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Lay Abstract 

The global power demand has been increasing rapidly since the advent of the industrial era, 

unfortunately human civilization has mostly relied upon fossil fuels to provide the necessary 

energy for the function of society resulting in vast quantities of greenhouse gases being released 

into the atmosphere, having a global warming effect on the planet. Recently renewable energy 

production technologies have been developed but many are intermittent in nature and require 

efficient energy storage devices to properly hold that energy. Additionally, with countless 

industries requiring varying quantities of energy or power, the solution for adequate energy storage 

is a complex multifaceted one that cannot be solved by one energy storage technology alone. For 

this reason, additional energy storage technology must be developed. The main goal of this work 

is to develop electrochemical capacitor (ECs) technology, an energy storage solution with greater 

capacitance retention, cycle stability and cycle lifetime attributes at high charge-discharge rates 

relative to current battery technology, meaning that ECs can outperform batteries in high power 

demand applications such as; regenerative breaking, hand-held power tools, heavy construction 

equipment and even the large energy fluctuations associated with grid level energy storage. 

Materials with novel magnetic properties were explored to be developed for high active mass 

loaded electrodes using advanced nano-materials preparation techniques to enhance capacitance. 

Doing so increased the performance of these energy storage devices drastically, overcoming the 

poor intercalation attributes associated with high active mass loaded electrodes, making them 

viable for practical energy storage applications.  
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Abstract 

The enhanced cycle stability, cycle lifetime, capacitance retention, and power densities of 

electrochemical capacitors make them an increasingly attractive option for modern energy storage 

needs, including grid level energy storage systems, mobile electronics, heavy construction 

equipment, military communication devices, power tools, public transportation, electric vehicles 

and capacitive water deionization systems to name a few.  Recently, materials that displayed 

magnetoelectric coupling phenomena leading to enhanced magneto-capacitive properties are of 

particular interest, specifically ferrimagnetic spinels and hexagonal ferrites. This thesis is aimed at 

improving the capacitive performance of NiFe2O4 (NFO) and SrFe12O19 (SFO) based magnetically 

ordered pseudocapacitor electrodes by elucidating the effects of various nanomaterials preparation 

techniques on capacitance. The nanomaterials preparation techniques explored in this body of 

work include the addition of biomimetic dispersing agents, application of high energy ball milling, 

and forming composites using n-doped conducting pseudocapacitive polypyrrole polymers. 

Project 1 explored how the addition of gallocyanine dye (GCD) dispersing agent affects the 

capacitance of NFO. Additionally, the effects of the high energy ball milling (HEBM) process on 

capacitance were explored and these results were combined with the optimized gallocyanine dye 

results. Lastly NFO composites with Tiron-doped PPy were prepared at varying mass ratios and 

combined with optimized HEBM results to achieve the best capacitance results. Project 2 utilized 

the optimized GCD mass ratios with HEBM to enhance the capacitance of SFO.  Tiron doped PPy 

was used with HEBM SFO at varying mass ratios to achieve the best performing composite 

electrode. Lastly, the best electrode composition from project 2 was used as anode in an aqueous 
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asymmetric cell using MnO2 as the cathode, proving to be a viable anode chemistry in practical 

electrochemical capacitor applications.  
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1. Introduction 

Since the advent of the industrial era, humanity has incessantly produced vast quantities of 

greenhouse gas emissions. Recently the global reliance on fossil fuels has resulted in over 30 

billion tons of CO2 emissions per year among other gases with high warming potential [1]. The 

short wavelength high energy photons from the sun warm the earth's surface, and the earth 

dissipates this heat as long wavelength infrared photons. CO2 acts as an insulating gas as it has a 

different refractive index for infrared photons than other gases in the atmosphere. This causes the 

infrared light being reflected from earth to become trapped in the atmosphere refracting for longer 

than it would with other gases. Heat that can’t escape slowly increases the global average 

temperatures causing a butterfly effect that exacerbates the greenhouse gas effect and will 

eventually wreak havoc on our ecosystems [2]. Realizing this, there has been a worldwide shift to 

renewable or carbon neutral energy sources many of which have intermittent energy production 

properties such as wind, solar and tidal.  

The intermittent nature of these energy sources makes it difficult to integrate into the 

energy grid, meaning that there needs to be an intermediate energy storage step so that the energy 

can be released in predictable, controllable time frames. To achieve this, research and development 

into new innovative energy storage technology must be developed so that these renewable energy 

sources can be connected to energy storage systems such as large-scale battery and electrochemical 

capacitor systems. Currently the largest capacity of energy is stored using pumped hydro making 

up around 96% of the world’s total energy storage at 1310 GW [3], however global battery storage 

will eventually overtake pumped hydro due to their superior energy storage efficiency. Modern 

batteries are great at storing large amounts of energy due to high energy densities; however, they 
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are not well equipped to handle high power fluctuations over long cycle times that would be 

associated with intermittent energy storage systems. The high-power input may stress the batteries 

leading to a reduction in health and cycle life.  

Electrochemical capacitors are energy storage devices of interest to complement battery 

technology, as can be seen in Figure 1.1, electrochemical capacitors can be used to bridge the gap 

between conventional high power density capacitor technology and high energy density battery 

technology, allowing for a wide range of applications. Electrochemical capacitors have long cycle 

lifetimes being able to last for 105-106 cycles for EDLCs and on the scale of 103 to 104 for 

pseudocapacitors, much higher scales than modern day lithium-ion batteries 103-3∙103 [4, 5]. ECs 

also display increased capacitance retention at higher charge and discharge rates, giving them a 

greater ability to handle high power applications. By using them in tandem with battery systems 

ECs can protect them by handling the high-power fluctuations and releasing the energy to batteries 

at the optimal charge rate to effectively store grid level energy. ECs can also be used as mobile 

energy storage devices for a plethora of technology such as flashlights, construction equipment, 

public transportation systems, electric vehicles and as water filters in capacitive water deionization 

systems.  
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Figure 1.1 Ragone plot displaying energy density vs power density of various energy storage 

technologies [6]. Reproduced (adapted) with permission from A. Muzaffar, M.B. Ahamed, K. 

Deshmukh, J. Thirumalai, A review on recent advances in hybrid supercapacitors: Design, 

fabrication and applications, Renewable and Sustainable Energy Reviews 101 (2019) 123-145. 

 

ECs are generally fabricated with parallel electrodes separated by an electrolyte to enable 

the storage of energy. The electrodes consist of active materials which facilitate the storage of 

charge and current collectors that transfer electrons through the external circuit. There exists an 

electrolyte between the two electrodes to allow for the transfer of charges from anode to cathode 

during discharging and vice versa during charging. A crucial component of EC construction is the 

semipermeable membrane within the electrolyte which possesses high electronic resistivity and 

high ionic conductivity to facilitate the motion of ions between the electrodes during discharging, 

while blocking the transfer of electrons between electrodes, protecting the cell against a short 

circuit during operation. Electrochemical capacitors can be divided into 3 main categories: 

electrical double layer capacitors, pseudo capacitors, and a combination of the two called hybrid 

capacitors [7]. 
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Figure 1.2 Electrochemical capacitor category chart [7]. Reproduced (adapted) with permission 

from K.O. Oyedotun, J.O. Ighalo, J.F. Amaku, C. Olisah, A.O. Adeola, K.O. Iwuozor, K.G. 

Akpomie, J. Conradie, K.A. Adegoke, Advances in Supercapacitor Development: Materials, 

Processes, and Applications, Journal of Electronic Materials 52(1) (2022) 96-129. 

 

 

Electrical double layer capacitors (EDLCs) store charge electrostatically on the surface of 

electrodes in the Helmholtz double layer, their enhanced surface area properties allow for 

increased charge storage properties resulting in larger energy densities than that of the traditional 

parallel plate capacitor. Pseudocapacitors store energy faradaically in fast redox reactions 

throughout the bulk of active material such that it mimics the thermodynamic charge storage 

behaviour of EDLCs hence the name “pseudo”capacitance.  
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Figure 1.3 Energy storage mechanisms of EDLCs and PCs [8].  Reproduced (adapted) with 

permission from M. Huang, F. Li, F. Dong, Y.X. Zhang, L.L. Zhang, MnO2-based 

nanostructures for high-performance supercapacitors, Journal of Materials Chemistry A 3(43) 

(2015) 21380-21423. 

   

The goal of this thesis is to improve the capacitive properties of magnetically ordered 

pseudocapacitor electrodes through the investigation of novel nanomaterials preparation 

techniques, specifically; the addition of advanced biomimetic catecholate dispersing agents, 

conductive additives, HEBM of nanomaterials, and the fabrication of composite electrodes with 

conducting pseudocapacitive polymers. These techniques were successfully used for SrFe12O19 

and NiFe2O4 nanoparticles to fabricate high active mass loaded electrodes with enhanced 

capacitance retention (at a mass loading of 40 mg cm-2), cycle stability, lower resistivity, and 

greater overall capacitance. The capacitance of NiFe2O4 was increased from 0.1 F cm-2 to 4.01 F 

cm-2 at a scan rate of  2 mV s-1 for a HEBMNFO-PPy composite electrode with mass ratios of  4 

HEBM NFO: 4 PPy: 2 MWCNT (composite=4:4:2), the capacitance of SrFe12O19 was increased 

from 0.05 F cm-2  to 3.7 F cm-2 at 2 mV s-1 for a HEBMSFO-PPy composite electrode with mass 
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ratios of 4 HEBM SFO: 4 PPy: 2 MWCNT. However, the best performance for SrFe12019 was with 

the HEBMSFO-PPy composite electrode with mass ratios of 6 HEBMSFO: 2 PPy: 2 MWCNT 

resulting in a capacitance of 2.7 F cm-2 and enhanced capacitance retention at high scan rates over 

the 4:4:2 electrode. Furthermore, the 6 HEBMSFO: 2 PPy: 2 MWCNT electrode was successfully 

utilized as an anode in a 2-electrode aqueous asymmetric cell with MnO2 acting as the cathode, 

displaying promising anode chemistry for practical energy storage device applications.  
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2.  Literature Review 
 

2.1 Introduction to Capacitor Technology 
 

Capacitor technology has historically been used for niche high power applications due to 

their ability to store and release charge in ultra short periods of time. Unlike batteries which store 

energy via reversible red-ox reactions through intercalation of electrolyte ions into the bulk of 

active electrode, generally resulting in a phase change in the active material, traditional capacitor 

technology stores charge electrostatically. It does so by connecting two conducting plates that are 

separated by a dielectric material externally, to provide a path for electrons to move during charge-

discharge cycles. During the charging process a voltage is applied to the plates creating a potential 

difference between the two electrodes, now there exists a net positive charge on the cathode and a 

net negative charge on the anode, as a consequence of this the dielectric material is polarized in 

the electric field generated by the potential difference between the two plates. During discharging 

electrons will travel quickly through the external circuit from the anode plate down the potential 

difference gradient towards the positively charged plate where they will recombine with holes and 

sit happily at in a lower energy state. These electrons can be passed through an electrical load 

while they travel through the external circuit to perform work[1]. 
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Figure 2.1 Polarization of dielectric material in an electric field [2]. Reproduced (adapted) with 

permission from B. E. Conway, Behavior of Dielectrics in Capacitors and Theories of Dielectric 

Polarization, Springer Science+Business Media, LLC Kluwer Academic / Plenum Publishers. 

 

 

The net charge stored electrostatically at the surface of the electrodes by the polarization 

of the dielectric material can be accumulated and discharged over extremely short time periods 

from the surfaces of the conducting plates. It is this mechanism that makes capacitors incredible 

for frequent high power loads that batteries would find strenuous. Capacitors store charge on the 

surface of their electrodes electrostatically meaning that there is very little physical stress on the 

electrode material from charging mechanics resulting in very long cycle lifetime from hundreds of 

thousands to millions of charge-discharge cycles. Although capacitors can store and release energy 

on the scale of seconds and possess high power density potentially in the millions of watts per 

kilogram, they lack the ability to store a large quantity of energy which severely limits their 

applications resulting in energy density on the scale of tenths to 1 Wh per kg [2]. Capacitors work 

with two metal plates separated by a dielectric material; these metal plates don’t have an incredibly 

high surface area, so the charges stored on the surfaces are limited. To combat the low energy 
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density of traditional capacitors a material must be developed which possesses a vastly greater 

active surface area than two simple conducting plates.  

 

Figure 2.2 Parallel plate capacitor construction. 

. 

 

The capacitance of a parallel plate capacitor is described by the equation: 

𝐶 =  
𝑄

𝑉
      Eq. (2.1) 

Which states that capacitance C, is the charge built up on the plates Q, divided by the total 

applied voltage V. This equation can then be written as:  

𝐶 = 𝜀𝑟𝜀0
𝐴

𝑑
     Eq. (2.2) 

Where 𝜀𝑟 is the dielectric permittivity of the material separating the conducting plates, 𝜀0 

is the dielectric permittivity of free space (or vacuum) A is the area of the conducting plates and d 
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is the distance between them. Therefore, the capacitance is maximized when 𝜀  and A are 

maximized and the distance between the plates is minimized.  

The total energy of a capacitor is described by the equation. 

𝐸𝑐𝑎𝑝 = ∫ 𝑉𝑑𝑄
𝑉𝑚𝑎𝑥

0
     Eq. (2.3)                           

The sum of charge built up on the plates over a voltage range.  

Where:  

𝑄 =  𝐶 ∙ 𝑉      Eq. (2.4) 

Therefore:  

𝑑𝑄 = 𝐶𝑑𝑉      Eq. (2.5) 

                                         

Equation 2.5 can then be substituted into equation 2.3 to obtain: 

𝐸𝑐𝑎𝑝 = 𝐶 ∫ 𝑉𝑑𝑉
𝑉𝑚𝑎𝑥

0
     Eq. (2.6) 

 

 And finally: 

𝐸𝑐𝑎𝑝 =
1

2
𝐶𝑉2      Eq. (2.7) 

Where the energy stored is heavily influenced by the applied voltage to the system, as it 

increases by the square of the voltage. The power of the capacitor can be described as  

𝑃 = 𝑉𝐼      Eq. (2.8) 
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Where maximum voltage can be described as the maximum allowable voltage that can be 

applied across the capacitor accounting for the internal resistance of the capacitor: 

𝑉 = 𝑉𝑚𝑎𝑥 − 𝐼𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙    Eq. (2.9) 

Equation 2.9 can be substituted into equation 2.8 to obtain:  

𝑃 =  𝐼𝑉𝑚𝑎𝑥 − 𝐼2𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙    Eq. (2.10) 

The derivative of the above equation can be taken to describe the voltage, current and 

internal resistance of the capacitor at maximum power, given that the change in power with respect 

to the change in current is 0 at maximum power. 

Therefore:  

𝑑𝑃

𝑑𝐼
 𝑎𝑡 𝑃𝑚𝑎𝑥 = 0     Eq. (2.11) 

and equation x can now be written as: 

0 = 𝑉𝑚𝑎𝑥 − 2𝐼𝑚𝑎𝑥𝑝𝑜𝑤𝑒𝑟𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙   Eq. (2.12) 

𝐼𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
     Eq. (2.13) 

Equations 2.13 and 2.12 can then be substituted into equation 2.9 to obtain the potential at 

maximum power:  

𝑉𝑚𝑎𝑥 𝑝𝑜𝑤𝑒𝑟 = 𝑉𝑚𝑎𝑥 − 𝐼𝑚𝑎𝑥 𝑝𝑜𝑤𝑒𝑟𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 =  𝑉𝑚𝑎𝑥 −
𝑉𝑚𝑎𝑥

2
=

𝑉𝑚𝑎𝑥

2
  Eq. (2.14) 

Meaning that the maximum power of a capacitor is obtained when the potential applied on the 

system is half of the maximum allowable applied potential and leads to the equation:  

𝑃𝑚𝑎𝑥 = 𝑉𝑚𝑎𝑥 𝑝𝑜𝑤𝑒𝑟𝐼𝑚𝑎𝑥 𝑝𝑜𝑤𝑒𝑟   Eq. (2.15) 
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𝑃𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2
∙

𝑉𝑚𝑎𝑥

2𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
   Eq. (2.16)  

𝑃𝑚𝑎𝑥 =
𝑉𝑚𝑎𝑥

2

4𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
     Eq. (2.17) 

Similarly to the total energy in a capacitor the maximum power is very heavily influenced by the 

potential as any change in potential will result in a power change in accordance with the square of 

that potential value. Of course, it is also beneficial to minimize the internal resistance of the circuit 

as much as possible for optimal capacitor function [2]. 

2.2  Electrochemical Capacitors - Electrical Double 

Layer Capacitors 
 

The charge storage mechanisms for EDLCs are like that of the traditional capacitor but the 

dielectric material is replaced with more complex electrolytes which offer greater ionic 

conductivity and capacitance. Activated carbons possess high electronic conductivity and great 

structural properties to allow for enhanced interaction with ions in solution and are the primary 

materials used in making EDLC’s. In the context of the traditional capacitor where a dielectric 

material is used to oppose the electric field and stop the flow of electrons through the internal 

circuit, a separator material is used in the case of an electrochemical capacitor. Although 

electrolytes are selected to maximize ionic conductivity and minimize electronic conductivity a 

separator needs to be employed as a short circuit would be catastrophic for an electrochemical 

energy storage device. The separator material allows ions to flow through so that the circuit can 

still be completed with the mobile ions in the electrolyte material while blocking the direct 

exchange of electrons from anode to cathode. For the sake of simplicity, aqueous electrolytes will 
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be used to describe the functions of an EDLC as they are the best for visualizing the transport of 

ions to the surfaces of electrodes [3]. 

 

Figure 2.3 Electrolyte behaviour in an EDLC under an applied potential (a) and potential across 

two electrodes of an EDLC during discharging (b) [2]. Reproduced (adapted) with permission 

from B. E. Conway, Behavior of Dielectrics in Capacitors and Theories of Dielectric 

Polarization, Springer Science+Business Media, LLC Kluwer Academic / Plenum Publishers. 

