(PTS), ammonium persulfate (APS) and polyvinyl butyral (PVB) were purchased from 

Millipore Sigma (Canada). MWCNT (diameter 13 nm, length 1-2 ɛm) were provided by 

Bayer (Germany). Ni foam current collectors with 95% volumetric porosity were supplied 

by Vale (Canada). Py was stored in a fridge at 4  before use. All chemicals were used as 

received without further purification. BFO was high-energy ball milled using a Mixer 

Mill MM 500 Nano (Retsch GmbH, Haan, Germany) for 2 h at a frequency of 15 Hz. 

After the milling process, the material was washed with ethanol and dried. 

5.3.2 Synthesis of PPy 

PPy was prepared by a chemical polymerization reaction with APS as the oxidant at 4 . 

Synthesis of PPy, doped with NTS (PPy-NTS) or PTS (PPy-PTS) involved preparation 

100 mL of 1 mM NTS or 1 mM PTS solutions, containing 10 mM Py in DI water at 4 , 

stirring for 10 min, and slowly adding 50 mL of 0.2 M APS solution in DI water. The 

resultant mixture was subsequently allowed to react during 2 h at 4 . The precipitated 

PPy materials were filtered and washed with 1 L DI water. The obtained powders were 

dried at 60  for 12 h. 
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5.3.3 Electrode fabrication 

All electrodes tested in this investigation contained active materials (AM) and MWCNT 

in a mass ratio AM:MWCNT=4:1. Various AM, including as-received BFO, HEBM 

BFO, PPy-NTS,  PPy-PTS and composite powders of BFO and PPy-NTS, BFO and PPy-

PTS,  HEBM BFO and PPy-NTS, HEBM BFO and PPy-PTS were mixed with MWCNT 

in ethanol, containing dissolved PVB for the preparation of slurries for impregnation of 

current collectors and fabrication of electrodes BFO-E, HEBMBFO-E,  PPy-NTS-E,  

PPy-PTS-E, BFO-PPy-NTS-E, BFO-PPy-PTS-E,  HEBMBFO-PPy-NTS-E, HEBMBFO-

PPy-PTS-E, respectively. The mass ratio of BFO or HEBM BFO to PPy-NTS or PPy-

PTS was 1:1.  

In another approach, BFO or HEBM BFO were mixed with MWCNT in ethanol 

containing GCA dispersant and PVB for the preparation of slurries for impregnation of 

current collectors and fabrication of electrodes BFO-GCA-E and HEBMBFO-GCA-E.  

The mass ratio of GCA: (AM+MWCNT) was 0.02. The mass ratio of PVB to 

(AM+MWCNT) was 0.03 all the slurries. 

The slurries were ultrasonically agitated before the impregnation of current collectors. 

After drying, the impregnated current collectors with initial thickness of 1.6 mm were 

pressed to a final thickness of 0.5 mm.  The mass of the impregnated material was limited 

to 0.035 g cm-2 for PPy-NTS-E and PPy-PTS-E due to low density of PPy. For other 

electrodes of the same thickness the mass of the impregnated material was 0.040 g cm-2. 

5.3.4 Characterization methods 
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XRD studies were conducted using a Bruker D8 Advance diffractometer with Cu-KŬ 

radiation. TALOS L102C microscope (Thermo Fisher Scientific) was used for 

transmission electron microscopy (TEM) investigations. Magnetic investigations were 

carried out with a Quantum Design SQUID magnetometer.  The electrochemical testing 

cell for chronopotentiometry (CP), cyclic voltammetry (CV), and AC electrochemical 

impedance spectroscopy (EIS) studies contained a saturated calomel electrode (SCE) as a 

reference, Pt mesh counter electrode and a working electrode in 0.5 M Na2SO4 

electrolyte. EIS studies were performed at amplitude of AC signal of 5 mV. The 

equations used for the capacitance calculations from the CP, CV and EIS data  with 

SP300  Biologic potentiostat, were previously described[33]. 

