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Lay Abstract 

Due to advancements in technology and the pursuit of a better quality of life, there has 

been a striking increase in energy consumption. Consequently, many scientists have 

focused on clean and renewable energy sources to reduce the depletion of non-renewable 

fossil fuels and carbon emissions. Among these innovations, novel energy storage devices 

such as capacitors, supercapacitors (SCs) and batteries have garnered much attention. 

Electrochemical supercapacitors (ES), in particular, effectively balance the limitations of 

conventional capacitors' low energy density and batteries' low power density. Because of 

their relatively attractive power and energy densities, long-time stability, and fast charge-

discharge speed, SCs have attracted many researchers.  

Our research has achieved significant progress in developing advanced nanocomposite 

electrode materials and fabricating high-performance SCs through innovative colloidal 

technologies. By introducing appropriate capping agents during the preparation of Mn3O4 

particles, we have fabricated a cathode with a capacitance of 9.13 F cm–2 at 40 mg cm–2 

mass loading. Additionally, we used HEBM to prevent particle agglomeration and enhance 

electrode performance, resulting in a capacitance increase from 0.69 to 3.75 F cm–2 for the 

LSM electrode at the same mass loading. The use of suitable dispersants has positively 

impacted the capacitive behavior of active materials, enabling us to successfully prepare 

symmetric SCs with a high capacitance of 0.92 F cm–2 within an operating voltage range of 
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0-1.6 V at an active mass loading of 80 mg cm–2. 
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Abstract 

There is considerable interest in ESs as they have huge potential in energy storage devices, 

play a key role in advanced power systems, and have the potential to revolutionize hybrid 

vehicles and electronics. SCs are known for their hybrid power and energy density, fast 

charge and discharge rates, and long-term cycling stability. The performance of SCs 

depend largely on the specific capacitance of their electrodes.  

Among various cathode materials, unitary transition metal oxides (TMOs), especially 

manganese oxide, are favored due to their multiple oxidation states, excellent redox 

properties, abundant availability, simple synthesis, and cost-effectiveness. The low intrinsic 

conductivity of manganese oxide can be significantly enhanced by adding conductive 

additives such as multi-walled carbon nanotubes (CNTs). We are developing a novel 

colloid processing technique to synthesize MnOx-CNT nanocomposites with enhanced 

electronic conductivity. Our research involves the use of advanced capping agents and co-

dispersants to fabricate MnOx-CNTs nanocomposite electrodes that exhibit superior 

performance and bypass the lengthy activation process commonly cited in our previous 

results. Testing results indicate that functional catechol-based molecules, including 

quercetin (QC), rhamnolipid (RL), tetrahydroxy-1,4-quinone (TQ), catechin (CT) and 

gallocyanine (GA), have excellent dispersion properties for MnOx and CNTs. These 

compounds form uniform and stable suspensions that improve the nanostructure and 

electrochemical performance of the electrodes. They also serve as capping agents for 
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Mn3O4 synthesis, reducing agglomeration and improving morphology. Additionally, 

murexide was tested as a co-dispersant and capping agent due to its chelating properties, 

forming a tridentate bond with Mn atoms and adsorbing onto the carbon rings of CNTs. As 

a capping agent, murexide can promote electrostatic dispersion by forming strong 

tridentate bonds with Mn3O4 particle surfaces, thereby reducing agglomeration and 

improving composite morphology. 

In addition, binary (MnFe2O4) or ternary (La0.65Sr0.35MnO3(LSM)) metal oxides can 

overcome the limitations of single metal oxides through the synergistic effect between 

metal ions, improve capacitive performance and expand the potential window. These 

compounds are promising candidates as ES electrode materials. High-energy ball milling 

(HEBM) helps reduce particle size, enhance electrolyte contact with active material 

surfaces, achieve high capacitance at high active mass loading, and produce high-

performance supercapacitors (SCs). 
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Chapter 1 Introduction 

With people's pursuit of a higher quality of life and the speedy improvement of science and 

technology, global energy consumption has increased sharply.1 This will inevitably cause 

serious environmental pollution and economic problems, and it is a challenge that human 

development must face and deal with.1,2 Today's energy consumption mainly comes from 

non-renewable fossil fuels.2 Its excessive consumption speed will lead to an energy crisis3. 

The energy conversion process will be accompanied by the emission of greenhouse gas and 

toxic gases such as SO2 and NOx, which will cause harm to the environment and human 

beings.4 In order to alleviate the global Climate and environmental crises such as warming 

and slowing the consumption of fossil fuels many researchers focus on the development of 

renewable clean energy sources such as solar, tidal and wind power.5 Electric energy, as a 

very important form of energy consumption in human life, requires continuous and stable 

output of renewable energy5. To achieve this goal, there is an urgent need to develop 

sustainable energy conversion and storage technologies6. 
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Figure 1- 1 Ragone plot for different energy storage devices.7  

 

Among various energy storage technologies, batteries and supercapacitors (SCs) have been 

the two main electrochemical energy storage devices.8 From Figure 1-1, we can see that 

compared with batteries and capacitors, supercapacitors can well balance the limitations 

imposed by the low energy density of capacitors and the low power density of batteries.7 In 

addition to offering comparable energy and power density, SCs also boast long cycle lives, 

rapid charge and discharge rates, and low cost6,7. Due to these unique properties, they are 

suited for applications that conventional capacitors and batteries cannot fulfill, thus 

attracting increasing interest from researchers, as depicted in Figure 1-2.9 
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Figure 1- 2 The count of scholarly publications, including articles, books, and other credible open-

access sources from 2000 to 2018 (projected), derived from a search using 'supercapacitor' as a 

keyword on Google scholar.9  

 

According to the charge storage mechanism, SCs can be divided into 2 categories, 

including electrochemical double layer capacitor (EDLC) and pseudo-supercapacitors. 

EDLC has been a widely commercialized supercapacitor. 10During the charge-discharge 

process, only the adsorption-desorption of ions occurs at the electrode interface without 

any electrochemical reaction.11 It is also known as a non-faraday capacitor. Electrode 

materials for EDLCs are usually selected as carbon materials with high surface area and 

high conductivity, such as carbon aerogels, commercial activated carbon (AC), carbon 

nanotubes (CNTs), carbon nanofibers and graphene, which enable the electrolyte ions 

adsorption-desorption process can be performed more and faster.9,10,12,13 Unlike EDLCs, 
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the capacitance of pseudo-capacitors arises from the fast faradaic reaction at the electrode 

interface, which transfers charge through fast and reversible redox reactions on and near 

the surface of the electrode active material for charge storage.14 Also known as a faraday 

capacitor, its charge transfer is voltage dependent. The most widely used active electrode 

materials are conducting polymers (such as ppy) and Metal oxides.15-19 RuO2 is recognized 

for its excellent capacitance when used as the cathode material in supercapacitors, and it 

was the first metal oxide to capture researchers' attention. However, ongoing research has 

revealed limitations that hinder its broader practical application, including its high cost, 

bioincompatibility, and the requirement for strong acid electrolytes.20-23 In order to reduce 

costs and enhance the safety of supercapacitors, researchers have shown increased interest 

in transition metal oxides (TMOs) that can operate in neutral electrolytes while providing 

high capacitance, such as MnO2, Fe3O4, V2O5 and TiO2.
24Among these electrode materials, 

manganese oxides have the characteristics of high theoretical capacitance, low cost, 

abundant resources, and environmental friendliness, and has received extensive attention as 

an active electrode material for ESs.15-19 However, the low electrical and ionic conductivity 

of manganese oxide severely limits the development of manganese oxide pseudocapacitive 

supercapacitors. 25 To expand the supercapacitor market, hybrid SCs—a third type of 

supercapacitor characterized by higher energy and power densities—have gained 

popularity. These hybrid SCs enhance performance by incorporating EDLC material, 

known for its high conductivity, into the pseudocapacitive material. This combination 
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leverages the synergistic effects of both materials.3,6,14,26 In this configuration, the charge 

storage mechanism involves both physical adsorption-desorption and charge transfer 

through electrochemical redox reactions near the electrolyte interface, achieving higher 

energy and power densities without compromising cycle stability or cost efficiency.2 

Mn3O4 and CNTs nanocomposites are formidable contenders as cathode active materials 

for hybrid supercapacitors. Mn3O4 offers processing advantages that positively impact the 

synthesis of high-performance electrodes with intricate nanostructures.27 To maximize the 

synergistic effects between Mn3O4 and CNTs, achieving uniform dispersion and preventing 

agglomeration are critical.28 29 . Consequently, the development of multifunctional 

dispersants is essential for preparing high-performance composite electrodes. 

Our research focuses on developing a novel colloidal processing technique to synthesize 

non-agglomerated particles, thereby enhancing the capacitive performance of hybrid 

supercapacitors for practical applications. We are exploring advanced capping and 

dispersing agents that have successfully reduced the particle size of Mn3O4, minimized 

agglomeration, and improved the integration of nanostructures with conductive additives, 

providing the composite electrodes with increased specific capacitance and decreased 

impedance. Furthermore, these strategies enhance the synergistic effect of mixed materials, 

and the resulting electrodes exhibit significant capacitive performance under high active 

mass loading, which is highly advantageous for the commercial application of Mn3O4 
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electrodes. Advanced co-dispersants are also employed to fabricate alternative hybrid SCs 

electrode with binary and trinary metal oxides like MnFe2O4 and La0.65Sr0.35MnO3 (LSM). 

Additionally, we utilize high-energy ball milling (HEBM), an innovative processing 

technology, to alter particle shape and size, thereby increasing active sites. Electrochemical 

tests indicate that this technology yields promising results, facilitating the fabrication of 

high-performance SC devices with higher capacitance in a broader voltage window. 

 



6 

 

Chapter 2 Literature review 

2.1 The development of supercapacitors 

With the rapid development of society, energy has had a huge impact on human life. The 

current reliance on fossil fuels will cause unpredictable damage to the environment and the 

economy.3,30 Therefore, research on environment-friendly, high-performance renewable 

energy is imminent. Supercapacitors play an important role as electrochemical energy 

storage devices in sustainable energy conversion and storage applications of renewable 

energy31. SCs are known to combine the properties of conventional capacitors and 

batteries, providing higher energy density than capacitors, as well as greater power density 

and a longer cycle life than batteries.32 Before studying SC, a brief overview of 

conventional capacitors should be given as they are similar in terms of parameters and 

mechanisms.33 

 

Figure 2- 1 Diagram of a parallel plate capacitor.33 Reprinted with permission from MDPI. 
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Unlike SCs, which appeared in the late 20th century, capacitors were manufactured as 

early as the mid-18th century, and the earliest capacitors, also known as Leiden jars, stored 

a high- charge between electrical conductors inside and outside a glass jar.34 Figure 2-1 

shows a typical parallel plate capacitor consisting of two conductive plates separated by a 

dielectric material.33 When a specific voltage is applied between the two plates, a uniform 

electric field will appear between the two plates, and the positive and negative charges will 

be pushed to the two plates of the capacitor respectively under the action of the electric 

field. The charging process does not stop until the potential difference between the 

capacitor plates is equal to the applied voltage. The two plates are now positively and 

negatively charged, also known as electrodes. For parallel plate capacitors, the amount of 

charge Q carried by a capacitor electrode is always proportional to its voltage V. This ratio 

is called the capacitance of the capacitor. The capacitance of a capacitor is represented by 

C as shown in Equation 2.1. 

∁=
𝑄

𝑉
 

(Eq 2.1) 

In the case of the same voltage, the larger the capacitance C, the more electricity is stored. 

The capacitance of a parallel plate capacitor can be derived from the equation 2.2. 

𝐶 = 𝜀0𝜀𝑟

𝐴

𝑑
 

(Eq 2.2) 

Where A represents the relative area of two electrodes, d represents the distance between 
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them, electric constant ℇ0, and the relative permittivity of the two electrodes is ℇr. The 

stored energy (E) of the capacitor is calculated from the work (W) done by the electric 

field force on the charge during the discharge of the capacitor. 

𝐸 = 𝑊 = ∫ 𝑑𝑤 = − ∫
𝑞

𝐶
𝑑𝑞

0

𝑄

=
1

2

𝑄2

𝐶
=

1

2
𝐶𝑉2 

(Eq 2.3) 

And the power density can be calculated by: 

𝑃 =
𝑉2

4𝑅𝐸𝑆𝑅
 

(Eq 2.4) 

where RESR is the equivalent series resistance (ESR). From Equations 2.3 and 2.4 it can be 

inferred that both E and P can be increased by increasing V. Also, E can be increased by 

increasing C. Regarding the output power provided by the capacitor, P can also be 

increased by reducing the ESR. In summary, energy and power density can be increased by 

increasing capacitance and operating voltage and decreasing resistance. 

The structure of SCs is similar to that of a conventional capacitor, yet it can store 

substantially more energy at the interface between the electrolyte and the solid electrode. It 

is a device that is somewhere between a traditional capacitor and a battery. Since Beck 

invented the electric double layer capacitor with activated carbon as the electrode material 

in 1957, supercapacitors have attracted attention. With the increase in the number of hybrid 

vehicles in the late 20th century, the SC began to receive more attention, which is verified 
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in the graph2-2.35  

 

Figure 2- 2 Development of supercapacitors in different countries.35 

The researchers used a variety of different electrode materials, which can be roughly 

divided into three categories: (1) carbon electrodes; (2) metal oxide electrodes; (3) 

conductive polymer electrodes.32,35-37 Due to its excellent electrical conductivity, carbon is 

the earliest electrode material used to fabricate ES, and it is also the most widely 

commercialized electrode material.13 With the development of nanotechnology, porous 

carbon materials, activated carbon materials, activated carbon fibers, carbon nanofibers 

and carbon nanotubes have been developed for the manufacture of electrodes.9 In addition, 

because the Faradaic capacitance generated by the reversible redox reaction of metal 

oxides at the electrode solution interface is much larger than the electric double layer 

capacitance on the surface of carbon materials, an increasing number of researchers began 

to study various metal oxides.38 Conductive polymers are a new type of electrode active 

material. The energy storage mechanism is: through the fast reversible n-type and p-type 

element doping and de-doping redox reactions in the polymer on the electrode, the polymer 
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reaches a high charge density for energy storage. 39 When charging, the charge is stored in 

the entire polymer material and has a large specific capacitance. Conductive polymers are 

malleable and can be easily fabricated into thin-layer electrodes with low internal 

resistance, which are widely used in wearable electronic components.40 

 

2.2 Application of supercapacitors 

SC is favored by the market due to its excellent properties and the use of environmentally 

friendly materials as electrodes, and is widely used in transportation, industry, military, 

consumer electronics and other fields.26,41 

Supercapacitors have the advantages of fast charging and discharging rate, high power 

density and long cycle life, and are widely used in the field of transportation. For 

conventional combustion engine vehicles, supercapacitors connected to the combustion 

engine can provide an instant burst of energy that enables the car to start quickly.42 

Compared with secondary batteries, supercapacitors have the characteristics of wide 

operating temperature range, good low temperature performance, and high output power.42 

The application of supercapacitor as an emergency starting power supply device can solve 

the problem that the battery is difficult to start the car in a low temperature environment.43 

Cars equipped with a supercapacitor start-stop system can have lower fuel and 

maintenance costs and a better driving experience than cars with traditional battery start-

stop systems.35 When the supercapacitor is used as one of the power sources of the hybrid 
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vehicle, the vehicle can obtain higher instantaneous power, thereby improving the 

acceleration performance of the vehicle; when the vehicle decelerates and brakes, the 

braking energy can be recovered, and the overall vehicle economy of the vehicle can be 

improved44. In addition, due to this feature, it is very suitable for the characteristics of 

frequent starting and stopping and frequent braking of urban buses. Supercapacitor can be 

used as a power source to recover braking energy and improve vehicle economy. 

 

Figure 2- 3 Tramways in Barcelona, Spain44 

 

With the acceleration of industrial modernization, industrial production has been 

increasing, resulting in a large amount of energy waste.45 In order to improve economic 

efficiency and save energy, these energy needs to be recycled and reused, such as cranes 

and pumping units.45 

Supercapacitors can be used as emergency power supply for military products, such as data 

backup emergency power supply for military robots, emergency power supply for tanks 

and armored vehicle fire protection systems that lose their main power supply, etc.31 Most 

modern military-derived weapons require electricity from a power source, and 
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supercapacitors are ideal for providing short-term and instantaneous peak power to these 

weapons. 

Supercapacitors can be used as backup energy storage devices for short-term power 

outages in portable electronic devices, and can meet functions such as hot swapping, data 

storage and transmission.46 Tecate Group's ultracapacitors power portable audio 

players,setup boxes, remote controls, rechargeable flashlights, and also provide short-term 

power for GPS devices, allowing devices to be hot-swapped. 

 

2.3 Classifications of electrochemical 

supercapacitors 

As shown in Figure 2.4, according to the charge storage mechanism, SCs can be classified 

into three main types: electrochemical double-layer capacitors (EDLCs), pseudocapacitors, 

and hybrid supercapacitors.47  

 

Figure 2- 4 Overview of supercapacitor types and classification.47 
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Figure 2-5 presents a schematic diagram illustrating the components and working 

mechanisms of three different types of supercapacitors. EDLC generates energy storage 

through the adsorption of pure electrostatic charge on the electrode surface48. 

Pseudocapacitance mainly generates faraday capacitance through reversible redox 

reactions on and near the surface of active electrode materials (such as TMOs and 

polymers), thereby realizing energy storage and conversion.40,49 Hybrid supercapacitors 

simultaneously store charge both electrostatically and electrochemically, combining the 

mechanisms of EDLCs and pseudocapacitance.50 Figure 2-5 presents a schematic diagram 

illustrating the components and working mechanisms of three different types of SCs.51 

 

Figure 2- 5 Schematic demonstration of the 3 types of supercapacitors: (A) EDLC, (B) 

Pseudocapacitor, and (C) Hybrid SC.52  

 

2.3.1 Electrochemical double layer Supercapacitors 

The capacitance of EDLC is generated by the accumulation of the charge at the 



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

14 

electrode/solution interface by the arrangement of electrons or ions. The electric double 

layer theory plays a crucial role throughout the charging and discharging processes of 

supercapacitors. It describes the distribution of charged substances at the electrode-

electrolyte interface and is essential for understanding the charging and discharging 

mechanisms of EDLCs. Based on electric double layer theory, there are approximately four 

models: a) Helmholtz model, b) Gouy-Chapman model, c) Stern model. and d) Bockris, 

Devanathan, Muller model, depicted in Figure 2-6. This schematic illustrates how the 

theoretical models of the electric double layer have been refined over time.50 

 

 

Figure 2- 6 Schematic diagram of 4 types of electric double layers.53 

 

In 1853, Helmholtz first discovered the capacitance characteristics at the solid-liquid 

conductor interface and established the first-generation electric double layer model-the 

Helmholtz model, in 1874. 54 This model proposes that the charge is evenly distributed at 

both ends of the electrode-electrolyte interface, as illustrated in Figure 2-6 a). Later, to 

account for the effects of ion diffusion and the potential difference at the electrode on 
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capacitance, a revised electric double layer model—the Gouy-Chapman model—was 

developed in 1913. This model incorporated the Maxwell-Boltzmann distribution and 

recognized the influence of thermal motion of electrolyte ions near the electrode, leading to 

the formation of a diffusion layer where ions are not uniformly distributed at the interface, 

contrary to what the Helmholtz model had described. Additionally, when the potential 

difference across the interface is larger, more ions are compressed closer to the electrode. 

with higher electrolyte concentrations, ions can also achieve charge balance with the 

electrode in a smaller volume, effectively reducing the thickness of the diffusion layer. 

Subsequently, Stern integrated the first two generations of electric double layer models to 

propose a third-generation model—the compact layer and diffuse layer series model, as 

shown in Figure 2-6(c).55 Based on this model, the electric double layer capacitance (CDL) 

is jointly contributed by the Helmholtz capacitance (CH) and the diffusion layer 

capacitance (CDIF.) and can be calculated by Equation 2.5: 

1

𝐶𝐷𝐿
=  

1

𝐶𝐻
+

1

𝐶𝐷𝐼𝐹
 

(Eq 2.5) 

Stern considered the finite size of the ions, some of which adhere to the electrodes as 

Helmholtz suggested, forming what are known as Stern layers.55 This includes the inner 

Helmholtz plane (IHP) and the outer Helmholtz plane (OHP), which together constitute a 

two-layer ion adsorption. Beyond these layers, some ions form a diffuse layer, as described 

in the Gouy-Chapman model. 
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Subsequently, the impact of solvent molecules on the electric double layer was 

acknowledged, and the Bockris, Devanathan, Muller model was proposed in the 1960s.56 

Ions with strong solvation, such as most solvated cations and strongly solvated anions, 

form the OHP. Meanwhile, some anions with weak solvation—specifically those whose 

contact side with the solid surface are free from solvent molecules—tend to move past the 

solvation layer and adhere to the electrode surface. This forms the IHP. Compared to the 

former, the interaction of the latter with the electrode surface results in a greater 

accumulation of charges on the surface, and cations also migrate into the double layer for 

charge compensation. This model aligns more closely with experimental observations. 

 

Figure 2- 7 Charge/discharge mechanism of EDCLs.57 

 

As shown in Figure 2-7, for electrode/solution systems of EDLC, an electrical double layer 

is formed at the interface of the conducting electrode and the ionically conducting 

electrolyte solution.57 When an electric field is applied to the two electrodes, the anions 

and cations in the solution migrate to the positive and negative electrodes, respectively, 

forming an electric double layer on the surface of the electrodes; after the completion of 
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charge process, the positive and negative charges on the electrodes attract oppositely 

charged ions in the solution, stabilizing the electric double layer, resulting in a relatively 

stable potential difference between the positive and negative electrodes. At this time, for a 

certain electrode, an opposite ion charge equivalent to the charge on the electrode will be 

generated within a certain distance (diffusion layer), so that it remains electrically 

neutral.58 Furthermore, when the two electrodes are connected to an external circuit, charge 

migration on electrodes generates current in external circuit, and the ions in the solution 

migrate in the solution, which is the charge and discharge mechanism details of the double 

layer capacitor.  

 

2.3.2 Pseudo-Supercapacitors 

Unlike EDLCs, which store energy through the accumulation of charges on the electrode 

surface, pseudocapacitors store charge based on rapid and reversible redox reactions 

occurring within the electrode active material. These reactions are not confined to the 

electrode surface; the near-surface area also contributes to charge storage through ion 

diffusion, enhancing the pseudocapacitance. This allows pseudocapacitors to achieve 

higher capacitance than EDLCs59. However, their power density and long-term durability 

are generally inferior to those of EDLCs. As shown in Figure 2.8, for pseudocapacitors, the 

theoretical model was first proposed by Conway, that is, the electroactive material stores 
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charges on the electrode surface and near the surface in the following three ways:60  

1) Underpotential deposition system 

2) Redox pseudocapacitance 

3) Intercalation pseudocapacitance 

 

Figure 2- 8 Pseudo capacitance charge mechanism in supercapacitors61 

 

In underpotential deposition, when an external potential is applied, the cations in the 

electrolyte form an adsorbed monolayer on the surface of a metal electrode with a higher 

redox potential, typically a noble metal. 62 For instance, using a gold electrode, the 

electrochemical reaction can be represented as follows: 

𝐴𝑢 + 𝑥𝑃𝑏2+ + 2𝑥𝑒− ↔ 𝐴𝑢 ∙ 𝑥𝑃𝑏𝐴𝑑𝑠 

(Eq 2.6) 

Redox pseudocapacitance results from the Faradaic reactions that occur on and near the 

surface of the electrode. The electrode's active materials are primarily composed of TMOs, 

which undergo rapid transitions between different oxidation states as the potential varies. 

63For instance, consider RuO2, the electrochemical reaction can be represented as follows: 
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𝑅𝑢𝑂𝑥(𝑂𝐻)𝑦 + 𝛿𝐻+ + 𝛿𝑒− ↔ 𝑅𝑢𝑂𝑥−𝛿(𝑂𝐻)𝑦+𝛿 

(Eq 2.7) 

Intercalation pseudocapacitance arises from the insertion of ions from the electrolyte into a 

material with a layered or tunnel structure. 61Unlike batteries, during this process, the 

pseudocapacitive electrode's active material maintains electrical neutrality while storing 

charge, and its crystal structure remains unchanged. For instance, consider Nb2O5, the 

electrochemical reaction can be represented as follows:  

𝑁𝑏2𝑂5 + 𝑥𝐿𝑖+ + 𝑥𝑒− ↔ 𝐿𝑖𝑥𝑁𝑏2𝑂5 

(Eq 2.8) 

2.3.3 Hybrid Supercapacitors  

As discussed in Sections 2.3.1 and 2.3.2, EDLCs exhibit superb cycle stability and power 

performance, while pseudosupercapacitors provides higher capacitance. To develop 

supercapacitors with enhanced performance, many researchers are now focusing on hybrid 

SCs, aiming to optimize performance and expand the development potential of 

supercapacitors application.  
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Figure 2- 9 Schematic structure of a hybrid supercapacitor.64  

 

As shown in Figure 2.9, three distinct types of hybrids SCs have been developed, based on 

different electrode configurations: (a) composite type, (b) asymmetric type, and (c) battery-

type.64 

(a) Composite type: 

Composite electrodes are created by combining two different types of capacitive materials 

to form active electrode materials, typically mixing carbon-based materials (EDLC) with 

metal oxides or conductive polymers (pseudocapacitive).65 Each single electrode 

incorporates both non-Faradaic and Faradaic charge storage processes, which are central of 
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our lab's research. 

(b) Asymmetric type: 

Two electrodes are coated with active materials that have completely different capacitive 

properties.50 For example, one electrode might be coated with an EDLC material, such as 

activated carbon, which typically serves as the anode, while the other electrode is coated 

with a pseudocapacitive material like a metal oxide or conductive polymer, usually acting 

as the cathode. 

(c) Battery-type: 

The battery-type hybrid combines supercapacitor electrodes with battery electrodes, 

leveraging the strengths of both technologies.66 

 

2.4 Electrode materials 

As shown in Figure 2.10, SC also call ultracapacitor, consists of two electrodes separated 

by an ion-permeable membrane (separator) and an electrolyte that ionically connects the 

two electrodes.67 
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Figure 2- 10 Schematic illustration of a supercapacitor.67 

 

In addition, the structure and morphology of the materials have a considerable impact on 

the electrochemical performance of supercapacitor electrodes. Depending on the electrode 

material and surface shape, some ions may penetrate into the bilayer to become specifically 

adsorbed ions and produce pseudocapacitance for the overall capacitance of the 

supercapacitor, such as TMOs and conducting polymers supercapacitor.68 For EDLC, 

electrodes with high specific surface area and good conductivity and adsorption properties 

are required, and carbon-based electrode materials have the above advantages. 