 

 

The charge stored in an EDLC is heavily dependent on the structure of the double layer, 

ionic mobility of solvated species, electronic conductivity of the electrodes, and the operating 

voltage window that the device is stable in. For this reason, the structure of the double layer will 

be first analyzed with ionic mobility in mind. The double layer size is dependent on the size of the 

solvation sheath size of ions interacting with the active material along with concentration of active 

and inert ionic species within the electrolyte [2]. The solvation of an ion in electrolyte is dependent 

on the size of the charge, atomic radius, and solvent molecule polarity. In the case of aqueous 

electrolytes, the polar water molecule is responsible for dissolving ions, the high polarity of the 

water molecule is what makes it the universal solvent. When a charged species is dissolved in 
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water the charged poles of the water molecules align opposite to the charge of the ion. In the case 

of a positive ion like Li the negatively charged oxygen side will align, conversely for a negative 

ion like fluorine the positively charged hydrogen atoms will align. This alignment of water 

molecules in the immediate vicinity of the ion is called the primary solvation sheath, there are 

secondary and tertiary sheaths with more disordered alignment and no alignment in the bulk of the 

electrolyte respectively. The size of the sheath is heavily dependent on the strength of the charge 

on the ion as well as the size of the atom itself [4].  

 

 

Figure 2.4 Solvation sheath formation in water [4]. Reproduced (adapted) with permission from 

K. Xu, Electrolytes, Interfaces and Interphases, Fundamentals and Applications in Batteries, 

Royal Society of Chemistry, 2023. 

 

 

These sheaths heavily influence the transport of ionic species as well as the double layer 

thickness itself, in general cationic species have smaller ionic radius which results in greater 

solvation sheath retention properties relative to their anionic counter parts. Anions with larger ionic 



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

15 

 

radius will not hold on to their solvation sheaths as strongly, thus the distance of closest approach 

for anions will be smaller than that of the cation allowing for superior EDLC charging mechanics. 

When an electric field is present due to a potential difference between two electrodes the polar 

water molecules will align opposite to the gradient of the electric field and the cations in the 

electrolyte will travel towards the negatively charged electrode [2]. As they travel the local water 

molecules will align as previously described until the ion reaches the surface of the electrode, 

where near the surface exists the electrical double layer and the diffuse layer closer to the bulk of 

the electrolyte [2].  

 

Figure 2.5 Schematic comparing the distance of closest approach for cations and anions [2]. 

Reproduced (adapted) with permission from B. E. Conway, Behavior of Dielectrics in Capacitors 

and Theories of Dielectric Polarization, Springer Science+Business Media, LLC Kluwer 

Academic / Plenum Publishers. 
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At the electrode interface the properties of closest approach become more relevant to ionic 

interactions with the active materials. Near the surface of the electrode the electrolyte ions interact 

with the electrode material via delocalized conduction band electrons so that the ions are 

electrostatically stored on the surface of the electrode. 

 

Figure 2.6 Varying models of the electrical double layer at the electrode surface, a) Helmholtz, 

b) Gouy-Chapman, c) Stern Models [2]. Reproduced (adapted) with permission from B. E. 

Conway, Behavior of Dielectrics in Capacitors and Theories of Dielectric Polarization, Springer 

Science+Business Media, LLC Kluwer Academic / Plenum Publishers. 

 

 

The most accurate description of the structure of the electrical double layer near the surface 

of the electrode is proposed by the Stern model, combining the compact layer of charged particles 

from the Helmholtz model and the electrically and thermally influenced point charges from the 

Gouy-Chapman model. The stern model describes 2 major regions of the electrical double layer, 

the compact layer: charged particles stored electrostatically within 0.1 nm of the surface of the 

electrode, and the diffuse layer: charged particles in the bulk of the electrolyte that are more loosely 

oriented towards the electrode due to the charge screening from the compact layer. Both layers 
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contribute to the capacitance of an EDLC with the compact layer being responsible for most of the 

charge storage associated with the electrode[2]. However, the Helmholtz and diffuse layer form a 

capacitor in series system as seen in Figure 2.7. 

 

Figure 2.7 series circuit diagram of two capacitors in series [2]. Reproduced (adapted) with 

permission from B. E. Conway, Behavior of Dielectrics in Capacitors and Theories of Dielectric 

Polarization, Springer Science+Business Media, LLC Kluwer Academic / Plenum Publishers. 

 

 

 

Where: 

1

𝐶𝑇𝑜𝑡𝑎𝑙
=

1

𝐶𝑑𝑙 
=

1

𝐶𝐻𝑒𝑙𝑚
+

1

𝐶𝑑𝑖𝑓𝑓
              Eq. (2.18) 

It is important to note that majority of the charge stored is from the compact Helmholtz layer, 

however the lower capacitance from the diffuse layer will result in a larger value compared to the 

compact layer due to the reciprocal nature of this equation, meaning that the total capacitance is 

controlled by the region with the lower capacitance value, and is especially true for electrolytes 

with sufficiently low concentrations. This effect can be reduced by increasing the concentration of 

electrolyte ions, improving mass transport kinetics in the solution and inducing a large potential 

window in the EDLC system [2]. 

The current generated by a potential difference between two electrodes of an EDLC can be 

described by the following equation: 
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𝐼 =
𝑑𝑄

𝑑𝑡
= 𝐶𝑑𝑙

𝑑𝑉

𝑑𝑡
      Eq. (2.19) 

 

Where I is the current generated, 
𝑑𝑄

𝑑𝑡
 is the change in charge over change in time, Cdl is the 

capacitance of the electrical double layer, and 
𝑑𝑉

𝑑𝑡
 is the change in potential over change in time. This 

equation indicates how an ideal EDLC should possess constant capacitance behaviour under constant rate 

of potential change and constant current values and can be depicted by rectangular shaped cyclic 

voltammetry and triangular charge-discharge characteristics. This topic will be discussed in greater detail 

in the next section when relating the behaviour of an ideal pseudocapacitor to that of an ideal EDLC.  

  

Figure 2.8 Shows the ideal CV and CP behaviour of an EDLC [5].  

 

By combining complex electrolytes with activated carbon materials with practical surface 

areas of 1000-2000 m2 g-1 most commonly used in EDLC industry one can increase the capacitance 

by several orders of magnitude over the traditional plate capacitor [6]. Activated carbons can be 

created by a wide variety of organic precursors such as chitosan from crab shells, cellulose from 
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plants, or from hydrocarbon precursors to be used in various fabrication routes like plasma vapor 

deposition, and calcination. Making EDLC’s a viable technology to bridge the gap between 

traditional capacitors and batteries [7].  

2.3 Pseudocapacitance  
 

Pseudocapacitors are a class of electrochemical capacitors that store energy through fast 

reversible faradic reactions in the bulk of the electrode. Much like a battery, reduction occurs at 

the cathode and oxidation occurs at the anode during discharge. Unlike EDLCs which store charge 

electrostatically, solvated ions are intercalating into the material and partaking in electron 

exchange reactions with the active electrode materials. When the PC is being charged a potential 

difference is induced onto the device which forces electrons into the anode where they will interact 

with solvated cations, reducing them. At the cathode a net positive charge is assigned due to the 

removal of electrons. During the discharge phase the electrons will travel back to the cathode from 

the anode, oxidizing the cations, who will then travel from the anode through the electrolyte and 

recombine with the electrons and reduce on the surface of the cathode [8]. Pseudocapacitance 

energy storage relies on adsorption and desorption of solvated ionic species in the electrolyte to 

work. Contrary to a battery there is no permanent phase change in pseudocapacitors even though 

faradaic processes are still occurring. This drastically increases the cyclic stability of a 

pseudocapacitor over conventional batteries. Pseudocapacitance occurs when the extent of a 

faradaic reaction has a relationship with potential difference that is analogous to EDLC energy 

storage thermodynamics. Therefore, the change in charge relative to the change in potential 

throughout a red/ox reaction will be identical to that of an EDLC.  This definition can be described 

as the logarithmic relationship between 𝑦, a variable used to describe the extent of the reaction, or 

a portion of the charge passed (amount of electrolyte ions reacting Faradaically at the electrode) 
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relative to the total amount of available charge carries, and the change in potential induced in the 

system [2].  

Such that:  

𝑦

1−𝑦
= 𝐾𝑒𝑥𝑝(

𝑉𝐹

𝑅𝑇
)    Eq. (2.20) 

 

Where K is a constant, V is electrode potential, F is Faraday’s constant, R is Rydberg’s constant, 

and T is the absolute temperature during the reaction. The derivative of equation 2.20 can be taken 

to describe the change in 𝑦 (extent of red/ox reaction, fractional absorption of ions by active 

electrode material or fractional coverage of an electrode surface area by ionic species (charge 

carriers)) relative to the change of electrode potential. 

𝑑𝑦

𝑑𝑉
=

𝐹

𝑅𝑇
∙

𝐾𝑒𝑥𝑝(
𝑉𝐹

𝑅𝑇
)

[1+𝐾𝑒𝑥𝑝(
𝑉𝐹

𝑅𝑇
)]2

    Eq. (2.21) 

The resulting units from this equation are in C/J meaning that if we multiply both sides by the 

charge associated with the extent of the faradaic reactions dictated by the term 𝑦 , then a 

capacitance can be defined for the reaction.  

𝑄
𝑑𝑦

𝑑𝑉
= 𝑄(

𝐹

𝑅𝑇
∙

𝐾𝑒𝑥𝑝(
𝑉𝐹

𝑅𝑇
)

[1+𝐾𝑒𝑥𝑝(
𝑉𝐹

𝑅𝑇
)]

2) = 𝐶
𝐶

𝐽
= 𝐶 ∙

1

𝑉
=

𝐶

𝑉
= 𝐹  Eq. (2.22) 

The red/ox reactions in the faradaic processes described by the above equations can be 

simply written.  

𝐴𝑂𝑥𝑎 + 𝑍𝑒 = 𝐵𝑅𝑒𝑑𝑏    Eq. (2.23) 
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Where Ox is the species in the reaction being reduced to obtain Red in the forward reaction 

by the addition of Z number of electrons while in the reverse reaction it is being oxidized via 

removal of Z number of electrons from Red. A and B are positive integers indicating the number 

of moles of the oxidized or reduced species respectively, a and b are subscripts denoting the 

number of atoms in a chemical.  

An example of such a reaction is that of MnO2: 

𝑀𝑛4+𝑂2 + 𝐶+ + 𝑒− = 𝑀𝑛3+𝑂2𝐶+             Eq. (2.24) 

  Here the oxidation state of MnO2 is changing to allow for the storage of a cation such as 

Na+, K+ or H+ when electrons are supplied, on the left side of the reaction as in equation (2.23) an 

electron is interacting with Mn4+ and the cation to reduce the oxidation state to Mn3+ on the right 

side of the reaction [9]. The thermodynamics of the pseudocapacitive red/ox reaction can be 

elegantly described by a simplified derivation of the Nernst equation. 

The Gibbs free energy of reaction can be written as the relationship between charge and 

change in cell potential.   

∆𝐺 = −𝑄∆𝐸                Eq. (2.25) 

Where ∆𝐺  is the change in Gibbs free energy and depends on the charge accumulated in the 

reaction Q and change in potential ∆𝐸. Q is the charge in coulombs based on the moles of electrons 

(n) involved in the reaction and the amount of charge a mole of electrons contains (F) also known 

as Faraday’s constant, replacing Q with these terms eq. (2.25) can be written as: 

∆𝐺 = −𝑛𝐹𝐸      Eq. (2.26) 
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For standard reaction conditions the change in Gibbs free energy can be related to the standard 

potential values of the electrode as such:  

∆𝐺° = −𝑛𝐹𝐸°     Eq. (2.27) 

Where ∆𝐺°  is the standard Gibbs free energy of the reaction and 𝐸°  is the standard electrode 

potential (the electrode half cell reaction at 298K and 1 atm of pressure) [2, 10]. Therefore, the 

Gibbs free energy of an electrode reaction at non-standard conditions is: 

∆𝐺 =  ∆𝐺° + 𝑅𝑇𝑙𝑛𝑄     Eq. (2.28) 

        −𝑛𝐹𝐸 =  −𝑛𝐹𝐸° + 𝑅𝑇𝑙𝑛𝑄    Eq. (2.29) 

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
° −

𝑅𝑇

𝑁𝐹
𝑙𝑛𝑄    Eq. (2.30) 

Here it can be observed that the rightmost term is responsible for the deviation of the cell potential 

from the standard cell potential where Q is a reaction quotient that relates the activity of the 

products in the reaction to the reactants and can be simplified to depend on the concentrations of 

reactants and products in aqueous systems when a reducing or oxidizing potential is applied. In 

the case of a reducing potential or the forward direction of eq. (2.24) the following Nernst equation 

can be derived [10]. 

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
° −

𝑅𝑇

𝑁𝐹
ln (

𝐵[𝑅𝑒𝑑]𝑏

𝐴[𝑂𝑥]𝑎
)   Eq. (2.31) 

For oxidizing potentials:  

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
° +

𝑅𝑇

𝑁𝐹
ln (

𝐴[𝑂𝑥]𝑎

𝐵[𝑅𝑒𝑑]𝑏)   Eq. (2.32) 
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Therefore, the Nernst equation can be used to accurately describe the reversible potential 

of electrode reactions under various conditions, which is essential for the optimal operation of 

pseudocapacitive systems, especially over longer cycle lifetimes. In doing so the stable potential 

window for pseudocapacitive systems such as MnO2 can be determined to encourage ideal 

capacitive behaviour. Awad and Zhitomirsky conducted tests of MnO2 based PC electrodes 

displaying ideal capacitive behaviour in a potential window of  +0.9 V vs SCE in aqueous sodium 

sulfate as displayed in Figure (2.9) [11]. 

 

Figure 2.9 Ideal CV and CD behaviour of an MnO2 pseudo-capacitor electrode [11]. Reproduced 

(adapted) with permission from M. Awad, I. Zhitomirsky, Boosting the activation rate and 

capacitance retention of MnOx electrodes prepared using capping agents, Colloids and Surfaces 

A: Physicochemical and Engineering Aspects, Elsevier,  676 (2023). 

 

We can see that the ideal behaving pseudocapacitor electrodes display box-like shape for 

the cyclic voltammetry curve, and triangular chronopotentiometry (charge-discharge) behaviour. 

This is because the pseudocapacitor in this case is displaying electrochemical characteristics 

similar to an ideal capacitor whose capacitance is independent of the change in potential when the 

rate of change in potential is constant. For this reason, a relatively symmetrical current response 

can be observed in the CV of Figure (2.9) as the current response should remain constant 
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throughout the potential range. The same can be said for the charge discharge curve, the rate of 

change of potential should not change over time when a constant current is applied, this is why the 

symmetrical triangular shape is present, because the slope of the line should remain constant 

throughout the time is takes the electrode to be charged up to 0.9 V and discharged back down to 

0 V. 

Recently pseudocapacitive electrode systems have been developed using bimetallic 

transition metal oxide materials because single metal oxides (such as those listed above) suffer 

from poor conductivity which lowers the faradaic efficiency of the cell due to increased resistance 

at the electrodes. Examples of materials used to increase conductivity in pseudocapacitive systems 

are Ni, Cu, Co, Fe and Mn for certain systems like, NiFe2O4, CuFe2O4, and MnFe2O4.  However, 

transition metal oxide based electrochemical capacitors suffer from poor ionic transport in the bulk 

of the electrode especially at higher mass loadings and scan rates, which are crucial for practical 

applications that require higher energy densities [12].  

 

2.4  High active mass loading issues with Pseudo 

Capacitor technology 
 

High active mass loading greater than 10 mg cm-2 is critical for practical high energy 

density applications of PC devices as the amount of redox active sites increases with increasing 

mass of active materials. The main challenge with high active mass is that the ions in electrolyte 

have trouble reaching and interacting with those redox active sites. This can be for several reasons 

such as: structure, morphology, size of ion, and scan rate (or adsorption and desorption rates). 
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The challenge with ion intercalation in high active mass loaded electrochemical capacitors 

can be represented by Figure 2.10. It shows that the ions can intercalate with relative ease for thin 

film (or low mass loading capacitors) but has more trouble fully intercalating with high active 

mass loading, creating a 2-capacitors in series effect. When 2 capacitors are placed in series the 

total capacitance is  
1

𝐶𝑡𝑜𝑡𝑎𝑙
=

1

𝐶1
+

1

𝐶2
 (a version of this is shown in Eq. 2.18) and is further reduced 

at higher scan rates where the intercalation of ions is scarce closer to the current collector creating 

regions of high charge density and low charge density. The areas with high charge density possess 

larger capacitance values than those without ions meaning that C2 > C1, when added in series the 

total capacitance is dominated by the region with a lower capacitance value and drastically reduces 

the total capacitance at high scan rates causing significant loss in capacitance retention. For this 

reason, it is critical to ensure an even distribution of ions throughout the active material for the 

best performance [13].  

 

Figure 2.10 intercalation in electrodes at low mass loading and low scan rate, high mass loading 

and low scan rate, and high mass loading and high scan rate [13]. Reproduced (adapted) with 

permission from R. Chen, M. Yu, R.P. Sahu, I.K. Puri, I. Zhitomirsky, The Development of 

Pseudocapacitor Electrodes and Devices with High Active Mass Loading, Advanced Energy 

Materials, John Wiley and Sons 10(20) (2020). 
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A variety of techniques can be utilized to enhance ionic intercalation including 

nanomaterials preparation techniques, use of dispersing and capping agents, template methods, 

hetero-coagulation methods, surface modification and novel synthesis techniques. Nanomaterials 

have enhanced electrochemical characteristics due to their small particle size which increases the 

surface area to volume ratio for individual particles can be increased allowing for enhanced 

interaction with ions in electrolyte. By creating active materials using nanoparticle synthesis 

techniques like hydrothermal synthesis and electrosynthesis one can tune the shape, size and 

crystal structure of the active materials to further enhance the electrochemical properties. This is 

why the same material will store energy differently depending on the phase of material. An 

example of this is the study conducted by S. Devaraj and N. Munichandraiah [14]. showing that 

varying phases of MnO2 have an impact on electrochemical properties when used as a 

pseudocapacitor electrode. MnO2 has 5 different phases: α, β, γ, δ and λ each with their own unique 

arrangement of the crystal structure.  
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Figure 2.11 Varying phases of MnO2 (α) (β) (γ) (δ) (λ) [14]. Reproduced (adapted) with 

permission from N.M. S. Devaraj, Effect of Crystallographic Structure of MnO2 on Its 

Electrochemical Capacitance Properties, J. Phys. Chem. C 11 (2008) 4406-4417. Copyright 2008 

American Chemical Society. 