Areal (CS) and gravimetric (Cm) capacitances were derived from from the CV data using 

the following equation:  

ὅ
ῳὗ

ῳὟ

ȿ᷿ ὍὨὸȿ ȿ᷿ ὍὨὸȿ

ςὟ
υ ρ 

where DQ is charge, I-current and DU- the potential range, and from the the 

chronopotentiometry data: 

ὅ
ὍDὸ

DὟ
υ ς 

The complex capacitance C*(ɤ) =Cǋ(ɤ) - iCǋǋ(ɤ) was derived at different frequencies (ɤ) 

from the complex impedance Z*(ɤ) =Zǋ(ɤ) + i Zǋǋ(ɤ): 
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5.4 Results and discussion 

Figure 5-1A presents X-ray diffraction pattern of BFO. The diffraction angles of the 

peaks and peak intensities are in agreement with JCPDS file 39-1433. Magnetic 

measurements (Figure 5-1B) confirmed hard ferrimagnetic properties of this material, 

which showed a remanent magnetization of about 50 emu g-1 and coercive field of 0.6 T. 

As pointed out above, the use of hard magnetic materials offers advantages for 

supercapacitor devices for energy storage and magnetically enhanced capacitive water 

deionization[19]. BFO particles are usually monodomain at particle size below a critical 

value of about 460 nm[4]. Therefore, permanent magnetic moment of small BFO particles 

can facilitate ion transport due to magnetohydrodynamic effects[19]. TEM studies 

showed that BFO particles were agglomerated due to Van der Waals and magnetic 

attraction forces. The agglomerates contained large particles with a size of 200-500 nm 

and smaller particles of about 50 nm (Figure 5-1C, Figure 5-S1). It was hypothesized that 

HEBM and the use of a dispersant can improve electrochemical behavior of the 

electrodes containing BFO. Figure 5-1D indicates that HEBM resulted in elimination of 

large particles with size above 100 nm. The particle size reduction can be beneficial for 

fabricating electrodes with enhanced capacitance. However, investigations of different 

materials did not show correlation between electrochemical capacitance and BET surface 

area[34-36]. 
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Figure 5-1 (A) X-ray diffraction pattern (ǒ ï peaks corresponding to JCPDS file 39-

1433), (B) magnetization (M) versus magnetic field (H) for as-received BFO, (C, D) 

TEM images of (C) as-received and (D) HEBM BFO. 

Figure 5-2A shows a chemical structure of GCA (see experimental section for 

abbreviations for different materials), which was used as a dispersant for BFO and 

multiwalled carbon nanotubes (MWCNT, described in Materials and Methods section), 

which were used as conductive additives. GCA is a polyaromatic cationic molecule, 

containing a catechol group. It was found that GCA allowed enhanced dispersion of BFO 

and MWCNT in ethanol. Previous investigations[37] showed that as-received MWCNT 

contained large agglomerates with a typical size of 200-500 ɛm. The dispersion of 

MWCNT is critical for their application as conductive additives and utilization of 
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relatively low percolation limit of MWCNT. Figure 5-2B illustrates the suggested 

mechanism of GCA bonding to the Ba or Fe atoms on the BFO surface, which involves a 

catechol group. This mechanism was reported for other catecholate molecules, it 

resembles the mechanism of strong bonding of mussel proteins, containing catechol 

groups to inorganic surfaces[38]. The analysis of literature[39] indicated that non-

covalent -́  ́ interactions allowed GCA adsorption on MWCNT. The cationic GCA 

facilitated co-dispersion of BFO and MWCNT and their enhanced mixing. Moreover, 

GCA is a redox active molecule (Figure 5-2C), which can act as a charge-transfer 

mediator for electrochemical reactions [40]. However, due to low redox charge to mass 

ratio and small amount of GCA used, the direct contribution of this molecule to 

capacitance is negligibly small. The interest in application of catecholate molecules as 

charge transfer mediators for supercapacitors is motivated by their application as charge 

transfer mediators for anodic electropolymerization [41-43] and photovoltaic devices 

[44]. 
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Figure 5-2 Schematics of (A) GCA structure, (B) GCA bonding to BFO, involving 

surface atoms (M= Ba or Fe), (C) GCA redox reaction, (D) NTS structure and (E) PTS 

structure. 