 

2.4.1 Carbon-based materials for electrode of EDLCs 

According to the characteristics of EDLC, the electrode material itself is required to have 

high specific surface area, good conductivity and adsorption performance, and in order to 

better promote the application of SC, electrode materials with abundant and cheap raw 
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materials should be selected as much as possible to reduce the preparation cost, and 

carbon-based electrode materials, such as like carbon nanotubes(CNTs),28,29,69-71 graphene,1 

carbon aerogels72,73 and 12 (AC), have exactly the above advantages, and the simple 

preparation process, easy adjustment of pore size, stable chemical properties, and excellent 

cycle performance, are widely used as electrode materials for EDLC, and also can be used 

as conductive additives to form composites with TMOs and conductive polymers. 

Therefore, carbon materials are the most widely used and commercially successful class of 

electrode materials.74 

 

Table 2- 1 Carbon-based materials used in EDLC75 

 

2.4.2 Redox-based materials  

Metal oxides have high specific capacitances, making them suitable for electrode 

fabrication focused on high-energy and high-power supercapacitors. There are several 

different metal oxide materials used for electrode fabrication, such as RuO2, IrO2, MnO2, 

Mn3O4, NiO, Co2O3, V2O5, or MoOx. Among them, the most studied are oxides of 
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ruthenium and manganese.38,76,77 

Ruthenium oxide (RuO2) is one of the most popular pseudocapacitive electrode materials 

due to its high theoretical specific capacitance (about 1000 F g-1). In addition, it possesses 

a wide potential window, highly reversible redox reaction, high electrical conductivity, 

good thermal stability, long cycle life and fast charge and discharge rate.78 There are three 

different oxidation states in the voltage range of 1.2V, and the more oxidation states, the 

higher the energy density. In addition to the Faraday capacitance, around 1/10 of the stored 

charge in the RuO2 electrode comes from the electric double-layer capacitance, working in 

parallel with the pseudocapacitance.79 As shown in equation 2.7 in Chapter 2.3.2, in 

electrolyte solutions (pH<7), a fast reversible electron movement and an electro-adsorption 

of H+ to the surface occurs where Ru oxidation states change between (II) and (IV).66 But 

RuO2 electrodes are very expensive, which reduces their aerospace and military 

applications, and their 1 V operating voltage window limits their use in small electronic 

devices. 

In addition, manganese oxides appear to be alternatives to RuO2 because of their 

reasonably low cost, low toxicity and environmental safety, and theoretically high 

capacitances up to 1370 F g-1.4 In addition, manganese oxides perform equally well in 

neutral electrolytes due to their unique charge storage mechanism, as shown in equation 

2.9.29,49 The use of acidic electrolytes is often hazardous to the environment due to 

subsequent disposal issues of equipment and leakage of electrolytes. All these problems 
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can be avoided by using manganese oxide as the electrode material. The fast charge-

discharge rate and long cycling behavior make manganese oxide one of the best electrode 

materials for ES applications. 

𝑀𝑛(𝐼𝑉)𝑂2  +  𝐶+  +  𝑒−   ↔  𝑀𝑛(𝐼𝐼𝐼)𝑂𝑂𝐶 

C represents the cation of electrolyte.                                         (Eq 2.9) 

Besides TMOs, conducting polymers have also been extensively studied as 

pseudocapacitive electrode materials.40 Conductive polymers have the advantages of less 

pollution, easy preparation, and high electrical conductivity. Typical conducting polymers 

include polyacetylene (PA),80 polyaniline (PANI),81 polypyrrole (PPy), polythiophene 

(PTH),82 poly(para-phenylene) (PPP),83 poly(phenylenevinylene) (PPV),84 and polyfuran 

(PF).85 Figure 2.11 shows their different molecular structures.86 

 

Figure 2- 11 Structural illustration of different conducting polymers.86 

 

During charge/discharge, charges are accumulated through redox reactions that occur in the 

film volume, not just on the surface.82 Therefore, the specific capacitance of flexible 

conductive polymers is fairly high. However, the constraint of this kind of material is that 
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they can only be used during a limited potential window. 

 

2.5 Electrolytes 

The applied voltage, efficiency, and power handling also depend on the choice of 

electrolyte, which is also an important part of the SC composition.87 Electrolytes act as a 

media that supports the generation of charges at the interface with electrodes, enabling 

their mobility or providing adsorbed ions as charge carriers. 74Therefore, an electrolyte 

matched to the electrode system is critical to achieve maximum energy and power density 

and to decide its cell voltage. 

 

Figure 2- 12 Classification of electrolytes for ES88 

As shown in Figure 0-12, there are three types of electrolytes: Ⅰ) aqueous electrolyte, Ⅱ) 
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organic electrolyte, and Ⅲ) ionic electrolyte.88 

The properties of different electrolytes can be seen from Figure 2-13.89 

 

Figure 2- 13 The comparison of different supercapacitor electrolytes.89 

 

2.5.1 Aqueous electrolytes 

Aqueous electrolytes have been used extensively in research and development due to their 

easy operating in the laboratory as compared to organic electrolytes and ionic liquids 

electrolyte which require purification procedures. Moreover, aqueous electrolytes provide 

good conductivity, non-flammable and non-toxicity.90 However, their maximum voltage 

range is 1.229 V, which is due to the theoretical voltage of 1.229 V for electrolyzed water, 

as can be seen from Figure 2-14.91 Depending on the salt used, the pH of the aqueous 

electrolyte also varies and can be classified as acidic, basic or neutral. These electrolytes 

have high ionic conductivity and low equivalent resistance, and common aqueous 
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electrolytes include H2SO4, KOH, KCl, and Na2SO4.
92 

 

Figure 2- 14 Pourbaix diagram for water, including equilibrium regions for water91  

 

2.5.2 Organic electrolytes 

Organic electrolytes are made of conductive salts dissolved in organic solvents. Compared 

with aqueous electrolytes, organic electrolytes have an extremely high market share in the 

commercial market.93 This is due to its wider operating voltage window allowing higher 

energy and power density, as can be seen from eq2.3 and eq2.4. However, organic 

electrolytes have the disadvantages of high cost, low electrical conductivity, flammability, 

and low capacitance.94 Another main disadvantage of organic electrolytes is the need for 

complex purification procedures and controlled environments, especially moisture.95 
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2.5.3 Ionic liquids electrolyte 

Ionic liquids (ILs) are made of organic cations and organic or inorganic anions and are 

liquid at low temperatures. Ionic liquids are the latest advancement in electrolyte 

development and have recently attracted great interest due to their high stability, low 

volatility, and non-flammability.96 In addition, compared with organic electrolytes, this 

electrolyte is non-toxic, and can further improve the working voltage and ionic 

conductivity, and improve the energy density.97 But its further development is restricted by 

economic cost. 
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Chapter 3 Objectives 

As mentioned previously, our primary objective is to achieve good performance of hybrid 

supercapacitor, composition type, cathodes under high mass loading (40mg cm-1) through 

reasonable morphology and structural design of electrodes and promote the development 

of hybrid supercapacitors and expand their application market. We are particularly focused 

on developing active cathode materials based on EDLC and pseudocapacitive composites, 

such as MnOx-based composites (discussed in Chapters 6-10) and La0.65Sr0.35MnO3 

(outlined in Chapter 11) with CNTs. 

Achieving this involves: 

a) Developing new co-dispersants to enhance the dispersion of electrode composites. 

b) Utilizing advanced colloidal processing techniques to produce non-agglomerated 

particles with innovative capping agents. 

c) Implementing scalable processing technologies, including high-energy ball milling 

(HEBM), to manufacture advanced nanocomposites, thereby creating supercapacitor 

devices with superior performance." 
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Chapter 4 Proposed approaches  

To develop MnO2, Mn3O4 and La0.65Sr0.35MnO3 cathode for advanced asymmetric 

supercapacitors, we will propose several advanced techniques for synthesis 

nanostructured electrode.  

4.1. Wet chemical synthesis of MnO2 and Mn3O4 

This is the method we use to synthesize Mn3O4, shown as the box in Figure 4-1. In 

this approach, the pH of the solution was brought to 10 by adding a base dropwise to 

the manganese nitrate solution to obtain Mn3O4.
29 In addition, 1.6 g KMnO4 was 

dissolved in 50 mL of water, and 25 mL of ethanol was added dropwise. Stirring was  

performed during 2 h. The reduction in KMnO4 with ethanol resulted in the formation 

of MnO2. 
98 

 

Figure 4- 1 Schemical synthesis of Mn3O4. 

  



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

34 

 

4.2 Application of new capping agents for Mn3O4   

Besides the method for synthesizing Mn3O4 mentioned in the previous subsection 

4.1., the new method is based on the application of capping agents, such as quercetin 

(QC), rhamnolipid (RL), murexide, tetrahydroxy-1,4-quinone (TQ), catechin (CT) 

gallocyanine (GA), to synthesize Mn3O4 nanoparticles. The size and shape of the 

Mn3O4 particles are affected by the capping agents and then the electrode 

performance was also improved. Most importantly, the application of capping agents 

during the synthesis also reduced agglomeration due to surface energy reduction and 

condensation of OH- on the particles. In the new method, a solution of Mn 

(NO3)2 ·4H2O in DI water with addition of capping agent was used to synthesize 

Mn3O4 nanoparticles, and the pH of the solution was increased to pH= 10 to 

synthesize Mn3O4.   

 

4.3 Development and application of new co-

dispersants for MnO2 , Mn3O4 and 

La0.65Sr0.35MnO3 as well as CNTs 

It is well known that the capacitance of metal oxide-based electrodes prepared without 

conductive additives is low due to their low conductivity. Higher capacitances can be 

achieved by using conductive additives that increase electronic conductivity. 
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However, as shown in Figure 4-1, the MWCNTs we used would agglomerate, which 

would seriously affect the electrochemical performance of the electrode. To better 

develop electrodes and achieve high capacitance, advanced co-dispersants are 

essential. An effective co-dispersant is essential to enhance the synergistic effect 

between metal oxides and MWCNTs, which is key to developing efficient 

supercapacitors and capturing a larger market share. 

 

4.4 Development of High energy ball milling 

(HEBM) using new dispersants 

HEBM is a very promising mechanochemical synthesis technique, known for its 

waste-free and environmentally friendly processing. Mechanochemical alloying 

stands out as one of the most promising applications of HEBM. Its mechanism is 

shown in Figure 4-2.99 
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Figure 4- 2 (a) HEBM system and (b) schematic representation of the NPs synthesis using 

HEBM method with and without surfactant.99  

 

The use of HEBM allows the fabrication of improved composites in which ceramic 

particles are homogeneously dispersed in a metal alloy matrix, allowing them to 

exhibit excellent mechanical properties. For example, magnesium alloys exhibit 

remarkable hydrogen storage properties after HEBM.100 This is because HEBM plays 

a huge role in reducing the grain size and optimizing the morphology of the catalyst 

material. In addition, HEBM can also alter the microstructure and properties of 

magnetic materials, accelerating the development of advanced alloys with hard 

magnetic properties.101 HEBM also has obvious benefits for improving the 

electrochemical performance of energy storage materials.71 The application of HEBM 

reduces the particle size of the electrode material, giving it a larger specific surface 

area, increasing its ability to store charges, and increasing the surface roughness of the 
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nanoparticles. 

 

4.5 Investigation of activation mechanism of 

Mn3O4 electrodes and development of strategies 

for acceleration/elimination of activation 

procedure 

It is mentioned in the literature that although the theoretical capacitance of Mn3O4 is 

high, it is practically difficult to achieve high capacitance values in the case of large 

mass loads, and the specific capacitance decreases with the increase of active material 

mass. Furthermore, applying Mn3O4 to electrodes with high active mass requires a 

long-time activation process, which must be avoided in practical applications. The 

first charge-discharge cycles of Mn3O4 electrodes were found to show low 

capacitance, and to activate the material and achieve large capacitance, an activation 

cycling procedure was required. This activation process results in a significant 

increase in capacitance. To investigate the activation mechanism and the changes that 

occur in the electrodes during activation and correlate this to the increase in 

capacitance, we performed X-ray photoelectron spectroscopy (XPS) and scanning 

transmission X-ray microscopy (STXM) tests.  
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6.1 Abstract  

This investigation, which is motivated by promising pseudocapacitive properties of 

Mn3O4 for energy storage in cathodes of supercapacitors, addresses the need to 

understand both the activation   and the charge storage mechanisms of Mn3O4 

electrodes. Specific activation protocols are shown to result in significant capacitance 

increase during cycling. For the first time scanning transmission X-ray microscopy 

(STXM) is used for analysis of Mn3O4 activation.  STXM analyses at the Mn 2p and 

O 1s edges provide chemical mapping of different oxidation states with high spatial 

resolution. Mn3O4-carbon nanotube composite electrodes with commercially 

important high active mass loading of 40 mg cm-2 are prepared using quercetin 

dispersant. The catecholate type polyaromatic quercetin facilitates co-dispersion of 

Mn3O4 with carbon nanotubes and allows enhanced electrode performance at high 

active mass loadings. Cyclic voltammetry, electrochemical impedance spectroscopy 

and galvanostatic charge-discharge are used for the capacitance monitoring during 

electrode activation. Two strategies are used for electrode activation in Na2SO4 

electrolyte: electrochemical cycling at different scan rates and continuous cycling at a 

fixed scan rate. The capacitance variations are linked to STXM observations, which 

show gradual oxidation of Mn3O4 to form MnO2 on the particle surface and in the 

bulk. The pseudocapacitive charge storage mechanism involves in-situ oxidation of 

Mn3O4 and redox reactions of Mn4+/Mn3+ species on the particle surface and in the 
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bulk.  

 

6.2 Introduction 

Mn3O4 is a promising charge storage material for applications in cathodes of 

asymmetric supercapacitor devices operating in a neutral Na2SO4 electrolyte1,2. Such 

devices offer advantages of enlarged voltage windows and enhanced power-energy 

characteristics. Investigations are focused on the development of advanced techniques 

for the deposition of nanostructured Mn3O4 films1 and synthesis of Mn3O4 

nanoparticles1,3,4 for the fabrication of bulk electrodes with high active mass.  

Understanding the capacitive behavior and charging mechanism is crucial for the 

development of efficient electrodes and devices for practical applications 5-7. 

Particular attention is focused on the charge storage behavior of nanostructured 

Mn3O4 and composites8.  Mn3O4 is usually combined with conductive additives for 

the fabrication of composites with enhanced conductivity and capacitance9-11. The 

charge storage mechanism of Mn3O4 electrodes in Na2SO4 electrolyte was analyzed in 

several investigations2,12. The  first step involves solvation12:  

  Na2SO4 (aq) + H2O + Mn3O4 → (2-δ) Na+ (aq) +  Na+
δMn3O4

.H2O  + SO4
2- (aq)                                  

(6-1) 

The subsequent charge-discharge steps are based on the reaction12: 

    NaδMnOx
.H2O↔ MnOx

.H2O +δNa+ + δe-                            (6-2) 
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Previously, Mn K-edge X-ray absorption spectroscopy (XAS)12 showed that 

NaδMnOx
  is formed in the first charge-discharge cycle of Mn3O4 cathodes, which 

resulted in the reduction of the average oxidation state of Mn. Another investigation, 

using in situ XAS at the Mn K-edge, showed reduction of Mn3+ to Mn2+ at low 

potentials and oxidation of Mn3+ to Mn4+ or Mn6+ at higher potentials13. Significant 

changes in lattice constants (a and c) of the tetragonal Mn3O4 unit cell were observed 

during cycling in the positive potential range in the Na2SO4 electrolyte13.  

Despite the recent progress in the investigation of the deposition mechanism, the 

charge-discharge behavior of Mn3O4 electrodes is not well understood. The 

understanding of the charging mechanism is complicated due to the electrode 

activation phenomena. Several investigations analyzed activation of Mn3O4 

electrodes, which resulted in capacitance increase during initial cycling2,14,15. A 

significant increase in capacitance was observed for electrodes with high active mass 

loading16-20.  The activation process was linked to in-situ modification of the 

electrode microstructure17,19,21,22. Previous investigations showed that capacitance 

variations during activation process can be diminished using mixed rhamnolipids as a 

capping agent for the synthesis of Mn3O4 particles and modification of particle 

morphology20.  However, the origin of the capacitance variation during the activation 

process and charging mechanism are not well understood.  Further analysis of 

activation behavior is critically important for better understanding of charging 

mechanism and applications of Mn3O4 electrodes in asymmetric supercapacitors.  
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 Chemical contrast is provided by near-edge X-ray absorption fine structure 

(NEXAFS) spectral signal23. STXM analytical studies provide spectroscopic 

identification and quantitative mapping of chemical components with 30-nm spatial 

resolution in both 2D and 3D projections24-27. Most of the electrochemical 

applications, particularly energy conversion and storage-related applications are 

associated with chemical reactions between the electrolyte and electrode interface27,28. 

STXM determination of the products of electrochemical reactions, along with 

quantitative spatial mapping, can provide a mechanistic understanding of 

electrochemical processes such as supercapacitor charging and discharging. 

The objective of this investigation is the application of STXM for the analysis of 

activation behavior and charging mechanism of Mn3O4 based electrodes which 

contain multiwalled carbon nanotubes (MWCNT) as conductive additives. 

Investigations were performed using electrodes with high active mass loadings of 40 

mg cm-2, which is necessary for practical applications. High capacitance was achieved 

by the use of quercetin as a new catecholate-type dispersant, which facilitated co-

dispersion of Mn3O4 and MWCNT. Testing results presented below revealed 

significant increase in capacitance during cycling. We describe the results of Mn 2p 

and O 1s STXM measurements of Mn3O4 − MWCNT samples subjected to different 

activation procedures. Our findings demonstrate that, as the number of charge-

discharge cycles is increased, Mn3O4 is partially converted to MnO2. This was 

correlated to the steady increase in the obtained capacitance. Testing results provide 
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insight into the mechanism of activation and charge-discharge of Mn3O4 electrodes. In 

this case, the capacitance increase was linked to in-situ oxidation of Mn3O4 during 

cycling.  

 

6.3 Experimental procedures 

6.3.1 Materials, synthesis of Mn3O4 particles and electrode 

fabrication 

Quercetin (QC), Mn(NO3)2
.4H2O, isopropanol, NaOH, Na2SO4, poly(vinyl butyral) 

binder (PVB, MilliporeSigma, Canada),  multiwalled carbon nanotubes (MWCNT, 

ID 4 nm, OD 13 nm, length 1–2 μm, Bayer, Germany) and industrial  Ni foam 

current collectors (95% porosity, 1.6 mm thickness, Vale, Canada) were used. A 

chemical precipitation method16,20 was used for the synthesis of Mn3O4 nanoparticles 

from 0.07 M Mn(NO3)2  solution in DI water. The pH of the solution was adjusted to 

pH=10 by aqueous 0.01M NaOH for the synthesis of Mn3O4 nanoparticles. The 

obtained precipitate was washed with water and ethanol. Quercetin was used as a co-

dispersant for the fabrication of stable suspensions of Mn3O4 and MWCNT in 

isopropanol (see Supplemental Information, Figure S1). The mass ratio of 

Mn3O4:MWCNT:PVB binder in the suspensions was 80:20:3. The Ni foam current 

collectors were impregnated with the suspensions. The mass of the impregnated 

material after drying was 40 mg cm-2.  The impregnated foams were pressed to 30% 
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of original thickness in order to improve electrical contact of the active material and 

current collector. Manganese dioxide (MnO2), and trimanganese tetraoxide (Mn3O4) 

were purchased from Sigma-Aldrich and used as reference materials for STXM 

analysis. All reagents were used without further purification. 

 

6.3.2 Microstructure and electrochemical characterization  

Scanning electron microscopy (SEM) investigations were performed using a JEOL 

microscope, (JSM-7000F, Japan). X-ray diffraction (XRD) analysis was performed 

using a diffractometer (Bruker D8, Cu-Kα radiation, UK) at the scan rate of 1 deg per 

min. Electrochemical testing of capacitive behavior of the electrodes by cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) was performed 

using a PARSTAT 2273 (Ametek) potentiostat.  Galvanostatic charge-discharge 

(GCD) studies were performed using a BioLogic VMP 300 potentiostat. Testing was 

carried out using aqueous 0.5 M Na2SO4 electrolyte in a 3-electrode electrochemical 

cell containing impregnated Ni foam as a working electrode, Pt mesh as a counter-

electrode, and a saturated calomel electrode (SCE) as a reference.  

Electrode capacitance was obtained from the CV, EIS and GCD data by methodology 

described in the literature29,30 and presented as a areal (CS, F cm-2) and gravimetric 

(Cm, Fg-1) capacitance. Integral capacitances were derived from the CV and GCD data 

in a potential window of 0-0.9 V. CV was performed at scan rates of 2-100 mV s-1. 

GCD testing was performed at current densities of 3-10 mA cm-2. Differential 
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capacitances were derived from the EIS data obtained at a voltage amplitude of 5 mV 

in the frequency range of 10 mHz-100 Hz at an open circuit potential. Analysis of the 

impedance data was performed using the commercial ZSimpWin software (Ametek) 

and an equivalent circuit developed for supercapacitor electrodes with high active 

mass loadings31.  

CS and Cm were derived from from the CV data using the following equation:  

𝐶 =
𝛥𝑄

𝛥𝑈
=

| ∫ 𝐼𝑑𝑡|+| ∫ 𝐼𝑑𝑡|
0

𝑡(𝑈𝑚𝑎𝑥)
𝑡(𝑈𝑚𝑎𝑥)

0

2𝑈max
                        (6-3) 

where Q is charge, I-current and U- the potential range.  Capacitance was 

calculated from the chronopotentiometry data using the equation: 

C=It/U                                              (6-4) 

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
                                         (6-5) 

 

C′′(ω) =
Z′(ω)

ωZ(ω)2
                                       (6-6) 

The electrode activation was performed using CV at various scan rates (VSR) or at 

fixed scan rates (FSR). A VSR procedure (VSRP) involved CV at scan rates of 2, 5, 

10, 20, 50 and 100 mV s-1. EIS studies were performed after each VSRP. GCD testing 

was performed after five VSRPs. FSR testing involved 1000 CV cycles at a scan rate 

of 50 mV s-1.  
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6.3.3 Methods: Scanning Transmission X-ray Microscopy  

Imaging, spectroscopy and spectromicroscopy measurements were performed using 

the ambient STXM at the spectromicroscopy (SM) beamline 10ID1 at the Canadian 

Light Source (CLS, Saskatoon, Canada)32, a brief description of which is presented in 

Supplemental Information, section S2. The as-prepared active electrode materials 

(AEM) and AEM after VSRPs 1-5, or after 100 and 1000 FSR cycles were scratched 

to separate them from the Ni foam substrate. The AEM particles were drop-cast on a 

formvar coated TEM grids (TED Pella Inc.). The grids were taped to standard 

trapezoidal STXM sample plates33. Spectra, images and image sequences were 

measured at the Mn 2p and O 1s edges.  STXM measurements were performed with 

the chamber evacuated to <10-2 mbar and then backfilled with Helium (He) to a 

pressure of ~100 mbar.  During the measurements, the X-ray beam is 

monochromated to a specific photon energy, then focused by a Fresnel zone plate 

(ZP) to a 20-50 nm spot, where the sample is placed (Figure S2). Images were 

measured by (x,y) raster scanning the sample while recording the intensity of the 

transmitted X-rays detected by a phosphor/photomultiplier tube (PMT) detector 

located behind the sample34,35. Spectromicroscopic data in the form of multi-energy 

image sequences (stacks36) were obtained at X-ray energies from ~10 eV below to 

~40 eV above the onset of O 1s and Mn 2p absorption. STXM data was analyzed 

using aXis2000 software37.  The transmitted X-ray flux through the sample (I) was 

converted to optical density (OD) using the Beer Lambert Law: OD = In (Io/I) = 
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μ(E).ρ.t, where Io is the incident X-ray flux, measured through an area devoid of the 

sample but with all other components (windows, zone plate, OSA, formvar); μ(E) is 

the energy dependent mass absorption coefficient; E is X-ray energy; ρ is sample 

density and t is the sample thickness24. 

After Fourier cross-correlation alignment, the stacks were converted to OD using as 

Io the spectrum from areas of the stack devoid of sample. The OD stacks were then fit 

to suitable reference spectra, in this case, Mn3O4 and MnO2, which were measured 

using both STXM and  the CLS spherical grating monochromator (SGM) 

spectroscopy beamline, 11ID1. The results of the reference spectral study are 

described in supplemental information (Figure S2, S3, Table S1). The  Mn 2p 

spectrum of the commercial Mn3O4 sample, measured by both STXM and SGM, was 

significantly different from the literature38-40. The spectrum of the as-prepared 

electrode layer was in good agreement with the Mn 2p and O 1s spectra of Mn3O4 

reported in the literature  38,39. Thus, we used the Mn 2p and O1s spectra of the as-

prepared material as the reference for Mn3O4. The measured O 1s and  Mn 2p spectra 

of  Mn3O4 and MnO2 were energy calibrated (see Supplemental Information, section 

S3) and placed on quantitative intensity scales, corresponding to the OD for 1 nm 

thickness of each material at its standard density using a method outlined in detail 

elsewhere23. These spectra were used in a singular value decomposition (SVD) 

analysis of the Mn 2p and O 1s stacks from each sample (SVD is a single pass matrix 

manipulation approximating linear least squares fitting41).  Since quantitative 
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reference spectra are used, the intensity scales of the resulting component maps give 

the component thickness in nm24.  

 

6.4 Results and discussion 

6.4.1 Electrochemical and microstructure characterization 

Figure 6-1 shows X-ray diffraction pattern of obtained Mn3O4 particles. The observed 

diffraction peaks correspond to data in the JCPDS file 001-1127. It is suggested that 

the addition of alkali to the Mn (NO3)2 solutions resulted in the formation of 

unstable42,43 Mn(OH)2, which was oxidized in air to form Mn3O4.  

 

Figure 6- 1 X-ray diffraction pattern of as-prepared Mn3O4 (●-peaks corresponding to JCPDS 

file 001-1127). 