 

The study found that the electrochemical properties of MnO2 were heavily impacted by the 

size of the spaces (or tunnels) in each crystal phase. These tunnels function as passageways for the 

ions in the electrolyte to intercalate and interact with electrochemically active sites of the material. 

The MnO2 phases that possess large tunnels and interlayer separation were reported to possess 

higher specific capacitance owing to easy and fast ion intercalation kinetics. Additionally, each 

phase contains unique specific surface area quantities where the larger surface areas display better 

capacitive performance as there is more electrochemically active sites that can be accessed by ions 

when the ratio of surface area to volume is high. By selecting for specific phases in various 
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materials (with considerations for ionic and electronic conductivity) one can maximize the 

intercalation aspects of a material which is crucial for high active mass loaded electrodes.  

2.5 High Energy Ball Milling 
 

After synthesis, nanoparticles can still suffer from agglomeration effects on the macroscale, 

diminishing the benefits provided by the nanocrystal structure synthesized. Popular techniques to 

reduce agglomeration are mechanical deformation techniques like HEBM. This technique utilizes 

hardened spheres of varying size and mass to either crush or grind the sample materials, where the 

density, mass, radius of grinding media and speed at which the high energy ball milling are 

important factors contributing to grinding or crushing outcome.  

 

Figure 2.12 Schematic of  HEBM procedure showing grinding media and sample material [15]. 

 

The grinding media has crushing and grinding effects depending on the size of the balling 

milling media and sample materials. Usually, the larger and heavier balls are used for crushing 

particles and drastically reduce the size of particles and presence of agglomerates. A smaller 

diameter of ball milling media will have more of a grinding effect which changes the surface 

morphology characteristics of particles. The use of the nanomaterials preparation techniques has 
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been shown to enhance electrochemical performance of active materials. Additionally, the use of 

dispersing agents, conductive additives and forming composite electrodes can drastically improve 

the performance of high active mass loaded electrodes and will be discussed in further detail in the 

next 3 individual sections [15]. 

2.6 Multiwalled Carbon Nanotubes 

To compensate for the large resistivity of high active mass loaded electrodes, conductive 

additives can be used. As in the research contained in this thesis around 80% of the mass of the 

electrode is comprised of the active material and 20% is the conductive additive (ignoring the 3% 

PVB binder). One of the most effective conductive additives to use are carbon nanotubes. 

Graphene sheets are carbon atoms bonded covalently in a hexagonal pattern via sp2 hybridized 

bonds. The sp2 bonds are responsible for superb mechanical, chemical and electrical properties of 

graphene allowing for high tensile strength, chemical stability and high conductivity. Delocalized 

pi electrons can move freely throughout the graphene structure allowing for incredibly high 

electronic conductivity on the order of S/m, several orders of magnitude higher than single and 

bimetallic oxides. Carbon nanotubes are thin sheets of single layer graphene rolled concentrically 

around a common axis as seen in Figure 2.13 [16].  
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Figure 2.13 Single walled carbon nanotubes and multiwalled carbon nanotubes [17]. 

 

They possess great chemical stability and mechanical strength in a wide range of media 

owing to their strong covalent bonds. Additionally, they have great electronic conductivity on the 

scale of graphene. Carbon nanotubes can be manufactured in several ways including arc vapor 

deposition, and pulse laser vapor deposition. The nanotubes can be grown in single tube structure 

or multi walled structures. Single layer carbon nanotubes are more difficult to grow than multi 

walled carbon nanotubes and require expensive substrates along with lengthy selective growth 

processes making them uneconomical for large scale manufacturing of high active mass loaded 

electrochemical capacitors. For this reason, the focus for this section will be multi walled carbon 

nanotubes (MWCNTs). 



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

31 

 

MWCNTs consist of 2 or more concentrically rolled graphene layers with varying radii. 

When successfully mixed with electrochemically active material such as MnO2 they can drastically 

reduce the impedance of the electrode. Metal oxides have high resistance due to the oxygen atoms 

which are poor conductors of electrons compared to pure metals but are more electrochemically 

active than their pure counterparts. When carbon nanotubes are present, they can transfer electrons 

to and from the external circuit more effectively allowing for superior charge transfer efficiency 

of the device [12]. There needs to be appropriate compensation made with carbon nanotubes as it 

is replacing a percentage of the active material so that the increase in electronic conductivity 

matches the decrease in electrochemical activity. 

For this to be an effective improvement strategy the MWCNTs must be evenly distributed 

throughout the electrode structure. Difficulties arise in this area due to MWCNTs affinity for 

forming bundles due to π-π stacking interactions. The delocalized π electrons in MWCNTs will 

interact with each other and begin to agglomerate, this can be mitigated via ultrasonication in 

organic solvents like ethanol. The frequency of the ultrasonication machine will agitate the bundles 

of MWCNTs causing them to unravel [18]. This is a temporary solution as they will begin to form 

bundles again overtime in solution. Specialized molecules called dispersing agents can be used to 

prevent the agglomeration of carbon nanotubes after ultrasonication, promoting stable suspensions 

for greater time scales. Furthermore, certain molecules can effectively disperse both organic and 

inorganic particles promoting an even mixture of MWCNT conductive additives and 

electrochemically active inorganic particles. These molecules come in many forms and can mimic 

the adsorption qualities of living organisms and biological systems, referred to as bio-mimetic 

catecholate dispersing agents and will be discussed in greater detail in the next section.  
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2.7  Biomimetic Catechol Based Dispersing Agents 
 

In nature many organisms use binding molecules to adhere to surfaces in their environment. 

One such example is the mussel which uses ligand molecules with catechol groups that attach to 

rocks to prevent being swept away by strong currents. Generally, ligands are molecules containing 

functional groups that absorb metal atoms. In this case mussels employ ligands that possess 

hydroxyl (OH) functional groups which facilitate adsorption on common inorganic elements found 

in rocks like iron, calcium and magnesium [19].  

 

 

 

Figure 2.14  adsorption mechanism of mussels on to inorganic substrates in nature using catechol 

molecules[19]. Reproduced (adapted) with permission from M.S. Ata, Y. Liu, I. Zhitomirsky, A 

review of new methods of surface chemical modification, dispersion and electrophoretic 

deposition of metal oxide particles, RSC Advances 4(43) (2014). 

 

The benzene ring with adjacent hydroxyl groups is called the catechol molecule. The 

catechol adsorption mechanism is paramount for proper dispersion of metal oxide particles. Once 

adsorption occurs the aromatic rings will keep other inorganic particles away from each other 
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either sterically (using long carbon tails) or electro statically with charged functional groups. 

Organic particles will also be dispersed via interaction with the π electrons of the aromatic rings 

which will keep carbon nanotubes from forming bundles via π stacking interactions. Carbon 

nanotube dispersion can be promoted via sonication, covalent dispersion mechanisms and non-

covalent dispersion mechanisms. Covalent dispersion mechanisms rely on the functionalization of 

carbon nanotubes via popular functionalization routes such as acidic oxidation that add oxygen 

rich functional groups such as carboxylic, carbonyl and nitric acid groups to the CNT structure 

that promote the repulsion between carbon nanotubes. However, the functionalization of carbon 

nanotubes diminishes the number of sp2 bonds in the carbon nanotube structure, impeding the free 

motion of π electrons thus hindering the electronic conductivity and mechanical properties of the 

CNTs [20, 21]. Non-covalent dispersion takes advantage of the hydrophobicity of carbon 

nanotubes by using polymers with both hydrophobic and hydrophilic tails to perform adsorption 

and dispersion functions respectively. The main drawback of this approach is the wrapping of the 

polymer chain around the carbon nanotube structure which will not only facilitate dispersion but 

also form an insulating barrier, reducing the effectiveness of CNTs as conductive additives[22]. 

Improving the stability and dispersion qualities of active material suspensions is essential 

to the development of high active mass loaded electrode because dispersing agents facilitate an 

even distribution of active mass and conductive additives. Dispersing agents also reduce the 

formation of agglomerates within the active material, counteracting the thermodynamic effects of 

surface energy minimization, which drives materials towards forming larger agglomerated 

particles. As a result of this, the active surface area of the material can be maximized. There is a 

myriad of catechol based dispersing agents being investigated for their dispersion qualities as seen 

in Figure 2.15.  
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Figure 2.15 Shows the structure of various catechol dispersing agents [19]. Reproduced 

(adapted)  with permission from M.S. Ata, Y. Liu, I. Zhitomirsky, A review of new methods of 

surface chemical modification, dispersion and electrophoretic deposition of metal oxide particles, 

RSC Advances 4(43) (2014). 

 

2.7.1. DLVO Theory  
 

Dispersing agents take advantage of DLVO theory which describes the forces governing 

charged particles in colloidal suspensions. This theory simply states that sufficiently small particles 

in suspension that possess too low of a mass to be significantly impacted by gravitational forces, 

instead are impacted largely by electrostatic forces; the Van der Waals attraction forces and surface 

charge repulsion forces[23]. This can be summed up by one simple equation which states that the 

total energy of the interaction between two particles with identical charge is:  

𝑉𝑇 =  𝑉𝐴 + 𝑉𝑅     Eq. (2.33) 
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Where 𝑉𝑇 is the total energy, 𝑉𝐴 is the energy associated with the Van der Waals attraction force 

and 𝑉𝑅 is the energy associated with the repulsive force produced by identical surface charges.  

Each chemical element has a unique surface charge associated with the formation of a 

suspension in solvent media, this surface charge is heavily dependent on the pH of the solution 

and can switch between positive and negative according to the pH of the solution. Switching sign 

of charge assumes that there is a point where the pH of the solution will result in a neutral charge 

on the particles in suspension, this is called the isoelectric point and is unique to each material 

[24].  

 

Figure 2.16 The state of charge of alanine as a function of pH [25]. 

 

Surface charge arises initially in particles placed into solvent media due to many factors such 

as dissociation of charged species, substitution of charged species, and the adsorption/desorption 

of ions present in the solvent. For polar aqueous media such as water, the charge of the solute 
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particle will induce an attraction force on the surrounding polar molecules, forming a solvation 

sheath. The solvation sheath can be schematically represented as a cloud of point charges 

surrounding a particle with opposite charge such that the charge density is symmetrical in three 

dimensions forming a spherical distribution of charged particles as seen in Figure 2.17 [4].  

 

Figure 2.17 2 dimensional representation of solvation shells forming double layers of opposite 

sign for two particles with identical charge suspended in aqueous media [26]. 

 

Notice the term 1/k in Figure 2.17 this term represents the Debye length of a charged particle 

in solution, the Debye length expresses the extent of effective charge screening from the solvation 

sheath or double layer originating from the cloud of point charges surrounding a charged particle 

of opposite sign. The effective distance at which screening occurs is dependent on the electrostatic 

potential generated by the charged cloud such that the Debye length occurs at a distance  𝑋 =



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

37 

 

 
1

𝑘
 where the local electric flux (𝜙) is reduced to 

1

𝑒
 of its initial value at the surface of the charged 

solute particle [4, 26].  

𝜙 =  𝜓e−𝑘𝑥    Eq. (2.34) 

 

 

Figure 2.18 Flux vs distance diagram of a charged particle [26]. 

 

The Debye length can be defined mathematically as: 

1

𝑘
 𝑤ℎ𝑒𝑟𝑒 𝑘 =

(𝑒𝑜
2 ∑ 𝑛𝑖𝑧𝑖

2)
1
2

𝜀𝜀𝑜𝐾𝑇
    Eq. (2.34) 

Here we can see that the value of k is the square root of the sum of charges 𝑛𝑖 

(concentration of ions or number of ions) and 𝑧𝑖
2 (valence state of the ions) multiplied by the charge 

of an electron 𝑒𝑜
2 , and divided by the dielectric permittivity of the charged cloud 𝜀𝜀𝑜 , and 

Boltzmann constant K at a temperature T of the solution. The Debye length is important because 

it describes the distance that charged particles will begin to form soft and eventually hard 

flocculates (or agglomerates) due to Van der Waals attraction forces. It can be observed from Eq. 



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

38 

 

(2.34) that the Debye length decreases with increasing electrolyte concentration and more 

drastically with increasing valence state [26].   

 

 

Figure 2.19 Hard flocculation (agglomeration) and soft flocculation in relation to the attractive 

and repulsive energies as a function of the distance between two spherical point charges [26]. 

 

Biomimetic dispersing agents take advantage of colloidal suspension principles by forming 

various bonds with the surfaces of charged particles such as chelating, and bridging bond types 

which essentially increases the energy barrier between soft and hard flocculation regions. The 

better the dispersing agent is at forming bonds with metal cations the larger the repulsive energy 

barrier is, thus making it difficult for particles to form agglomerates [19]. 
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Figure 2.20 shows an example of a) chelating and b) bridging mechanisms for catechol bonding 

[19]. Reproduced (adapted) with permission from M.S. Ata, Y. Liu, I. Zhitomirsky, A review of 

new methods of surface chemical modification, dispersion and electrophoretic deposition of 

metal oxide particles, RSC Advances 4(43) (2014). 

 

It is important to note that certain kinds of dispersing agents possess charged functional 

groups that repel other particles in suspension that possess like charges from the dispersing agent 

adsorption. One such molecule is called gallocyanine dye which possesses a secondary amine 

group located opposite to that of the catechol group. In solution the nitrogen carries a positive 

charge and will repel other gallocyanine molecules.  Additionally, functional groups present in 

dispersing agents and that of gallocyanine specifically, are hypothesized to be responsible for 

charge transfer mediation in redox reactions as seen in Figure (2.21). 

 

 

Figure 2.21 Redox reaction of gallocyanine. 
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2.8 Pseudocapacitive Conducting Polymers   
 

Pseudocapacitors utilizing conducting polymers provide several advantages over other 

pseudocapacitive materials, including low cost, high specific energy and power, superior 

conductivity, lightweight design, and improved flexibility. Among all conductive polymers that 

can be applied for electrochemical energy storage application, polypyrrole, polyaniline, 

polythiophene and poly(3,4-ethylenedioxythiophene) have garnered lots of attention recently. The 

structure of these polymers is shown in Figure 2.22 below. These conjugated materials are ideal 

candidates for energy storage due to their accessible redox sites, controllable mechanical 

properties, and facile chemical synthesis avenues. Compared with other pseudocapacitive 

conducting polymers, these materials do not require a very high surface area[27].  
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Figure 2.22 Structures of pseudocapacitive polymers (A) Trans-poly(acetylene)(B) cis-

poly(acetylene) (C) poly(p-phenylene) (D) polyaniline (PAni) (E) poly(n-methyl aniline) 

(PNMA) (F) polypyrrole (PPy) (G) polythiophene (PTh) (PEDOT),  (H) 3-substituted 

polythiophene (I) poly(3,4-ethylenedioxythiophene) (J) poly(3- (4-fluorophenyl)thiophene) 

(PFPT) (K) poly(cyclopenta [2,1-b;3,4-b-dithiophen-4-one]) (PcDT) (L) 1-cyano-2-(2-[3,4-

ethylenedioxylthienyl])-1-(2-thienyl)vinylene (PThCNVEDT) [27]. Reproduced (adapted)  with 

permission from G.A. Snook, P. Kao, A.S. Best, Conducting-polymer-based supercapacitor 

devices and electrodes, Journal of Power Sources 196(1) (2011) 1-12. 

 

Conducting polymers store and release charge via fast reversable redox processes similar 

to other pseudocapacitive materials like MnO2. Unlike activated carbons, where charge and 

discharge phenomena predominantly occur on the surface in the electrical double layer, conducting 

polymer films can facilitate these processes throughout their bulk volume at electrochemically 

active sites. This characteristic presents an opportunity to achieve high specific capacitance levels. 

Electron insertion into the conduction band through n-doping (reduction) and removal of an 

electron from the valence band via p-doping (oxidation) increases the charge carrier concentration 
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in these polymers. Equation 2.35 illustrates a typical n-doping reaction, while Equation 2.36 

demonstrates p-doping using an undoped conducting polymer chain (CP), an oxidant (Ox), a 

reductant (Red), a counter anion (A–), and a counter cation (C+). 

CP +nRed – (C+)n CPn-+ nRed+   Eq. (2.35) 

CP +nOx – (A-)nCPn++nOx-         Eq. (2.36) 

In addition, the charging mechanism of conducting polymers can be illustrated by Figure 

2.23. The external circuit will provide electrons to be transported onto the polymer backbone and 

the cations from solution will be inserted in the polymer to maintain charge neutrality[28].  

 

Figure 2.23 intercalation of cations in the porous structure of a pseudocapacitive polymer via p 

and n doping mechanism [27, 28]. Reproduced (adapted) with permission from G.A. Snook, P. 

Kao, A.S. Best, Conducting-polymer-based supercapacitor devices and electrodes, Journal of 

Power Sources 196(1) (2011) 1-12 and J.D. Andy Rudge, Ian Raistrick and Shimshon Gottesfeld, 

John P. Ferraris  Conducting polymers as active materials in electrochemical capacitors, Journal 

of Power Sources 47(1-2) (1994) 89-107,  respectively. 