Figure 5-3 compares cyclic voltammetry (CV) data for different electrodes, such as BFO-

E, BFO-GCA-E, HEBMBFO-E, and HEBMBFO-GCA-E. The BFO-E and BFO-GCA-E 

electrodes contained as-received BFO as an active material. The HEBMBFO-E, and 

HEBMBFO-GCA-E electrodes contained high energy ball milled BFO. GCA was used as 

a dispersant for as-received BFO and high energy ball milled BFO for preparation of 

BFO-GCA-E and HEBMBFO-GCA-E electrodes (see also experimental section for 

abbreviations of different electrodes). The CVs for BFO-E at different sweep rates 

showed significant reduction of current with increasing potential from -0.8 to 0 V versus 

saturated calomel electrode (SCE) (Figure 5-3A). In contrast, BFO-GCA-E showed 

enhanced current in the range above -0.4 V and improved CV shape (Figure 5-3B). 
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Significant increase in current was observed for HEBMBFO-E, which indicated a higher 

capacitance of such electrodes (Figure 5-3C).  Further increase in current was observed in 

investigation of HEBMBFO-GCA-E (Figure 5-3D).  The porous microstructure of such 

electrodes (Figure 5-S2) was beneficial for electrolyte diffusion and electrolyte access to 

the active material.  

The analysis of chronopotentiometry (CP) data (Figure 5-4) in the same potential range 

showed that charge and discharge times increased in an order BFO-E < BFO-GCA-E < 

HEBMBFO-E < HEBMBFO-GCA-E, which indicated capacitance increase.  The shapes 

of CP curves were close to triangular and symmetric. The capacitances were calculated 

from CV and CP data and presented in Figure 5-5 and in Table 5-S1, S2. 

The capacitance increased in order BFO-E < BFO-GCA-E < HEBMBFO-E < 

HEBMBFO-GCA-E for all sweep rates and current densities. Therefore, the testing 

results show beneficial effects of HEBM and GCA. BFO-E electrodes, prepared using as-

received BFO showed capacitances of 0.15 F cm-2 at 2 mV s-1 (or 0.16 F cm-2 at 3 mA 

cm-2). The use of GCA resulted in capacitances of 0.32 F cm-2 at 2 mV s-1 (or  0.30 F cm-2 

at 3 mA cm-2) for BFO-GCA-E. HEBM showed a stronger effect on capacitance. The 

capacitances of HEBMBFO-E and HEBMBFO-GCA-E were found to be 1.00 F cm-2 at 2 

mV s-1 (or 1.08 F cm-2 at 3 mA cm-2) and 1.34 F cm-2 at 2 mV s-1 (or 1.43 F cm-2 at 3 mA 

cm-2), respectively. The capacitances of HEBMBFO-E and  HEBMBFO-GCA-E are 

comparable with capacitances of other advanced supercapacitor materials for negative 

electrodes at similar active mass loadings[33]. For example, nanostructured ferrimagnetic 

ɔ-Fe2O3 showed a capacitance of 1.53 F cm-2. As pointed out above, the electrochemical 
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capacitance of supercapacitor materials is superior to the capacitances of ferroelectric and 

multiferroic materials. Taking into account the literature data[9] for dielectric permittivity 

of BFO, the capacitance related to the ferroelectric mechanism is about 10-11 F cm-2.  

 

Figure 5-3 CVs for (A) BFO-E, (B) BFO-GCA-E, (C) HEBMBFO-E, and (D) 

HEBMBFO-GCA-E at sweep rates of (a) 2, (b) 5, (c) 10, (d) 20, (e) 50, and (f) 100 mV s-

1. 
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Figure 5-4 CP data for (A) BFO-E, (B) BFO-GCA-E, (C) HEBMBFO-E, and (D) 

HEBMBFO-GCA-E at current densities of (a) 3, (b) 5, (c) 7, and (d) 10 mA cm-2. 

 

Figure 5-5 Capacitance (A) versus CV sweep rate and (B) versus CP current density for 

(a) BFO-E, (b) BFO-GCA-E, (c) HEBMBFO-E, and (d) HEBMBFO-GCA-E electrodes. 

The charge storage properties of HEBMBFO-E and  HEBMBFO-GCA-E were analyzed 

using equation[45]: 

                       Ὥ ὥ’ υ υ 

where i -current, ɜ ï CV sweep rate, a and b - parameters. Parameter b=1 for pure double 

layer capacitive response and b=0.5 for pure battery behavior. Literature data analysis for 
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different materials [46-50] shows that electrodes with 0.5<b<1 exhibit a mixed battery 

and capacitive response. The capacitive behavior is dominant for 0.8<b<1. The parameter 

b was found to be 0.94 and 0.97 for HEBMBFO-E and HEBMBFO-GCA-E electrodes 

and indicated their pseudocapacitive response. Considering advanced magnetic properties 

of BFO and its pseudocapacitive properties, this material can be considered as a 

MOPC[19] material.  