 

The fabrication of Mn3O4 electrodes with high active mass requires the use of 

conductive additives because Mn3O4 exhibits low electronic conductivity. Therefore, 

MWCNT were used as conductive additives. As-received MWCNT formed large 

agglomerates with a typical diameter of 0.5 mm. The SEM images of such 
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agglomerates were presented in a previous investigation44. Nanoparticles of Mn3O4 

are also prone to agglomeration. Therefore, QC was used as a co-dispersant for 

Mn3O4 and MWCNT. QC was chosen due to its polyaromatic catecholate structure 

and redox properties. Figure 6-2A shows the chemical structure of QC, which 

includes hydroxylated benzene rings. QC is a polyaromatic molecule, containing a 

catechol group. It has been widely reported that catechol and related molecules 

exhibit strong adsorption on surfaces of inorganic particles45-47. The interest in 

catechol anchoring groups resulted from the investigation of mussel adsorption on 

different surfaces, which involved dopamine-type catecholate monomers of proteins47-

51.  Figure 6-2B shows adsorption of QC on the Mn3O4 surface, involving 

catecholate-type chelating bonding45. The polyaromatic structure of QC is beneficial52 

for its adsorption on MWCNT. This mechanism is based on π-π interactions52. Owing 

to its polyphenolic nature, QC exhibits redox-active properties53-55. It has previously 

been shown that catecholate-type redox-active molecules can act as charge transfer 

medicators, which facilitate charge-discharge reactions of supercapacitor materials56. 

Moreover, adsorbed catecholate molecules facilitate charge transfer in other 

processes, such electropolymerization and photovoltaic current generation45.  
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Figure 6- 2 (A) Chemical structure of QC, (B) adsorption QC on Mn3O4 by chelation of 

surface Mn atoms. 

 

Sedimentation tests showed enhanced suspension stability of Mn3O4 and MWCNT in 

the presence of QC as a dispersant (see Figure S1). Therefore, QC can be used as a 

co-dispersant for Mn3O4 and MWCNT. Figure 6-3 shows microstructures of the 

electrodes prepared with and without QC. The electrodes prepared without QC 

showed poor mixing of Mn3O4 and MWCNT. The SEM image (Figure 6-3A) shows 

large areas containing only MWCNT or Mn3O4. In contrast, the electrodes prepared 

using QC as a co-dispersant (Figure 6-3B) showed reduced agglomeration and 

improved mixing of Mn3O4 and MWCNT. The improved mixing is beneficial for the 

fabrication of electrodes with enhanced capacitance. The electrodes prepared using 

QC were used for electrochemical characterization. Figure 6-4A shows CVs at 

different scan rates for VSRP 1 and indicate capacitive behavior in a potential window 

of 0-0.9V. Figure 6-4B compares CVs at a scan rate of 10 mV s-1 for VSRPs 1-5. It is 

seen that CV area increased from VSRP1 to VSRP5, indicating capacitance increase 
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due to in-situ activation of the electrodes. Moreover, the CV for VSRP 5 is nearly of 

rectangular shape, which indicates good pseudocapacitive response. 

 

Figure 6- 3SEM images for as-prepared Mn3O4-MWCNT electrodes (A) without QC and (B) 

with QC. The scale bars in the figures represent 250 nm, and arrows show MWCNT. 

 

 

Figure 6- 4 (A) CVs for Mn3O4-MWCNT electrode at scan rates of (a) 5, (b) 20, (c) 50 and 

100 mV s-1 for VSRP 1, (B) CVs at 10 mV s-1 for (a-e) VSRPs 1-5, (C) Capacitance derived 

from CV data for (a-c) VSRPs 1-5, (D) Nyquist plot of complex impedance for (a-c) VSRPs 

1-5, (E) real and (F) imaginary components of complex capacitances derived from the 

complex impedance data versus frequency for (a-e) VSRPs 1-5. 
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Figure 6-4 (C, D) shows capacitances and impedances for VSRPs 1-5. First cycle at 2 

mV s-1 for VSR1 showed a capacitance of 1.5 F cm-2. The capacitance decreased with 

increasing scan rate. The activation procedure resulted in capacitance increase from 

VSRP1 to VSRP5 (Figure 6-4C). The capacitance at 2 mV s-1 for VSRP5 was found 

to be 3.3 F cm-2. The decrease of real part of complex impedance with increasing TP 

number indicated beneficial decrease of resistance during the activation process 

(Figure 6-4D). The decrease of the imaginary part indicated the increase of 

capacitance. The analysis of the impedance data using an equivalent circuit for high 

active mass electrodes31 (see Supplemental Information, Section S4, Figure S4) for 

VSRPs 1-5 showed that changes in the real and imaginary parts of complex 

impedance resulted from the increase in capacitance and reduction of the charge 

transfer resistance. The components of complex capacitance were calculated from the 

impedance data and presented in Figure 6-4 E, F. 

 

Figure 6- 5 GCD data for current densities of (a) 3, (b) 5, (c) 7 and (d) 10 mA cm-2 and (B) 

capacitance versus current density obtained from the GCD data. 
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The AC capacitance derived from the impedance data increased with increasing VSRP 

number. The GCD data acquired after VSRP5 showed (Figure 6-5) nearly ideal 

triangular charge-discharge curves. The capacitance decreased from 4.4 to 4.1 F cm-2 

with increasing current density from 3 to 10 mA cm-2. The obtained capacitances after 

VSRP5 were comparable with those reported in previous investigations17,19,22. Higher 

capacitances can be achieved using special techniques, such as electrostatic 

heterocoagulation21, liquid-liquid extraction16 and synthesis in the presence of a 

capping agent20. However, to avoid the influence of different factors on Mn3O4 

particles and with the goal of the developing STXM methodology, a traditional 

approach was used for the synthesis of Mn3O4 and electrode fabrication.   This was 

important for monitoring the chemical modifications of Mn3O4 during activation and 

obtaining better understanding of the charging mechanism. 

Another activation strategy was based on the continuous cycling at a fast scan rate of 

50 mV s-1. Figure 6-6 shows a continuous increase in normalized capacitance with 

increasing cycle number during 1000 FSR cycles.  The capacitance for cycle 1 was 

only 32.7% of the capacitance for FSR cycle 1000. The capacitance for FSR cycle 

100 was 55.7%. Significant increase in capacitance was observed during the first 500 

FSR cycles. 
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Figure 6- 6 Capacitance normalized by capacitance value for FSR cycle 1000 versus cycle 

number for continuous CV cycling at a scan rate of 50 mV s-1. 

 

6.4.2 X-ray spectromicroscopy 

6.4.2.1 Mn3O4 and MnO2 reference spectroscopy 

Figures 6-7A and 6-7B present Mn 2p and O 1s spectra of the as-prepared Mn3O4 and 

MnO2 reference spectra on OD1 intensity scales. The positions and relative intensities 

of the features in the measured Mn L2,3  STXM reference spectra are in agreement in 

shape with the literature absorption spectra of Mn3O4 (hausmannite)38, MnO2 

(pyrolusite)38  and -MnO2 
39. However, there are discrepancies in the energy scales, 

with deviations from literature reports greater than 1 eV in some cases. These issues 

are documented and discussed in Supplemental Information, section S5. The first 

sharp peaks in the L3 spectra of MnO2 and Mn3O4 occur at 641.3 eV and 640.1 eV 

respectively, and thus can be used to track sample oxidation. The O 1s → Mn3d 

electronic transitions in the O 1s spectra of MnO2 and the as-prepared catalyst (Figure 

6-7B) occur at 529.7 eV and 530.6 eV respectively, again providing a useful tool to 
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track oxidation. The shapes and energy positions of main features in the measured O 

1s spectra are similar to those in the O 1s absorption spectra of MnO2 and Mn3O4  

reported previously38.  

 

Figure 6- 7 (A) Quantitative Mn 2p spectra of Mn(II/III) (dark green) and Mn(IV) (red) on 

OD1 intensity scales.  (B) Quantitative O 1s spectra of Mn(II/III) (dark green) and Mn(IV) 

(red) on OD1 intensity scales. 

6.4.2.2 Mn 2p and O 1s results for the MnOx samples 

Figures 6-8A and 6-8B present Mn L2,3 and O 1s spectra of as-prepared Mn3O4 and 

MnO2 in comparison with spectra extracted from STXM stack measurements of the 

VSRP1, VSRP3 and VSRP5 processed samples. Mn L2,3 and O 1s results for samples 

after FSR100 and FSR1000 cycles are presented in Figures 6-8C and 6-8D.  The Mn 

L2,3 spectra were calibrated as discussed in Supplemental Information (Figure 6-S3, 

Table 6-S1).  
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Figure 6- 8 (A) Mn 2p, (B) O 1s absorption spectra extracted from stacks measured for (a) 

VSRP1, (b) VSRP3 and (c) VSRP5, (C) Mn 2p, (D) O 1s absorption spectra extracted from 

stacks measured for (f) FSR cycle 100 and (g) FSR cycle 1000 samples. 

 

The Mn L2,3 spectra (Figure 6-8A) show that the Mn oxide in the as-prepared material 

is predominantly Mn3O4 showing three sharp Mn L3 peaks at 639.91 eV, 641.23 eV 

and 641.89 eV which is consistent with the XAS spectrum of an ensemble of the as-

prepared material measured   in TEY mode (SI section S6, Figure 6-S7), and also 

with previous reports (Figure 6-S6B) 38,39. At the early stages of the charge/discharge 

testing procedures (VSR1-VSR5), the Mn 2p spectra showed a noticeable change in 

the Mn L2,3 peak positions, indicating partial conversion of Mn(II/III) to Mn(IV). On 
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the contrary, the extracted spectra of the electrode material after FSR1000 cycles 

exhibited the Mn L2,3 features characteristic of MnO2, with sharp Mn 2p → 3d peaks 

at 641.1 (L3) and 653.7 eV (L2) and broad peak at (643.5 eV), respectively, indicating 

a remarkable change in both shape and peak positions compared to the spectra of as-

prepared Mn3O4 which has a sharp L3 peak at 640.1 and two broad peaks at (641.4 eV 

and 642.1 eV), respectively. In addition, the O 1s spectra after VSRP1, VSRP3 and 

VSRP5 (Figure 6-8B) were consistent with the Mn 2p measurements, indicating a 

significant change in the O 1s → 3d features in the 528-534 eV region consistent with 

partial conversion of the original Mn (II/III) (Mn3O4) material to Mn (IV) (MnO2). 

The O 1s → Mn3d transition in the as-prepared material occurs at 530.6 eV, while 

after 1000 FSR cycles the O 1s → Mn3d transition  occurs at 529.9 eV (Figure 6-

8D). Figure 9 is an expansion of the low energy O 1s → Mn 3d region of the O 1s 

spectra and the Mn 2p3/2 region, showing more clearly the systematic shift in the 

spectral peak positions with VSRPs 1,3,5 and FSR100, 1000 cycle samples.  
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Figure 6- 9 Mn L3 and O 1s → 3d features showing conversion of Mn (II/III) to Mn(IV). (A) 

and (B) present (a) VSRP1, (b) VSRP2 and (c) VSRP3, (C) and (D) present (f) FSR100 and 

(g) FSR1000 cycle samples in comparison with as-prepared Mn3O4 catalyst and MnO2 

reference spectra. 

 

The SGM-TEY measurements of Mn 2p spectra presented in Figure S7 showed a 

remarkable change in the Mn L2,3 peak positions of VSRs1,3,5 and FSR1000 cycles 

samples compared to the as-prepared Mn3O4, which are consistent with the STXM 

measurements of the same samples. However, the measured spectra of the VSR and 

FSR samples are similar, indicating that each consists of a mixture of Mn3O4 and 
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MnO2 species. On the other hand, the O 1s spectra of VSR1, VSR3, VSR5 and 

FSR1000 cycle samples showed the same O 1s → 3d features at 528-534 eV and are 

similar to the O 1s spectra of MnO2, while the 536 - 548 eV region is different with no 

obvious trend. In contrast, the O 1s spectrum to the as-prepared Mn3O4 is very 

different from the measured spectra of the VSR and FSR samples (3 peaks instead of 

2 in the 529-534 eV region).  

 

6.4.2.3 Mapping of Mn species from the Mn 2p spectromicroscopy of 

the MnOx samples 

The quantitative chemical mapping of the Mn (II/III) and Mn (IV) species on the 

VSRs1,3,5 and FSR100 and 1000 cycle samples that derived from fitting of Mn 2p 

stacks in a photon energy range of 630 – 670 eV to absolute intensity scale of MnO2 

and Mn3O4 reference spectrum showed a steady conversion of Mn(II/III) to Mn(IV) 

by increasing number of cycles. 

Figure 6-10A presents quantitative chemical mapping of the Mn (II/III) and Mn (IV) 

species in each of VSRs 1, 3 and 5, while data for FSR100 and FSR1000 cycle 

samples presented in Figure 6-10B. Each image is a color-coded composite of 

quantitative component maps derived by fitting the measured stacks with quantitative 

OD1 reference spectra of MnO2 and Mn3O4 which are presented in Figure 6-7A.   
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Figure 6- 10 Color coded composites of Mn(II/III) and Mn(IV) component maps derived by 

SVD fitting Mn 2p stacks measured on (A) VSRPs1, 3, 5 (a-c respectively), (B) FSR100 and 

FSR1000 cycle  samples (f, g respectively), scale bar: 0.5 m. Color scales are nm thickness. 

Color wheel indicates color expected for specific combinations of the red and green signals.  

 

Figure 6-11A and 6-11B plot the average volume of Mn (II/III) and Mn(IV) present 

for VSRPs1,3,5 samples and FSR100 and FSR1000 cycle samples. The chemical 

mapping and spatial distribution of Mn3O4 and MnO2 illustrates small volume fraction 

of MnO2 after VSRP1. Conversely, a considerable increase in MnO2 contribution was 

observed after VSRPs 3 and 5. After FSR1000 cycles a 0.6 volume fraction of MnO2 

was obtained. 
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Figure 6- 11 Evolution of Mn(II/III) and Mn(IV) signals of (A) VSRP1, VSRP3 and VSRP5, 

(B) FSR100 and FSR1000 cycle sample represented in volume fractions. 

 

6.4.2.4 STXM spectromicroscopy 

When compared to published Mn K-edge XAS results12,13, Mn L-edge  

spectromicroscopy  has  the advantages of (i) higher energy resolution, thus 

achieving better chemical sensitivity – there are remarkable changes in both the Mn 

2p and O 1s spectra when the oxidation state changes (Figure 6-7), and (ii) nanoscale 

chemical imaging (Figure 6-10). In particular, for the regions studied, it appears that 

the conversion of Mn (II/III) to Mn(IV) occurs to a greater extent in the core of the 

particles rather than at  the edges. This is especially evident for the FSR 1000 cycles 

sample.    The high spectral sensitivity has enabled observation of subtle changes in 

the Mn3O4 supercapacitor electrode material during the activation process. In 
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particular, the improved capacitance can be seen to be the consequence of the 

increasing fraction of MnO2. In contrast to the mechanism suggested in previous 

investigations12,13 we did not observe capacitance decrease during initial cycling 

(Figure 6-6). Very small Mn4+ content (Figure 6-11A) in the particles after VSRP1 

indicated that oxidation of Mn3+ ions on the particle surface contributed to 

pseudocapacitive behavior. Continuous cycling resulted in oxidation of Mn2+ species 

in the bulk and enhanced contributions of bulk material to the total capacitance 

according to the reaction (6-2). It should be noted that previous investigations did not 

show a correlation between capacitance and BET surface area of  MnO2
57,58. It was 

suggested that some pores accessible by nitrogen gas are not accessible by the 

solvated ions in the electrolyte. The STXM studies of this work showed that the bulk 

of the particles contributes significantly to the total capacitance.  

Since this work is one of the first applications of STXM to supercapacitor materials, it 

is appropriate to compare its capabilities to complementary analytical imaging 

methods being applied to such problems.  In terms of spectroscopies, X-ray 

photoelectron spectroscopy (XPS) is often used to determine oxidation states of metal 

oxides. In the case of Mn oxides the range of oxidation state shifts from Mn(II) to 

Mn(IV) is less than 1 eV and the peak positions reported various authors  vary by up 

to 1 eV (see Table 2 in ref.59). XPS is a very surface sensitive technique which is an 

advantage for studying surface dependent phenomena such as the mechanisms of 

charge transfer in supercapacitors. It is possible to perform XPS imaging, but the 
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typical spatial resolution is 1-2 orders of magnitude lower than that provided by 

STXM. In terms of imaging, it is clear that electron microscopies such as SEM and 

TEM provide 1-2 orders of magnitude higher spatial resolution than STXM. However, 

the analytical information provided is generally less sensitive that X-ray absorption. 

X-ray fluorescence (TEM-EDX) only provides elemental, not oxidation state, 

sensitivity. Core level electron energy loss (TEM-EELS) is the direct analog to STXM 

spectromicroscopy and thus has the same potential for oxidation state determination, 

but with the advantage on much higher spatial resolution. The most modern 

implementations of TEM-EELS are as good as STXM, but such measurements can be 

challenging due to the much greater extent of radiation damage in TEM than STXM60. 

In addition, since STXM is a photon-in, photon-out method, it is possible to adapt the 

system to in situ and operando studies of aqueous electrochemical phenomena such as 

charge/discharge mechanisms at supercapacitor electrodes. Such studies are currently 

underway. 

 

6.5 Conclusions 

For the first time scanning transmission X-ray microscopy (STXM) was used for the 

analysis of Mn3O4 activation. The use of QC as a dispersant facilitated fabrication of 

composite electrodes with high active mass and high areal capacitance. The beneficial 

effect of catecholate-type polyaromatic QC is related to co-dispersion and efficient 

mixing of different materials: pseudocapacitive Mn3O4 and conductive MWCNT 
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additives. Monitoring the capacitance change by CV, EIS and GCD using VSRP and 

FSR activation methods and analysis of active material by STXM linked capacitance 

increase during activation and corresponding Mn3O4 oxidation on the surface and in 

the bulk of the particles. The capacitance increases during activation resulted from the 

gradual oxidation of Mn3O4 and increased contribution of the particle bulk to the total 

capacitance. The charge storage mechanism involved redox Mn3+/Mn4+ reactions on 

the particle surface and in the bulk. It is expected that the approach developed in this 

investigation can be used for the analysis of activation behavior and charge storage 

mechanisms of other pseudocapacitive materials, such as V2O3
44. In addition, we are 

actively developing in situ flow electrochemical devices for STXM61,62, which will 

enable in situ and operando types of studies of supercapacitor electrode materials. 
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6.8 Supporting Information 

Section 6-S1.  Results of sedimentation tests 

 

Figure 6-S 1 Suspensions of (A) Mn3O4 and (B) MWCNT, (a) without QC and (b) with QC as 

dispersants 7 days after preparation; mass ratio of QC:Mn3O4 and QC: MWCNT is 0.2. 

 

Section 6-S2.  Schematic of STXM 

 

Figure 6-S 2. (A) Schematic diagram of scanning transmission x-ray microscopy (STXM), 

(B) samples on TEM grids mounted on STXM plate, (C) STXM image of the TEM grid 

square containing the measured region of the FSR1000 sample at 640 eV. 
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Figure 6-S2A shows a schematic diagram of scanning transmission x-ray microscopy 

(STXM). Figure 6-S2B shows VSRPs samples mounted on formvar coated TEM 

grids.  Samples were prepared by attaching the TEM grid with a tape to the STXM 

plate, then drop-cast <1 mg powder on the support. This procedure was followed by 

tapping the edge of the STXM plate on a hard surface to detach weakly adhering 

particles. The TEM grid with remaining particles is then covered with a second TEM 

grid  to avoid  particles flying off the TEM grid due to sample charging when the 

X-ray beam hits the sample. Figure S-2C shows a STXM image of the TEM grid 

square containing the measured region of the FSR1000 sample. 

 

Section 6-S3.  Spectral energy calibration 

 

Figure 6-S 3 (A) F 1s → a1g absorption peak of sulfur hexafluoride (SF6) gas  measured  I 

(a) the Io signal of a measurement of MnO2 in the presence of SF6 and, (b) at the hole (The 

inset shows the full F 1s spectrum of SF6 gas [s1]. (B) Mn(II) signal present in the Io of Mn 2p 
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spectra measured in STXM and used to confirm the energy scale. (a) as-prepared Mn3O4, (b) 

FSR 100 and (c) FSR1000 cycle samples, compared to the digitized spectrum of MnO [s2].  

 

Table 6-S 1 Mn 2p and F 1s energy features of measured samples compared to reference 

spectra. 

Sample edge peak position (eV) E (eV) 

MnO2 F 1s (F 1s → a1g) 688.41 0.14 

At the hole F 1s (F 1s → a1g) 688.42 0.15 

F 1s reference spectraS1  F 1s (F 1s → a1g) 688.27 - 

As-prepared Mn3O4 Mn 2p (L3) 640.10 - 

FSR100 cycle sample Mn 2p (L3) 640.23 - 

FSR1000 cycle sample Mn 2p (L3) 641.10 - 

MnO digitized spectraS2  Mn 2p (L3) 640.28 - 

 

In order to calibrate the spectrum of MnO2 and other species, sulfur hexafluoride 

(SF6) gas (P = 5 mbar) was introduced into the STXM tank and its F 1s spectrum 

measured as part of Mn 2p  stack measurements. The F 1s → a1g peak (688.27 eV)s1 

is observed in the Io signal of the measured Mn 2p stacks.  Shifts of up to 0.15 eV 

were observed in the position of the  F 1s → a1g absorption peak (see table 6-S1) 

which were tracking some irreproducibility of the beamline energy scale. These shifts 

were used to set the Mn 2p energy scale accurately.  Additionally, during some 

measurements, Mn(II) signal was observed in the Io spectrum (see Figure 6-S3B). 
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This arises from contamination of the STXM zone plate or exit window. This signal 

was used to validate the Mn 2p energy scale of the as-prepared Mn3O4 and samples 

FSR 100 and 1000 cycle samples. The main L3 peak Mn 2p spectrum of the Mn(II) 

contamination occurred at 640.4 eV, after calibration with the SF6 signal measured at 

the same time. 

 

Section 6-S4 Analysis of impedance spectroscopy data using equivalent circuit 

Figure 6-S4 (A) shows experimental EIS data presented in a Nyquist plot and 

simulation data obtained using (B) equivalent circuit.  

 

Figure 6-S 4 Nyquist plot of complex impedance for (a-c) VSRPs 1-5: experimental data 1st 

exp-5th exp and simulation data 1st cal-5th cal, (B) equivalent circuit used for simulation. 

 

The equivalent circuit was similar to that developed in a previous investigation (ref.31 

in manuscript) for the analysis of porous electrodes with high active mass. The 

equivalent circuit contains R–C(Q) transmission line, Warburg impedance (W) and 

solution resistance RS. In this circuit, capacitance (C) and constant phase element (Q) 
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represented double-layer capacitance at the electrode material -electrolyte interface 

and pseudocapacitance of the active material, respectively. C2 and R3 represent 

capacitance at the current collector-active material interface and charge transfer 

resistance, respectively. Simulation results showed that reduction of imaginary 

component of capacitance can be mainly attributed to increase in pseudocapacitance 

Q. The decrease of the real component resulted from the reduction of resistance of the 

transmission line.  

 

Section 6-S5.  Comparison of Mn 2p spectra of MnO2 and Mn3O4  with literature 

Figure 6-S5 compares the Mn 2p spectrum of MnO2 we measured by STXM, with the 

Mn 2p spectra of MnO2 reported by Gilbert et al.,s2 Toner et al.s3 and Stuckey et al.s4 

The data plotted in figure 6-S4 was digitized from the figures in these papers. Every 

effort was made to accurately reproduce the spectral shape and peak positions as 

reported in these papers.  Gilbert et al. s2 report the sharp low lying peak in MnO2 at 

640.5 eV, while Toner et al.s3  report the corresponding peak at 639.3 eV, and  

Stuckey et als4 report the peak at 640.5 eV.  Due to the presence of calibration signals 

above the Mn L signal (F 1s spectrum of SF6), and exactly in the Mn L region (from 

the contaminant), we are confident our energy scale is accurate to within 0.1 eV. 

Here we are pointing out the existence of significant discrepancies in the energies of 

the Mn 2p spectrum of MnO2 reported in the literature, we are preparing a more 

detailed evaluation of the soft X-ray NEXAFS spectroscopy of manganese oxides, 
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which will be presented elsewhere. 

 

Figure 6-S 5 Comparison of the Mn 2p spectrum of MnO2 from this work (STXM), with that 

reported in the literature by Gilbert et al.,s2 Toner et al.s3 and Stuckey et al.s4 

 

Figure 6-S6 compares the Mn 2p spectrum of Mn3O4 reported by Gilbert et al.s2 and 

Stuckey et al.s4 with spectra of a commercial Mn3O4 sample, and of the as-prepared 

Mn(II,III) sample, that we measured by STXM.  For the comparison shown in Fig. 

6-S6, the energy scale of each spectrum was set by assigning the position of the first 

Mn L3 peak to 639.9 eV, which is that observed in  the as-prepared Mn3O4 catalyst 

spectra. The digitized reference spectrums2 and that of the Mn3O4 catalyst previously 

measured showed the same Mn (L2,3) features, indicating first L3 sharp peak at 639.9 

eV. Although the main features of the Mn 2p spectrum of the commercial Mn3O4 

sample measured by TEY are present, the intensity of the first peak is considerably 

reduced. For this reason we chose to use the spectra of the as-prepared material as the 
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reference spectrum of Mn3O4 in the detailed analysis. 

 

Figure 6-S 6 A. Mn3O4 (Mn 2p) absorption spectra of (a) as-prepared catalyst, (b) digitized 

reference spectra from Gilbert et al.s2, (c) previously measured Mn3O4 catalyst and  (d) the 

SGM-TEY spectrum of commercial Mn3O4 (Sigma). B Expansion of the Mn L3 region, 

comparing the spectrum of the as-prepared Mn(II,III) catalyst, with the spectra of Mn3O4 

reported by Gilbert et al.,s2  and Stuckey et al.s4 

 

Section 6-S6.  Comparison of STXM and SGM spectra 

Figure 6-S7A and 6-S6B present Mn L2,3 and O 1s SGM spectra of the as-prepared 

Mn3O4 catalyst and MnO2 reference spectra in comparison with measured spectra of 

VSRP1, VSRP3, VSRP5 and FSR1000 cycle samples. STXM and SGM spectra of the 

samples are presented in Figure S7C. The differences between SGM-TEY and STXM 

measurements might be related to the TEY spectra being dominated by the surface 

(sampling depth of ~5-10 nm) while STXM is representative of the bulk (100-150 

nm).  
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Figure 6-S 7 (A) Mn 2p, (B) O 1s SGM-TEY absorption spectra of (a) VSRP1, (b) VSRP3, 

(c) VSRP5 and (d) FSR1000 cycles, (C) shows comparison of STXM spectra (a), (c), (e), (g), 

(i) and SGM-TEY spectra, (b), (d), (f), (h), (j) of as-prepared Mn3O4, VSRP1, VSRP3, 

VSRP5 and FSR1000 cycles respectively. 
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7.1 Abstract  

This investigation addresses the challenges in the development of efficient 

nanostructured Mn3O4 cathodes for supercapacitors. A high areal capacitance and the 

ability to avoid a time-consuming activation procedure for electrodes with high active 

mass loading of 40 mg cm−2 are reported. This facilitates practical applications of 

Mn3O4 based electrodes. The highest capacitance of 6.11 F cm−2 (153 F g−1) is 

obtained from cyclic voltammetry at a scan rate of 2 mV s−1 and 6.07 F cm−2 (151.9 F 

g−1) from the chronopotentiometry at a current density of 3 mA cm−2 in a potential 

window of 0.9 V in a neutral Na2SO4 electrolyte. The new approach is based on the 

application of rhamnolipids (RL) as a capping agent for the synthesis of Mn3O4 

particles and a co-dispersant for Mn3O4 and carbon nanotubes, which are used as 

conductive additives. The size and shape of the Mn3O4 particles are influenced by RL. 