  

 

Conductive polymers operate within a defined potential window for effective charge 

transfer. Exceeding this range can lead to degradation at higher positive potentials, while 

excessively negative potentials can cause the polymer to transition to an insulating state (undoped 
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state). In an aqueous, pH-neutral electrolyte with an inert electrode, water splits into oxygen at 

approximately 1 V vs Ag/AgCl and hydrogen at around -0.3 V vs Ag/AgCl. To mitigate this, the 

safe operational range for a symmetric aqueous device is typically confined to 0.6 to 0.8 V to 

maximize device longevity. Certain electrode materials can suppress hydrogen or oxygen 

evolution depending on their specific interactions at the material surface. For instance, PANi tends 

to be positively polarized, while PEDOT is negatively polarized relative to the Ag/AgCl reference 

electrode. 

Polypyrrole (PPy) provides significant advantages in electrochemical processing, primarily 

due to its flexibility and high density, resulting in a high capacitance per unit volume (400–500 F 

cm−3). The synthesis of PPy can be achieved through chemical or electrochemical methods. 

Electrochemical synthesis relies on electrode reactions as the driving force, whereas the chemical 

method utilizes oxidants to initiate polymerization.  

The polymerization of pyrrole is catalyzed by acids, which protonate the pyrrole ring at the 

α, β, or N positions. This protonation disrupts the aromaticity of the ring and facilitates oxidation 

to form a radical cation. The radical cation then undergoes a chain-growth mechanism by reacting 

with additional pyrrole monomer molecules. As the concentration of monomers decreases over 

time, polymerization slows down and eventually stops when two radical cations in solution 

combine to terminate the process. This stepwise mechanism allows for controlled growth of the 

polypyrrole chain during its synthesis [29]. 
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Figure 2.24 oxidation of the pyrrole monomer using an acid to achieve polymerization of 

polypyrrole [29]. Reproduced (adapted) with permission from S. Goel, N.A. Mazumdar, A. 

Gupta, Synthesis and characterization of polypyrrole nanofibers with different dopants, Polymers 

for Advanced Technologies 21(3) (2009) 205-210. 

 

Anions like Cl- and SO4
2- that associate with polypyrrole (PPy) chains are classified as 

dopants. Understanding the polarization mechanism of PPy remains a contentious issue, along with 

this, due to its rapid polymerization and non-crystalline structure, determining the reaction stages 

through structural characterization and analysis of physical properties presents significant 

challenges[27]. 

Achieving high specific capacitance in conducting polymers can be facilitated by 

increasing the doping level. Numerous studies have concentrated on advancing anionic dopants 

specifically for polypyrrole (PPy). Research indicates that varying the dopant anion can lead to 

significant differences in PPy conductivity, sometimes varying by up to three orders of magnitude 

[27]. This variability underscores the importance of selecting appropriate dopants to optimize the 

electrical properties of PPy for various applications in energy storage and beyond. In addition to 

influencing conductivity, dopants can enhance several other properties of polypyrrole (PPy), 

including thermal stability, surface morphology, and mechanical strength. Studies on aromatic 

dopants containing sulfonic anionic groups have demonstrated that the conductivity of PPy films 

rises with an increase in the charge-to-mass ratio of the dopant molecules. Given these findings, 
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there is significant interest in developing advanced dopants to achieve high electrochemical 

activity in PPy for energy storage applications. These efforts aim to optimize PPy's performance 

across various parameters critical to its application in electrochemical energy storage. However, 

the primary drawback of conducting polymer electrodes is their lack of long-term stability, which 

is compromised by swelling and shrinking during the intercalation and deintercalation processes 

during charging and discharging cycles. During charging and discharging cycles ions are forced 

into the pores of the electrode, this intercalation imposes a stress on the active material and causes 

the structure to expand and contract throughout intercalation and deintercalation respectively. The 

stress imposed on the electrode is exacerbated at high charge-discharge rates as the ion 

intercalation and deintercalation occurs more rapidly, resulting in swelling that can cause 

permanent structural changes in the electrode active material leading to significant loss of 

capacitance. Pseudocapacitive polymers are especially vulnerable to this form of failure and 

previous research indicates that electrodes based on conducting polymers can degrade significantly 

in fewer than a thousand cycles [27].  

 However, studies have shown that the cycle stability of polypyrrole (PPy) can be 

enhanced through structural modifications, improvements in morphologies of PPy films, and the 

development of composite materials, especially with magnetic materials. Tang et al., developed 

PPy composite electrode with ferrimagnetic materials and enhanced electrode stability by 

spontaneous magnetic field [30]. These strategies aim to mitigate the mechanical stresses and 

volume changes that occur during charge-discharge cycles, thereby improving the overall 

durability and lifespan of PPy-based electrodes in EC applications. 
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2.9  Electrochemical Capacitor Electrolytes 
 

The electrolyte is a crucial component of electrochemical capacitors as it facilitates the 

transportation of charged ionic species to the surfaces of electrodes so that both faradaic and non-

faradaic reactions can occur. For the electrolyte to be effective it must have high ionic conductivity 

and mobility so that the reactions kinetics will not be impeded by slow mass transport. 

Additionally, it should possess low electronic conductivity to prevent a short circuit between the 

cathode and anode of the cell (which is aided by the separator). Electrolytes need to be chemically 

stable in a wide potential range as the capacitance of a device is directly correlated to the operating 

voltage. If the electrolyte is only stable in a limited window of potential ranges, then it will break 

down or “dry up” by reacting irreversibly with the electrodes when safe operating range is 

exceeded  [31]. 

  Along with this the electrolyte must be stable in its given voltage window over the cycle 

life of the electrochemical capacitor which for certain EC technology can be on the scale of > 106 

cycles. Furthermore, electrolytes need to be scalable as energy storage systems come in a wide 

range of sizes and are meant for mass production. Part of the scalability is the cost associated with 

manufacturing the electrolyte and placing it into these EC systems. Factors that impact cost are 

supply chain of required chemicals, the environmental friendliness and especially the toxicity of 

the electrolyte as the more dangerous (i.e. caustic and flammable) an electrolyte is, the more 

research efforts need to be invested to prevent any leak of the electrolyte by adding extra 

protection. Electrolytes can be categorized into aqueous, acidic, alkaline, neutral, organic, polymer 

and ionic liquids[4, 32]. Each electrolyte possesses varying magnitudes of dielectric constant and 

viscosity which play vital roles in dissolution and mass transport of charged species. The dielectric 
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constant is a materials property which describes the degree to which a specific material is polarized 

in the presence of an electric field relative to free space and is very heavily corelated to the 

performance of electrolytes.   

2.9.1. Aqueous Electrolytes 
 

Aqueous electrolytes are commonly water-based electrolytes with varying concentrations 

of dissolved ionic species in them. Aqueous electrolytes can be categorized as neutral, acidic and 

basic electrolytes. Water is a good solvent for electrolyte molecules due to its permanent dipole 

structure which forms solvation shells around the dissolved species. The strength of water’s 

permanent dipole (and dielectric constant) along with its environmental friendliness makes it a 

great candidate for energy storage devices. Aqueous electrolytes possess high ionic mobility which 

increases the mass transport kinetics of solvated ions and will increase the interactions between 

active materials of the electrodes with charges species. Despite being a widely available resource, 

easily manufacturable and regarded as the universal solvent, water is not stable in a wide potential 

range due to a breakdown voltage of 1.23 V. When a voltage of 1.23 V is applied across the 

electrodes in an electrochemical cell containing an aqueous electrolyte, water will be electrolyzed 

causing it to breakdown into H2 and O2 on the surfaces of the cathode and anode respectively. This 

will not only dry up the electrolyte over time, but the gaseous bubbles formed on the surface of 

the electrodes impede the mass transfer of solvated ions, destroying the performance of the 

electrode. Due to this limited voltage window the energy density associated with aqueous 

electrolytes is lower than other available electrolytes. Additionally, aqueous electrolytes have 

limited temperature ranges as the ionic mobility is severely hindered at lower temperatures due to 

freezing effects. Conversely, they cannot be operated at higher temperatures to avoid evaporation 
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of water. Despite their low toxicity, aqueous electrolyte-based energy storage devices have limited 

applications due to low energy density.  Aqueous electrolytes can be further divided into acidic, 

neutral and basic type electrolytes [32].  

𝑁𝑎𝑠𝑜𝑙𝑖𝑑
+ 𝐶𝑙𝑠𝑜𝑙𝑖𝑑

− =  𝑁𝑎𝑎𝑞.
+ + 𝐶𝑙𝑎𝑞.

−   Eq. (2.37) 

Equation 2.9.1-1 shows a simple aqueous sodium chloride electrolyte being dissolved in 

water [4]. 

2.9.2. Aqueous Electrolytes – Acidic Electrolytes 
 

Acidic electrolytes are those which contain a surplus of protons such as sulfuric acid 

(H2SO4) which possesses high ionic conductivity, but strong acids required for strong ionic 

conductivity are corrosive and dangerous to work with[33]. There is also the possibility of acid 

leaking out when the device has become damaged which can have significant environmental and 

safety impacts. To combat the corrosivity of H2SO4, it can be blended with higher concentration 

of inorganic salts like potassium nitrate (KNO3) which reduce the corrosive effects of the 

electrolyte[32].  

2.9.3.  Aqueous Electrolytes – Alkaline Electrolytes 
 

Alkaline electrolytes have more proton acceptor molecules than donors, making them basic 

solutions with high ionic conductivity. KOH is widely used as an alkaline electrolyte for EDLC 

supercapacitor electrodes for the small ionic size of K+ and its high ionic conductivity [33]. 

Similarly to their acidic counterpart, alkaline electrolytes also possess harmful corrosion and 

toxicity properties that can lead to difficulty in handling and manufacturing[32].  
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2.9.4. Aqueous Electrolytes – Neutral Electrolytes 
 

Neutral electrolytes are composed of equally balanced proton donator and acceptor species, 

a popular example of this is Na2SO4 which dissolves into Na+ and SO4
- in water [33]. Neutral 

electrolytes have the lowest conductivity of the three (acidic, alkaline and neutral) which results 

in lower capacitance but higher energy density due to increased stability in a wider potential 

window, additionally, due to its neutral pH it possesses the lowest corrosion properties as well, 

making it a safer more environmentally friendly option than acidic and alkaline electrolytes [32]. 

2.9.5. Organic Electrolytes 
 

Organic electrolytes are a popular alternative to aqueous as they are more stable in a much 

wider potential range up to 4 V (larger than the 1.23 – 1.5V of aqueous kind). Due to this large 

potential window organic electrolytes have much higher energy densities than aqueous 

electrolytes. Organic electrolytes possess high concentration of solvated ions but suffer from low 

dielectric constant and ionic mobility properties limiting effectiveness for use in pseudocapacitive 

energy storage devices. Contributing to this is the large size of ions for OEs, slowing their motion 

in an electric field as well as making it difficult for them to properly interact with the active 

material through intercalation phenomena. To combat this, pore optimization processes where the 

structure of the active material is changed through novel nanomaterials synthesis techniques can 

be employed. Another way to combat this is to use dissolved salts with much smaller sized ions 

such as lithium-based salts (LiPF, and LCO). Electrolyte aging is a key drawback of organic 

electrolytes causing the electrolyte to oxidize the surface of the electrode material forming a 

permanent oxide film which lowers the faradaic efficiency significantly over many cycles if it is 

not stabilized [4, 32]. 
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2.9.6. Polymer Electrolytes 
 

 Polymer electrolytes come in two main forms quasi solid or gel and solid based 

electrolytes. Polymer gel electrolytes have a jelly-like consistency and is why cylindrical energy 

storage devices are called jelly rolls. It is a popular form of electrolyte widely used in batteries and 

supercapacitors alike. The quasi-solid state and solid state of the polymer electrolyte allow for 

greater physical stability properties than the previously mentioned electrolytes as there is a lower 

risk of the polymer spilling out if damaged in the jelly state and it becomes a flexible electrolyte 

in its solid state. In addition to benefits from flexibility, polymer electrolytes are operable in the 

widest potential windows giving them higher energy density characteristics. However, they have 

the lowest ionic mobility of electrolytes due to their quasi and solid physical states which impede 

the motion of ions in the electrolyte. A tradeoff for this drawback is that the GPE and SPE can be 

used as both the electrolyte and separator for electrochemical capacitors as in the case for PVDF 

based polymer electrolytes. SPEs and GPEs alike have greater operating temperature ranges than 

other forms of electrolytes as there is little risk of evaporation with quasi and fully solid-state 

materials. Because of this there is less impact on ionic mobility at low temperatures too [32].   

 

2.9.6 Ionic Liquid Electrolytes 
 

Ionic liquid electrolytes referred to as water in salt as well as molten salt electrolytes take 

advantage of extremely high concentrations of very soluble ionic salts to facilitate charge transfer 

in faradaic processes. They require salts with low melting points below 100 C and high solubility 

so that high concentrations in water can be achieved. This form of electrolyte can be described as 

containing an organic cation and inorganic/organic anion pairs dissolved in water. Popular 
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examples of this are: 1-Ethyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-

methylimidazolium tetrafluoroborate and 1-butyl-1-methylpyrrolidinium dicyanamide. They are 

stable in a wide potential range due to the low amount of water and the strong bonds formed 

between ionic constituents and the solvent giving them great energy density characteristics. ILs 

possess low volatility and are non-flammable making them easy to manufacture and great potential 

candidates for mobile electronics. Most importantly they are great ionic conductors on the scale of 

10-3 to 10-2 S/cm which can counteract the low ionic mobility due to high viscosity. One of the 

main difficulties of applicability is the melting temperature of the electrolyte as they can become 

solid at temperatures above 0°C greatly decreasing the ionic mobility to the point where the 

conductivity would no longer be able to compensate [32].  

 

𝑁𝑎𝑠𝑜𝑙𝑖𝑑
+ 𝐶𝑙𝑠𝑜𝑙𝑖𝑑

− =  𝑁𝑎𝑙𝑖𝑞𝑢𝑖𝑑.
+ + 𝐶𝑙𝑙𝑖𝑞𝑢𝑖𝑑

−   Eq. (2.37)  

Eq. 2.37 shows a simple example of a molten sodium chloride salt, ionic liquid electrolyte [4]. 

2.10 Magnetically Ordered Pseudocapacitive Materials 

The magnetoelectric (ME) effect is the term used to describe the coupling of electrical and 

magnetic properties of certain materials, allowing the manipulation of magnetic properties through 

variations in the electric field, thereby controlling device functions. The discovery of magnetically 

ordered ferroelectrics or multiferroics has spurred significant research interest in the ME effect. 

Multiferroics exhibit both ferroelectric and either ferromagnetic or ferrimagnetic ordering. 

Abnormal phenomena, such as magnetization reversal in an electric field and polarization reversal 

in a magnetic field, have been observed in these materials near their ferroelectric/magnetic phase 

transition temperatures (Curie temperatures). However, few multiferroics exhibit both strong 
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magnetic and ferroelectric properties at room temperature due to their chemical composition and 

crystal structure, resulting in weak magnetic and ferroelectric properties. 

Recent discoveries of pseudocapacitive properties in advanced spinel ferrimagnetic 

materials, ferrimagnetic hexagonal ferrites, and ferromagnetic perovskites have opened new 

research avenues in magnetically ordered pseudocapacitive materials and ME interactions. The 

key to advancing MOPC (magnetically ordered pseudocapacitors) devices lies in combining 

pseudocapacitive properties with magnetization at room temperature, thus addressing the 

limitations of multiferroic applications. Spinel structured ferrimagnetic materials are particularly 

notable for their high magnetization, modifiable: magnetization, curie temperature and 

conductivity via solid solutions processes. 

2.10.1. Pseudocapacitive Magnetic Materials - Spinel 

Ferrimagnetic Materials 

Spinel ferrimagnetic materials, such as Fe3O4, γ-Fe2O3, CuFe2O4, NiFe2O4, CoFe2O4, and 

MnFe2O4, exhibit high spontaneous magnetization at room temperature along with high 

pseudocapacitance. The paramagnetic cations (Cu2+, Fe2+, Fe3+, Ni2+, Co2+, Mn2+, Mn3+) in these 

materials enable capacitive redox reactions and super-exchange ferrimagnetic spin ordering, 

offering high gravimetric specific capacitance due to their relatively low atomic mass. MnFe2O4 

(MFO), for instance, demonstrates capacitive properties in both positive and negative potential 

ranges, with Mn2+ oxidizing to Mn3+ in the negative range and Fe3+ reducing to Fe2+ in the positive 

range. Similarly, the pseudocapacitive properties of NiFe2O4 (NFO) have been studied in various 

potential ranges. Ferrimagnetic super exchange is the phenomenon resulting from the interaction 

between the magnetic ordering of materials like iron and the bonds they form with oxygen. Oxygen 
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has 6 electrons in its valence shell, 2 of which are unpaired. According to the Pauli exclusion 

principle, only 2 electrons can occupy the same orbital and electrons in the same orbital must have 

opposing spins, either spin up or spin down. Therefore, the electrons in the two half-filled orbitals 

in oxygen possess antiparallel spin orientation meaning that two metal cations that form bonds 

with the oxygen anion will have antiparallel electron spin orientation.  A crucial component of the 

super-exchange interaction is that the bond angle formed between two metal cations and an oxygen 

anion is 180 degrees, resulting in antiparallel alignment of magnetic domains, and facilitating 

ferrimagnetic spin ordering.  

 

Figure 2.25 Super-exchange interaction schematic of ferrimagnetic oxide materials. 

 

2.10.2. Hexagonal Ferrite Materials 

BaFe12O19 and SrFe12O19 are key hexagonal ferrite materials for MOPC electrodes. 

BaFe12O19 forms oxygen defects near the Ba sites and Fe2+/3+/4+ centers, which act as redox centers 

for pseudocapacitive charging, primarily in the positive range. However, high impedance due to 

high resistivity can be mitigated by adding conductive additives like carbon nanotubes to enhance 

charge transfer during redox reactions. SrFe12O19 (SFO) exhibits capacitive properties in the 
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negative potential range due to Fe3+/Fe2+ redox reactions. The addition of graphene has been shown 

to reduce the high resistance of SFO by acting as a charge transfer mediator with high conductivity. 