The charge storage mechanism of BFO can be described by the following equation: 

ὄὥὊὩ ὕ Ὡ‏   ὔὥᴾὄὥὊὩ‏   ὊὩ  ὕ ὔὥ υ φ 

Figure 5-6 and Table 5-S3 show results of EIS study of the BFO-E, BFO-GCA-E, 

HEBMBFO-E, and HEBMBFO-GCA-E electrodes. The use of GCA resulted in lower 

resistances. BFO-GCA-E showed lower real parts of impedance, compared to BFO-E at 

the same frequencies and HEBMBFO-GCA-E electrodes showed lower real parts of 

impedance, compared to HEBMBFO-E. The lower real part of impedance indicated lower 

resistance, which is beneficial for energy storage in supercapacitors. It is in agreement 

with literature data, which indicates that GCA can act as a charge-transfer mediator for 

electrochemical reactions [40] and facilitate charge transfer. However, HEBM resulted in 

higher resistance. HEBMBFO-E showed higher resistances compared to BFO-E at the 

same frequencies, whereas HEBMBFO-GCA-E showed higher resistances, compared to 

BFO-GCA-E. 

BFO-GCA-E showed the highest AC capacitance at frequencies below 1 Hz and 

relatively high relaxation frequency, corresponding to the maximum of the imaginary 

component at ~0.6 Hz.  HEBMBFO-GCA-E electrodes showed higher capacitance 
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compared to BFO-E and HEBMBFO-E.  The problem of higher resistance of HEBM 

BFO was addressed by the use of composites with conductive PPy polymer. 

PPy electrodes were prepared using new anionic polyaromatic dopants, such as NTS and 

PTS. Previous investigations[51, 52] highlighted benefits of polyaromatic dopants for the 

fabrication of PPy with enhanced conductivity. Figure 5-2D, E show chemical structures 

of the polyaromatic dopants selected for this study. The chemical structure of NTS and 

PTS contain 3 and 4 anionic SO3
- groups, respectively, bonded to the carbon atoms of the 

aromatic rings. It is known that multiple anionic groups of the dopants can potentially be 

involved in doping of different polymer chains[53], enhancing the interchain mobility of 

charge carriers and improving the electrical conductivity of PPy. Another important 

parameter for the selection of dopants for PPy application in supercapacitors is charge to 

mass ratio[52], which is higher for NTS, compared to PTS. Figure 5-7 shows 

electrochemical testing results for PPy-NTS-E and PPy-PTS-E electrodes, prepared using 

NTS and PTS dopants, respectively. 

 

Figure 5-6 EIS data for (a) BFO-E, (b) BFO-GCA-E, (c) HEBMBFO-E and (d) 

HEBMBFO-GCA-E: (A) complex impedance presentation in Nyquist plots, (B, C) 

components of complex capacitance versus frequency. 
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Figure 5-7 (A, B) CVs at sweep rates of (a) 2, (b) 5, (c) 10, (d) 20, (e) 50, and (f) 100 mV 

s-1, (C) capacitance calculated from CVs versus sweep rate, (D-F)  EIS data, (G, H) CP 

data at current densities of (a) 3, (b) 5, (c) 7, and (d) 10 mA cm-2 and (I) capacitance  

calculated from CP data versus current density for (A), (C(a)), (D(a)), (E(a)), (F(a)), (G), 

I(a) PPy-NTS-E and (B), (C(b)), (D(b)), (E(b)), (F(b)). (H), I(b) PPy-PTS-E. 

The electrochemical studies did not show redox peaks in the CVs (Figure 5-7A, B). The 

capacitances at 2 mV s-1 were found to be 4.53 and 4.66 F cm-2 for PPy-NTS-E and PPy-

PTS-E. PPy-PTS-E showed better capacitance retention at high sweep rates (Figure 

5-7C). EIS data showed lower resistance of PPy-PTS-E, compared to PPy-NTS-E (Figure 

5-7D). Moreover PPy-PTS-E showed higher real component of complex capacitance 

(Figure 5-7E).  The relaxation frequencies were found to be 0.02 and 0.08 Hz for PPy-

NTS-E and PPy-PTS-E, respectively (Figure 5-7F). The analysis of CP data (Figure 






















































