The enhanced performance of the electrodes is linked to the chemical structure and 

properties of RL molecules, which exert influence on Mn3O4 particle size and shape 

during synthesis, reduce agglomeration, facilitate RL adsorption on Mn3O4 and 

carbon nanotubes, their co-dispersion and mixing at the nanometric scale. 

 

7.2 Introduction 

Colloidal methods are widely used for the fabrication of advanced nanomaterials and 

nanocomposites 1-3. The use of surfactants for colloidal nanofabrication allows 
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efficient control of particle size and prevention of their agglomeration 4-7. Of 

particular interest is the use of surfactants for the fabrication of nanocomposite 

electrodes for energy storage in supercapacitors. It was found that surfactants 

facilitate the fabrication of nanoparticles of inorganic charge storage materials with 

small particle size and prevent their agglomeration 8. Significant interest has been 

generated in co-dispersants for efficient mixing of the charge storage materials with 

conductive additives 8. The use of such co-dispersants for colloidal fabrication 

allowed for significant improvement of electrochemical performance of 

supercapacitors and batteries for practical applications 8,9. Electrode porosity is an 

important factor controlling electrochemical performance 10-12. High porosity 

facilitates good electrolyte access to the active material. Significant attention focused 

on the development of electrodes with hierarchical porosity 13,14, which allows for 

superior electrode performance. Advanced techniques were developed for the 

fabrication of activated carbon, graphene, carbon fiber, MXene, metal oxide and 

hydroxide electrodes with high porosity 15-19. 

This research was motivated by the need in efficient capping agents and dispersants 

for the fabrication of advanced electrodes for supercapacitors. It has previously been 

shown that nanocomposites, based on Mn3O4 are promising materials for cathodes of 

asymmetric supercapacitors 8. However, challenges in Mn3O4 applications are related 

to the development of efficient electrodes with commercially important high active 

mass 8. The specific capacitance decreased with increasing active mass 8. Moreover, 
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the application of Mn3O4 electrodes with high active mass requires time-consuming 

activation procedures 20-22, which must be avoided for practical applications. It was 

found that first charge-discharge cycles of Mn3O4 electrodes showed low capacitance 

and activation cycling procedure was necessary in order to activate material and 

achieve high capacitance. Such activation procedures resulted in significant 

capacitance increase 20,22-24. Several XPS studies revealed oxidation of Mn2+ and Mn3+ 

ions on the Mn3O4 particle surface during cycling and linked this process to the 

increasing capacitance 20-22,25. The challenges related to Mn3O4 applications can be 

addressed using advanced capping agents for the Mn3O4 synthesis and co-dispersants 

for Mn3O4 and conductive additives. 

The search for advanced dispersants for colloidal nanotechnology of energy storage 

materials has generated our interest in rhamnolipids (RL). RL are natural 

biosurfactants, which offer many benefits because their critical micelle concentration 

is 10–100 times lower than that of traditional chemical surfactants 26. RL can 

solubilize highly hydrophobic organic molecules in aqueous solutions 27. RL are 

biocompatible, chemically stable and low cost biosurfactants 26, which have many 

applications in environmental field, food industry, and biotechnology 28-30. RL are 

used for prevention of marine oil pollution, removing oil from sand 31 and various 

applications in agriculture 32,33, laundry products and medicine 26. RL exhibit valuable 

antimicrobial and anticancer properties 33,34. Significant interest has been generated in 

applications of RL as dispersants for BaTiO3 
35, alumina 36,37, zirconia 38, and hematite 
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39 particles in aqueous suspensions. RL were used as capping agents for synthesis of 

ZnS 40, NiO 41 and Ag 42 nanoparticles. 

The goal of this investigation was the fabrication of Mn3O4-carbon nanotube 

composites for cathodes of asymmetric supercapacitors. The use of carbon nanotubes 

as conductive additives was critically important due to the low electronic conductivity 

of Mn3O4 
8,43. For the first time we report the application of RL as a capping agent for 

the synthesis of Mn3O4 nanoparticles. The results presented below indicated that the 

shape and size of the synthesized Mn3O4 particles is influenced by RL. Moreover, RL 

prevent agglomeration of Mn3O4 particles during synthesis. Another important finding 

was good co-dispersion of Mn3O4 and carbon nanotubes by RL, which adsorbed on 

both materials and facilitated their electrostatic dispersion. It is in this regard that 

various commercial surfactants are efficient in dispersion of only one type of material, 

such as inorganic particles or carbon materials 44,45. The ability of efficient co-

dispersion of Mn3O4 and carbon nanotubes by RL allowed for their efficient mixing 

and facilitated the fabrication of nanocomposite electrodes with high capacitance. 

Moreover, the time-consuming activation procedure for the fabrication of Mn3O4 

electrodes can be avoided. The results of this investigation indicated that Mn3O4-

carbon nanotube composites are promising for practical applications for energy 

storage in cathodes of asymmetric supercapacitors. 
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7.3 Materials and Methods 

RL, ethanol, Mn(NO3)2
.4H2O, NaOH, Na2SO4, poly(vinyl butyral-co-vinyl alcohol-

co-vinyl acetate) (PVB, MilliporeSigma, Canada) and multiwalled carbon nanotubes 

(MWCNT, ID 4 nm, OD 13 nm, length 1–2 μm, Bayer, Germany) were used as 

starting materials. The as-received MWCNT formed large agglomerates with a typical 

diameter of 0.5 mm. PVB is advanced co-polymer binder 46,47 designed for colloidal 

processing of inorganic particles. Polyvinyl alcohol functional groups facilitate PVB 

adsorption on inorganic particles by formation of hydrogen bonds with hydroxyl 

groups on the particle surface 46,47. Butyral segments are directed toward the organic 

solvent, providing steric stabilization 46,47.  

Mn3O4 nanoparticles were prepared by a modified chemical precipitation method 29 

and mixed with MWCNT. In method 1, a solution of 330 mg of Mn(NO3)2·4H2O in 

20 ml of DI water was prepared and then the pH of the solution was increased to pH = 

10 with aqueous NaOH for the Mn3O4 synthesis. The synthesis was performed 

without the use of RL. In this method, RL were used as co-dispersants for Mn3O4 and 

MWCNT. As-prepared Mn3O4 was mixed in the aqueous phase with MWCNT and 

then RL were added. The mass ratio of Mn3O4:CNT:RL was 4:1:1. 

In method 2, RL were used as a capping agent for Mn3O4 synthesis and a co-

dispersant for Mn3O4 and MWCNT. A solution of 330 mg of Mn(NO3)2·4H2O in DI 

water was prepared and RL were added as a capping agent for the synthesis of Mn3O4 

nanoparticles to achieve Mn3O4:RL ratio of 4:2. The pH of the solution was increased 
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to pH = 10 with aqueous NaOH for the Mn3O4 synthesis and then MWCNT were 

added to Mn3O4 in the aqueous phase. The mass ratio of Mn3O4:CNT:RL was 4:1:2. 

Additional experiments were performed for mass ratio of Mn3O4:CNT:RL = 4:1:1 

(Figures 7-S1–4). The mixtures of Mn3O4 with MWCNT, containing RL and prepared 

by both methods were ultrasonicated for achieving improved dispersion and mixing, 

and then washed and dried. In both methods the Mn(NO3)2 solutions were stirred for 

30 min before adding NaOH. The amount of added NaOH was the same in both 

methods. Obtained powders were used for the fabrication of electrodes using slurries 

of Mn3O4 and MWCNT in ethanol, containing PVB as a binder. The PVB binder 

content was 3% of the total mass of Mn3O4 and MWCNT. The slurries were used for 

impregnation of commercial Ni foam (Vale, Canada) current collectors. The total 

mass of impregnated material after drying was 40 mg cm−2. 

Microstructure investigations were performed using transmission electron microscopy 

(TEM, Talos 200X microscope, USA) and scanning electron microscopy (SEM, 

JEOL, JSM-7000F microscope, Japan) methods. X-ray diffraction (XRD) analysis 

(diffractometer Bruker D8, UK) was performed using Cu-Kα radiation at the rate of 

0.01 degrees per second. Fourier Transform Infrared Spectroscopy (FTIR) studies 

were performed using a Bruker Vertex 70 spectrometer. XPS analysis was performed 

using Quantera II Scanning XPS instrument. Electrochemical studies were performed 

in aqueous 0.5 M Na2SO4 electrolyte using PARSTAT 2273 (Ametek) potentiostat for 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). A 
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BioLogic VMP 300 potentiostat was used for galvanostatic charge-discharge (GCD) 

investigations. Testing was performed using a 3-electrode electrochemical cell 

containing a working electrode (impregnated Ni foam), counter-electrode (Pt mesh), 

and a reference electrode (SCE, saturated calomel electrode). The capacitive 

properties of electrode material were presented in gravimetric (Cm, Fg−1) and areal 

(CS, F cm−2) capacitance forms. Capacitances Cm and CS were calculated from the CV, 

EIS and GCD data as it was described in reference 24. The capacitances calculated 

from the CV and GCD data represented integral capacitances measured in a potential 

window of 0–0.9 V versus SCE. The capacitances calculated from the EIS data 

represented differential capacitances measured at an open circuit potential at voltage 

amplitude of 5 mV. CV testing procedures (TP) involved obtaining CV at scan rates of 

2, 5, 10, 20, 50 and 100 mV s−1. EIS measurements were performed after each TP. 

GCD measurements were performed after the last TP. 

 

7.4 Results and Discussion 

Figure 7-1A shows X-ray diffraction patterns of Mn3O4-MWCNT composites 

prepared by methods 1 and 2. The diffraction patterns show major peaks of Mn3O4, 

corresponding to the JCPDS file 001-1127 and peaks of MWCNT, corresponding to 

the JCPDS file 058-1638. The X-ray diffraction pattern of the material prepared by 

method 1 showed a very small peak of MnO2, corresponding to the JCPDS file 083-

6090. The relative intensity of this peak was higher for the material prepared by 
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method 2. In this investigation Mn2+ salt was used for the synthesis of manganese 

oxide. However, Mn2+O and Mn2+(OH)2 are unstable and converted to oxides with 

higher oxidation state in air 20-22,48.  

 

Figure 7- 1 (A) X-ray diffraction patterns for Mn3O4-MWCNT materials prepared by (a) 

method 1 and (b) method 2, Miller indexes are presented for Mn3O4 phase, JCPDS file 001-

1127, ●—(002) peak of MWCNT, JCPDS file 058-1638 ,▼—(111) peak of MnO2, JCPDS 

file 083-6090, (B–D) XPS data for Mn3O4-MWCNT materials prepared by (B(a) and C) 

method 1 and (B(b) and D) method 2. 

 

The XPS data for the materials prepared by methods 1 and 2 is presented in Figure 

1C–D. It should be noted that literature XPS data 49-51 for Mn3O4 showed co-existence 

of Mn2+, Mn3+ and Mn4+. The peaks corresponding to the 2p3/2-2p1/2 doublet shifted to 

higher energies for electrodes, prepared by method 2, compared to the electrodes, 
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prepared by method 1 (Figure 7-1B). Such shift indicated larger Mn4+ content 51,52 in 

the samples prepared by method 2. A similar shift was observed in Mn3O4-MnO2 

hetero-nanorods 52. Deconvoluted XPS spectra confirmed enlarged MnO2 surface 

content in the samples, prepared by method 2 (Figure 7-1C,D). 

In this investigation RL were used as a capping agent for the synthesis of Mn3O4 in 

method 2 and a co-dispersing agent for Mn3O4 and MWCNT in methods 1 and 2. RL 

biosurfactants are amphiphilic glycolipids, produced by Pseudomonas aeruginosa 26. 

As received RL was a mixture of mono-RL and di-RL. Figure 2 shows chemical 

structures of RL. The structures contain rhamnose and fatty acid moieties 26. The 

amphiphilic structure of RL and electric charge of their carboxylic groups in solutions 

are important factors, which make RL promising dispersants for electrostatic 

dispersion of materials. For the investigation of dispersion properties of RL, Mn3O4 

particles were prepared by method 1 without MWCNT, washed, dried and redispersed 

in water in the presence of RL with Mn3O4:RL mass ratio 4:1. MWCNT were 

dispersed in water in the presence of RL with MWCNT:RL mass ratio of 1:1. 

Sedimentation tests showed colloidal stability of the obtained suspensions for more 

than 1 week. It should be noted that metal oxide nanoparticles often form 

agglomerates due to their high surface energy. The condensation of surface OH 

groups also promote agglomeration. The as-received MWCNT used in this 

investigation consisted of large agglomerates with a typical size of 0.5 mm 53. The 

ability to co-disperse Mn3O4 and MWCNT using a RL as a co-dispersant is important 
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for their efficient mixing. It is suggested that RL adsorbed on Mn3O4 and MWCNT 

and allowed for their electrostatic dispersion. The adsorption of RL on MWCNT 

resulted from hydrophobic interactions of fatty acid moieties of RL with carbon 

nanotubes 54. It is known that RL forms complexes with Mn 55,56. Therefore, the 

complexation Mn atoms on the Mn3O4 particle surface with RL can explain the RL 

adsorption on Mn3O4.  

 

Figure 7- 2 Chemical structure of RL. Dashed line shows rhamnose moieties. 

 

Figure 7-3 shows TEM images of Mn3O4 prepared by methods 1 and 2 without 

MWCNT. 
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Figure 7- 3 TEM images at different magnifications of Mn3O4 prepared by method 1 (A,B) 

and method 2 (C,D). 

The TEM images of Mn3O4 prepared by method 1 without a capping agent contained 

large agglomerates of particles of irregular shape (Figure 7-3A,B). The morphology of 

Mn3O4 particles prepared using RL as a capping agent in method 2 was different 

(Figure 7-3C,D). The primary particles were larger and showed crystalline faces. The 

typical size of the particles was about 50 nm. The particles prepared in the presence of 

RL as a capping agent showed reduced agglomeration (Figure 7-3C,D). Therefore, the 

results of TEM studies showed that the morphology of the synthesized Mn3O4 was 

influenced by RL.  

  



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

99 

 

Figure 7- 4 FTIR spectra of (a) as received RL, (b) Mn3O4 prepared without RL by method 1, 

(c) Mn3O4 prepared without RL by method 1 and dispersed using RL, (d) Mn3O4 prepared 

using RL as a capping agent by method 2. 

 

FTIR studies were performed to analyze the RL adsorption. The FTIR spectrum of as-

received RL (Figure 7-4a) showed absorptions at 2853, 2923 and 2958 cm−1, which 

can be attributed to the asymmetric and symmetric stretching vibrations of the CH2 

and CH3 groups 57 of RL. Such absorptions were not observed in the spectrum of 

Mn3O4 prepared by method 1 without RL (Figure 7-4b).  

For comparison, the Mn3O4 particles prepared by method 1 were dispersed in the 

presence of RL. The obtained suspensions were filtered, washed and dried. The FTIR 

spectrum of obtained powders (Figure 7-4c) showed absorption peaks, similar to those 

observed in the spectrum of RL (Figure 7-4a). Similar absorptions were observed in 

the spectrum of Mn3O4 prepared by method 2 (Figure 7-4d). Therefore, the results of 

FTIR studies showed that RL absorbed on the Mn3O4 particles during or after 
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synthesis.  

Figure 7-5 shows SEM images of composite electrodes, which were fabricated using 

Mn3O4-MWCNT composites, prepared by methods 1 and 2. The SEM image of 

electrodes prepared by method 1 showed that the size of primary Mn3O4 particles was 

below 100 nm, however Mn3O4 particles formed agglomerates. This resulted in the 

areas with larger contents of Mn3O4 or MWCNT and indicated poor mixing of the 

components. In contrast, such areas were not observed in the SEM images of the 

electrodes prepared by method 2, which facilitated improved mixing of Mn3O4 or 

MWCNT. CV studies of the electrodes prepared by method 1 showed nearly 

rectangular CVs for TP 1 (Figure 7-6A). However, CV areas increased during cycling. 

Figure 6B presents CVs for TP 1–5 at a scan rate of 10 mV s−1. Significant increase in 

CV areas indicates increase in capacitance during cycling. This agrees with previous 

investigations 20-22, which showed that time consuming activation is required for 

Mn3O4 electrodes with high active mass. Such a time-consuming activation procedure 

must be avoided for practical applications. Activation of the electrodes prepared by 

method 1 required 5 TPs and each TP involved testing a scan rates of 2, 5, 10, 20, 50 

and 100 mV s−1. The electrodes prepared by method 2 showed significantly higher 

currents for TP1 (Figure 7-6C), compared to electrodes prepared by method 1 (Figure 

7-6A). The higher currents indicated higher capacitance. The electrodes prepared by 

method 2 showed reduced variations in CV areas during cycling. Figure 7-6D 

presents CVs at a scan rate of 10 mV s−1. Very small variations in CV were observed 
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for TP 1–3. The CV obtained at TP3 showed slightly improved rectangular shape, 

compared to the CV for TP1. 

 

Figure 7- 5 SEM images of electrodes prepared using Mn3O4-MWCNT composites prepared 

by (A) method 1 and (B) method 2. Arrows show areas with enlarged MWCNT content. 

 

The areas of CV remained practically without change for TP4 and TP5 for electrodes 

prepared by method 2. CV area for TP1 for electrode prepared by method 2 (Figure 7-

6D(a)) was larger than the area of CV for TP 5 for the electrode prepared by method 1 

(Figure 7-6B(e)). This indicates higher capacitance of the electrodes prepared by 

method 2, compared to method 1. Moreover, the need in time consuming activation 

process can be avoided for electrodes prepared by method 2.  

  



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

102 

 

Figure 7- 6 (A) CVs at scan rates of (a) 2, (b) 10, (c) 20 and (d) 50 mV s−1 for TP1 and (B) 

CVs at a scan rate of 10 mV s-1 for (a) TP1, (b) TP2, (c) TP3, (d) TP4 and (e) TP5 for 

electrode prepared by method 1, (C) CVs at scan rates of (a) 2, (b) 10, (c) 20 and (d) 50 mV 

s−1 for TP1 and (D) CVs at a scan rate of 10 mV s-1 for (a) TP1, (b) TP2, and (c) TP3 for 

electrode prepared by method 2. Each TP involved testing at scan rates of 2, 5, 10, 20, 50 and 

100 mV s−1. The CVs for scan rate of 10 mV s−1 for each TP were selected and presented in 

(B, D). 

 

Figure 7-7A shows capacitances calculated from the CV data for electrodes prepared 

by method 1 for TP 1–5. The capacitance of supercapacitor electrodes usually 

decreases with increasing scan rate58 due to the diffusion limitations in pores. 

However, capacitances for TP1 and TP2 showed maxima at a scan rate of 20 mV s−1. 

This can be attributed to electrode activation during initial cycling at low scan rates. 

Numerous XPS studies showed that the activation process results in oxidation of Mn2+ 
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and Mn3+ ions on the Mn3O4 particle surface during cycling in the positive potential 

range and linked this process to the capacitance increase 20-22,25. The oxidation process 

was influenced by the duration of the application of a positive potential. Therefore, it 

is not surprising that the activation process was enhanced at low scan rates. 

Capacitance increased and impedance decreased with increasing number of TP 

(Figure 7-7A,B). The highest capacitance at a scan rate of 2 mV s−1 was found to be 

4.14 F cm−2 (104.4 F g-1) for TP 5 in the method 1. Testing results indicated that 

activation process is necessary for achieving high capacitance and reducing 

impedance of electrodes prepared by method 1. As pointed out above, such time-

consuming activation process must be avoided for practical applications.  

Electrodes, prepared by method 2, did not show significant variations of capacitance 

and impedance during cycling. The capacitance obtained for the first cycle of TP 1 at 

a scan rate of 2 mV s−1 was 5.67 F cm−2 (141.6 F g−1) for electrodes prepared by 

method 2. It is higher than the capacitance obtained at the same scan rate for TP5 for 

electrodes prepared by method 1. A capacitance of 6.11 F cm−2 (153 F g−1) was 

obtained at a scan rate of 2 mV s−1 for TP 3. The real and imaginary parts of 

impedance for electrode, prepared by method 2 for TP 1 were lower than the 

corresponding values for TP 5 for electrode, prepared by method 1. This indicated 

lower resistance and higher capacitance of the electrodes prepared by method 2. The 

electrodes, prepared by method 2 showed very small variations in capacitance and 

impedance for TP 4 and TP 5, compared to TP 3. 
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Figure 7- 7  (A) Capacitance versus scan rate and (B) impedance data presented in a Nyquist 

plot for (a) TP 1, (b) TP 2, (c) TP 3, (d) TP 4 and (e) TP 5 for electrode prepared by method 1, 

(C) capacitance versus scan rate and (D) impedance data presented in a Nyquist plot for (a) 

TP 1, (b) TP 2, and (c) TP 3 for electrode prepared by method 2. 

 

CV data indicated that significantly higher capacitance was achieved by method 2 and 

in this method the time-consuming activation procedure can be avoided. This opens 

an avenue for practical applications of Mn3O4 based electrodes with high active mass 

loading. It should be noted that small variations in capacitance were observed in 

method 2. However, variations in capacitance were also observed for other electrodes, 

such as MnO2 electrodes during initial cycling 59. Such capacitance increase of the 

MnO2 electrodes was attributed to other factors, such as microstructure changes 
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during initial cycling 59. 

Figure 7-8 shows frequency dependences of real (CS') and imaginary (CS'') 

components of AC capacitance, derived from the impedance data. In contrast to 

integral capacitance measured by CV method in a potential window of 0.9 V, the 

components of the differential AC capacitance were measured at voltage amplitude of 

5 mV at an open circuit potential. 

Figure 7-8A shows significant increase of low frequency capacitance CS' with 

increasing TP number for electrodes prepared by method 1. The highest CS' of 3.33 F 

cm−2 was obtained at a frequency of 10 mHz for TP 5. The analysis of frequency 

dependences of CS'' showed significant reduction of the relaxation frequency, 

corresponding to the CS'' maximum with increasing TP number (Figure 7-8B). The 

electrode prepared by method 2 showed CS' of 3.48 F cm−2 at a frequency of 10 mHz 

(Figure 7-8C) for TP 1, which is higher than CS' for electrode prepared by method 1 

for TP 5. The CS' increased for T2 and showed very small variation for TP 3–5. The 

relaxation frequency of the electrodes prepared by method 2 showed very small 

changes (Figure 7-8D), especially after TP 2. Therefore, the behavior of the 

differential capacitance during TP 1–5 correlated with behavior of the integral 

capacitance, derived from the CV data. 
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Figure 7- 8 (A) real and (B) imaginary components of complex capacitance for (a) TP 1, (b) 

TP 2, (c) TP 3, (d) TP 4 and (e) TP 5 for electrode prepared by method 1, (C) real and (D) 

imaginary components of complex capacitance for (a) TP 1, (b) TP 2, (c) TP 3 for electrode 

prepared by method 2. 

 

The results of the GCD testing of electrodes, prepared by methods 1 and 2, after TP 5 

are presented in Figure 7-9. The GCD curves at different currents showed nearly ideal 

linear dependences (Figure 7-9 A, C). The electrodes prepared by method 1 and 

method 2 showed capacitances of 5.83 F cm−2 (145.8 F g−1) and 6.07 F cm−2 (151.9 F 

g−1), respectively at a current density of 3 mA cm−2 (Figure 7-9B, D). The 

capacitances showed slight decrease with increasing current density in the range of 3–

10 mA cm−2. 

The influence of cycling on capacitive properties of electrodes prepared by methods 1 



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

107 

and 2 was also studied by analyzing CVs at a scan rate of 50 mV s−1. The capacitances 

for different cycles were normalized by the capacitance obtained at 2000th cycle and 

presented in Figure 7-10. The normalized capacitance (CN) for electrodes prepared by 

method 1 was only 8.3% for the cycle 1. 

The electrodes prepared by method 1 showed significant increase of CN during first 

500 cycles and further continuous capacitance increase at a reduced rate. The 

electrodes, prepared by method 2 showed CN of 71% for the cycle 1 and CN of 99% 

for the cycle 7. The CN showed a maximum of 128% for cycle 151 and then 

decreased. The rate of the CN decrease reduced after 1000 cycles. The CV data 

provided additional evidence of significantly faster electrode activation in method 2. 

However, as pointed out above the activation process is also influenced by the scan 

rate. 
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Figure 7- 9 GCD data for electrodes prepared by (A,B) method 1 and (C,D) method 2, (A,C) 

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

capacitance versus current density dependences. 

 

Figure 7- 10 Capacitance (CN) normalized by capacitance value for 2000th cycle for 

electrodes prepared by (A) method 1 and (B) method 2, obtained from CV data at a scan rate 

of 50 mV s-1. 

 

Recent comprehensive review 8 of supercapacitor electrodes with high active mass 

loadings provided a summary of capacitances for Mn3O4 and MnO2 based electrodes. 

Table 7-1 shows capacitances of Mn3O4 electrodes with high active mass loading 
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reported in literature. 

 

Table 7- 1 Literature data on capacitances of Mn3O4 based electrodes, containing conductive 

additives, and tested in Na2SO4 electrolyte. 

Active Mass (mg cm−2) Areal Capacitance (F cm−2) Reference 

28.4 2.8 21 

30.4 2.63 60 

33.0 4.2 22 

35.0 3.5 20 

36.0 3.1 57 

36.0 3.79 61 

40.1 4.3 62 

40.0 6.11 this work 

 

It is seen that the areal capacitance achieved in this investigation by method 2 is 

higher, than that reported in the literature for Mn3O4 based electrodes of high mass. 