2.10.3. Ferromagnetic Perovskites 

La1-xAxMnO3 (A = Sr, Ca) perovskites hold significant potential for MOPC applications. 

The double exchange interaction mechanism of Mn ions in various oxidation states promotes 

ferromagnetic properties. Studies have shown that La1-xAxMnO3 exhibits electrical conductivity 

of approximately 44.9 S·cm-1 at room temperature, significantly higher than other 

pseudocapacitive materials. This high conductivity aids in charge transfer during pseudocapacitive 

redox reactions. The formation of oxygen vacancies and Mn atoms in different oxidation states 

further enhances both ferromagnetic properties and conductivity. 

2.10.4. Magneto-Hydrodynamic Phenomena 

Magnetoelectric phenomena enable the control of electrochemical processes using a 

magnetic field. An external magnetic field can influence electrolyte flow, local pH, and 

electrochemical reaction rates. Two critical factors affecting electrochemical reaction kinetics are 

electromigration and diffusion. The Nernst diffusion layer, impacted by the diffusion process, can 

alter the local pH at the electrode surface, thereby affecting product formation and reaction rates. 

The Lorentz force describes the impact of an external magnetic field on ion transportation: 

        �⃗� = �⃗⃗�  ×  �⃗⃗�     Eq. (2.38) 

  Where V is the velocity of the ions in the magnetic field, B is the magnetic field and F is 

the force exerted on the ions by the magnetic field given their velocity. Noting the cross-product 
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nature of the equation, the Lorentz force is zero when V and B vectors are parallel and at a 

maximum when they are orthogonal. 

The Lorentz force can affect the flux of reactants and products, and at high magnetic fields, 

the induced convection can enhance the electrolyte ion interactions with the active material. This 

phenomenon is explained by magnetohydrodynamic theory, and its effect on electrolyte diffusion 

can be described by a modified Fick’s law:  

𝐽 =  −
𝐷 ∂C

∂x
−

𝑛𝐹

𝑅𝑇
𝐷𝐶𝑣𝐵    Eq (2.39) 

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

coefficient, 𝐵 is the magnetic field strength, 𝑣 is the velocity of charged species in the electrolyte 

solution due to the magnetic field, n is the number of moles of electrons passing through the 

electrode during the reaction, F is the Faraday constant, and RT represents thermal energy where 

R is the Rydberg’s constant and T is the temperature. 

 

 

Figure 2.26 The behaviour of charged particles in an electrolyte without (left) and with (right) 

the influence of an externally applied magnetic field [34]. Reproduced (adapted) with permission 

from R. Sikkema, I. Zhitomirsky, Magnetic supercapacitors: Charge storage mechanisms, 

magnetocapacitance, and magnetoelectric phenomena, Applied Physics Reviews 10(2) (2023). 
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Figure 2.27 Nernst diffusion layer at the surface of the electrode in the absence of a magnetic 

field (A) and in the presence of a magnetic field (B). Reproduced (adapted) with permission from 

R. Sikkema, I. Zhitomirsky, Magnetic supercapacitors: Charge storage mechanisms, 

magnetocapacitance, and magnetoelectric phenomena, Applied Physics Reviews 10(2) (2023). 

The Heisenberg Hamiltonian is used to study magnetocapacitive phenomena, and is used to 

describe the interaction of electron spins between two atoms:  

�̂� = −2𝐽�̂�1 × �̂�2     Eq (2.40) 

  Where �̂�1 and �̂�2 are spin operators, and J is the exchange integral. J>0 indicates a 

ferromagnetic interaction (parallel spins), while J<0 indicates a ferrimagnetic interaction 

(antiparallel spins). For practical applications, it is essential that MOPC exhibits ferromagnetic or 

ferrimagnetic properties at room temperature. During redox reactions, magnetic moments and 

interaction energy can change, providing a platform for ME coupling and magnetocapacitive 

behavior [34]. 
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3.  Problem Statement and Project Objectives 
 

 The goal of this investigation was the development of MOPC materials and composites 

for application in supercapacitors. It involved the investigation of capacitive properties and 

magnetic properties of advanced soft ferrimagnetic NiFe2O4 and hard ferrimagnetic SrFe12O19 

materials. It involved the investigation of HEBM effect on particle morphology and capacitance. 

This investigation targeted the fabrication of electrode materials and devices with high active mass 

loading and application of new concepts based on the use of charge-transfer mediator-dispersants 

for the fabrication of electrodes with enhanced performance. The analysis of influence of the 

chemical structure of the charge transfer mediator-dispersants on electrode performance was in the 

focus of this study as well. Another avenue was focused on the fabrication and testing of composite 

electrodes and devices, based on composites of NiFe2O4 –PPy and SrFe12O19-PPy, analysis of 

influence of composite phase content on capacitive properties, impedance, capacitance retention, 

cyclic stability and magnetic properties. Electrochemical capacitors require a large ratio of active 

materials to inert components (casings, separators current collectors etc) to be considered a 

practical energy storage solution. The main problem with fabricating high active mass loaded 

electrodes is the reduced ion access to electrochemically active sites due to agglomeration and 

poor ionic conductivity, resulting in reduced capacitance relative to electrodes with low mass 

loading, exacerbated at high scan rates. Agglomeration occurs due to Van der Waals and magnetic 

attraction forces between ferrimagnetic particles when making slurries. Additionally, NFO and 

SFO possess relatively low conductivities resulting in high ohmic losses during red/ox reactions 

in EC systems. The specific objectives required to achieve the main goal of this thesis are: 
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1. Utilizing gallocyanine dye as a co-dispersing agent and performing mass ratio 

optimization steps to mitigate the effects of agglomeration on NFO, SFO and 

multiwalled carbon nanotube conductive additives in ethanol, in order to promote 

proper dispersion and suspension qualities of the active material slurries. Additionally, 

using the charge transfer mediation effects of gallocyanine dye in the negative potential 

range to enhance capacitive performance of SFO and NFO electrodes. 

2. Utilizing the HEBM technique to break apart large agglomerates and increase the 

surface area to volume ratio of ferrimagnetic SFO and NFO particles in order to 

improve suspension stability, dispersion qualities and capacitance. 

3. Forming composites of varying mass ratios with pseudocapacitive polypyrrole doped 

with anionic tiron molecule to improve capacitance of SFO and NFO based 

supercapacitor electrodes.  

The effects that each objective had on the capacitance of the SFO and NFO based 

electrodes were carefully measured via CV, CP and EIS tests to select for the best 

combination of dispersing agent mass ratio, high energy ball milled product, and 

conductive polymer mass ratio, in order to develop high active mass loaded supercapacitor 

electrodes with practical capacitance values. 

 

 

 

 



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

61 

 

4. Capacitive Properties of Ferrimagnetic 

NiFe2O4-Conductive Polypyrrole 

Nanocomposites 
 

M. MacDonald and I. Zhitomirsky, "Capacitive Properties of Ferrimagnetic NiFe2O4-

Conductive Polypyrrole Nanocomposites," Journal of Composites Science, vol. 8, no. 2, p. 

51, 2024, doi: 10.3390/jcs8020051. 

 

Abstract 
This investigation addresses increasing interest in advanced composite materials, combining 

capacitive properties and spontaneous magnetization for energy storage applications in 

supercapacitors. The capacitive properties of ferrimagnetic NiFe2O4 (NFO) spinel nanoparticles 

with magnetization of 30 emu g−1 were enhanced using high-energy ball-milling and the use of 

advanced dispersant, which facilitated charge transfer. NFO electrodes with an active mass of 40 

mg cm−2 showed a capacitance of 1.46 F cm−2 in 0.5 M Na2SO4 electrolyte in a negative potential 

range. The charging mechanism in the negative potential range in Na2SO4 electrolyte was 

proposed. NFO was combined with conductive polypyrrole polymer for the fabrication of 

composites. The analysis of the capacitive behavior of the composites using cyclic voltammetry, 

chronopotentiometry and impedance spectroscopy at different electrode potentials revealed 

synergy of contributions of NFO and PPy. The highest capacitance of 6.64 F cm−2 was obtained 

from cyclic voltammetry data. The capacitance, impedance, and magnetic properties can be varied 

by variation of electrode composition. Composite electrodes are promising for application in 

https://doi.org/10.3390/jcs8020051
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anodes of asymmetric magnetic supercapacitors for energy storage and magnetically enhanced 

capacitive water purification devices. 

4.1 Introduction 
 

Conductive polymers have generated significant interest for the fabrication of composites, 

combining various functional properties of individual components. Polyaniline (PANI)- and 

polypyrrole (PPy)-based composites containing magnetic particles have been developed [1,2,3]. 

These composite materials have shown interesting properties, which result from the interfacial 

interactions of magnetic particles and conductive polymers. PANI-coated ferromagnetic particles 

showed enhanced magnetoresistance [4] due to the spin-polarized tunneling of electrons between 

grains of the ferromagnetic material, which was facilitated by the conducting electrons of the 

polymer [4]. Surface modification of a ferromagnetic material with PPy resulted in significant 

magnetization increase [3]. In such composites, the measured magnetic moment of Mn ions was 

higher than theoretically expected. The magnetization increase resulted from spin and charge 

transfer from the conductive polymer to the magnetic material. It was suggested [3] that the π 

electrons of PPy are polarized in exchange interactions with 3D electrons of Mn ions, resulting in 

an increase in the total magnetic moment. 

There is currently a surge of interest in composites containing conductive polymers 

[5,6,7,8,9] for application in supercapacitors. It has been reported that the capacitance of PPy 

composites containing ferromagnetic lanthanum strontium manganate nanoparticles is higher than 

the capacitance of pure PPy electrodes [10]. Composite materials containing polypyrrole and 

magnetic particles are scientifically and technologically fascinating. Such composites are 

promising for energy storage and capacitive deionization of water applications. 
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NiFe2O4 (NFO) is a promising ferrimagnetic spinel material for the development of magnetic 

supercapacitor composites with PPy. Many investigations [11,12,13,14,15] tested capacitive 

properties of NFO and composites in positive potential windows in KOH electrolyte. Good 

capacitive properties in KOH electrolyte were reported in a relatively small potential window of 

~0.4–0.5 V [16,17,18,19,20]. The tested electrodes had a relatively low active mass, typically 

below 5 mg cm−2. Significantly higher active mass loadings are required for practical applications. 

It should be noted that PPy shows poor electrochemical performance and degradation of properties 

in KOH electrolyte. NFO and composites were also tested in KNO3 [21], LiCl [22], LiClO4 [23], 

and other electrolytes [24]. NFO-PPy core shell composite materials were tested in 

H2SO4 electrolyte [25]. However, the use of acidic H2SO4 electrolyte can result in NFO 

degradation. It is hypothesized that neutral Na2SO4 electrolyte is beneficial for the charge storage 

of both PPy and NFO. 

The objective of this investigation was the fabrication of NFO-PPy composites with high 

active mass for operation in a Na2SO4 electrolyte. The electric charge storage properties of NFO 

were enhanced using high-energy ball-milling (HEBM) and application of a dispersant-charge 

transfer mediator. As a result, the capacitance of NFO electrodes was higher than reported in 

previous investigations. The combination of NFO and PPy offers the advantages of the synergy of 

contributions of individual components at different electrode potentials. In contrast with previous 

studies, high capacitance was achieved in a negative potential range. Composite electrodes showed 

promising electrochemical performance and combined charge storage and ferrimagnetic 

properties. 
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4.2  Materials and Methods 
 

Gallocyanine dye (GCD), Na2SO4, ammonium persulfate (APS), NiFe2O4 (NFO, 

nanoparticles, <50 nm size), pyrrole, 4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium salt 

monohydrate (Tiron), ethanol, and poly(vinyl butyral) (PVB, 200–300 kDa) were purchased from 

MilliporeSigma, Burlington, ON, Canada). Carbon nanotubes (CNT, multiwalled, 13 nm diameter, 

1–2 μm length, Bayer, Leverkusen, Germany) and commercial Ni foam current collectors (95% 

porosity, 1.6 mm thickness, Vale, Mississauga, ON, Canada) were used. PPy polymerization was 

performed using aqueous 0.1 M pyrrole solutions containing 0.01 M Tiron; this was achieved by 

adding 0.1 M APS at 0 °C. 

High-energy ball-milling (HEBM) of NFO was conducted using a Mixer Mill MM 500 Nano 

(Retsch GmbH, Haan, Germany). HEBM consisted of milling steps at a frequency of 15 Hz during 

5 min with 90 s intervals between the steps. The milling duration was 2 h. After HEBM, the NFO 

material was washed with ethanol and dried. 

NFO and CNT were co-dispersed in ethanol using GCD as a dispersant. The mass ratio of 

NFO–CNT was 8:2. The mass ratio (RD) of GCD dispersant to the total mass of NFO and CNT 

was RD = 0.02–0.1. The mixtures underwent ultrasonication, washing, and drying and re-

dispersion in ethanol containing dissolved PVB binder. The obtained slurries were then utilized 

for electrode fabrication by impregnating current collectors. PPy-CNT and PPy–NFO–CNT 

composite powders were also dispersed in PVB solution in ethanol. The mass ratio of PPy–NFO 

was 1:1 (Composite 1) and 1:3 (Composite 2). All the electrodes contained 20% CNT as 

conductive additives. In each electrode, the mass ratio of PVB to the total mass of NFO, PPy and 
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CNT was 0.03. The final mass of the impregnated material, after drying, was 40 mg cm−2. The 

impregnated Ni foams were pressed to 25% of their initial thickness. 

A SQUID magnetometer (Quantum Design, San Diego, CA, USA) was used for investigation 

of magnetic properties. XRD testing was conducted with a diffractometer Bruker D8 Advance with 

Cr-Kα radiation. The microstructure investigations involved the use of transmission electron 

microscopy (TEM, Talos 200 microscope, Thermo Scientific, Waltham, MA, USA). 

Electrochemical characterization was carried out in aqueous 0.5 M Na2SO4 electrolyte using a 

Biologic potentiostat (VMP 300, BioLogic, Seyssinet-Pariset, France) with a three-electrode 

system, using a saturated calomel electrode reference (SCE), an NFO-based working electrode, 

and a Pt mesh counter electrode. Cyclic voltammetry (CV), electrochemical impedance 

spectroscopy (EIS), and chronopotentiometry (CP) methods were used for electrode 

characterization. The capacitance was calculated from the CV, EIS and CP data as described in 

Ref. [26]. Areal (CS) and gravimetric (Cm) capacitances were derived from the CV data using the 

following equation: 

𝐶 = ∆𝑄∆𝑈 =
|∫ 𝐼𝑑𝑡

𝑡(𝑈𝑚𝑎𝑥)

0 |+|∫ 𝐼𝑑𝑡
0

𝑡(𝑈𝑚𝑎𝑥) |

2𝑈𝑚𝑎𝑥
   Eq. (4.1) 

where ΔQ is charge, I is current, t is time, ΔU is potential range, and from the CP data, 

𝐶 =
𝐼𝛥𝑡

𝛥𝑈
     Eq. (4.2) 

The complex capacitance C*(ω) = C′(ω) − iC″(ω) was derived at different frequencies (ω) 

from the complex impedance Z*(ω) =Z′(ω) + i Z″(ω): 

𝐶′(𝜔) = −
𝑍″(𝜔)

𝜔𝑍(𝜔)2
     Eq. (4.3) 
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𝐶″(𝜔) =
𝑍′(𝜔)

𝜔𝑍(𝜔)2
    Eq. (4.4) 

 

4.3 Results 
 

NFO showed soft ferrimagnetic properties with spontaneous magnetization of 30 emu g−1 and 

a small coercive field (Figure 4.1 ). The obtained magnetization value is in agreement with data 

from the literature [27]. However, the magnetization of NFO is dependent on particle size, 

temperature, distribution of Ni2+ and Fe3+ ions in the tetrahedral and octahedral positions of the 

spinel crystalline structure and other factors [28,29,30]. 

 

Figure 4.1 (A) Magnetization (M) versus magnetic field (H) and (B) M versus H in the low H 

range. 

The size of the NFO particles was analyzed using TEM. The as-received NFO particles 

(Figure 4.2A, Supplementary Information, Figure 4.11) showed well-defined crystal faces. The 

typical particle size was 20–40 nm in agreement with the data of powder manufacturer. The 

investigation of morphology of HEBM powders showed particles of irregular shapes which 

resulted from particle grinding (Figure 4.2B). The typical particle size was below 20 nm, and the 
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powders contained many particles with sizes below 10 nm. It was hypothesized that particle size 

reduction can be beneficial for obtaining electrodes with higher capacitance. However, it should 

be noted that other investigations of different materials did not show correlation between 

electrochemical capacitance and BET surface area [31,32,33]. 

 

Figure 4.2 TEM images of (A) as-received and (B) HEBM NFO. 

 

Figure 4.3 and Figures and 4.12–4.14 (supplementary) compare electrochemical testing 

results for as-received NFO and HEBM NFO prepared with and without GCD. The CV data for 

as-received NFO (Figure 4.3A(a)) showed a reduction in current with increasing potential from 

−0.8 to 0 V, which indicated decreasing differential capacitance at higher potentials. The use of 

GCD as a dispersant for the NFO particles led to significant changes in CV shape (Figure 4.3A(b)) 

for RD = 0.02. The NFO electrodes prepared with GCD showed a significant increase in current 

in the potential range of −0.6–0 V, and redox peaks were observed at about −0.2 V. It was found 

that the increase in RD from 0.02 to 0.1 did not result in significant changes in CV shape (Figure 

4.2). The changes in CV shape can be attributed to the effect of adsorbed GCD. It is suggested that 

for RD = 0.02, only part of GCD adsorbed on NFO and non-adsorbed GCD was removed during 
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washing. Further addition of GCD (0.02 < RD ≤ 0.1) did not result in higher capacitance. The NFO 

electrodes, prepared without and with GCD (RD = 0.02) showed capacitances of 0.55 and 0.91 F 

cm-2, respectively, at 2 mV s-1. HEBM NFO showed significantly higher currents, especially for 

potentials above −0.6 V (Figure 4.3B(a)). 