The method used in this investigation is simple and it is based on the use of a natural 

co-dispersant. Moreover, the capacitance of Mn3O4 based electrodes, prepared by 

method 2 is comparable with capacitance of advanced MnO2 based electrodes8. The 

time-consuming activation procedure, which limits the applications of Mn3O4 based 

electrodes, can be practically eliminated in method 2. Therefore, Mn3O4 electrodes 

represent a promising alternative to the MnO2 based electrodes for the development of 

asymmetric devices for operation in enlarged voltage window in a neutral electrolyte. 
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It should be noted that the application of capping agents, such as RL for the MnO2 

synthesis presents difficulties due to the use of permanganate precursors, which react 

with organic additives. It can be expected that Mn3O4 electrodes with advanced 

particle morphologies, prepared using capping agents, can outperform MnO2 

electrodes. Moreover, in contrast to MnO2, the spinel type Mn3O4 forms a large 

variety of spinel solid solutions. Such solutions can enhance capacitance, reduce 

resistance, and impart other functional properties, such as ferrimagnetic, catalytic and 

other properties to the Mn3O4 based electrodes.  

 

7.5 Conclusions 

For the first time RL were used as a capping agent for the synthesis of Mn3O4 

nanoparticles and as a dispersant for Mn3O4 and MWCNT. The morphology of the 

synthesized Mn3O4 particles and their dispersion were influenced by RL. The 

chemical structure of RL facilitated their adsorption on materials of different types, 

such as Mn3O4 and MWCNT and allowed for their electrostatic dispersion. The ability 

to co-disperse Mn3O4 and MWCNT facilitated their efficient mixing at the nanometric 

scale and allowed for the fabrication of advanced cathode materials for asymmetric 

supercapacitors. The use of RL as a capping agent resulted in higher capacitance of 

electrodes prepared by method 2, compared to method 1. The highest capacitance of 

6.11 F cm−2 (153 F g−1) was obtained from CV data at a scan rate of 2 mV s−1 and 

6.07 F cm−2 (151.9 F g−1) at a GCD current density of 3 mA cm−2 in a potential 
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window of 0.9 V in a neutral Na2SO4 electrolyte. The problem of time-consuming 

activation of Mn3O4 based electrodes can be avoided in the method 2. This makes 

Mn3O4 a promising material for practical applications in supercapacitors. Of 

particular importance for future research is the ability to form spinel solid solutions, 

based on Mn3O4. The development of such solid solutions can result in the 

development of materials with higher capacitance, reduced resistance and 

multifunctional materials, combining capacitive, ferrimagnetic, catalytic and other 

functional properties. 
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7.8 Supplementary Materials: 

Testing results for Mn3O4 electrodes prepared by method 2 with mass ratio 

Mn3O4:MWCNT:RL = 4:1:1 

 

Figure 7-S 1 (A) CVs at scan rates of (a) 2, (b) 10, (c) 20 and (d) 50 mV s-1 for TP 1 and (B) 

CVs at a scan rate of 10 mV s-1 for (a) TP 1, (b) TP 2, and (c) TP 3 for electrode prepared by 

method 2. 

 

Figure 7-S 2 (A) capacitance versus scan rate and (B) impedance data presented in a Nyquist 

plot for (a) TP 1, (b) TP 2, and (c) TP 3 for electrode prepared by method 2. 
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Figure 7-S 3 (A) real and (B) imaginary components of complex capacitance for (a) TP 1, (b) 

TP 2, (c) TP 3 for electrode prepared by method 2. 

 

Figure 7-S 4 GCD data for electrodes prepared by method 2, (A) charge-discharge at current 

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

dependence. 

Capacitances, calculated from CV data at a scan rate of 2 mV s−1 are 4.75 F cm−2 

(118.8 F g−1), 5.39 F cm−2 (134.8 F g−1) and 5.77 F cm−2 (144.3 F g−1) for TP 1, TP 2 

and TP 3, respectively.   

Capacitances, calculated from EIS data at 10 mHz are 4.05 F cm−2 (101.3 F g−1), 4.62 

F cm−2 (115.5 F g−1), 4.90 F cm−2 (122.3 F g−1) for TP 1, TP2 and TP 3, respectively.  

Capacitance calculated from the GCD data after TP 5 at a current density of 3 mA 

cm−2 is 6.82 F cm−2 (170.5 F g−1).  
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8.1 Abstract 

 The purpose of this investigation was the development of a new colloidal route for 

the fabrication of Mn3O4 electrodes for supercapacitors with enhanced charge storage 

performance. Mn3O4-carbon nanotube electrodes were fabricated with record-high 

capacitances of 6.67 F cm−2 obtained from cyclic voltammetry tests at a scan rate of 2 

mV s−1 and 7.55 F cm−2 obtained from the galvanostatic charge–discharge tests at a 

current density of 3 mA cm−2 in 0.5 M Na2SO4 electrolyte in a potential window of 

0.9 V. The approach involves the use of murexide as a capping agent for the synthesis 

of Mn3O4 and a co-dispersant for Mn3O4 and carbon nanotubes. Good electrochemical 

performance of the electrode material was achieved at a high active mass loading of 

40 mg cm−2 and was linked to a reduced agglomeration of Mn3O4 nanoparticles and 

efficient co-dispersion of Mn3O4 with carbon nanotubes. The mechanisms of 

murexide adsorption on Mn3O4 and carbon nanotube are discussed. With the proposed 

method, the time-consuming electrode activation procedure for Mn3O4 electrodes can 

be avoided. The approach developed in this investigation paves the way for the 

fabrication of advanced cathodes for asymmetric supercapacitors and multifunctional 

devices, combining capacitive, magnetic, and other functional properties. 

 

8.2 Introduction 

In recent years, advanced materials have emerged for energy storage in 
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supercapacitors, including metal oxides, conductive polymers, graphene, and other 

carbon materials, MXenes, complex hydroxides, and composites 1-7. Oxide materials 

such as MnO2, Fe3O4, BiMn2O5, and V2O3 are increasingly being explored due to 

their large potential windows and high capacitance 6. Spinel-type oxide materials have 

generated significant interest due to their promising performance and beneficial 

materials science aspects 8-11. Atoms of transition metal elements with different 

valence states were incorporated into the spinel structure and exhibited redox 

behavior, imparting advanced pseudocapacitive properties to the spinel oxides 8,12-14. 

A large pool of spinel oxides provides a basis for the fabrication of spinel solid 

solutions with advanced properties 15. Solid solutions allow a significant improvement 

in functional properties of materials by a controlled variation in their composition. 

Solid solutions are widely utilized in energy storage and other fields and often 

outperform individual spinel oxides for various applications 16-19. Spinel materials are 

of particular interest because they exhibit advanced magnetic, catalytic, and other 

properties and can be used for the fabrication of multifunctional materials 14,20-24. 

Mn3O4 is a spinel-type ferrimagnetic material that is widely used for the fabrication of 

advanced spinel solid solutions with enhanced magnetization, catalytic, and energy 

storage properties in batteries 25-27. However, the potential of Mn3O4 for 

supercapacitor technology is only beginning to be recognized 28,29. Mn3O4 can 

potentially outperform MnO2, which is currently one of the best materials for 

cathodes of asymmetric supercapacitors. 
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The use of Mn3O4 offers many advantages for supercapacitor technology compared to 

MnO2. The modification of composition and properties of MnO2 presents difficulties 

because of the limited possibility of this oxide to form solid solutions. The low 

electrical conductivity of MnO2 is detrimental for applications of this material in 

supercapacitors. In contrast, Mn3O4 can form solid solutions with enhanced 

conductivity and other functional properties. The fabrication of MnO2 nanoparticles 

of controlled size and modification of their morphology generates problems attributed 

to the use of permanganate precursors for the MnO2 synthesis. Such precursors react 

with dispersants, which are critically important for control of particle size, shape, and 

prevention of agglomeration during synthesis. In contrast, Mn3O4 can be synthesized 

from aqueous solutions of Mn2+ salts in the presence of dispersants.  

Previous investigations 6 have showed that the capacitance of Mn3O4 is significantly 

lower than that of MnO2. However, a significant increase in the capacitance of Mn3O4 

was observed during cycling 30-33. Numerous XPS studies revealed oxidation of Mn2+ 

and Mn3+ ions on the Mn3O4 particle surface during cycling and linked this process to 

the capacitance increase 31,33-35. The application of Mn3O4 for supercapacitors requires 

the use of time-consuming activation procedures 31,33,35. The problems related to 

applications of Mn3O4 in cathodes of supercapacitors can be addressed using 

dispersing agents for the synthesis of nanoparticles.  

This investigation was motivated by the strong potential of Mn3O4 spinel material for 

the fabrication of supercapacitors and multifunctional devices. The goal of this 
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investigation was the fabrication of Mn3O4 cathodes for supercapacitors with an 

enhanced capacitance using murexide as a new capping and dispersion agent. An 

additional goal was the elimination of the time-consuming activation procedure, 

which limits practical applications of Mn3O4 for supercapacitors. For the first time, 

we demonstrated that murexide can be used as a dispersant for inorganic nanoparticles 

and carbon nanotubes. The approach developed in this investigation involved the use 

of advanced techniques for a wet chemical synthesis and colloidal processing of 

Mn3O4-carbon nanotube electrodes with high capacitance. We describe the advantages 

of the murexide dispersant, which allowed for strong tridentate bonding to the particle 

surface and facilitated electrostatic dispersion. Building on this insight, new chelating 

dispersants can be used for advanced colloidal nanofabrication technologies. The use 

of murexide offered benefits for the fabrication of Mn3O4-carbon nanotube electrodes 

because murexide allowed co-dispersion of Mn3O4 and carbon nanotubes, which 

served as conductive additives. The approach of this investigation resulted in an 

enhanced electrode performance at a high active mass loading, which is critical for 

practical applications. In this approach, a record high capacitance of Mn3O4 electrodes 

was achieved, and the problems related to capacitance variation during initial cycling 

were avoided. This eliminated the need for the preparation of Mn3O4 based electrodes 

in time-consuming activation procedures. The results of this investigation open the 

door for the application of Mn3O4 and its solid solutions for energy storage in 

advanced supercapacitors and multifunctional energy storage devices. 
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8.3 Materials and Methods 

8.3.1 Raw Materials 

Murexide, Mn(NO3)2
.4H2O, Na2SO4, NaOH, ethanol, poly(vinyl butyral) (PVB, 

MilliporeSigma, Oakville, ON, Canada) and multiwalled carbon nanotubes 

(MWCNTs, Bayer, Leverkusen, Germany) were used as starting materials.  

 

8.3.2 Synthesis of Mn3O4 and Electrode Fabrication 

Mn3O4 nanoparticles were prepared by a modified chemical precipitation method 29 

and mixed with MWCNTs. A solution of 0.33 g of Mn(NO3)2
.4H2O in DI water was 

prepared, and then the pH of the solution was increased to pH = 10 with aqueous 

NaOH for the Mn3O4 synthesis. In method 1, the synthesized Mn3O4 was mixed with 

MWCNTs, and murexide was added as a co-dispersant. In method 2, murexide was 

added to Mn(NO3)2
. solution in DI water before pH adjustment as a capping agent for 

synthesis, and MWCNTs were added after the synthesis. In both methods, Mn3O4 and 

MWCNTs were co-dispersed using murexide. The mass ratio of 

Mn3O4:CNT:murexide was 4:1:1. The obtained mixtures of Mn3O4 with MWCNTs, 

containing murexide, were ultrasonicated to achieve improved dispersion and mixing, 

washed, and dried. Obtained powders were used for the fabrication of electrodes using 

slurries of Mn3O4 and MWCNTs in ethanol with a PVB binder. The binder content 

was 3% of the total mass of Mn3O4 and MWCNTs. The slurries were used for 
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impregnation of commercial Ni foam (Vale, Canada) current collectors. The total 

mass of impregnated material after drying was 40 mg cm−2.  

 

8.3.3 Characterization Techniques 

Electron microscopy studies were performed using a JEOL SEM (scanning electron 

microscope, JEOL, JSM-7000F). X-ray diffraction (XRD) analysis (diffractometer 

Bruker D8, UK) was performed using Cu-Kα radiation at the rate of 0.01 degrees per 

second. Electrochemical studies were performed in an aqueous 0.5 M Na2SO4 

electrolyte using PARSTAT 2273 (Ametek) potentiostat for cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS), and BioLogic VMP 300 

potentiostat for the galvanostatic charge-discharge (GCD) investigations. Testing was 

performed using a 3-electrode electrochemical cell containing a working electrode 

(impregnated Ni foam), counter-electrode (Pt mesh), and reference electrode (SCE, 

saturated calomel electrode). The capacitive properties of electrode material were 

presented in gravimetric (Cm, F g−1) and areal (CS, F cm−2) capacitance forms. 

Capacitances Cm and CS were calculated from the CV, EIS, and GCD data as 

described in reference 6. The capacitances calculated from the CV and GCD data 

represented the integral capacitances measured in a voltage window of 0-0.9 V versus 

SCE. The capacitances calculated from the EIS data represented differential 

capacitances measured at an open circuit potential at a voltage amplitude of 5 mV. CV 
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testing procedures (TP) involved obtaining CV at scan rates of 2, 5, 10, 20, 50, and 

100 mV s−1. EIS measurements were performed after each TP. GCD measurements 

were performed after the last TP.  

 

8.4 Results and Discussion 

Figure 8-1 shows X-ray diffraction patterns of Mn3O4 prepared by methods 1 and 2. 

The diffraction patterns show peaks of Mn3O4 and MWCNTs.  

 

Figure 8- 1 X-ray diffraction patterns of Mn3O4 and MWCNT mixtures prepared by (a) 

method 1 and (b) method 2, (♦-Mn3O4, ●-MWCNT). 

 

The approach developed in this investigation was based on colloidal processing, 

which offers benefits for the fabrication of materials with advanced microstructures 36-

39. In colloidal processing methods, advanced capping agents and dispersants are 

necessary for the synthesis of nanomaterials and the fabrication of advanced 

composites. Capping agents and dispersants must be adsorbed on the particles. A non-

adsorbed ionic species can stimulate particle agglomeration. Previous investigations 40 
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highlighted the benefits of chelating dispersants, which are strongly adsorbed on 

inorganic particles by bidentate bonding to the surface metal atoms. Figure 8-2A 

shows a chemical structure of murexide used in this investigation as a capping and 

dispersing agent.  

 

Figure 8- 2 (A) Chemical structure of murexide, (B) adsorption of murexide on particle, 

involving tridentate chelation of surface Mn atoms. 

 

Murexide exhibits chelating properties 41,42, which are related to its strong tridentate 

bonding to different metal atoms. Dissociated murexide acquires a negative charge in 

solutions (Figure 8-2). It was hypothesized that murexide was adsorbed on the Mn3O4 

surface by creating a tridentate bonding to Mn atoms on the surface (Figure 8-2B). 

The adsorption of murexide on MWCNTs involved interactions 43 of two barbiturate 

rings of murexide with carbon rings of MWCNTs. The adsorbed murexide imparted a 

negative charge to the Mn3O4 particles and MWCNTs for their electrostatic co-

dispersion. It should be noted that many commercial dispersants allow for the 

dispersion of only inorganic particles or carbon materials. In contrast, murexide 

allows for the dispersion of both Mn3O4 and MWCNTs, facilitating their efficient co-
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dispersion and mixing.  

In this investigation, MWCNTs were used as conductive additives. Previous 

investigations of as-received MWCNT powders showed that MWCNTs formed large 

agglomerates with a typical size of 0.5 mm 44. Therefore, efficient dispersion of 

MWCNTs was critically important for the fabrication of nanocomposites. Figure 8-3 

shows SEM images of the electrodes prepared by Methods 1 and 2. The SEM images 

at low magnification show the porous structure of electrodes (Figure 8-3A, B). The 

images at higher magnification (Figure 8-3C, D) show that the size of primary Mn3O4 

particles was below 100 nm. MWCNTs were distributed between the Mn3O4 particles, 

which was beneficial for the enhancement of electronic conductivity of the composite. 

The electrodes prepared by Methods 1 and 2 were tested in 0.5 M Na2SO4 electrolyte. 

Figure 8-4 shows CVs for the electrodes prepared by Method 1 for different TPs. The 

CVs obtained at low sweep rates were nearly rectangular. The comparison of the CVs 

obtained at the same sweep rates for different TPs showed that the area of CV 

increased with increasing TP number. 
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Figure 8- 3 SEM images at different magnifications for electrodes prepared by (A, C) method 

1 and (B,D) method 2. 

 

This is in agreement with previous investigations, which showed a capacitance 

increase during cycling 30-33. Several previous XPS investigations showed an 

oxidation of Mn2+ and Mn3+ ions with an increased content of Mn4+ ions on the 

Mn3O4 particle surface during cycling and linked this process to the capacitance 

increase 31,33-35. Moreover, previous investigations showed that the application of 

Mn3O4 for supercapacitors requires the use of time-consuming activation procedures 

31,33,35. Such procedures are detrimental for practical applications of Mn3O4 in 

supercapacitors.  

It should be noted that we investigated electrodes with high active mass loadings of 

40 mg cm−2. In this investigation, commercial Ni foam current collectors were used, 

which were designed for batteries and supercapacitors, based on inorganic active 
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materials with a typical electrode mass of 30–50 mg cm−2. High active mass loading 

is important for practical applications for reducing the contribution of current 

collectors and other passive components to the total electrode mass. An active mass of 

about 10 mg cm−2 is required for commercial activated carbon electrodes 6,45. 

Inorganic materials, such as Mn3O4, have a significantly higher density than the 

density of activated carbon. Therefore, larger mass loadings can be achieved at the 

same electrode volume.  

The higher gravimetric capacitance of Mn3O4 and the higher active mass can 

potentially result in significantly higher capacitances of Mn3O4-based electrodes, 

compared to activated carbon electrodes of the same volume. However, it is 

challenging to achieve good electrode performance at a high active mass. It is known 

that gravimetric capacitance drops with active mass increase 6. Moreover, the use of 

electrodes with high active mass loading aggravated the problem of Mn3O4 electrode 

activation, compared to the thin-film Mn3O4 electrodes. This is attributed to better 

electrolyte access to thin film electrodes, compared to the bulk electrodes with high 

active mass.  
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Figure 8- 4 CVs for electrodes, prepared by method 1 for (A) TP 1, (B) TP 2, (C) TP 3 and 

(D) TP 5 at scan rates of (a) 2, (b) 10, (c) 20 and (d) 50 mV s−1. 

 

Figure 8-5A shows Cm and CS, derived from the CV data for different TPs. The 

dependence of capacitance on scan rate for TP 1 (Figure 8-5A(a)) shows a maximum 

at 20 mV s−1. It is suggested that the electrode activation during cycling at lower scan 

rates resulted in the capacitance increase.  

However, the capacitance decreased at scan rates of 50 and 100 mV s−1, resulting in a 

maximum (Figure 8-5A(a)). The capacitance increased with increasing TP number 

from 1 to 5 (Figure 8-5). The highest integral capacitance of 4.87 F cm−2 (121.8 F g−1) 

was achieved at 2 mV s−1 for TP 5. The components of the differential complex 

capacitance, obtained from the EIS data, showed significant variations for TP 1–5 

(Figure 8-5B, C). The frequency dependences of the capacitance components showed 

relaxation-type 46 dispersions. The real part of the differential complex capacitance 

increased with increasing TP number in agreement with the CV data. The GCD data 
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obtained after TP 5 showed linear charge–discharge behavior, indicating good 

capacitive performance (Figure 8-5D). The integral capacitance of 6.77 F cm−2 (169.3 

F g−1) was obtained at a current density of 3 mA cm−2. The capacitance slightly 

decreased with increasing current density and showed good capacitance retention. 

 

Figure 8- 5 Integral capacitances calculated from the CV data, (B) real and (C) imaginary 

components of differential complex capacitances versus frequency, calculated from the EIS 

data for (a) TP 1, (b) TP 2, (c) TP 3, and (d) TP 5; (D) integral capacitance obtained from the 

GCD data after TP 5 versus current density; inset shows corresponding charge discharge 

curves for current densities of (a) 3, (b) 5, (c) 7, and (d) 10 mA cm−2. 

 

Testing of the electrodes prepared by method 2 showed reduced capacitance 

variations during cycling, and significantly higher capacitances were obtained 

compared to method 1. Figure 8-6 compares CV data for TP 1 and TP 3. The areas of 

CVs increased from TP 1 to TP 3 only at low scan rates. At scan rates of 20 mV s−1 

and higher, the CV areas were nearly similar for TP1 and TP3. The CV areas for TP 4 
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and TP 5 were practically the same as for TP 3 for all scan rates.  

Figure 8-7A shows integral capacitances, calculated from the CV data for the 

electrode prepared by Method 2. The capacitance for TP 1 (Figure 8-7A(a)) showed a 

maximum for a scan rate of 10 mV s−1. A similar maximum was observed for TP 1 for 

the electrode prepared by method 1 (Figure 8-5A(a)). As pointed out above, such a 

maximum resulted from the activation of the electrode by cycling at low scan rates. 

Therefore, some activation occurred for the electrodes prepared by Method 2. 

However, it should be noted that the capacitance obtained for the first cycle at 2 mV 

s−1 for TP 1 for electrode prepared by Method 2 was 5.46 F cm−2 (136.4 F g−1), which 

is higher than the capacitance of 4.87 F cm−2 (121.8 F g−1) at 2 mV s−1 for TP 5 for the 

electrode prepared by Method 1. The highest capacitance of 6.67 F cm−2 (166.7 F g−1) 

was achieved at 2 mV s−1 for TP 3 for the electrode prepared by Method 2. Turning 

again to the data presented in Figure 8-7A, it is seen that very small variations in the 

capacitance were observed for TP1 and TP3 for scan rates of 20–100 mV s−1. The 

capacitance measurements at different scan rates for TPs 3-5 did not show significant 

variations in capacitances.  
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Figure 8- 6 CVs for electrode prepared by Method 2 (A) for TP 1 and (B) TP 3 for scan rates 

of (a) 2, (b) 10, (c) 20, and (d) 50 mV s−1. 

 

Figure 8- 7 (A) Integral capacitances calculated from the CV data, (B) real and (C) imaginary 

components of differential complex capacitances versus frequency, calculated from the EIS 

data for (a) TP 1, (b) TP 3; (D) integral capacitance obtained from the GCD data after TP 5 

versus current density; inset shows corresponding charge discharge curves for current 

densities of (a) 3, (b) 5, (c) 7, and (d) 10 mA cm−2. 

 

The results of capacitance measurements from the EIS data (Figure 8-7B, C) 

correlated with the results obtained by CV. The real part of capacitance for TP 1 at 10 

mHz for the electrode prepared by Method 2 was 4.75 F cm−2 (118.8 F g−1), which is 

higher than the capacitance of 3.77 F cm−2 (94.25 F g−1) for the electrode prepared by 
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Method 1 at the same frequency and TP 5. The analysis of EIS data for TP 1 and TP 3 

revealed changes in both real and imaginary capacitance, which indicates that some 

activation process occurs for the electrodes prepared by Method 2. The highest real 

part of the capacitance obtained at 10 mHz for TP 3 for the electrode prepared by 

Method 2 was found to be 5.70 F cm−2 (142.5 F g−1). EIS capacitance data did not 

show significant variation for TP 4 and TP 5 compared to TP 3.  

The results of CV and EIS data indicate that Method 2 resulted in a significant 

acceleration of the activation process. This can potentially eliminate the need in the 

time-consuming activation process for Mn3O4-based electrodes. Indeed, relatively 

small variations in capacitance were obtained for the electrodes prepared by Method 

2. The first cycle of capacitance measurements for the electrodes prepared by this 

method showed higher capacitance than that for TP 5 for the electrode prepared by 

Method 1. Turning again to the comparison of MnO2 and Mn3O4 electrodes, it should 

be noted that some activation process was also reported for the MnO2 electrodes, 

which also exhibited a small increase in the capacitance during initial cycling 47. Such 

a capacitance increase in the MnO2 electrodes was attributed to the microstructure 

changes during initial cycling 47. GCD testing of the electrodes prepared by Method 2 

showed linear charge–discharge curves (Figure 8-7D), indicating good capacitive 

behavior. The capacitance of 7.55 F cm−2 (188.8 F cm−2) was achieved at a current 

density of 3 mA cm−2. The electrodes prepared by Method 2 showed energy density of 

18.8 Wh kg−1 at power density of 0.11 kW kg−1. 
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In order to analyze the difference in the activation of electrodes prepared by methods 

1 and 2, CV studies were performed for fresh electrodes at a scan rate of 50 mV s−1 

for 2000 cycles, and the obtained capacitances were normalized by the capacitance 

obtained for the 2000th cycle (Figure 8-8).  

The normalized capacitance CN for the first cycle for the electrode prepared by 

method 1 was only 23% and it was slowly increased with cycle numbers. In contrast, 

the capacitance for the first cycle for the electrode prepared by Method 2 was 70% 

and rapidly increased with an increasing cycle number. The comparison with the data 

presented in Figure 8-7 also indicates that a lower scan rate can result in a faster 

activation process for the electrodes prepared by Method 2.  

 

Figure 8- 8 Normalized capacitances (CN) versus cycle number at a scan rate of 50 mV s−1 for 

electrodes prepared by (A) Method 1 and (B) Method 2, normalized by the capacitance for the 

2000th cycle. 

 

The capacitances obtained from CV, EIS, and GCD data for electrodes prepared by 

Method 2 are significantly higher than the capacitances obtained by the same testing 

techniques for electrodes prepared by Method 1. The results of this investigation 

indicated that the use of murexide as a capping agent allowed for an enhanced 
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performance of the Mn3O4-MWCNT electrodes. It should be noted that MWCNTs 

have a low electrical double-layer-type specific capacitance 48 of about 20 F g−1. The 

use of MWCNTs as conductive additives is critically important for the utilization of 

capacitive properties of Mn3O4, which has low conductivity. Due to small MWCNT 

content in the Mn3O4-MWCNT electrode material, the high capacitance of the 

composite electrodes resulted from pseudocapacitive properties of Mn3O4.  

A recent comprehensive review 6 summarized capacitances for Mn3O4 and MnO2 

electrodes with high active mass reported in the literature. A comparison with the 

literature data for Mn3O4 showed that the areal capacitance of Mn3O4-MWCNT 

electrodes achieved in this investigation is significantly higher than in the literature 

data (Table 8-1). Moreover, the capacitance of the Mn3O4-MWCNT electrodes was 

higher than the capacitances of MnO2-MWCNT electrodes of a similar mass reported 

in the literature (Table 8-1).  

  



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

137 

Table 8- 1 Literature data on capacitances of Mn3O4- and MnO2-based electrodes containing 

conductive additives and tested in Na2SO4 electrolyte. 

 

Material Active Mass (mg cm−2) Areal Capacitance (F cm−2) Reference 

Mn3O4 28.4 2.8 35 

Mn3O4 30.4 2.63 49 

Mn3O4 33.0 4.2 33 

Mn3O4 35.0 3.5 31 

Mn3O4 36.0 3.1 50 

Mn3O4 36.0 3.79 51 

Mn3O4 40.1 4.3 52 

Mn3O4 40.0 6.67 this work 

MnO2 40.0 5.26 53 

MnO2 40.0 5.3 54 

MnO2 40.0 5.9 55 

MnO2 40.0 6.2 56 

 

 

Therefore, the results of this investigation indicate that Mn3O4 is a promising 

alternative to MnO2 as a cathode material for asymmetric supercapacitors. The 

strategy developed in this investigation opens up an avenue for a further improvement 

of capacitive properties of Mn3O4-based electrodes. Of particular importance for 
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future investigations is the ability of Mn3O4 to form solid solutions with other spinel 

compounds. The fabrication and testing of such solid solutions can result in electrodes 

with higher capacitive properties, which can be combined with improved magnetic 

and other functional properties.  

 

8.5 Conclusions 

For the first time, murexide was used as a capping agent for the synthesis of Mn3O4 

nanoparticles and as a co-dispersant for Mn3O4 and MWCNTs. The adsorption of 

murexide on Mn3O4 and MWCNTs involved two different mechanisms and facilitated 

electrostatic co-dispersion of Mn3O4 with MWCNTs and their enhanced mixing. The 

use of murexide as a capping agent in Method 2 allowed for a reduced agglomeration. 

As a result, the capacitance of the Mn3O4–MWCNT electrodes prepared by Method 2 

was significantly higher than the capacitance of the Mn3O4–MWCNT electrodes 

prepared by Method 1. The simple approach developed in this investigation resulted 

in record-high capacitances of 6.67 F cm−2 obtained from cyclic voltammetry data at a 

scan rate of 2 mV s−1 and 7.55 F cm−2 obtained from the galvanostatic charge–

discharge data at a current density of 3 mA cm−2. The good electrochemical 

performance was achieved at a high active mass loading of 40 mg cm−2. It was found 

that the time-consuming electrode activation procedure for Mn3O4 electrodes can be 

avoided. The approach developed in this investigation paved the way for the 

development of advanced cathodes for asymmetric supercapacitors for operation in a 
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neutral electrolyte. It is expected that future progress in the fabrication of Mn3O4 

electrodes will result in a superior performance compared to MnO2 electrodes for 

practical applications. Further development of chelating dispersants offers a 

promising strategy for the synthesis and the colloidal processing of advanced energy 

storage materials. The ability to achieve high capacitance for a spinel material in a 

neutral electrolyte opens the door for the fabrication of multifunctional devices, 

combining capacitive, magnetic, and other functional properties. 
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9.1 Abstract 

Nanotechnology offers powerful strategies for the fabrication of advanced materials 

for energy storage in supercapacitors. It is hypothesized that the size reduction of 

Mn3O4 nanoparticles can eliminate time-consuming electrochemical activation and 

increase electrochemical pseudocapacitance of this material. Moreover, due to redox 

properties and specific features of its chemical synthesis procedure, Mn3O4 can 

potentially outperform other promising cathode materials for energy storage in 

supercapacitors. A facile room temperature method to fabricate Mn3O4 nanoparticles 

is described, which is based on the use of advanced capping agents for synthesis.  

Building on the strong adsorption power of the catechol ligand, we utilize 

tetrahydroxy-1,4-quinone, catechin, and gallocyanine as capping agents for the 

synthesis of Mn3O4.  The use of the catecholate molecules as capping agents for 

synthesis facilitates the fabrication of Mn3O4 platelet nanoparticles with a typical size 

of 5 nm. The reduction of particle size allows the fabrication of advanced Mn3O4-

multiwalled carbon nanotube cathodes with high active mass loadings of 40 mg cm-2, 

which show significant increase in capacitance in 0.5 M Na2SO4 electrolyte. The 

highest capacitance of 7.03 F cm-2 (175.8 F g-1) at cyclic voltammetry scan rate of 2 

mV s-1 and 9.13 F cm-2 (228.3 F g-1) at galvanostatic charge-discharge current density 

of 3 mA cm-2 is obtained using gallocyanine as a capping agent. The high capacitance 

is achieved at a low electrode resistance. Obtained electrodes outperform MnO2 based 

cathodes of a similar mass. Another important finding is the possibility to avoid the 
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time-consuming activation process for Mn3O4 based electrodes. The analysis of 

testing results provides an insight into the influence of the chemical structure of the 

capping agents on electrode performance. The results of this investigation pave the 

way for application of Mn3O4 in advanced high active mass supercapacitor cathodes. 

 

9.2 Introduction 

Mn3O4 is gaining attention as a pseudocapacitive charge storage material for 

supercapacitors1-3. Investigations focused on the fabrication of thin films and high 

active mass bulk electrodes1,4-6 by various techniques and analysis of charging 

mechanism7-10. The investigation of Mn3O4 behavior in Na2SO4 electrolyte11-13 is of 

particular importance for the development of asymmetric supercapacitors with large 

voltage windows in the range of 1.6-2.0 V. The first step of the charging mechanism 

in Na2SO4 electrolyte involves solvation14:  

Mn3O4→NaδMnOx
.H2O                                              (9-1) 

Mn K-edge X-ray absorption spectroscopy (XAS)14 studies confirmed NaδMnOx 

formation during initial cycling and revealed reduction of the average oxidation state 

of Mn. Another XAS investigation confirmed reduction of Mn3+ to Mn2+ at low 

potentials and revealed oxidation of Mn3+ to Mn4+ or Mn6+ at higher potentials15. 

The subsequent charging behavior involved the following reaction14: 

NaδMnOx
.H2O ↔ MnOx

.H2O +  δNa+ + δe-                             (9-2) 
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Other investigations demonstrated Mn3O4 activation at the beginning of cycling, 

which resulted in significant capacitance increase2,16,17. A significant activation effect 

was reported for high active mass electrodes18-22 and it was attributed to the changes 

of the electrode microstructure and oxidation state of Mn19,21,23,24. Numerous X-ray 

photoelectron spectroscopy (XPS) studies19,21,23,24 demonstrated increase of the 

oxidation state of Mn after long cycling. Recent scanning transmission X-ray 

microscopy (STXM) investigations25 analyzed Mn3O4 activation by cycling at 

different scan rates and at a fixed scan rate.  The capacitance increase during 

electrode activation was linked to STXM observations, which demonstrated Mn3O4 

oxidation to form MnO2 on the particle surface and in the bulk. The pseudocapacitive 

charge storage mechanism involves in-situ oxidation of Mn3O4 and redox reactions of 

Mn4+/Mn3+ species on the particle surface and in the bulk25.  

The high capacitance values obtained in investigation of Mn3O4 electrodes indicated 

that this material can potentially outperform other promising cathode materials, such 

as MnO2. It should be noted that KMnO4 or NaMnO4 precursors are usually used for 

the synthesis of MnO2 particles26-29. Such precursors react with organic capping 

agents and conductive carbon additives and generate problems in the synthesis of non-

agglomerated nanoparticles of controlled size and fabrication of composites. The use 

on Mn2+ salts for the synthesis of Mn3O4 eliminates such difficulties.  The success of 

Mn3O4 practical applications will depend largely on the ability to avoid the time-

consuming activation steps. It is hypothesized that the reduction of particles size can 
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potentially facilitate their fast oxidation, avoiding long activation procedures. 

Moreover, the reduction of particles size can result in enhanced capacitance. These 

challenges can be addressed by the development of advanced nanotechnologies for 

synthesis of Mn3O4 nanoparticles.  

The reduction of particle size of Mn3O4 can be achieved using capping agents during 

synthesis. Organic molecules, containing OH groups, such as glucose, salicylates and 

molecules from chromotropic acid family show adsorption on inorganic particles and 

generate interest for application as capping and dispersing agents30-33. Tetrahydroxy-

1,4-quinone (TQ), catechin (CT), and gallocyanine (GC) are promising materials for 

capping agent application. They belong to a catechol family of materials (Figure 9-1 

A-C), which allow for a strong bonding to the metal atoms on the particle surface 

(Figure 9-1D). The interest in catecholate-type dispersants and capping agents33 

resulted from the investigation of strong mussel proteins bonding to different surfaces, 

involving their catecholate monomers. Therefore TQ, CT and GC can potentially be 

adsorbed on Mn3O4 nanoparticles during synthesis and limit their growth.  
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Figure 9- 1 Chemical structures of (A) TQ, (B) CT, and (C) GC molecules and (D) 

catecholate-type bonding, involving Mn atoms on the Mn3O4 particle surface.  

 

The chemical structure of TQ contains adjacent OH groups, which allow catecholate 

type bonding to various metal atoms34. Such bonding sites are important for TQ 

applications as metal atom linkers for the formation of metal organic frameworks for 

catalysis, electrochemical sensors, lithium ion battery and lithium ion hybrid 

supercapacitor applications35-39. CT showed strong adsorption on stainless steel and it 

was used as a corrosion inhibitor40. The adsorption of CT on hydroxyapatite involved 

chelation of surface Ca atoms41. The CT adsorption on alumina particles resulted in 

significant changes of their zeta-potential42. Catecholate-type bonding43 was involved 

in GC adsorption on Fe2O3 particles and the positive charge of the adsorbed GC 

facilitated particle dispersion. Moreover TQ, CT and GC exhibit interesting redox-

active properties44-48 which can potentially be used for energy storage applications. 

The goal of this investigation was the use of TQ, CT, and GC molecules as capping 
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agents for the synthesis of Mn3O4 nanoparticles and application of the obtained 

particles for the fabrication of advanced Mn3O4 cathodes for supercapacitors. The 

experimental results presented below indicated that TQ, CT, and GC molecules 

adsorbed on Mn3O4 particles and acted as capping agents. The use of capping agents 

for Mn3O4 synthesis allowed significant particle size reduction.  Electrochemical 

studies revealed multiple benefits of particle size reduction for practical applications 

of Mn3O4 in cathodes of supercapacitors. The electrochemical activation process has 

been significantly accelerated and practically eliminated. Moreover, the reduction of 

particles size facilitated their dispersion and mixing with conductive carbon nanotube 

additives and allowed for significant increase of capacitance. The use of 

nanotechnology strategies for the synthesis of Mn3O4 nanoparticles was crucial for the 

development of supercapacitor electrodes with enhanced electrochemical 

performance. The analysis of the testing results provided an insight into the influence 

of chemical structures of the capping agents on capacitive properties of Mn3O4 based 

electrodes. 

 

9.3 Experimental procedures 

Tetrahydroxy-1,4-quinone hydrate (TQ), catechin hydrate (CT), gallocyanine (GC), 

Mn(NO3)2·4H2O, ethanol, NaOH, Na2SO4, poly(vinyl butyral) binder (PVB, 

MilliporeSigma, Oakville, ON, Canada), multiwalled carbon nanotubes (MWCNT, ID 

4 nm, OD 13 nm, length 1–2 μm, Bayer, Leverkusen, Germany) and industrial Ni 
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foam current collectors (95% porosity, 1.6 mm thickness, Vale, Mississauga, ON, 

Canada) were used. 

Mn3O4 nanoparticles were prepared using a chemical precipitation method, described 

in a previous investigation273 by chemical precipitation from aqueous Mn(NO3)2 

solution at pH=10. The size of the particles prepared by this method was in the range 

of 50-120 nm49. Mn3O4 particles were also prepared by a modified method, using TQ, 

CT, and GC as capping agents. In the modified method, solutions of 330 mg 

Mn(NO3)2·4H2O, containing a capping agent, were prepared in DI water and pH of 

the solutions was adjusted  to pH = 10 with aqueous NaOH.  MWCNT were used as 

conductive additives50. For the fabrication of composites, MWCNT were dispersed in 

the Mn(NO3)2 solutions. The mass ratio Mn3O4:MWCNT:capping agent was 8:2:1. 

The concentration of the capping agents were selected on the basis of sedimentation 

tests, which indicated that minimum amount of caping agent for the fabrication of 

stable suspensions was 10% (Supplementary information, Figure 9-S 1). Obtained 

powders were washed, dried, re-dispersed in ethanol, containing dissolved PVB 

binder, and obtained slurries were used for the fabrication of electrodes by 

impregnation of Ni foam current collectors. The PVB binder content was 3% of the 

total mass of Mn3O4 and MWCNT. The impregnated current collectors were pressed 

to 30% of original thickness to improve electrical contact with active material.  The 

total mass of impregnated material after drying was 40 mg cm−2. 

Microstructure investigations were performed using transmission electron microscopy 
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(TEM, Talos 200X microscope, Thermo Scientific, Waltham, MA, USA) and 

scanning electron microscopy (SEM, JEOL, JSM-7000F microscope, Tokyo, Japan) 

methods. X-ray diffraction (XRD) analysis (diffractometer Bruker D8, Coventry, UK) 

was performed using Cu-Kα radiation at the rate of 0.01 degrees per second. Fourier 

Transform Infrared Spectroscopy (FTIR) studies were performed using a Bruker 

Vertex 70 spectrometer (Billerica, MA, USA). Zeta potential measurements were 

performed using a dynamic light scattering instrument (DelsaMax Pro, Beckman 

Coulter, Brea, CA, USA). Electrochemical studies were performed in aqueous 0.5 M 

Na2SO4 electrolyte using PARSTAT 2273 potentiostat (AMETEK, Berwyn, PA, USA) 

for cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS). A 

BioLogic VMP 300 potentiostat was used for galvanostatic charge-discharge (GCD) 

investigations (BioLogic, Claix, France). Testing was performed using a 3-electrode 

electrochemical cell containing a working electrode (impregnated Ni foam), counter-

electrode (Pt mesh), and a reference electrode (SCE, saturated calomel electrode). The 

capacitive properties of electrode material were presented in gravimetric (Cm, F g−1) 

and areal (CS, F cm−2) capacitance forms. Capacitances Cm and CS were calculated 

from the CV, EIS and GCD data as it was described in reference51. The capacitances 

calculated from the CV and GCD data represented integral capacitances measured in a 

potential window of 0–0.9 V versus SCE. The complex capacitances calculated from 

the EIS data represented differential capacitances measured at an open circuit 

potential at a voltage amplitude of 5 mV. A commercial ZSimpWin software (Ametek, 



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

153 

USA) was used for the analysis and modeling of EIS data. 

 

9.4 Results and Discussion 

In this investigation we targeted the development of Mn3O4 nanoparticles of reduced 

size and their efficient mixing with conductive MWCNT additives for the formation 

of advanced nanocomposites for supercapacitor electrodes with enhanced charge 

storage properties. Figure 9-2 shows X-ray diffraction patterns of powders, prepared 

without and with capping agents. The X-ray diffraction patterns showed peaks of 

hausmannite Mn3O4 phase, corresponding to JCPDS file 04-007-1841. However, the 

XRD peaks of the materials prepared using capping agents showed diffraction peak 

broadening, which can result from a smaller crystal size. Relatively low peak intensity 

indicated that the samples, prepared using capping agents, also contain an amorphous 

phase. Previous investigations of Mn3O4 nanoparticles prepared by chemical 

precipitation, sol-gel and hydrothermal method showed that crystalline size obtained 

from the XRD data was significantly smaller than the particle size obtained from the 

electron microscopy data52,53. The difference can be attributed to the surface 

amorphous layer on the particles53. Therefore, TEM investigations were performed for 

the particles prepared using different capping agents.  

As pointed out above, the method49 used in this investigation, is capable of producing   

50-120 nm particles without the use of capping agents. In a previous investigation24 

we explored a possibility of particle size reduction using a chelating polyelectrolyte as 
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a capping agent. The use of a co-polymer of 4-styrenesulfonic acid and maleic acid as 

a capping agent facilitated the fabrication of smaller spherical particles with a 

diameter54 of 40-50 nm. Despite the particle size reduction, the obtained Mn3O4-

MWCNT electrodes required a time-consuming activation procedure54, which 

resulted in a highest capacitance of 2.8 F cm-2. In contrast, the experimental data 

presented below indicated that significant reduction of nanoparticle size can be 

achieved using TQ, CT, and GC and the activation procedure can be practically 

avoided. Moreover, the nanostructured electrodes showed significantly higher 

capacitance. 

 

Figure 9- 2 X-ray diffraction patterns for Mn3O4 powders, (a-c) prepared by adding capping 

agents: (a) TQ, (b) CT, (c) GC and (d) without capping agent (o- peaks corresponding to 

JCPDS file 04-007-1841 of Mn3O4). 
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Figure 9-3 shows TEM images at different magnifications for Mn3O4 particles, 

prepared using TQ, CT, and GC as capping agents. The TEM images of dried powders 

at low magnification showed significant reduction of particle size, however drying 

resulted in the formation of a small number of fibrous agglomerates. The analysis of 

the powders at higher magnification revealed the formation of platelet-shape primary 

nanoparticles with a typical size of about 5 nm. The use of capping agents was a key 

factor for the size reduction of the Mn3O4 nanoparticles, as compared with 

experiments performed at similar synthesis conditions without capping agents273 and 

using other techniques (Table 9-1). It is suggested that catecholate ligands of the 

capping agents (Figure 9-1) were beneficial for TQ, CT, and GC adsorption on Mn3O4 

particles and the adsorbed molecules limited the particle growth during synthesis. 

TEM observations showed nearly similar size of primary particles, prepared using 

different catecholate capping agents. However, electrokinetic measurements revealed 

difference in zeta-potentials, which were found to be -18.4, -26.6 and -35.3 mV for 

the particles prepared using TQ, CT and GC, respectively.  
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Table 9- 1 Size of Mn3O4 particles prepared by different methods. 

Synthesis method Particle morphology Particle size Reference 

Co-precipitation Plates like nano-

grains 

600-800 nm  52 

Sol-gel Coin-like nano-

spheres 

100-400 nm 52 

Hydrothermal  Nano-petals 40-80 nm 52 

Hydrothermal Nanoparticles 40-70 nm 55 

Co-precipitation Nanoparticles 80-100 nm 56 

Hydrothermal Nanorods Diameter 100 nm, 

length 15-20 μm 

57 

Electrodeposition Elongated 

cuboctahedron-shaped 

particles 

500 nm 58 

Electrodeposition Porous nanospheres 50 nm 59 

Electrodeposition Nanorods Diameter15 nm, 

length 200 nm  

53 
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Figure 9- 3 TEM images at different magnifications of Mn3O4 prepared using capping agents 

(A,B) TQ and (C,D) CT and (E,F )GC.  

 

The adsorption of TQ and CT and GC on Mn3O4 nanoparticles was confirmed by 

FTIR spectroscopy (Figure 9-4). The FTIR spectra of particles, prepared in the 

presence of TQ, CT and GC showed absorptions in the range 1368-1640 attributed to 

stretching C-C vibrations of aromatic rings of the adsorbed capping agent 

molecules60-62. Moreover, the adsorbed molecules showed absorptions at 1069, 949, 

and 805 cm-1 related to stretching C-C vibrations60,63, stretching C-O vibrations63, and 

out of plane C-H vibrations 63,  respectively. The broad absorptions centered around 

3080 cm-1 resulted from stretching O-H  and C-H vibrations60,63. Such absorptions 

were not observed in the spectrum of Mn3O4 prepared without capping agents (Figure 

9-4). Figure 9-5 shows SEM images of the Mn3O4 electrodes, prepared using TQ, CT 

and GC. The use of capping agents, which also acted as dispersants, facilitated good 
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mixing of the Mn3O4 particles with conductive additives. The formation of 

composites was also confirmed by TEM and X-ray photoelectron spectroscopy (XPS) 

analysis (supplementary information, Figures 9-S 2 and 9-S 3). 

 

Figure 9- 4 FTIR spectra of Mn3O4 prepared using capping agents (a) TQ (b) CT, (c) GC and 

(d) Mn3O4 prepared without capping agent. 

 

Figure 9- 5 SEM images of Mn3O4-MWCNT composite electrodes prepared using (A) TQ, 

(B)CT and (C)GC as capping and dispersing agents. 

 

Cyclic voltammetry studies involved testing at scan rates of 2, 5, 10, 20, 50 and 100 

mV s-1. This various scan rate testing procedure (VSRP) was similar to the VSRP used 

in a previous investigation25 for Mn3O4 prepared without capping agents. The 

obtained CVs were of nearly rectangular shape without redox peaks (Figure 9-6(A-

C)).  The obtained capacitances were 4.34 F cm-2 (108.5 F g-1), 5.93 F cm-2 (148.2 F 

g-1) and 7.03 F cm-2 (175.8 F g-1) for electrodes, prepared using TQ, CT and GC, 
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respectively, at a scan rate of 2 mV s-1. It should be noted that in a previous 

investigation25 the first VSRP (VSRP1) resulted in a capacitance of only 1.5 F cm-2 

for the Mn3O4-MWCNT electrode of the same active mass. The testing was repeated 

5 times (VSRPs1-5) and the capacitance of 3.3 F cm-2 was obtained25 for VSRP5. 

Therefore, the use of capping agents for synthesis and particle size reduction resulted 

in significantly higher capacitance and the activation procedure was practically 

eliminated. The obtained capacitance was higher than that obtained for MnO2- 

MWCNT electrodes of the same active mass64.  

 

Figure 9- 6 (A-C) CVs at scan rates of (a) 2, (b) 5, (c) 10 and (d) 20 mV s−1 for electrodes 

prepared using (A) TQ, (B) CT and (C) GC as capping agents; (D) capacitance versus scan 

rate for electrode prepared by (a) TQ (b) CT, (c) GC as capping agents.  
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Previous investigation25 showed relatively high Mn3O4-MWCNT electrode resistance 

after VSRP1. The resistance decreased during continuous testing procedures from 

VSRP1 to VSRP5. The use of capping agents for the synthesis facilitated the 

fabrication of electrodes with lower resistance than that reported in the previous 

investigation25 (Figure 9-7A). The low resistance is beneficial for efficient charge and 

discharge. The impedance spectroscopy data was analyzed using an equivalent circuit 

(Figure 9-7B), which was developed for electrodes with high active mass loadings65.  

In this circuit, R1C1QR2 represents a transmission line, describing a porous electrode, 

RS is a solution resistance, W is Warburg element, CDL and Rt are double layer 

capacitance is a charge transfer resistance, respectively.  The Rt values were found to 

be 0.062, 0.059 and 0.048 for electrodes prepared using TH, CT and GC, respectively. 

The lowest Rt for electrodes prepared using GC is beneficial for supercapacitor 

applications.   
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Figure 9- 7 (A) complex impedance data presented in a Nyquist plot, (● experimental data 

(exp) and ─simulation data (sim) for materials prepared using different capping agents, (B) 

equivalent circuit used for simulation, (C,D) frequency dependences of components of 

complex capacitance (C) Cs  ́and (D) Cs´́, calculated from the EIS data for electrodes 

prepared using (a) TQ (b) CT, (c) GC as capping agents. 

 

Differential complex capacitances were also calculated from the AC impedance data 

(Figure 9-7 C, D) at different frequencies. The electrodes prepared using TQ (b) CT, 

(c) GC showed capacitances C´ of 3.08, 2.71 and 3.86 F cm-2, respectively, at a 

frequency of 10 mHz, which were higher than reported in a previous investigation25 

after long activation procedures, involving VSRPs 1-5. Measuring the real and 

imaginary components of complex capacitance also provided insight into the 

capacitive behavior at different frequencies. The reduction of real components with 

frequency and maxima in the imaginary components indicated a relaxation-type 

dispersion of capacitance. It is known66,67 that charging process requires a specific 
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charging time t. At frequencies higher than 1/t, the charging process cannot contribute 

to capacitance, resulting in a relaxation-type dispersion.  In this case, the real part of 

capacitance shows fast decrease at frequencies above 1/t and becomes low at higher 

frequencies66. The imaginary part of capacitance shows a corresponding 

maximum67,68 at the relaxation frequency f=1/t. 

The results of GCD studies provide further evidence of enhanced capacitive behavior 

of Mn3O4-based electrodes prepared using capping agents. Figure 9-8 shows GCD 

data for electrodes, prepared using TQ, CT, and GC as capping agents. The GCD 

curves obtained at different current densities were of nearly triangular shape. The 

capacitances obtained at a current density of 3 mA cm-2 were found to be 7.11 Fcm-2 

(177.7 F g-1), 8.36 F cm-2 (208.9 F g-1) and 9.13 F cm-2 (228 F g-1) for electrodes 

prepared using TQ, CT, and GC, respectively. The capacitance decreased with 

increasing current density. The highest capacitance was obtained for electrodes 

prepared using GC. The obtained areal capacitance was higher than literature data 

(Table 9-2). Turning again to the structural features of the capping agents it is seen 

that catechol groups of the capping agents facilitated their adsorption on Mn3O4 

nanoparticles and limited particle growth during synthesis. The larger size of the 

capping agent molecules resulted in higher zeta-potentials. The increase in zeta-

potential of the electrodes prepared using different capping agents correlates with 

increase of zeta potential of Mn3O4 particles. The small particle size and high zeta-

potential of Mn3O4 particles is beneficial for their improved dispersion and mixing 
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with conductive MWCNT on the nanometric scale. Moreover, polyaromatic GC and 

CT can provide enhanced π- π interactions with carbon nanotubes69 and facilitate the 

fabrication of nanocomposites.  

 

Figure 9- 8 Galvanostatic charge-discharge curves (GCD) at current densities of (a) 3, (b) 5, 

(c) 7, and (d) 10 mA cm−2 and (D) capacitances, calculated from GCD data versus current 

density for electrodes prepared by (A and D(a)) TQ, (B and D (b)) CT and (C and D(c)) GC as 

capping agents.  
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Table 9- 2 Capacitances of Mn3O4 and composite electrodes 

Am 

mgcm-2 

Electrolyte Potential 

range, V 

Reference 

electrode 

ν, 

mVs-1 

i,  

Ag-1 

Cm, 

Fg-1 

CS, 

Fcm-2 

Ref. 