 

Figure 4.3 (A,B) CVs at 10 mV s-1; (C) capacitance calculated from CV data versus sweep rate; 

(D,E) CP data at 10 mA cm-2; (F) capacitance calculated from CP data versus current density for 

electrodes prepared using (A(a)), (C(a)), (D(a)), (F(a)) as-received NFO; (A(b)), (C(b)), (D(b)), 

(F(b)) as-received NFO with GCD for RD = 0.02; (B(a)), (C(c)), (E(a)), (F(c)) HEBM NFO; and 

(B(b)), (C(d)), (E(b)), (F(d)) HEBM NFO with GCD for RD = 0.02. 
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The use of GCD (RD = 0.02) resulted in a further increase in currents for potentials above 

−0.4 V. Redox peaks were also observed for the electrode prepared with GCD dispersant (Figure 

4.3B(b)). The HEBM NFO electrodes prepared without and with GCD showed capacitances of 

1.32 and 1.46 F cm-2, respectively, at 2 mV s-1. The analysis of dependences of capacitance versus 

sweep rate (Figure 4.3C) showed that the use of GCD and HEBM resulted in improved capacitive 

properties in the range of 2–100 mV s-1. The use of GCD for HEBM NFO resulted in improved 

capacitive properties at low sweep rates below 20 mV s-1. However, at higher sweep rates the use 

of GCD for HEBM resulted in reduced capacitance. CP testing results showed that the use of GCD 

for as-prepared NFO and HEBM resulted in longer charge–discharge times (Figure 4.3D,E), which 

led to higher capacitances at different current densities (Figure 4.3F). However, the use of GCD 

for HEBM samples did not result in enhanced capacitance (Figure 4.3E,F). 

 

GCD (Figure 4.4A) belongs to catechol family of molecules, which exhibit strong adsorption 

on inorganic particles by complexation of surface metal atoms. The adsorption mechanism of 

catecholate molecules is similar to that of mussel protein bonding to different surfaces by the 

catechol groups of the individual monomers. GCD can be adsorbed on NFO particles by 

complexation of Ni or Fe atoms (Figure 4.4B). GCD is a polyaromatic molecule (Figure 4.4A). 

Polyaromatic molecules show adsorption on CNT by π-π interactions. The positive charge of GCD 

is beneficial for application of this molecule as a dispersant for electrostatic stabilization of 

particles in suspensions. It is known that charged polyaromatic catecholates can be used as 

dispersants for inorganic particles and CNT. Therefore, it was hypothesized that GCD adsorbed 

on NFO and CNT, acting as a co-dispersant for both materials. Therefore, enhanced capacitance 

of electrodes prepared using GCD can result from better mixing of NFO with conducting CNT 
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additives. It is also known that catechol molecules can facilitate charge transfer. For example, 

Tiron and other anionic catechol molecules facilitated anodic electro-polymerization of 

polypyrrole on non-noble substrates acting as charge transfer mediators, which reduce 

electropolymerization potential [34,35]. The use of dopamine as a charge transfer mediator 

facilitated the fabrication of photovoltaic devices with enhanced efficiency [36]. GCD was used 

as a charge transfer mediator for advanced electrochemical sensors [37]. 

 

 

Figure 4.4 (A) Chemical structure of GCD; (B) adsorption of GCD on NFO involving 

catecholate-type bonding to surface atoms (M = Ni, Fe); (C) redox reaction of GCD. 

 

It is suggested that GCD can potentially facilitate charge storage reactions of NFO. It is in 

this regard that GCD is a redox active molecule (Figure 4.4C). The mass normalized capacitance 

of GCD is low due to the large molecular mass of this molecule. Therefore, due to the low 

gravimetric capacitance and low amount of GCD adsorbed, the direct contribution of GCD to the 
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electrode capacitance is negligible. However, GCD can act as charge transfer mediator for NFO. 

The charge storage mechanism of NFO in the negative potential range can be described by the 

following equation: 

Ni2+Fe2
3+O4 + δe− + δNa+ ↔ (δNa+)Ni2+Fe2

(3 − δ/2) + O4 Eq. (4.5) 

EIS data were obtained at different electrode potentials, such as 0, −0.2, −0.4, −0.6 and −0.8 

V, versus SCE. Figure 4.5 presents EIS data for NFO and HEBM NFO electrodes prepared without 

and with GCD. The Nyquists plots (Figure 4.5A) for as-received NFO prepared without GCD 

showed significant differences in components of complex impedance Z* = Z′+ iZ″ at different 

electrode potentials. The highest Z* values were obtained for potentials of 0 V and −0.2 V versus 

SCE, which indicated low capacitance and high electrical resistance. The NFO electrodes prepared 

using GCD (Figure 4.3.5B) showed reduced values of Z′ and Z″ at −0.4 V. HEBM resulted in a 

reduced imaginary component of Z*, which indicated an increase in differential capacitance 

(Figure 4.5C). However, the HEBM NFO electrodes showed higher resistance R = Z′ at all the 

electrode potentials. The HEBM NFO electrodes (Figure 4.5D) prepared using GCD showed the 

lowest values of R = Z′ and highest slopes of the Nyquist plots, which indicated improved 

capacitive behavior. 
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Figure 4.5 Nyquist plots of EIS data at different potentials for electrodes prepared using (A), as-

received NFO, (B) as-received NFO with GCD for RD = 0.02, (C) HEBM NFO, and (D) HEBM 

NFO with GCD for RD = 0.02. 

 

The HEBM NFO prepared using GCD was used for the fabrication of composites with PPy, 

which allowed for further improvement in properties. Figure 4.6 shows electrochemical testing 

results for PPy electrodes, containing 20% CNT. CV data (Figure 4.6A) showed higher currents 

and a wider CV area for potentials of −0.4–0 V vs. SCE, compared to the potential range of −0.8–

−0.4 V vs. SCE. This is in contrast to the data for NFO electrodes, which showed higher currents 

in the low potential range. Therefore, the combination of PPy and NFO is promising for 
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overcoming disadvantages of both materials in different potential ranges. The capacitance of PPy 

electrodes (Figure 4.6B) was found to be 6.64 F cm−2 at 2 mV s−1. However, it sharply reduced to 

the level of 4.4 F cm−2 at 10 mV s−1. The electrodes showed a capacitance of 2.6 F cm−2 at 100 

mV s−1. 

 

Figure 4.6 (A) CV at 10 mV s−1, (B) capacitance derived from CVs versus sweep rate, (C) CP 

data at 10 mA cm−2, (D) capacitance derived from CP data versus current density for PPy 

electrode. 

The pseudocapacitive charge storage mechanism of PPy, doped with anions is given by the 

following equation [38,39]: 

PPy + nA2− ↔ PPy2n+nA2− + 2ne−    Eq. (4.6) 

https://www.mdpi.com/2504-477X/8/2/51#fig_body_display_jcs-08-00051-f006
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where A2− is Tiron2− or SO4
2−. 

The CP data (Figure 4.6C) showed a deviation from linear charge–discharge potential–time 

dependences at constant current densities. The capacitance of 4.2 F cm−2 was obtained at 3 mA 

cm−2, and relatively small variations in capacitance were observed in the range of 3–40 mA 

cm−2 (Figure 4.6D). 

HEBM NFO prepared using GCD (RD = 0.02) and PPy were used for the fabrication of 

composites, combining ferrimagnetic and capacitive properties. The formation of composites was 

confirmed by X-ray diffraction studies (Figure 4.15). Figure 4.7 and Figures 4.16 and 4.17 show 

electrochemical testing results for Composite 1, containing NFO and PPy in a mass ratio of 1:1. 

The CV deviated from an ideal rectangular shape. However, reduced variations in current (Figure 

4.7A) were observed in the potential range −0.8–0 V, compared to the PPy electrode (Figure 4.6A). 

The Composite 1 electrodes exhibited capacitances of 3.86 and 1.39 F cm−2 at sweep rates of 2 

and 100 mV s−1, respectively (Figure 4.7B). Figure 4.7 C, D shows CP data. The capacitance 

calculated from the CP data was found to be 4.22 and 3.58 F cm−2 for current densities of 3 and 40 

mA cm−2, respectively. 

https://www.mdpi.com/2504-477X/8/2/51#fig_body_display_jcs-08-00051-f006
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Figure 4.7 (A) CV at 10 mV s−1, (B) capacitance derived from CVs versus sweep rate, (C) CP 

data at 10 mA cm−2, (D) capacitance derived from CP data versus current density for Composite 

1 electrode. 

 

 

The capacitance for the Composite 1 electrode, calculated from the CP data, was comparable 

with the capacitance of PPy electrodes, despite the 50% lower PPy content and lower capacitance 

of NFO compared to PPy. This indicated a synergy of contributions of the individual components. 

The capacitance of the composite materials involves the contributions of the individual 

components. The corresponding charging mechanisms are described by Equations (5) and (6). It 

is known [26] that mass normalized capacitance usually decreases with increasing electrode mass 

https://www.mdpi.com/2504-477X/8/2/51#B26-jcs-08-00051
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due to limited electronic and ionic conductivities. As a result, high gravimetric capacitance is 

usually observed only in thin films with mass below 0.1–1.0 mg cm−2. The mass loading increase 

to the level of 10–50 mg cm−2 often results in reduction of the gravimetric capacitance by 2–3 

orders of magnitude [26]. Therefore, it is challenging to utilize the capacitive properties of 

materials at high active mass loadings and achieve high areal capacitance. Special techniques are 

currently under development for the fabrication of electrodes with high active mass loadings, such 

as the use of coated particles, agglomerate-free processing using advanced dispersants, and liquid–

liquid extraction techniques [26]. The combination of PPy and NFO is promising for the 

fabrication of advanced electrodes with high active mass loading. Conductive PPy improves the 

electronic conductivity of the composite materials and allows for better utilization of the capacitive 

properties of NFO. The use of ferrimagnetic NFO can facilitate electrolyte transfer via the 

magnetohydrodynamic effect [40], which is governed by the Lorentz force acting on the ions in 

the local magnetic field of the ferrimagnetic NFO particles. The magnetohydrodynamic effect can 

result in better utilization of capacitive properties of PPy in the bulk electrodes. This can explain 

the synergy of contribution of PPy and NFO. 

Figure 4.8 presents testing results for Composite 2 with an NFO–PPy mass ratio of 3:1. The 

analysis of CV and CP data showed lower capacitances compared to the corresponding data for 

Composite 2. The capacitance calculated from the CV data decreased from 2.53 to 1.69 F 

cm−2 with an increasing sweep rate from 2 to 100 mV s−1. CP data showed capacitances of 2.54 

and 2.00 F cm−2 for current densities of 3 and 40 mA cm−2, respectively. It should be noted that 

Composite 2 had a higher content of ferrimagnetic NFO compared to Composite 2. Therefore, the 

capacitive and magnetic properties of NFO-PPy composites can be varied. 
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Figure 4.8 (A) CV at 10 mV s−1, (B) capacitance derived from CVs versus sweep rate, (C) CP 

data at 10 mA cm−2, (D) capacitance derived from CP data versus current density for Composite 

2 electrode. 

 

The EIS data for PPy, Composite 1 and Composite 2 electrodes are summarized in Figure 

4.9. PPy electrodes showed significant differences in impedance at different electrode potentials. 

Relatively high values of real and imaginary parts of the complex impedance at −0.8 V indicated 

low differential capacitance in agreement with CV data and high resistance. However, low 

impedance was observed at higher potentials. Composite 1 showed significant reduction of 

impedance at −0.8 V. The reduction of the imaginary part indicated an increase in the differential 

capacitance. The decrease in the real part is attributed to the reduction in resistance. However, the 
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electrodes showed increased resistance at −0.6 V. The EIS data were analyzed using an equivalent 

circuit developed for high active mass composite electrodes [41]. It included an R–C (Q) 

transmission line with double-layer capacitance, pseudocapacitance, Warburg impedance, solution 

resistance and charge transfer resistance (Figure 4.8). High-energy ball-milling resulted in 

increasing Warburg impedance. It is suggested that particle size reduction resulted in better 

packing of the particles, reduced porosity, and an increase in the bulk density of the electrodes. 

This can result in diffusion limitations and larger Warburg impedance. PPy electrodes showed 

significant Warburg impedance at an electrode potential of −0.8 V. The addition of NFO resulted 

in reduced Warburg impedance of Composites 1 and 2. The larger NFO content in the Composite 

2 compared to the Composite 1 allowed for lower Warburg impedance. This can result from the 

magnetohydrodynamic effect of the ferrimagnetic particles. As pointed out above, such an effect 

facilitates electrolyte diffusion [40]. 

https://www.mdpi.com/2504-477X/8/2/51#B41-jcs-08-00051
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Figure 4.9 EIS data presented in Nyquist plots at different electrode potentials for (A) PPy, (B) 

Composite 1 and (C) Composite 2 electrodes. 

 

Composite 2 showed a significant reduction in impedance at −0.8 V, compared to PPy and 

Composite 1. Increased impedance was observed at −0.6 and −0.4 V. It should be noted that 

Composites 1 and 2 showed significantly lower impedance values at potentials of −0.2 and 0 V, 

compared to NFO. In general, Composites 1 and 2 showed reduced variations in impedance in the 

potential range of −0.8–0 V, which illustrates the benefits of the composite materials compared to 

the individual components. 
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Figure 4.10 shows the capacitance retention of Composite 1, which exhibited higher 

capacitance compared to Composite 2. The initial increase in capacitance during the first 100 

cycles can be attributed to different factors, such as changes in the microstructure of the bulk of 

the electrode or improved wetting of the electrode by the electrolyte. The capacitance retention 

after 1000 cycles was found to be 93.5%. It should be noted that HEBM NFO electrodes showed 

a slight reduction in capacitance during the first 50 cycles, and then capacitance increased. The 

capacitance retention after 1000 cycles was found to be 103.5% (Figure 4.19). 

 

Figure 4.10 Capacitance retention of the Composite 1 electrode. 

 

Composites 1 and 2 combine capacitive and ferrimagnetic properties, which are promising 

for novel applications based on magnetocapacitive phenomena. Such phenomena are currently 
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under intensive investigation in various magnetically ordered pseudocapacitive materials [40]. 

Composites 1 and 2 are promising for energy storage in supercapacitors and magnetic capacitive 

water deionization devices. 

4.4 Conclusions 
NFO nanoparticles showed magnetization of 30 emu g−1 and capacitive properties in 0.5 M 

Na2SO4 electrolyte in a negative potential range. The capacitive properties of NFO can be 

increased significantly using HEBM and GCD, which acted as a dispersant and charge transfer 

mediator. The NFO electrodes with high active mass loading of 40 mg cm−2 showed a capacitance 

of 1.46 F cm−2. The ability to achieve high capacitance of NFO was beneficial for the fabrication 

of PPy–NFO composites, which showed a capacitance of 6.64 F cm−2. The analysis of CV, CP and 

EIS data at different electrode potentials showed a synergy of the contributions of the individual 

components to the capacitance of PPy–NFO composites. The capacitive properties, impedance, 

and magnetization of the composites can be varied by variation of PPy and NFO content. The high 

capacitance in the negative potential range in Na2SO4 electrolyte overcomes the problem of the 

lower capacitance of materials for negative electrodes compared to the capacitance of positive 

electrodes, such as MnO2. Therefore, the composite material prepared in this investigation is 

promising for the fabrication of asymmetric capacitors with an enlarged voltage window. The 

combination of capacitive and magnetic material in the composite opens an avenue for the 

preparation of advanced magnetically enhanced devices for energy storage and capacitive 

deionization of water. 

 

 

https://www.mdpi.com/2504-477X/8/2/51#B40-jcs-08-00051


M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

82 

 

4.5 Supplementary Information 
 

 

 

Figure 4.11 High resolution TEM image of NFO showing (111) planes. 

 

 

Figure 4.12 CVs at 10 mV s-1 for NFO electrodes, prepared using as-received NFO: (a) without 

GCD and (b-d) with GCD for (b) RD=0.02, (c) RD=0.05 and (d) RD=0.1. 
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Figure 4.13 CVs at different sweep rates for (A) as-received NFO, (B) as-received NFO with 

GCD at different scan rates, (C) HEBM NFO and (D) HEBM NFO with GCD. 
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Figure 4.14 CP data at different current densities for (A) as-received NFO, (B) as-received NFO 

with GCD at different scan rates, (C) HEBM NFO and (D) HEBM NFO with GCD. 
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Figure 4.15 X-ray diffraction pattern of Composite 1. (♦- MWCNT, JCPDS file 00-058-1638, ∇- 

PPy[1, 2], ● -NFO, JCPDS file 00-044-1485). 
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Figure 4.16 CVs at different sweep rates for (A) PPy, (B) Composite 1 and (C) Composite 2 
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electrodes. 

 

Figure 4.17 CP data at different current densities for (A) PPy, (B) Composite 1 and (C) 

Composite 2 electrodes. 
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Figure 4.18 Shows the magnified impedance spectroscopy data for as received NFO (A) vs as 

received NFO with 2 mg gallocyanine (B), HEBM NFO (C), and HEBM NFO with 2 mg of GC. 

 

 

 

Figure 4.19 Capacitance retention of HEBM NFO with GCD for RD=0.02. 
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5. Pseudocapacitive and Magnetic Properties 

of SrFe12O19-Polypyrrole Composites 
 

The information contained in this chapter has been submitted to the journal of composites sciences 

and is currently under peer review: 
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M. MacDonald and I. Zhitomirsky, "Pseudocapacitive and Magnetic Properties of 

SrFe12O19-Polypyrrole Composites," Journal of Composites Science, vol. 8, no. x, 2024, 

doi: 10.3390/xxxxx. 

 

Abstract 
This study is motivated by interest in advanced composites, combining spontaneous 

magnetization with electrical charge storage properties. It is focused on investigation of 

magnetically hard SrFe12O19 (SFO) material and its composites with conductive polypyrrole (PPy) 

polymer.  For the first time, high-energy ball milling (HEBM) and organic dispersant-charge 

transfer mediators were used for the fabrication of SFO and composite electrodes with high active 

mass loading. An important finding was the ability to achieve high capacitance of SFO and 

composites in a negative potential range in a neutral Na2SO4 electrolyte. The benefits of the 

Na2SO4 electrolyte and charge storage mechanism are discussed.   Another important finding was 

the synergy of properties of SFO and PPy, which facilitated the fabrication of composites with 

high capacitance and low impedance. The effects of HEBM and SFO content in the composites on 

capacitive properties were studied. Magnetic measurements revealed the effect of HEBM on 

magnetic properties and demonstrated good magnetic properties of the composites, which 

exhibited advanced capacitive properties.  The composites were used for the fabrication of an 

asymmetric device, which showed good capacitive properties in a voltage window of 1.5 V.   

Keywords: strontium ferrite; polypyrrole; composite; supercapacitor; magnetization; device 

 

5.1  Introduction 
 

https://doi.org/10.3390/xxxxx
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Multifunctional materials and composites, combining advanced magnetic and electrical 

properties, are currently under investigation for applications based on magnetoelectric 

interactions[2-4]. SrFe12O19 (SFO) combines ferrimagnetic and ferroelectric properties and 

belongs to multiferroic materials[5, 6]. Moreover, SFO exhibits semiconducting and 

magnetooptical properties[7]. The magnetoplumbite-type crystal structure of SFO facilitates 

super-exchange interactions of Fe3+ ions, which result in antiparallel spin ordering with 

uncompensated magnetic moments of the individual sublattices and high net magnetization [7]. 

SFO exhibits high coercive field and belongs to the category of hard magnetic materials, which 

are beneficial for permanent magnets and memory applications. The magnetic properties of SFO 

are also characterized[8] by a relatively high Neel temperature of 450°C. Ferroelectric properties 

of SFO were reported in literature[8-11]. However, the observation of ferroelectric hysteresis loops 

presents difficulties due to relatively high conductivity of SFO. Moreover, relatively high electric 

fields are required for the analysis of the hysteresis loops[9]. As a result of high conductivity, the 

hysteresis loops showed a “banana” shape[12], which was reported in several investigations[8, 10, 

12-14].  However, annealing in oxygen[12] or in air[11] at high temperatures resulted in enhanced 

resistivity and classical hysteresis loops with ferroelectric saturation were observed for annealed 

SFO.  In addition to improved ferroelectric loops, the classical peaks in current-voltage 

dependences and a maximum of dielectric permittivity at the Curie point were observed[12]. The 

annealed SFO showed significant changes in capacitance under the influence of a magnetic 

field[12]. Other investigations revealed a 9% change in SFO magnetization under the influence of 

an electric field[8]. The difficulties related to the applications of ferroelectric properties of this 

material were addressed by the development of composites of SFO with advanced ferroelectrics, 

such as BaTiO3[15, 16], PbTiO3[17], BiFeO3[18, 19] and polymers[20, 21].   
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A new wave of interest in SFO resulted from the development of magnetically ordered 

pseudocapacitive (MOPC) materials and composites. The electrical capacitance of MOPC is by 6-

8 orders of magnitudes higher than the capacitance of advanced ferroelectrics[22]. Investigations 

of MOPC revealed interesting magnetoelectric and magnetocapacitive effects, such as influence 

of electric/magnetic field on magnetization/electric capacitance, shift of magnetic Curie point 

under the influence of electric field, enhancement of high frequency capacitance in a magnetic 

field, improved charge-discharge cycling stability and other effects[22]. The capacitance of MOPC 

is based on various electrochemical charge storage mechanisms[22]. Spinel ferrites, such as Fe3O4, 

γ-Fe2O3, NiFe2O4 and CuFe2O4 showed high capacitance related to reduction of Fe3+ to Fe2+ ions 

at applied negative potentials[22]. Therefore, SrFe12O19 is a promising electrochemical charge 

storage material due to the large Fe content in this material.  

The electrochemical charge storage properties of SFO were reported in several 

investigations. The investigations[23-25] in KOH electrolyte showed significant deviation from 

ideal pseudocapacitive response. Cyclic voltammetry revealed redox peaks and galvanostatic 

charge-discharge curves were essentially nonlinear[23, 24]. The electrodes showed a relatively 

high resistance[25], which is detrimental for electrochemical charge storage. The charge storage 

mechanism in the positive potential range[23, 25] is not well understood. Difficulties in the 

fabrication of SFO composites with conductive additives and other materials are related to strong 

magnetic interactions of SFO particles, which result in their agglomeration and poor mixing with 

other materials. Previous investigations focused on SFO composites with low mass. A significantly 

higher active mass is necessary for practical applications of SFO, which facilitates the fabrication 

of composites with high active material to current collector mass ratio.    
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This investigation is motivated by interesting magnetic and capacitive properties of SFO 

and potential of this material for the development of multifunctional materials. It was suggested 

that SFO is promising for the development of MOPC materials. Another driving factor for this 

research is the possibility to combine SFO with polypyrrole (PPy) in a composite material. PPy is 

a conductive polymer, which exhibits excellent pseudocapacitive properties[26]. Of particular 

importance are recent studies of PPy-metal oxide composites, which showed interesting interface 

phenomena resulting in enhanced magnetization of magnetic oxides [27] and improved 

conductivity[28] due to electron and spin transfer from PPy.  

The goal of this investigation was the fabrication of SFO-PPy composites and investigation 

of their magnetic and electrochemical capacitive properties. In contrast to the previous studies, we 

targeted the fabrication of composites with high active mass, which allowed for enlarged active 

material to current collector mass ratio and higher areal capacitance. The approach was based on 

the use of different strategies, such as high-energy ball milling (HEBM) and application of a co-

dispersant, which acted as a charge transfer mediator. Unlike previous investigations, based on the 

use of KOH electrolyte, we tested individual materials and composites in a neutral Na2SO4 

electrolyte. The careful selection of an electrolyte is critically important for composite 

performance.  

PPy shows good performance in neutral electrolytes, such as Na2SO4 or acidic electrolytes, 

such as H2SO4. However, the use of alkaline electrolytes, such as KOH can result in degradation 

of PPy properties. The use of H2SO4 can lead to the dissolution of SFO. Therefore, Na2SO4 was 

selected as an electrolyte for the composite electrodes. It is important that in comparison with acid 

or alkali, the use of Na2SO4 offers environmental benefits. In contrast to the previous investigations 

performed in the positive potential range[23, 25], we tested SFO and composites in a negative 
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potential range, where contributions of redox Fe3+/Fe2+ reactions to the capacitive response were 

expected. We proposed a charging mechanism of SFO in the negative potential range. An 

important finding was good capacitance retention at high charge-discharge rates, which was linked 

to magnetohydrodynamic effect of SFO particles. 

Following the work objective, we tested individual SFO electrodes and revealed a strong 

effect of HEBM and a dispersant-charge transfer mediator on electrode performance. We achieved 

a high capacitance of 1.29 F cm-2. We analyzed capacitances of SFO-PPy composites with 

different PPy content and achieved a capacitance of 3.61 F cm-2 at a low impedance.  We analyzed 

the effect of HEBM of SFO on capacitive and magnetic properties of the composites and 

demonstrated that composites combine advanced magnetic and capacitive properties. The 

composites were used for the fabrication of asymmetric supercapacitor devices, which showed 

good performance in a voltage window of 1.5 V.  

5.2  Materials and Methods 
 

SrFe12O19 (SFO), gallocyanine dye (GD), Na2SO4, ammonium persulfate (APS), pyrrole 

(Py), 4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt monohydrate (Tiron), ethanol, and 

poly(vinyl butyral) (PVB, 200–300 kDa) were purchased from MilliporeSigma, Burlington, ON, 

Canada). Carbon nanotubes (CNT, multiwalled, 13 nm diameter, 1–2 μm length, Bayer, 

Leverkusen, Germany) and commercial Ni foam current collectors (95% porosity, 1.6 mm 

thickness, Vale, Mississauga, ON, Canada) were used. Polypyrrole (PPy) polymerization was 

performed using aqueous 0.1 M pyrrole solutions containing 0.01 M Tiron; this was achieved by 

adding 0.1 M APS at 0 °C. 
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High-energy ball-milling (HEBM) of SFO was conducted using a Mixer Mill MM 500 Nano 

(Retsch GmbH, Haan, Germany). HEBM consisted of milling steps at a frequency of 15 Hz during 

5 min with 90 s intervals between the steps. The milling duration was 2 h. After HEBM, the SFO 

material was washed with ethanol and dried. 

SFO and CNT were co-dispersed in ethanol using GD as a dispersant. The mass ratio of 

SFO:CNT was 4:1. The mass ratio of GD dispersant to the total mass of SFO and CNT was 0.02. 

The mixtures underwent ultrasonication, washing, and drying and re-dispersion in ethanol 

containing dissolved PVB binder. PPy–SFO–CNT composite powders were also dispersed in PVB 

solution in ethanol. The mass ratio of SFO-PPy was 7:1 (Composite 1), 6:2 (Composite 2), 5:3 

(Composite 3), 1:1 (Composite 4). Composites 1-4 contained as-received SFO (ARSFO) or high 

energy ball milled SFO (HEBMSFO). The mass ratio of (SFO+PPy):CNT in the composites was 

4:1. The obtained slurries were then utilized for electrode fabrication by impregnating Ni foam 

current collectors. In each electrode, the mass ratio of PVB to the total mass of SFO, PPy and CNT 

was 0.03. The final mass of the impregnated material, after drying, was 40 mg cm−2. The 

impregnated Ni foams were pressed to 25% of their initial thickness.  

After electrochemical testing, Composite 2, containing HEBMSFO was selected for the fabrication 

of anodes for an asymmetric device. The procedure for the preparation of  MnO2 cathodes was 

described in a previous investigation[29].   

A SQUID magnetometer (Quantum Design, San Diego, CA, USA) was used for 

investigation of magnetic properties. XRD testing was conducted with a diffractometer Bruker D8 

Advance with Cu-Kα radiation (Bruker, USA). The microstructure investigations involved the use 

of transmission electron microscopy (TEM, Talos 200 microscope, Thermo Fisher Scientific, 

Waltham, MA, USA). Electrochemical characterization was carried out in aqueous 0.5 M 
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Na2SO4 electrolyte using a Biologic potentiostat (VMP 300, BioLogic, Seyssinet-Pariset, France). 

Individual electrodes were tested with a three-electrode system, using a saturated calomel 

reference electrode (SCE), an SFO-based working electrode, and a Pt mesh counter electrode. 

Cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), and 

chronopotentiometry (CP) methods were used for electrode characterization. The capacitance was 

calculated from the CV, EIS and CP data as described in Ref.[30]. 

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

equation:  

                           𝐶 =
𝛥𝑄

𝛥𝑈
=

| ∫ 𝐼𝑑𝑡|+| ∫ 𝐼𝑑𝑡|
0

𝑡(𝑈𝑚𝑎𝑥)
𝑡(𝑈𝑚𝑎𝑥)

0

2𝑈max
                      Eq. (5.1) 

 

where DQ is charge, I is current, t is time, DU is potential range, and from the CP data: 

                                                                  𝐶 =
𝐼∆t

∆U
                                              Eq. (5.2)    

The complex capacitance C*(ω) =C′(ω) - iC′′(ω) was derived at different frequencies (ω) from the 

complex impedance Z*(ω) =Z′(ω) + i Z′′(ω): 

                                                         C′(ω) =
−Z′′(ω)

ω|Z(ω)|2                                         Eq. (5.3) 

 

                                                        C′′(ω) =
Z′(ω)

ω|Z(ω)|2                                         Eq. (5.4) 
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5.3  Results 
Figure 5.1 shows X-ray diffraction pattern of as-received SFO (ARSFO). The diffraction peaks 

correspond to JCPDS file 04-016-5959 of the magnetoplumbite structure.  

 

Figure 5.1 X-ray diffraction pattern of ARSFO. ♦ - peaks corresponding to JCPDS file 04-016-

5959. 

 

TEM studies showed that particle size of ARSFO was about 200-400 nm (Figure 5.2A). 

High energy ball milled SFO (HEBMSFO) showed a significantly smaller particle size, which was 

below 100 nm (Figure 5.2B). However, the TEM image showed (Figure 5.2B) many agglomerated 

particles with a size below 10 nm. The observed agglomeration of ARSFO and HEBMSFO 

resulted from Van der Waals and magnetic attraction forces.  

Figure 5.3A shows CVs for ARSFO electrodes prepared without and with GD. The CV for 

ARSFO prepared without GD deviated significantly from the ideal rectangular shape. A relatively 

low current was observed at potentials above -0.4 V. The electrodes showed a capacitance of 0.054 

F cm-2 at a scan rate of 2 mV s-1. The use of GD resulted in increasing current, especially in the 
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range -0.4 - 0 V. The CVs showed redox peaks at -0.3 - - 0.4 V. The electrodes prepared using GD 

showed a capacitance of 0.099 F cm-2 at a scan rate of 2 mV s-1. HEBM resulted in a significant 

increase of CV currents (Figure 5.3B). HEBMSFO electrodes prepared without and with GD 

showed capacitances of 0.79 and 1.12 F cm-2, respectively, at 2 mV s-1. CP data showed longer 

charge/discharge times for electrodes prepared using GD and HEBM (Figures 5.3.3C, D), which 

indicated higher capacitances. The capacitances of ARSFO electrodes prepared without and with 

GD were found to be 0.067 and 0.10 F cm-2, respectively, at a current density of 3 mA cm-2. The 

HEBMSFO electrodes prepared without and with GD showed capacitances of 0.91 and 1.29 F cm-

2, respectively at the same current density. Figure 5.3 E, F and Supplementary Information Figure 

5.10 compare capacitances for the electrodes, measured at different scan rates and different current 

densities. Such data provide additional evidence of the beneficial effect of HEBM and GD. 

 

 

Figure 5.2 TEM images of (A) ARSFO and (B) HEBMSFO. 

 

The mechanism of charge storage of SFO can be described by the equation: 
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SrFe3+
12O19 + δe- + δNa+ ↔ SrFe3+

12-δ Fe2+
δ O19Naδ                    Eq. (5.5) 

 

Turning again to the TEM data, it is observed that HEBM resulted in significant reduction 

of particle size. The smaller particle size is beneficial for improved electrolyte access to the particle 

surface, which facilitates redox charge-storage reactions. However, it is important to note that 

investigations of pseudocapacitor materials [31-33] did not show correlation between BET surface 

area and capacitance. In some cases, materials with lower surface area showed higher capacitances, 

compared to the capacitances of the materials with higher surface area [31-33]. The influence of 

GD on the capacitance of the ARSFO and HEBMSFO is not well understood. Figure 5.11A shows 

the chemical structure of GD. The catechol group of this molecule facilitates its chemical bonding 

(Figure 5.11B) to surface metal atoms on SFO particles and facilitates adsorption on the particles. 

The polyaromatic structure of GD facilitated its adsorption on CNT due to 𝜋-𝜋 interactions.  

The adsorbed charged GD molecules can improve co-dispersion of SFO and CNT and 

facilitate their mixing. It was hypothesized that improved mixing of SFO with conductive CNT 

additives can potentially result in enhanced capacitance. It should be noted that due to the very 

small amount of GD used, the analysis of adsorption by FTIR and other absorption methods 

presented difficulties. Other difficulties were related to the SEM observations of bulk 

microstructure of impregnated Ni foam current collectors. However, CV data provide evidence of 

the GD adsorption on the active material. The observed peaks in CVs of ARSFO and HEBMSFO 

are related to the redox reactions (Figure 5.11C) of the adsorbed GD. Such peaks were not observed 

for electrodes prepared without GD. It should be noted that the amount of GD used for electrode 
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preparation was only 2% of the total mass of the active material. Non-adsorbed GD was removed 

during washing.  

The electrode preparation using 5 or 10 % of GD did not show improvement in capacitance. 

Therefore, the direct contribution of GD redox reaction to the electrode capacitance is negligibly 

small due to the small amount of GD used and a large mass of the GD molecule. However, GD 

can act as a charge transfer mediator, which facilitates redox reactions of SFO. It is in this regard 

that adsorbed charge transfer mediator molecules facilitated electrochemical reactions in 

electrochemical sensors[34, 35], photovoltaic devices[36, 37], and electropolymerization[38, 39] 

processes. GD adsorbed on TiO2 particles was used as a charge transfer mediator for enzymatic 

nitrate reduction[40]. The HEBMSFO showed relatively good capacitance retention at high 

charge-discharge rates, which can be attributed to the magnetohydrodynamic effect[22] of 

magnetically hard SFO.  
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Figure 5.3. (A,B) CVs at a scan rate of 50 mV s-1 for (A) ARSFO and (B) HEBMSFO, prepared 

(a) without GD and (b) using GD; (C,D) CP data at a current density of 5 mA cm-2 for (C) 

ARSFO and (D) HEBMSFO, prepared (a) without GD and (b) using GD; (E,F) capacitance 

derived from (E) CV data at different scan rates and (F) CP data at different current densities for 

(a,b) ARSFO, (c,d) HEBMSFO for electrodes prepared (a,c) without GD and (b,d) with GD. 

 

The results obtained for ARSFO and HEBMSFO provided a platform for the development 

of composites, containing SFO and PPy. Figure 5.4A shows CVs for Composite 1 prepared using 

ARSFO and HEBMSFO. Composite 1 prepared using ARSFO showed enhanced current at 

potentials above -0.5 V (Figure 5.4A(a)). This can be attributed to capacitive contribution of PPy. 



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

104 

 

It should be noted that ARSFO showed current decrease with increasing potential above -0.5 V 

(Figure 5.3A(a)). HEBM resulted in enhanced contribution of SFO and the CV of the Composite 

1, prepared using HEBMSFO, exhibited improved shape, which approached to the desired ideal 

rectangular shape of CV for pseudocapacitive materials (Figure 5.4A(b)). The Composite 2 

electrode showed a similar CV shape and enhanced current (Figure 5.4B(a)). The improved CV 

shape indicated a synergy of contributions of SFO and PPy in different parts of the CV window. 