1.21 3M Na2SO4 -0.2 ─ 

+0.8 

Ag/AgCl  0.5 210 0.25 70 

0.01 2M KCl 0 ─ +0.7 SCE 5  420 0.0042 71 

7.8 0.5M 

Na2SO4 

0 ─ +1.0 Ag/AgCl  1 205 1.60 72 

3.0 1M Na2SO4 -0.2 ─ 

+0.8 

SCE  0.1 171 0.51 73 

40 0.5M 

Na2SO4 

0 ─ +0.9 SCE 2  153 6.11 22 

40 0.5M 

Na2SO4 

0 ─ +0.9 SCE 2  82.5 3.3 25 

35 0.5M 

Na2SO4 

0 ─ +0.9 SCE 2  101 3.52 19 

40 0.5M 

Na2SO4 

0 ─ +0.9 SCE 2  175.8 7.03 this 

work* 

40 0.5M 

Na2SO4 

0 ─ +0.9 SCE  0.075 228 9.13 this 

work* 

Am-active mass of electrode, i- current density, ν scan rate, CS=Cm×Am , *prepared 

using GC 

 

It was demonstrated previously that activation of Mn3O4 electrodes is less efficient at 

high scan rates. Therefore, the as-prepared electrodes were also tested at a high scan 

rate of 50 mV s-1. Figure S 9-4 shows variations of capacitances during 1000 cycles 
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for electrodes prepared with different capping agents and without capping agent. The 

capacitances were normalized by corresponding capacitance value obtained for cycle 

1000.  The capacitance increased by 21.5, 25.1, and 25.6% for electrodes, prepared 

using TQ, CT, and GC, respectively. The electrodes, prepared without capping agents 

showed capacitance variation of 63.7%.  

Therefore, the investigations performed at a high scan rate also indicated accelerated 

activation for electrodes prepared using capping agents. Turning again to the 

comparison of electrochemical performance of Mn3O4 and MnO2 materials, it should 

be noted that the capacitance increase of 10-15% was also observed211 during cycling 

of MnO2 electrodes at a scan rate of 50 mV s-1 and attributed to changes of electrode 

morphology.  The ability to accelerate and practically avoid activation procedure of 

Mn3O4, coupled with high capacitance achieved in this investigation indicates that 

Mn3O4 can outperform MnO2 as a cathode material for supercapacitors.  From this 

study it becomes obvious that the reduction of the size of Mn3O4 nanoparticles to the 

scale of few nanometers is crucial for enhanced electrochemical performance of this 

material in supercapacitor electrodes. It should be noted that Mn3O4 belongs to the 

spinel family of materials. The rich materials chemistry of spinels allows the 

fabrication of advanced solid solutions with enhanced properties, such as enhanced 

capacitance and electrical conductivity75-77.  Moreover, magnetic properties can be 

combined with pseudocapacitive properties in solid solutions for the fabrication of 

magnetically controlled capacitive devices78,79.  The approach developed in this 
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investigation can be used for accelerating activation of other promising materials80 for 

supercapacitor applications.  

The Mn3O4-based positive electrodes prepared in this investigation were combined 

with FeOOH based negative electrodes81 for the fabrication of an asymmetric device  

for operation in Na2SO4 electrolyte in a voltage window of 1.5V (Supplementary 

Information, Figure 9-S 5). 

 

9.5 Conclusions 

The use of TQ, CT and GC as capping agents for the synthesis of Mn3O4 facilitated 

the fabrication of platelet Mn3O4 nanoparticles with a typical size of 5 nm and their 

efficient mixing with conductive MWCNT additives. The catechol ligands of the 

capping agents and a positive charge of GC facilitated TQ, CT and GC adsorption on 

Mn3O4 nanoparticles during synthesis. The reduction of particle size of Mn3O4 during 

synthesis in the presence of capping agents allowed the fabrication of advanced 

Mn3O4-multiwalled carbon nanotube cathodes with high active mass loadings of 40 

mg cm-2, which showed significant increase in capacitance in 0.5 M Na2SO4 

electrolyte. The reduction of the particle size of Mn3O4 to the scale of few nanometers 

was a key factor for enhanced electrochemical performance of Mn3O4 based 

supercapacitor electrodes. The highest capacitance of 7.03 F cm-2 (175.8 F g-1) at 

cyclic voltammetry scan rate of 2 mV s-1 and 9.13 F cm-2 (228 F g-1) at galvanostatic 

charge-discharge current density of 3 mA cm-2 were obtained using GC as a capping 
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agent. The high capacitance was achieved at a low electrode resistance. Obtained 

nanostructured Mn3O4 electrodes outperform MnO2 based cathodes of a similar mass. 

Another important finding is the possibility to avoid the time-consuming activation 

process for Mn3O4 based electrodes. The results of this investigation paved the way 

for application of nanostructured Mn3O4 in advanced high active mass supercapacitor 

cathodes. The approach developed in this investigation is promising for the 

fabrication of other advanced electrode materials for supercapacitors and elimination 

of their activation procedure.  
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9.7 Supplementary Information 

 

Figure 9-S 1 Sedimentation test for Mn3O4 suspensions containing 0, 5, 10 and 20 % of 

GC additive of the mass of Mn3O4 (100%). The picture shows suspensions 48 h after 

preparation. A similar behavior was observed for Mn3O4 suspensions, containing TQ 

and CT. Suspensions, containing 0 and 5 % GC showed sedimentation. The minimum 

amount of the capping agent for the formation of stable suspensions was 10%. 

 

Figure 9-S 2 TEM images at different magnifications (A, B) of Mn3O4-MWCNT composite, 

prepared using GC. Arrows show MWCNT. Talos 200X microscope (Thermo Scientific) was 

used for analysis. 
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Figure 9-S 3 XPS spectra of Mn3O4-MWCNT: (A)Mn 2p region, (B)O 1s region and (C)C 1s 

region respectively, was performed using Quentera II Scanning XPS instrument. 

 

XPS characterization was performed to investigate and verify the chemical 

composition and bonding state in the Mn3O4-MWCNT composites. The fitted XPS 

data are shown in Figure 9-S3. The 2 symmetrical peaks in the Mn 2p1/2 and Mn 

2p3/2 regions are located at binding energies (BE) of 653.443 and 641.743 eV, 

respectively82. The deconvoluted Mn 2p spectrum shows the coexistence of different 

valence states of Mn, namely Mn2+ (638.88 eV), Mn3+ (641.64 eV) and Mn4+ (644.88 

eV) species. In Figure 9-S3B and C, both O 1s and C 1s spectra were deconvoluted 

into three peaks, which elucidated the different chemical ambient states of oxygen and 

carbon, further confirming the coexistence of Mn and C in our samples. In Figure 9- 

S3B, the three peaks of O 1s are located at 528.24, 530.02 and 531.29 eV, which are 

attributed to C–O–C, Mn–O–C, and Mn–O–Mn82,83. Furthermore, three bonding 

modes of C−C, C−O, and C=O corresponded to three deconvoluted peaks at 284.69, 

285.46, and 286.35 eV in the O1s profile, respectively.84 
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Figure 9-S 4 Capacitance retention of electrodes prepared by (A) TQ, (B)CT and (C)GC as 

capping and dispersing agents and (D) without capping agent, obtained from CV data at a 

sweep rate of 50 mV s−1. 

 

Figure 9-S 5 Electrochemical testing results for asymmetric Mn3O4-MWCNT/ FeOOH-

MWCNT device. Electrochemical studies were performed in aqueous 0.5 M 

Na2SO4electrolyte using PARSTAT 2273 potentiostat (AMETEK): (A) CV curves at (a–c) 2, 

5, and 10 mV s−1, (B) capacitances versus CV scan rate, (C) Nyquist plots, and (D) complex 

capacitance Cs′(blue line) and Cs′′(red line) versus frequency, (E) GCD curves at (a) 10, 

(b) 7, (c) 5, and (d) 3 mA cm−2, (D) capacitances versus current density.  
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10.1 Abstract 

This investigation is motivated by increasing interest in Mn3O4 as a promising 

alternative to MnO2 for supercapacitors with high active mass and the need for better 

understanding of charging and electrode activation mechanisms. High energy ball 

milling (HEBM) of chemically precipitated MnO2 and Mn3O4 in the presence of 

quercetin resulted in significant capacitance increase. The use of Mn2+ salts for Mn3O4 

synthesis facilitated the application of quercetin as a new chelating capping agent for 

synthesis of Mn3O4, which showed higher capacitance, compared to HEBM Mn3O4. 

The capacitance of Mn3O4 prepared using quercetin was 6.0 F cm-2 (149.50 F g-1) for 

cyclic voltammetry at 2 mVs-1 and 8.03 F cm-2 (200.93 F g-1) for chronopotentiometry 

at 3 mA cm-2, which is on-par with the capacitance of MnO2. The time-consuming 

activation procedure, which limits Mn3O4 applications, was significantly accelerated 

for HEBM Mn3O4 and practically eliminated for Mn3O4 prepared using quercetin as a 

capping agent. Soft X-ray scanning transmission X-ray microscopy (STXM), an 

advanced synchrotron based analytical microscopy, was used at the O 1s and Mn 2p 

edges to identify and quantitatively map the Mn oxidation states present in Mn3O4 

materials. Variable and fixed sweep rate electrochemical cycling procedures were 

used for the analysis of oxidation state of Mn and charging mechanism using STXM 

analysis coupled with electrochemical testing. The combination of STXM and 

electrochemistry provided valuable insights into the activation kinetics and charging 

mechanism. The STXM results showed that the tested materials contained mixtures of 
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Mn2+, Mn3+ and Mn4+ oxides. A small amount of MnO phase in the tested samples 

indicated partial reduction. The higher content of MnO2 phase in the tested Mn3O4 

prepared using quercetin as a capping agent, compared to HEBM Mn3O4, correlated 

with higher capacitance and the ability to eliminate the activation procedure. 

 

10.2 Introduction 

Manganese oxides, such as MnO2 and Mn3O4, are promising materials for the 

cathodes of energy storage supercapacitors (SC) 1-3. MnO2 has a high theoretical 

capacitance (1370 F g-1) 4,5 and a relatively large operational voltage window in 

neutral electrolytes, such as Na2SO4 and K2SO4. The theoretical capacitance of 

MnO2 was estimated based on the Mn4+/Mn3+ redox reactions and electrolyte cation 

adsorption and intercalation6. It is widely accepted that the charge storage mechanism 

of MnO2 in  neutral electrolytes involves the following reaction 4,6: 

CδMnO2 ↔ MnO2 + δC+ + δe-                       (10-1) 

where C+ = K+, Na+, Li+, H+. The  variation of the valence of Mn ions during charge- 

discharge has been confirmed by X-ray photoelectron spectroscopy 7. However, 

investigations also showed that the charge storage mechanism is more complicated. It 

was found that electrolyte anions can contribute to charge compensation of Mn ions 7. 

A hole redistribution model was proposed to explain higher-than-theoretical 

capacitance observed in experimental studies of MnO2. It was hypothesized that not 

only change in the valence of the Mn ions, but also hole redistribution toward the 
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oxygen sites, contribute to the charge-discharge mechanism 7. These studies 

highlighted the benefits of non-stoichiometric MnOx phases for energy storage and 

generated interest in investigating charge storage by both Mn and O sites 7. The 

formation of oxygen vacancies in MnO2 was found to be a promising avenue for 

enhancing conductivity and capacitance 8,9.  

Equation (10-1) predicts that MnO2 particle size reduction can potentially improve 

electrolyte access to the electrode material surface and enhance capacitance. Many 

investigations demonstrated capacitance increase 10,11 in nanostructured MnO2. 

However, experimental studies did not find correlation between BET surface area and 

pseudocapacitance 12,13. The materials with lower surface area showed higher 

capacitance, compared to the electrodes with higher surface area 12.  It was 

demonstrated that  the charging mechanism is influenced by various  factors, such as 

the nature of electrolyte, and MnO2 transformation to a stable Mn3O4 spinel phase 4.  

Operando Raman spectroscopy studies14 revealed the electrolyte cation size effect on 

charge storage of MnO2 electrodes. Other investigations showed the effect of 

physisorbed water 15,  pH and other factors 16 on pseudocapacitance. In-situ quartz 

crystal microbalance studies 17 demonstrated  the effect of ion desolvation kinetics at 

the electrode surface on capacitance. The variety of MnO2 crystal structures provides 

multiple avenues for electrochemical performance optimization 7. Despite the 

tremendous progress achieved in the synthesis of MnO2, further advances are 

necessary to reach the full potential of this material in high active mass electrodes 
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(HAME) 10.  There is a high demand to improve the materials performance in HAME 

due to specific capacitance reduction with increasing active mass (AM), especially at 

fast charging speeds 10.  

A major drawback of MnO2 synthesis procedures is the need for permanganate 

precursors such as KMnO4 or NaMnO4, which react with organic capping agents. 

Therefore, it is challenging to reduce particle size and eliminate agglomeration during 

synthesis. The synthesis of MnO2 from KMnO4 solutions usually results in the 

formation of KxMnO2+y phases, which showed deviation from ideal capacitive 

behavior as was indicated by the appearance of redox peaks in the cyclic 

voltammograms 6. Such redox peaks were not observed for pure MnO2. However, the 

K-cation pre-inserted KxMnO2+y phases 6 showed higher capacitance, compared to 

MnO2.   

Mn3O4 represents a promising alternative to MnO2 for charge storage in 

supercapacitor cathodes.  The synthesis of Mn3O4 nanoparticles of controlled size is 

facilitated by the beneficial use of Mn2+ salts, which are chemically compatible with 

various organic capping agent molecules. Another attractive property of Mn3O4 is its 

ability to form solid solutions with other spinel compounds. Therefore, the properties 

of Mn3O4 can be modified by doping with different elements.  The bottleneck 

limiting Mn3O4 applications in HAME is the need for electrode activation 18. Cycling 

of Mn3O4 in Na2SO4 electrolyte resulted in a gradual capacitance increase 18. This 

activation procedure is time-consuming and the activation process is influenced by 
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sweep rate.  It was hypothesized that activation leads to oxidation of Mn and 

adsorption of Na to form NaMnOx species:  

3Na2SO4(aq) + Mn3O4 + (3x-4)/2O2 → 

3(2-)Na+(aq) + 3NaMnOx + 3SO4
2-(aq) + (6x-3-8)e-                         (10-2) 

The charging mechanism for the activated Mn3O4 was suggested to be similar to that 

of MnO2 and involved NaMnOx species in reaction (10-1). However, as it was 

described above, the charging mechanism of MnO2 is not well understood. It is 

influenced by oxygen stoichiometry, hole redistribution, contribution of O sites, and 

other factors. Therefore, further investigations are necessary to better understand the 

charging mechanism and thereby develop advanced HAME.  

Scanning transmission X-ray microscopy (STXM) 19-21 is a synchrotron-based 

technique that provides X-ray absorption based spectroscopic identification and 

spatially resolved quantitative mapping of chemical components with a spatial 

resolution of ~30 nm 19-22. Chemical speciation is provided by near-edge X-ray 

absorption fine structure (NEXAFS) spectroscopy 23. Most electrochemical 

applications, in particular, those related to energy conversion and storage, involve 

chemical reactions that take place at an electrode - electrolyte interface 22, 24. STXM 

analysis can provide insight into electrochemical charging and discharging processes 

in different systems, particularly, supercapacitors. Thus, STXM is a useful tool to 

investigate the activation of Mn3O4 based-electrodes as well as the 

charging/discharging mechanism 18. 
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In this investigation MnO2 and Mn3O4 high active mass supercapacitor electrodes 

were fabricated using chemical precipitation followed by high energy ball milling 

(HEBM) or by synthesis of Mn3O4 using quercetin as a capping agent. Two different 

activation procedures were applied. Electrochemical testing methods were then used 

to investigate capacitive behaviour while X-ray diffraction (XRD) and STXM were 

used to identify the oxidation state(s) of the Mn oxides in the electrodes at different 

conditions and with different electrode activation procedures.  

 

10.3 Experimental procedures 

10.3.1 Materials 

KMnO4, Mn(NO3)2·4H2O, ethanol, quercetin (QC), Na2SO4, poly(vinyl butyral) 

(PVB), NaOH, (MilliporeSigma), multiwalled carbon nanotubes (MWCNT, ID 4 nm, 

OD 13 nm, length 1–2 μm, Bayer,) and commercial  Ni foam (Vale) current 

collectors were used for material synthesis, electrode fabrication and electrochemical 

testing. 

Commercial trimanganese tetraoxide (Mn3O4), manganese dioxide (MnO2) 

(MilliporeSigma) and manganosite (MnO) (Alfa Aesar) were used to obtain reference 

spectra for STXM analysis.  
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10.3.2 Fabrication of MnO2 and Mn3O4 for electrodes  

MnO2 was prepared by dissolving 1.6 g of KMnO4 in 50 mL water, followed by a 

gradual addition of 25 mL ethanol and stirring continuously for 2 h. The reaction of 

KMnO4 and ethanol formed MnO2. Synthesis of MnO2 was performed without a 

capping agent, because KMnO4 reacts with organic capping agent molecules. After 

washing, filtration, and drying steps, MnO2-a powder was obtained. 

Mn3O4 was synthesized according to the previously described procedure 314 by 

dissolving  1.8 g Mn(NO3)2·4H2O in 100 ml of water  and slowly adding 0.01M 

NaOH solution to obtain  pH=10. The resulting suspension was then subjected to 

centrifugation, washing, and drying, resulting in Mn3O4-a powder. 

MnO2-b and Mn3O4-b powders were prepared by high energy ball milling (HEBM) 

of corresponding MnO2-a and Mn3O4-a powders.   HEBM in aqueous medium was 

performed with a Mixer Mill MM 500 Nano (Retsch GmbH, Haan, Germany) at a 

frequency of 15 Hz during 2 h. QC was used as a dispersant. The mass ratio of 

manganese oxide: QC was 10:1. After HEBM the obtained MnO2-b and Mn3O4-b 

powders were washed with water and dried.  

The procedure for preparation of Mn3O4-c was similar to that for preparation of 

Mn3O4-a. However, in this case QC was added as a capping agent for synthesis. The 

mass ratio of Mn(NO3)2·4H2O:QC was 13:1. The obtained  suspension was then 

subjected to centrifugation, washing, and drying, resulting in the Mn3O4-c powder. 
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HEBM was not used for Mn3O4-c. 

 

10.3.3 Fabrication of electrodes for supercapacitors 

Suspensions for impregnation of Ni foam contained manganese oxide, MWCNT and 

PVB in ethanol in a mass ratio of 80:20:3. PVB was dissolved in ethanol prior to 

suspension fabrication. The suspensions were ultrasonicated for 30 min. The total 

mass of the impregnated material after drying was 0.04 g cm-2.  The impregnated Ni 

foams were pressed to 25% of their original thickness (1.6 mm). The area of 

electrodes used for electrochemical testing was 1 cm-2.  

 

10.3.4 X-ray diffraction and electrochemical studies. 

A Bruker SMART CCD 600 Diffractometer with a Cu Kα radiation source was used 

for X-ray diffraction (XRD) characterization of the synthesized materials. The 

diffraction patterns were obtained at a scan speed of 0.5 deg min-1. Cyclic 

voltammetry (CV), chronopotentiometry (CP) and electrochemical impedance 

spectroscopy (EIS) studies were performed in aqueous 0.5 M Na2SO4 electrolyte 

using a SP300 Biologic potentiostat. The three-electrode cell contained a working 

electrode, saturated calomel electrode (SCE) reference and Pt mesh counter electrode. 

Cyclic Voltammetry (CV), Chronopotentiometry (CP) and Electrochemical 

Impedance Spectroscopy (EIS) studies were performed in the ranges of sweep rates 2-
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100 mV s-1, current densities 3-10 mA cm-2 and frequencies 10 mHz-100Hz, 

respectively. The capacitances Cm (F g-1) and CS (F cm-2) were calculated as described 

in previous investigations10,25.  

 

10.3.5 Scanning Transmission X-ray Microscopy  

STXM imaging and spectromicroscopy measurements were performed using the 

STXM at the Softi-MAX beamline at Max IV (Lund, Sweden). Details of the 

SoftiMAX beamline26 and the principles of STXM27 have been presented elsewhere. 

Investigations were performed on both as-prepared and electrochemically tested 

samples. After electrochemical testing, particulate matter was scratched from the Ni 

foam substrate. The powders were drop-cast on a silicon nitride (SiNx) window 

(Norcada Inc.). After removing weakly adhering particles, the SiNx window was 

attached to a standard trapezoidal STXM sample plate using double sided tape 28. 

Spectra, images, and image sequences (stacks 29) were measured at the Mn 2p (L3) 

and O 1s (K) edges.  After mounting the sample in the STXM, the chamber was 

evacuated to <10-2 mbar and kept pumped during measurements. Spectromicroscopic 

data was obtained by recording multi-energy stacks at X-ray energies from ~10 eV 

below to ~40 eV above the Mn 2p and O 1s absorption onset. All STXM data was 

analyzed using aXis2000 software 30.  After alignment, the transmission signal was 

converted to optical density (OD) using as Io the spectrum from areas of the SiNx 

window devoid of sample. After OD conversion and energy calibration, the stacks 
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were fit to quantitative (OD1) reference spectra of MnO, Mn3O4 and MnO2. The 

method to set the absolute intensity scales is outlined in detail elsewhere23. The Mn 2p 

reference spectra were used in a stack fit analysis of Mn 2p3/2 (L3) stacks recorded 

from each sample. The stack fit produces component maps for each Mn species, a 

map of a constant signal (no spectral variation), and the residual of the fit. Since 

quantitative reference spectra are used, the intensity scales of the resulting component 

maps are the component thickness in nm19.  

 

10.4 Results and discussion 

10.4.1 Electrochemical and microstructure characterization 

Figure 10-1 shows XRD patterns of the MnO2-a, Mn3O4-a and Mn3O4-c materials. 

The XRD studies of MnO2-a revealed the formation of weakly crystallized material, 

which showed peaks corresponding to the birnessite phase (JCPDS file 00-018-0802). 

The general chemical formula of birnessite 31,32 is CxMnO2+y, where C is K+ or Na+. It 

is known 31 that the oxidation state of Mn in this phase is typically 3.6-3.8, which is 

due to the dominant content of Mn4+ and minor Mn3+ and Mn2+ content. The XRD 

patterns of Mn3O4-a and Mn3O4-c materials showed the peaks of the hausmannite 

Mn3O4 phase (JCPDS file 04-007-1841).  
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Figure 10- 1 XRD patterns of (A) MnO2-a and (B) (a) Mn3O4-a and (b) Mn3O4-c.  

 

The crushing and grinding of the MnO2-a, Mn3O4-a particles and their agglomerates 

during HEBM resulted in the formation of high energy surfaces, which can promote 

particle agglomeration. Therefore, HEBM was performed in the presence of the QC 

additive. It was hypothesized that QC adsorption on such surfaces during HEBM can 

prevent agglomeration. Moreover, QC was used as a capping agent to prevent particle 

growth and agglomeration in the synthesis of Mn3O4-c. The selection of QC for 

modification of manganese oxide particles was based on the unique chelating and 

adsorption properties of this molecule 33. QC belongs to the group of natural 

flavonolid chelating agents produced in plants. The chelating properties of QC are 

important for  various plant physiological processes 34. Figure 10-2A shows the 

chemical structure of QC, which has aromatic rings and three chelating sites. 

Investigations showed the formation of QC complexes with Mn 35. All  three 

complexation sites (Figure 10-2B) can be involved in bonding Mn ions 35. Of 

particular importance is the catechol ligand (Figure 10-2A). Previous investigations 
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showed 36 strong adsorption of different catecholates on metal oxide particles by 

complexation of surface atoms on the particle surface. The adsorption mechanism is 

similar to that of mussel protein adsorption to inorganic materials, which involves 

catecholate monomers.   

 

Figure 10- 2 (A) Chemical structure of QC.  (B) Bonding sites of QC for metal ions. 

 

CV data for the MnO2-b electrodes showed higher capacitance at low scan rates, 

compared to the capacitance of MnO2-a (Figure 10-3 A-C). Capacitances of 4.75 F 

cm-2 (118.78 F g-1) and 6.42 F cm-2 (160.53 F g-1) were obtained for MnO2-a and 

MnO2-b, respectively, at 2 mV s-1. However, HEBM resulted in enhanced capacitance 

only for sweep rates below 20 mV s-1. EIS studies (Figure 10-3 D) showed slightly 

higher resistance (R=Z´) of MnO2-b compared to MnO2-a, which could be the result 

of QC adsorption. HEBM had only a slight effect on frequency dependencies of the 

complex capacitance components (Figure 10-3 E, F). CP studies (Figure 10-3G, H, I) 

showed an effect of HEBM on duration of charge-discharge at different current 

densities. The capacitances at 3 mA cm-2 were 7.00 F cm-2 (175.06 F g-1) and 8.51 F 

cm-2 (212.68 F g-1) for MnO2-a and MnO2-b, respectively. However, the difference in 

capacitances of MnO2-a and MnO2-b decreased with increasing current density. In 
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contrast to MnO2 electrodes, the HEBM had a strong effect on capacitive performance 

of Mn3O4. The capacitive performance of Mn3O4-a was reported in a previous 

investigation 18. Testing of Mn3O4-a showed a need for an electrode activation 

procedure. The electrode activation was dependent on sweep rate. Therefore, the 

electrode activation was investigated using different strategies. Electrochemical 

testing showed the influence of HEBM performed in the presence of QC (Mn3O4-b) 

and Mn3O4 synthesis using QC as a capping agent (Mn3O4-c) on the capacitive 

properties of the electrodes. Two different CV testing modes were used 18, which are 

labelled variable sweep rate and fixed sweep rate procedures (VSRP and FSRP). 

VSRP involved CV testing at sweep rates of  2, 5, 10, 20, 50 and 100 mV s-1, 

whereas in FSRP the electrochemical cycling was performed at a fixed sweep rate of 

50 mV s-1 for 1000 cycles 18. 
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Figure 10- 3 (A,B) CV data for (A) MnO2-a  and (B) MnO2-b at (a) 2, (b) 5, (c) 10 and (d) 

20 mV s-1, (C) CS and Cm versus scan rate, calculated from the CVs for (a) MnO2-a  and  

(b) MnO2-b, (D,E,F) EIS data for complex impedance and capacitance: (D) Nyquist plot, (E) 

Cs’ versus frequency,  (F) Cs” versus frequency for (a) MnO2-a (b) MnO2-b , (G,H) CP data 

at  (a) 3, (b) 5, (c) 7 and (d) 10 mA cm−2 for (G) MnO2-a, and (H) MnO2-b, (I) CS and Cm as 

functions of current density for (a) MnO2-a and (b) MnO2-b, calculated from CP data. 

 

In this investigation, similar testing strategies were used for comparison.  VSRP1 

showed a capacitance of 1.5 F cm-2 for Mn3O4-a 18. The capacitance gradually 

increased 18 with increasing VSRP numbers, and it was found to be to 3.3 F cm-2 for 

VSRP5 at 2 mV s-1. Figure 10-4 (A-C) shows testing results for Mn3O4-b and 

Mn3O4-c for VSRP1. HEBM resulted in a capacitance of 5.06 F cm-2 (126.50 F g-1) 

for VSRP1 for Mn3O4-b at 2 mV s-1. The Mn3O4-c electrodes prepared using QC as a 

capping agent showed a capacitance of 6.0 F cm-2 (149.50 F g-1) at 2 mVs-1. 
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Therefore, HEBM had two major effects on the capacitance of Mn3O4 electrodes: a 

significant increase in capacitance, and elimination of the need for electrode 

activation. The obtained capacitances for the Mn3O4-b and Mn3O4-c electrodes were 

comparable with those for the MnO2-a and MnO2-b electrodes.  