The CV for Composite 3 deviated from the rectangular shape (Figure 5.4B(b)). The Composite 4 

with larger PPy content showed a similar CV (Figure 5.14). The analysis of capacitances of 

Composite 1, prepared using ARSFO and HEBM SFO provided additional evidence of beneficial 

effect of HEBM, which resulted in higher capacitances at different scan rates (Figures 5.4C and 

5.13). The capacitance of the Composite 1 prepared using HEBMSFO was 1.77 F cm-2 at 2 mV s-

1. Composites 2 and 3 showed capacitances of 2.68 and 3.61 F cm-2, respectively at 2 mV s-1. 

However, composite 2 showed better capacitance retention and higher capacitance at high scan 

rates (Figure 5.4D). Composite 4 with larger PPy content did not show improvement in 

capacitance, compared to Composite 3 (Figures S3 and S5). 
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Figure 5.4. (A, B) CVs at a scan rate of 50 mV s-1 for (A) Composite 1, prepared using (a) 

ARSFO and (b) HEBMSFO, (B) (a) Composite 2 and (b) Composite 3 prepared using 

HEBMSFO; (C,D) capacitances at different scan rates for (C) Composite 1, prepared using (a) 

ARSFO and (b) HEBMSFO and (D) (a) Composite 2 and (b) Composite 3 prepared using 

HEBM SFO. 

 

Figures 5.5 and 5.12 show CP data for Composites 1-4. The CP data showed significantly 

longer charge/discharge time for Composite 1 prepared using HEBMSFO, compared to that for 

prepared using ARSFO at a current density of 3 mA cm-2 and at higher current densities in the 

range of 3-40 mA cm-2.  The longer charge/discharge time indicated higher capacitance. Composite 

3 showed slightly longer charge/discharge time, compared to Composite 2 at a current density of 

3 mA cm-2. However, the difference decreased with increasing current density. The capacitances 

calculated from the CP data were found to be 0.75 and 1.94 F cm-2 at 3 mA cm-2, 0.62 and 1.27 F 
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cm-2 at 40 mA cm-2 for Composite 1 electrodes prepared using ARSFO and HEBMSFO, 

respectively. Composites 2 and 3 prepared using HEBMSFO showed capacitances of 2.57 and 

3.14 F cm-2 at 3 mA cm-2, 1.94 and 2.09 F cm-2 at 40 mA cm-2, respectively. The Composite 4 with 

a larger PPy content did not show essential improvement in capacitance, compared to Composite 

3.   

The impedance spectroscopy data are summarized in Figures 5.6 and 5.12E.  The use of HEBM 

resulted in the reduced resistance R = Z´ of SFO and composite electrodes. The analysis of data 

for electrodes prepared using ARSFO and HEBMSFO showed beneficial effect of GD, which also 

resulted in lower resistances. The investigation of composite electrodes showed that adding 

conductive PPy polymer led to significantly lower resistances.    

 

Figure 5.5. (A,B) CP data at a current density of 5 mA cm-1 for (A) Composite 1, prepared using 

(a) ARSFO and (b) HEBMSFO, (B) (a) Composite 2 and (b) Composite 3 prepared using 

HEBMSFO; (C,D) capacitances at different current densities for (C) Composite 1, prepared 
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using (a) ARSFO and (b) HEBMSFO and (D) (a) Composite 2 and (b) Composite 3 prepared 

using HEBMSFO. 

 

 

Figure 5.6 EIS data for (A) ARSFO prepared (a) without GD and (b) with GD; (B) HEBMSFO 

prepared (a) without GD and (b) with GD; (C) Composite 1 prepared using (a) ARSFO and (b) 

HEBMSFO; (D) (a) Composite 2 and (b) Composite 3. 

 

 

Testing results revealed good capacitive properties of Composite 2, which showed higher 

capacitance, compared to Composite 1, improved CV shape and better capacitance retention and 

higher capacitance at high scan rates, compared to Composites 3 and 4. Moreover, Composite 2 

showed better cycling stability, compared to Composite 3. Figure 5.7 shows cycling behavior of 

Composites 2 and 3. The capacitance retention of Composite 2 was 89.5% after 1000 cycles, 

whereas the capacitance retention of Composite 3 was only 69.8% for the same number of cycles. 
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Therefore, Composite 2 was selected for further investigation of magnetic properties and 

fabrication of a supercapacitor device.  

 

Figure 5.7 Cyclic behavior of (A) Composite 2 and (B) Composite 3. 

 

  In addition to high capacitance, the Composite 2 showed magnetic properties.  Figure 5.8 

showed magnetic measurement results. ARSFO exhibited typical magnetic hysteresis curves with 

a spontaneous magnetization of about 50 emu g-1.  
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Figure 5.8 Magnetization versus magnetic field for (A) ARSFO, (B) HEBMSFO 

and (C) Composite 2. 

 

 

HEBM resulted in reduction of spontaneous magnetization and coercive field. The 

spontaneous magnetization of SFO after HEBM was about 27 emu g-1. The reduction of 

spontaneous magnetization and coercive field of magnetic materials with reduction of particle size 

was reported in literature [41-44]. It was linked to different factors, such as formation of the 

magnetically “dead” layer on the particle surface with a partially disordered crystalline structure, 

increase in blocking temperature and transition to a superparamagnetic state. Composite 2 showed 
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a typical ferrimagnetic hysteresis loop with a spontaneous magnetization of about 12 emu g-1. 

Therefore, Composite 2 combines high electrochemical capacitance with ferrimagnetic properties. 

 

Figure 5.9 (A) CVs at different scan rates, (B) CP data at different current densities, (C) 

capacitance calculated from CV data versus scan rate, (D) capacitance calculated from CP data 

versus current density, (E) Nyquist plot of EIS data, (F) cyclic stability for a device containing 

Composite 2 anode and MnO2 cathode. 
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Composite 2 was used for the fabrication of an anode of a supercapacitor device. MnO2 

was selected for the fabrication of a cathode. It is known that MnO2 exhibits high capacitance in 

the positive potential range in Na2SO4 electrolyte[45-47]. Therefore, MnO2 is an important cathode 

material for the fabrication of asymmetric supercapacitor devices[48-50]. The mass loadings of 

the individual electrodes were 40 mg cm-2. CVs of the device did not show redox peaks in the 

voltage range of 1.5 V (Figure 5.9A). At low scan rates the CVs were of nearly ideal rectangular 

shape. The CP measurements showed nearly triangular dependencies (Figure 5.9B). The devices 

showed capacitances of 1.52 F cm-2 at a scan rate of 2 mV s-1 and at a current density of 3 mA cm-

2 (Figure 5.9 C, D). The electrolyte diffusion limitations resulted in reduction in capacitance with 

reducing charge-discharge time. The total device impedance (Figure 5.9E) contained contributions 

of cathode, anode and electrolyte in the separator membrane. The capacitance of the device showed 

an increase during the first 700 cycles. The capacitance increase was observed in other asymmetric 

devices, containing MnO2 cathodes and was attributed to partial oxidation of non-stoichiometric 

MnO2 phase[51]. It is in this regard that the precipitation method [29] used for the fabrication of 

MnO2 powders for cathodes resulted in the fabrication of a birnessite phase [52, 53], containing 

not only Mn4+, but also Mn3+ ions.  
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5.4  Conclusions 
 

The application of HEBM and GD allowed the fabrication of SFO electrodes with high areal 

capacitance of 1.29 F cm-2, which is on par with capacitances of advanced MOPC materials.  In 

contrast to previous investigations, good capacitive behavior was achieved in a negative potential 

range. The ability of achieving high capacitance in Na2SO4 electrolyte offers environmental 

benefits and opens an avenue for the fabrication of advanced asymmetric devices. The use of 

HEBM and GD allowed good electrochemical performance of SFO material at a high active mass 

loading of 40 mg cm-2. HEBM resulted in significant reduction of particle size, which facilitated 

electrolyte access to the particle surface. GD acted as a co-dispersant and charge transfer mediator, 

which facilitated charge storage reactions. The charging mechanism of SFO was proposed, which 

was based on the reduction Fe3+/Fe2+ reactions in the negative potential range.  HEBM of SFO 

allowed the fabrication of SFO-PPy electrodes with enhanced capacitance. Composites 1-4 

showed enhanced capacitive properties and reduced impedance due to synergy of contributions of 

SFO and PPy. The best capacitive performance was achieved using Composite 2. Magnetic 

measurements showed reduction of magnetization with decreasing particle size of SFO. Composite 

2 combines advanced capacitive properties and relatively high magnetization, which makes it a 

promising MOPC material. An asymmetric supercapacitor device with a Composite 2 anode and 

MnO2 cathode showed high capacitance of 1.52 F cm-2 in a voltage window of 1.5 V.  

 

 

5.5 Chapter 5 SFO Supplementary Information 
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Figure 5.10 Areal capacitances at (A) 2 and (B) 100 mV s-1 for different electrodes: (a) ARSFO 

prepared without GD, (b) ARSFO prepared using GD, (c) HEBMSFO prepared without GD 

and (d) HEBMSFO prepared using GD. 

 

 

 

Figure 5.11 (A) Chemical structure of GD, (B) adsorption of GD on SFO involving chemical 

bonding to metal atoms (M=Fe, Sr) on the particle surface, (C) redox reaction of SFO. 
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Figure 5.12 (A) CV at a scan rate of 50 mV s-1, (B) CP at a current density of 3 mA cm-2, (C) 

capacitance obtained from CV data at different scan rates, (D) capacitance obtained for CP data 

at different current densities, (E) Nyquist plot of complex impedance for Composite 4. 
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Figure 5.13 Areal capacitances at (A) 2 and (B) 100 mV s-1 for Composite 1: prepared using (a) 

ARSFO and (b) HEBMSFO. 

 

 

 

Figure 5.14 Areal capacitances at (A) 2 and (B) 100 mV s-1 for (a) Composite 2, (b) Composite 

3, (c) Composite 4, prepared using HEBMSFO. 
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6.  Future Work 
There are many components of this project that can be investigated further for future research 

purposes:  

6.1 Active Materials Selection 
 The ferrimagnetic materials researched in this thesis are only two of many in the class of 

magnetically ordered pseudocapacitive materials as mentioned in section 2.10 of the literature 

review. There exists many other magnetically ordered materials such as Fe3O4, γ-Fe2O3, CuFe2O4, 

CoFe2O4, MnFe2O4 spinels, hexagonal ferrites (BaFe12O19), different magneto-plumbites, garnets, 

and perovskites that the principles of this investigation can be applied to, in order to improve the 

capacitive properties of these materials as well. Each material in the class of MOPC possesses their 

own unique capacitive and magnetic properties, therefore the extent of magneto-capacitive 
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coupling differs between individual materials. Various experiments can be conducted on 

individual materials to study their unique capacitive properties, especially the effect of an 

externally applied magnetic field on the capacitance of soft ferrimagnetic spinels. Studying as 

many different MOPC materials as possible is of utmost importance, because more data collected 

on these novel materials translates to a better understanding of their capacitive behaviour, which 

can lead to a standardization of synthesis, improvement and manufacturing procedure. 

Additionally, when a class of materials is better understood the possibility of discovering novel 

applications becomes greater as well as identifying materials with similar characteristics opening 

up the field of MOPC to wider variety of practical applications.  

6.2 Conducting Polymers and Dopants: 
 Polypyrrole doped with the anionic Tiron molecule was investigated in these projects, 

however, there exists many different conducting polymers such as polyaniline, polythiophene and 

poly(3,4-ethylenedioxythiophene) with varying conductivities ranging from 5-500 S cm-1. The 

great conductivity of these pseudocapacitive conducting polymers makes them great candidates 

for the fabrication of composite electrodes with MOPC to enhance their capacitive performance 

as they are greatly hindered by low conductivity attributes. Each conducting polymer can be p-

doped or n-doped at varying dopant:polymer ratios with various dopants to achieve 

pseudocapacitive properties. For polypyrrole alone, there are many dopants such as HCl, FeCl3, p-

TSA, CSA, Tiron, PSSA and Ponceau S to name a few that can be explored for the development 

of composite electrodes. It is a necessity to explore the many possibilities for producing novel 

MOPC composite electrode chemistries in order to further push the boundary of knowledge in this 

field and produce the best performing electrochemical capacitor devices for practical applications. 
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6.3 Dispersing Agents: 
The gallocyanine dye dispersing agent was investigated among many others such as 

3,4DHB, Lauryl gallate, Basic Fuchsin and calcon-carboxylic acid for the sake of this project with 

the performance of gallocyanine dye being the best of the ones tested. Although the optimization 

of gallocyanine mass ratio was performed for NFO and SFO, it may not be the best dispersing 

agents for other ferrimagnetic materials, therefore this variable is subject to change among MOPC 

materials, and the plethora of other catechol dispersing agents can be investigated and optimized 

as well. 

6.4 Multiwalled Carbon Nanotubes: 
The mass ratio of multi-walled carbon nanotubes was held constant throughout the duration 

of the experiments conducted, aside from a few, where the mass ratio was increased from 20%-

30%. This drastically lowered the overall impedance of the electrode while also slightly lowering 

the capacitance. Low impedance is a very desirable quality, but the increasing ratio of carbon 

nanotubes lowers electrochemical activity as it replaces a portion of active material. This suggests 

room for optimization at varying carbon nanotubes mass ratios to achieve the best performance, 

additionally with increasing carbon nanotube content it is suggested that the dispersing agent may 

need to be increased proportionally to complement the change. 

6.5 Hydrothermal Synthesis: 
Hydrothermal synthesis is a great nanomaterials production technique to optimize the 

shape and size of nanoparticles for electrochemical capacitor applications. Many variables 



M.A.Sc. Thesis – Michael John MacDonald; McMaster University – Materials Science and Engineering 

121 

 

involved in this procedure can be varied to achieve an optimal result, such as the alkalizing agent, 

dispersing or chelating agents, precursor materials, pH, temperature and time. The project 

currently in progress employs this technique and will be discussed in more detail in the next 

section. 

6.6 Graphene based composites: 
TiO2 nanoparticles possess great chemical stability, tunable shape and size, low cost, low 

toxicity and great stability in water, making them viable materials to add and potentially benefit 

EC systems. The project in progress is currently investigating various hydrothermal synthesis 

routes to obtain TiO2 nanoparticles with optimum shape and size to add to graphene based EDLCs. 

The conductivity of graphene along with its high active surface area and stability in aqueous media 

make it a great material for EDLC applications. The performance of EDLCs is heavily dependent 

on the practical active surface area of the electrode, the goal of the current project is to add TiO2 

nanoparticles to act as “spacers” in between the thin graphene sheets and form multilayer sandwich 

structures to increase the practical active surface area. This work can involve the use of organic 

alkalizers for synthesis of TiO2 nanoparticles. 

7.  Final Conclusions 

Magnetically ordered pseudo-capacitive materials such as NiFe2O4 and SrFe12O19 possess 

interesting magnetic and charge storage properties. The capacitive performance of ferrimagnetic 

SFO and NFO - based high active mass loaded electrodes was investigated throughout the projects 

described in this thesis. The main objective was to increase the capacitance SFO and NFO based 

electrodes through elucidating the effects of various materials preparation techniques on 

capacitance such as high energy ball milling, optimizing mass ratio of the gallocyanine dispersing 
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agent, and forming composite electrodes with varying mass ratios of polypyrrole doped with Tiron. 

Each electrode was fabricated with a mass loading of 40 mg cm-2 and tested in a three-electrode 

cell in a potential window of 0- -0.8 V against a saturated calomel reference electrode and a 

platinum counter electrode in a 0.5 M Na2SO4 in DI water electrolyte. Throughout these 

experiments the capacitance of NFO based electrodes was increased from 0.1 F cm-2 to 4.01 F cm-

2 at a scan rate of 2 mV s-1 for a HEBMNFO-PPy composite electrode with mass ratios of 4 HEBM 

NFO:4 PPy: 2 mg MWCNT. Although the highest capacitance at low scan rates was observed for 

the HEBMNFO-PPy (4:4:2) composite electrode, the best performance at high scan rates was 

displayed by the HEBMNFO-PPy composite electrode with a mass ratio of 6:2:2 for HEBMNFO: 

PPy: MWCNT, displaying high capacitance retention of 90% over 1000 cycles. The capacitance 

of SrFe12O19 was increased from 0.05 F cm-2 to 3.7 F cm-2 at 2 mV s-1 for a HEBMSFO-PPy 

composite electrode with mass ratios of 4:4:2 for HEBM SFO: PPy:  MWCNT. However, the best 

performance at high scan rates and over long cycles for SrFe12019 was the HEBMSFO-PPy 

composite electrode with mass ratios of 6:2:2 for HEBMSFO: PPy: MWCNT resulting in a 

capacitance of 2.7 F cm-2 and enhanced capacitance retention at high scan rates over the 4:4:2 

electrode. Furthermore, this electrode was successfully utilized as an anode in a 2-electrode 

aqueous asymmetric cell with MnO2 acting as the cathode displaying a capacitance of 1.52 F cm-

2 in a 1.5 V window with a mass loading of 40 mg cm-2. The overall improvement in capacitance 

displayed by these MOPC based electrodes along with their great capacitance retention over 1000 

cycles is demonstrative of their potential for practical applications in high active mass loaded EC 

systems. The implications of such results are that MOPC materials not only possess novel 

magneto-capacitive and magneto-electric properties, allowing for application in various 

multifunctional devices, but also possess the ability to achieve high capacitance values at practical 
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high active mass loading levels. Further improvements in energy and power density of these 

MOPC materials at high active mass loading levels can lead to applications in necessary-

mainstream technologies such as: grid level energy storage, capacitive water deionization, 

computer memory back up, various mobile electronics, electric public transportation systems and 

even personal electric vehicles. 