 

Figure 10- 4 (A,B) CV data for (A) Mn3O4-b  and (B) Mn3O4-c at (a) 2, (b) 5, (c) 10 and (d) 

20 mV s-1, (C) CS and Cm versus scan rate, calculated from the CVs for (a) Mn3O4-b  and  

(b) Mn3O4-c, (D,E,F) EIS data for complex impedance and capacitance: (D) Nyquist plot, (E) 

Cs’ versus frequency,  (F) Cs” versus frequency for (a) Mn3O4-b  (b) Mn3O4-c, (G,H) CP 

data at  (a) 3, (b) 5, (c) 7 and (d) 10 mA cm−2 for (G) Mn3O4-b, and (H) Mn3O4-c, (I) CS and 

Cm as functions of current density for (a) Mn3O4-b  and (b) Mn3O4-c, calculated from CP 

data. 

 

Mn3O4-b and Mn3O4-c electrodes showed lower resistances compared to MnO2-a 

and MnO2-b electrodes, with the lowest resistances obtained for Mn3O4-c. Moreover, 
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the EIS data for Mn3O4-c showed higher relaxation frequency 37, which corresponds 

to the maximum in the frequency dependence of C´´, and reduction of C´ in the 

corresponding frequency range. CP data obtained after VSRP1 (Figure 10-4 G-I) 

showed almost linear charging/discharging and capacitances of 6.02 Fcm-2 (150.54 F 

g-1) and 8.03 F cm-2 (200.93 F g-1) for Mn3O4-b and Mn3O4-c, respectively at a 

current density of 3 mA cm-2. The capacitances decreased with increasing current 

density and Mn3O4-c showed higher capacitances, compared to Mn3O4-b. Previous 

studies of Mn3O4-a electrode activation at 50 mV s-1 (FSRP) showed a continuous 

increase in capacitance during 1000 cycles and the capacitance for the first cycle was 

only 32.7% of the capacitance for cycle 1000. The FSRP testing of Mn3O4-b showed 

significant capacitance increase during the first 400 cycles and the capacitance 

remained nearly constant after 600 cycles. The capacitance for cycle 1 was 32.3% of 

the capacitance for cycle 1000. Therefore, FSRP at the high sweep rate showed 

significant acceleration of the electrode activation procedure. The FSRP for Mn3O4-c 

showed improved electrode performance. Notable capacitance increase was observed 

for the first 200 cycles, and relatively small variation was observed between cycle 200 

and 400. The capacitance remained practically constant after 400 cycles. The 

capacitance for cycle 1 was 61.8% of the capacitance for cycle 1000. Therefore, the 

Mn3O4-c electrodes showed faster activation, compared to Mn3O4-b for FSRP at high 

sweep rate.  
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Figure 10- 5 Capacitance retention of (A) Mn3O4-b and (B) Mn3O4-c electrodes at a scan rate 

of 50 mV s−1. 

 

10.4.2 X-ray spectromicroscopy 

10.4.2.1 MnO, Mn3O4 and MnO2 reference spectroscopy 

Figure 10-6 presents the O 1s and Mn 2p X-ray absorption spectra of MnO, Mn3O4 

and MnO2 on OD1 intensity scales, measured by STXM for this study. The 

characteristic features and positions of peaks in these spectra are in excellent 

agreement with those for absorption spectra of Mn3O4 (hausmannite), MnO 

(manganosite ) and ɑ-MnO2  reported in the literature 38-40. These spectra were used 

as reference signals to identify, quantify and map the oxidation states of Mn in the 

supercapacitor electrode samples. 
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Figure 10- 6  O 1s   and Mn 2p X-ray absorption spectra of MnO (red), Mn3O4 (green) and 

MnO2 (blue) plotted on an absolute intensity scale (OD1, optical density per nm thickness at 

standard densities). 

 

10.4.2.2 Mn 2p and O 1s spectroscopic results for the Mn3O4 samples 

Figure 10-7 A presents absorption spectra of Mn3O4-b and Mn3O4-c after VSRP and 

FSRP. Figure 10-7 B presents O 1s absorption spectra for Mn3O4-c after VSRP and 

FSRP. Based on the Mn 2p and O 1s spectral features, the Mn3O4-c sample contains 3 

different MnOx species after VSRP while that after FSRP contains only 2 different 

species. Figure 10-7 C presents O 1s absorption spectra for Mn3O4-b after VSRP and 

FSRP. The O 1s spectra indicate that there are two different MnOx species present 

after both VSRP and FSRP tests. Figure 10-8 A is an expansion of the Mn 2p3/2 

spectra of Mn3O4-c after VSRP and after FSRP. This presentation shows more clearly 

the presence of both Mn3O4 and MnO2 in these samples.  Figure 8 B is an expansion 

of the Mn 2p3/2 spectra of Mn3O4-b after VSRP and after FSRP.  Comparison with 
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the reference spectra of pure MnO, Mn3O4 and MnO2 indicates the presence of 

multiple oxidation states, with discernable features of all three species. 

 

Figure 10- 7 (A) Mn 2p3/2 absorption spectra of (h) Mn3O4-c after VSRP, (i) Mn3O4-c after 

FSRP, (j) Mn3O4-b after VSRP (k) Mn3O4-b after FSRP.  B. O 1s spectra for Mn3O4-c after 

VSRP (h1-h3) and after FSRP (i1-i2) C. O 1s spectra for Mn3O4-b after VSRP (j1-j2) and 

after FSRP (k1-k2) . The sub-coding (1,2 and 3) indicate different regions of the same 

sample.  

 

The Mn 2p3/2 spectra of Mn3O4-c after VSRP and FSRP show that they are a mixture 

of Mn3O4 and MnO2 species (Figure 10-8 A). The sharp peak at 639.6 eV and the two 

small peaks at 641.1 eV and 641.7 eV are from Mn3O4 while peaks at 640.4 eV and 

642.8 eV are characteristic of MnO2. The MnO2 signal is more intense in the VSRP 

than in the FSRP activated sample. On the other hand, the Mn 2p3/2 spectra of Mn3O4-

b after VSRP and FSRP showed much weaker MnO2 signal than the correspondingly 
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activated Mn3O4-c sample (Figure 10-8 B). However, Mn3O4-b after FSRP shows 

significant increase in MnO signal.  

 

Figure 10- 8 Mn 2p3/2 spectra of Mn3O4-c after (a) VSRP and  (b) FSRP. B. Mn 2p3/2 spectra 

of Mn3O4-b after (c) VSRP  and (d) FSRP.  In each panel a direct comparison is made to 

the reference spectra. 

 

Figure 10-9 A is the average of STXM images measured at 64 energies in an O 1s 

stack measured on Mn3O4-b after VSRP. Figure 9 B presents a color-coded composite 

of the maps of MnO, Mn3O4, and MnO2 derived from a fit to the O 1s stack. Figure 

10-9 (B1-B3) are the maps of each component. These results show clearly that Mn in 

various oxidation tend to be spatially localized.  Figure 9 C plots the O 1s absorption 

spectra of the B-1, B-2 and B-3 regions, verifying the identity of these species.  
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Figure 10- 9 A. average of 64 images of O 1s stack of the Mn3O4-c after VSRP. B. color 

coded composite of the MnO (red), Mn3O4 (green) and  MnO2 (blue) chemical maps derived 

from a stack fit to the O 1s stack. B-1, B-2 and B-3 are the component maps derived by fitting 

the O 1s stack to the O 1s spectra of MnO, Mn3O4, and MnO2. C. O 1s spectra extracted from 

the B-1, B-2 and B-3 regions. The color of each spectrum corresponds to the color-coding of 

the spatial regions from which the spectra were extracted. 

 

The O 1s spectra of Mn3O4-c after VSRP and FSRP are different (Figure 10-7 B). The 

O 1s spectra extracted from three different regions of Mn3O4-c after VSRP (Figure 

10-9 C) show that it is a partially spatially segregated mixture of three different Mn 

oxidation states. The O 1s spectrum of the red area (Figure 10-9 B-1) showed low 

intensity peaks at 529.9 eV, 531.5 eV and 532.7 eV, which are a combination of the 

characteristic O 1s → Mn 3d features of Mn3O4 and MnO2, and large broad peaks at 

537.5 eV and 544.9 eV which correspond to MnO signals. The O 1s spectrum of the 

green area (Figure 10-9 B-2) exhibits O1s → Mn 3d transitions at 529.8 eV, 532.3 eV 
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and a small shoulder peak at 531.5 eV, all of which correspond to Mn3O4. The O 1s 

spectrum of the blue area (Figure 10-9 B-3) has a high intensity O1s → Mn 3d peak at 

529.8 eV and a weak peak at 532.1 eV corresponding to MnO2. Similarly, the 

different spectra extracted from different regions of Mn3O4-c after FSRP are 

presented in supplemental information, Figure S1 C. The O 1s spectrum of the red 

area (Figure 10-S1 B-1) showed high intensity peak at 529.4 eV and low intensity 

peak at 531.9 eV, which are close to the characteristic O 1s → Mn 3d features of 

MnO2. The O 1s spectrum of the green area (Figure 10-S1 B-2) showed sharp O1s → 

Mn 3d transition at 529.3 eV and week peaks at 531.1 eV and 532.1 eV with a 

shoulder peak at 533.4 eV. These peaks represent a combination of the characteristic 

O 1s → 3d features of Mn3O4 and MnO2. 

Likewise, the O 1s spectra of Mn3O4-b after VSRP and FSRP show different O 1s → 

Mn3d features in different regions (see Figures 10-S2 and S3). The O1s → Mn 3d 

transition in spectra extracted from different regions of the Mn3O4-b after VSRP 

sample has two characteristic peaks at 529.9 and 531.1 eV with a small shoulder peak 

at 533 eV, corresponding to Mn3O4. However, the intensity of the first peak at 529.9 

eV is significantly different in both spectra which suggests there are multiple Mn 

oxidation states. Similarly, the O 1s spectra extracted from two different regions of 

Mn3O4-b after FSRP showed different intensities of the first (529.9 eV) and second 

(531.1 eV) peaks.  The speciation derived from the O 1s and Mn 2p spectra of the 

same spatial region are consistent for each of the four samples measured by STXM. 
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Together the Mn 2p and O 1s spectra indicate there is significant oxidation of the as-

prepared Mn3O4 to MnO2, even after only VSRP.  The oxidation is more extensive in 

the Mn3O4-c than in the Mn3O4-b samples.  

Figure 10-S4 C presents the Mn 2p3/2 absorption spectra of the as-prepared MnO2-a 

sample in comparison with that of the as-prepared MnO2-b. The Mn 2p spectrum of 

MnO2-a sample indicates there is a mixture of oxidation states. The Mn 2p3/2 

characteristic features of MnO2 at 640.5 eV and 642.8 eV are observed, while the low 

intensity peak at 639.8 eV arises from MnO and the weak signals at 641.2 eV and 642 

eV are associated with Mn3O4. The component maps presented in Figure 10-S4 A 

indicate almost equal amounts of MnO and MnO2 in the measured sample. Both 

samples showed considerable contribution of Mn3O4 signals. In the contrast, the MnO 

signal (639.8 eV) in the Mn 2p3/2 spectrum of MnO2-b is much lower than that in 

MnO2-a, indicating a dominant content of MnO2, as also indicated in the component 

maps presented in Figure 10-S4 B. The O 1s spectra of as-prepared MnO2-a and 

MnO2-b are similar (Figure 10-S5 B and D). They indicate there are mixed oxidation 

states in these samples, which are mapped in Figure 10-S5 A and C. 

 

10.4.2.3 Chemical Mapping of Mn species in the tested samples 

Figure 10-10 presents quantitative chemical maps of the MnO, Mn3O4 and MnO2 

species for Mn3O4-b and Mn3O4-c after VSRP and FSRP, derived by fitting Mn 2p3/2 
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stacks (70 energies from 630 – 650 eV) to the quantitative OD1 reference spectra of  

MnO, Mn3O4 and MnO2 (Figure 6). Each image is a color coded composite of the 

component maps for MnO (red), Mn3O4 (green) and MnO2 (blue). The R-G-B color 

intensity scale bars indicate the thickness in nm of each species. The chemical 

mapping of the Mn3O4-c sample after VSRP (Figure 10 A) and after FSRP (Figure 

10-10 B) clearly indicate extensive conversion of the as-synthesized Mn3O4 to MnO2. 

In contrast, the chemical mapping of the Mn3O4-b sample after VSRP (Figure 10-10 

C) and after FSRP (Figure 10-10 D) indicate a lower degree of conversion of the as-

synthesized Mn3O4 to MnO2.   The curve fit analysis of the average Mn 2p spectrum 

of the Mn3O4-c sample after FRSP (Figure 10-11) indicates a similar amount of 

MnO2 and Mn3O4 with a very small amount of MnO, consistent with the color-coded 

composite in (Figure 10-10 B).  
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Figure 10- 10 Color coded composites of MnO (red), Mn3O4 (green) and MnO2 (blue) 

chemical maps derived by fitting Mn L3 stacks. A. Mn3O4-c after VSRP. B. Mn3O4-c after 

FSRP C. Mn3O4-b after VSRP. D. Mn3O4-b after FSRP. The intensity scale of each species is 

indicated.  E. Is a color wheel indicating how the color at any pixel indicates a specific 

combination of the three species.  
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Figure 10- 11 Volume fraction determination of the composition of Mn3O4-c after FSRP. (A) 

average STXM image of the measured sample. (B) color-coded map in absolute scale. (C) 

average spectrum (dots) compared to the calculated curve fit (grey) using the area of each 

component and the average thickness of each component.  

 

Figure 10-12 A and 10-12 B plot the average volume fractions of MnO, Mn3O4 and 

MnO2 in Mn3O4-b and Mn3O4-c after VSRP and FSRP.  The relative volume 

fractions were obtained from the product of the area of each manganese oxide 

determined by threshold masking the component map (see Figure10- 10 and 11) and 

the average thickness of each species in the masked region. The volume fractions of 

each Mn component were calculated by ratio-ing the relative fraction of each species 

to the sum of that for all three species, expressed as a percentage. In this case the 

analysis shows that in Mn3O4-b subjected to FSRP, there is almost equal amounts of 
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Mn3O4 (green, 46  4 vol %) and MnO2 (blue, 49  4 vol %) with a small but 

measurable contribution of MnO (red, 5  1 vol %). The same analysis showed 

Mn3O4-c consisted of 57  2 vol % MnO2 after VSRP and 49   4 vol % after FSRP.  

In contrast, Mn3O4-b consisted of only 16  1 vol % MnO2 after VSRP and 34  2 

vol % after FSRP. There was a small amount of MnO in the Mn3O4-c sample after 

VSRP (5  1 vol %) and after FSRP (5  1 vol %). In contrast, for Mn3O4-b the 

amount of MnO was 2  1 vol % after VSRP and increased to 10  1 vol % after 

FSRP.   

 

Figure 10- 12 Volume fractions of MnO (red), Mn3O4 (green) and MnO2 (blue) evaluated 

from the area and thickness of each component map (see the Supplemental Information for a 

description of the method). A. VSRP and FSRP for Mn3O4-b. B. VSRP and FSRP for Mn3O4-

c.  

 

Recently Suktha et al.41 have estimated the average oxidation state of Mn from Mn K-

edge (1s) X-ray absorption spectroscopy of Mn3O4 supercapacitors. The morphology 



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

207 

of the nano-fibres they studied is quite different from the particulates studied in this 

work. Despite that, it is interesting  to compare the average oxidation state values 

reported by Suktha et al.41 to the results of this work. Suktha et al report the average 

oxidation state after first charge was 2.61 which decreased to 2.51 after the first 

discharge cycle. Moreover, after stability testing, the average Mn oxidation state 

decreased to 2.38. This decrease in average oxidation state is explained by reduction 

of Mn3+ to Mn2+ followed by extraction of Mn2+ from the crystal structure. These 

results are in reasonable agreement with the results of this study, where reduced 

(MnO) was found in all samples measured, especially in Mn3O4-b after FSRP. The 

as-prepared Mn3O4 after VSRP and FSR was significantly oxidized in both the 

Mn3O4-b and Mn3O4-c samples. The average oxidation state for Mn3O4-b after 

VSRP was 2.8  0.1 and  3.1  0.1 after FSRP. The average oxidation state of 

Mn3O4-c was 3.4  0.1 after VSRP and 3.3  0.1 after FSRP, clearly indicating more 

oxidation of the Mn3O4 in the Mn3O4-c samples. 

The STXM analysis provided additional evidence of the beneficial effect of QC, 

which adsorbed on MnO2 and Mn3O4 particles during HEBM and prevented their 

agglomeration. Moreover, QC adsorbed on Mn3O4 particles during synthesis and 

acted as a caping agent, which prevented particle agglomeration and reduced particle 

growth. As a result, MnO2-b and Mn3O4-b   showed higher capacitances, compared 

to MnO2-a and Mn3O4-a. Moreover Mn3O4-c electrodes showed significantly higher 

capacitance compared to that of the Mn3O4-a and Mn3O4-b electrodes. The 



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

208 

adsorption of QC on MnO2 and Mn3O4 was confirmed by FTIR studies (Figure 10-

S6).  

 

10.5 Summary 

HEBM resulted in higher capacitances of MnO2-b and Mn3O4-b, compared to as-

prepared MnO2-a and Mn3O4-a. QC is a promising chelating dispersant for HEBM 

and capping agent for Mn3O4 synthesis. The Mn3O4-c electrodes showed significantly 

higher capacitance compared to that of the Mn3O4-a and Mn3O4-b samples. The 

capacitance of Mn3O4-c was 6.0 F cm-2 (149.50 F g-1) for cyclic voltammetry at 2 

mVs-1 and 8.03 F cm-2 (200.93 F g-1) for chronopotentiometry at 3 mA cm-2, which in 

on par with capacitance of MnO2. The time-consuming activation procedure, which 

limits Mn3O4 applications, was significantly accelerated for Mn3O4-b and practically 

eliminated for Mn3O4-c. Therefore, Mn3O4-c is a promising alternative to MnO2 for 

the fabrication of HAME with high capacitance and low impedance. Further progress 

in the development of Mn3O4 HAME can potentially result in further improved 

performance compared to MnO2, due to the ability to use capping agents for synthesis 

and to form solid solutions with improved properties. A combination of STXM and 

electrochemical testing for VSRP and FSRP provided a platform for improved 

understanding of HEBM and capping agent effects on capacitance increase, charging 

and activation mechanisms.  The STXM results showed that tested materials 

contained mixtures of Mn2+, Mn3+ and Mn4+ oxides. The small amount of MnO phase 
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in the tested samples indicated partial reduction. The higher content of MnO2 phase in 

the tested Mn3O4 prepared using QC as a capping agent (Mn3O4-c), compared to 

HEBM Mn3O4, correlated with higher capacitance and ability to eliminate the 

activation procedure. The combination of STXM analysis and electrochemical testing 

opens an avenue for further progress in the development of Mn3O4 and solid solution 

based HAME by the analysis of phase content of the tested electrodes and the ability 

to track variations in the oxidation states of ions during testing.  
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10.8 Supporting Information  

Section S.1 O 1s chemical mapping of different regions in Mn3O4-c sample after 

FSRP 

Figure 10-S1 A shows average of STXM images measured at 64 energies in an O 1s 

stack measured on Mn3O4-c after FSRP. Figure S1 B presents a color-coded 

composite of the maps of the two spectra extracted from different region of the 

sample. Figure 10-S1 (B1-B2) are the maps of each component.  Figure 10-S1 C 

presents the O 1s absorption spectra of the regions of each component, verifying the 

identity of these species. 
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Figure 10-S 1 O 1s chemical mapping. A. average of 64 images of O 1s stack of the Mn3O4-

c after FSRP. B. color coded composite of two different Mn oxides regions derived from a 

stack fit to the O 1s stack. B-1 and B-2 are the component maps of the two Mn oxides 

regions. C. O 1s spectra extracted from different region of the sample. The color of each 

spectrum corresponds to the color-coding in B. 

 

Section S.2 O 1s chemical mapping of different regions in Mn3O4-b sample after 

VSRP 

Figure 10-S2 A presents average of STXM images in an O 1s stack measured on 

Mn3O4-b after VSRP. Figure 10-S2 B presents a color-coded composite of the maps 

of the two spectra extracted from different region of the sample. Figure 10-S2 (B1-

B2) are the maps of each component.  Figure 10-S2 C presents the O 1s absorption 

spectra of the regions of each component, verifying the identity of these species.  
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Figure 10-S 2 O 1s chemical mapping. A. average of 64 images of O 1s stack of the Mn3O4-

b after VSRP. B. color coded composite of two different Mn oxides regions derived from a 

stack fit to the O 1s stack. B-1 and B-2 are the component maps of the two Mn oxides 

regions. C. O 1s spectra extracted from different region of the sample. The color of each 

spectrum corresponds to the color-coding in B. 

 

Section S.2 O 1s chemical mapping of different regions in Mn3O4-b sample after 

FSRP 

Figure 10-S3 A presents average of STXM images in an O 1s stack measured on 

Mn3O4-b after FSRP. Figure 10-S3 B presents a color-coded composite of the maps 

of the two spectra extracted from different region of the sample. Figure 10-S3 (B1-

B2) are the maps of each component.  Figure 10-S3 C presents the O 1s absorption 

spectra of the regions of each component, verifying the identity of these species.  
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Figure 10-S 3 O 1s chemical mapping. A. average of 64 images of O 1s stack of the Mn3O4-

b after FSRP. B. color coded composite of two different Mn oxides regions derived from a 

stack fit to the O 1s stack. B-1 and B-2 are the component maps of the two Mn oxides 

regions. C. O 1s spectra extracted from different region of the sample. The color of each 

spectrum corresponds to the color-coding in B. 

 

Section S.4 Mn 2p chemical mapping of the as-prepared MnO2-a and MnO2-b 

samples 

Figure 10-S4 A and B present quantitative chemical maps of the MnO, Mn3O4 and 

MnO2 species for MnO2-a and MnO2-b, derived by fitting Mn 2p3/2 stacks (70 

energies from 630 – 650 eV) to the quantitative OD1 reference spectra of MnO, 

Mn3O4 and MnO2 (Figure 10-6). Figure 10-S4 C presents Mn 2p3/2 absorption spectra 

of the as-prepared MnO2-a in comparison to that of MnO2-b. 
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Figure 10-S 4 Color coded composites of MnO (red), Mn3O4 (green) and MnO2 (blue) 

chemical maps derived by fitting Mn L3 stacks. A. MnO2-a.  B. MnO2-b C. Mn 2p3/2 

absorption spectra of the as-prepared MnO2-a in comparison to that of MnO2-b 

 

Section S.5 O 1s chemical mapping of different regions in MnO2-a and MnO2-b 

samples 

Figure 10-S5 A presents a color-coded composite of the maps of the two spectra 

extracted from different region of MnO2-a sample (A1 and A2). Figure 10-S5 B 

presents the O 1s absorption spectra of the regions of each component, verifying the 

identity of these species. Figure 10-S5 C presents a color-coded composite of the 

maps of the two spectra extracted from different region of MnO2-b sample (C1 and 

C2). Figure 10-S5 D presents the O 1s absorption spectra of the regions of each 
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component, verifying the identity of these species.  

 

Figure 10-S 5 O 1s chemical mapping of MnO2-a. A. color coded composite of two different 

Mn oxides regions derived from a stack fit to the O 1s stack. A-1 and A-2 are the component 

maps of the two Mn oxides regions. B. O 1s spectra extracted from different region of the 

sample. The color of each spectrum corresponds to the color-coded in A. O 1s chemical 

mapping of MnO2-b. C. color coded composite of two different Mn oxides regions derived 

from a stack fit to the O 1s stack. C-1 and C-2 are the component maps of the two Mn oxides 

regions. B. O 1s spectra extracted from different region of the sample. The color of each 

spectrum corresponds to the  color-coding in C. 

 

Section S.6     FTIR testing results for MnO2-a, MnO2-b, Mn3O4-a, Mn3O4-b, 
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Mn3O4-c and QC. 

 

Figure 10-S 6 FTIR spectra obtained using a Bruker Vertex 70 spectrometer for (A) (a) as-

received QC, (b) MnO2-a,  (c) MnO2-b, (B) (a) as-received QC, (b) Mn3O4-a, (c) Mn3O4-b, 

(d) Mn3O4-c.  

 

The major peaks of QC1-3 are related to C═O stretching at 1669 cm-1, C─C stretching 

of aromatic rings in the range of 1400-1600 cm-1, OH bending in the range of 1200-

1400 cm-1, C-H vibrations in the range of 1000-1100 cm-1. Such absorptions were not 

observed in the spectra of MnO2-a and Mn3O4-a. However, similar peaks were 

observed in the spectra of MnO2-b, Mn3O4-b, and Mn3O4-c and confirmed QC 

absorption. 
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11.1 Abstract 

Ferromagnetic perovskite La0.65Sr035MnO3 (LSM) is prepared as an active material 

for electrodes with high active mass loading of 40 mg cm-2 for applications in 

supercapacitors. The experimental approach of this investigation is based on the use 

of high energy ball milling and application of gallocyanine as an advanced 

catecholate-type chelating dispersant. We report a high capacitance of 3.75 F cm-2 

from cyclic voltammetry data at 2 mV s-1 and 4.59 F cm-2 from chronopotentiometry 

data at 3 mA cm-2 for LSM. The electrodes show nearly ideal pseudocapacitive 

behavior and a low resistance. The capacitance of ferromagnetic perovskite LSM 

electrodes in a positive potential range is higher or on a par with capacitances of 

spinel ferrimagnetic electrodes for operation in a negative potential range in the same 

electrolyte. Cycling at fast charge-discharge rates shows capacitance increase, which 

is attributed to morphology changes and oxidation of Mn ions. The LSM electrodes 

were used for application in magnetic asymmetric devices, containing ferromagnetic 

LSM cathodes and ferrimagnetic CoFe2O4 based anodes with high active mass for 

operation in a neutral Na2SO4 electrolyte. 

 

11.2 Introduction 

The combination of advanced electric and magnetic properties in a single material is 

promising for fabrication of devices, based on magnetoelectric (ME) effects.  
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Magnetically ordered pseudocapacitor (MOPC) materials 1 exhibit a  unique 

combination of outstanding electric and magnetic properties. In contrast to other ME 

materials, such as multiferroic compounds 2-4, many MOPC materials exhibit high 

spontaneous magnetization and high capacitance at room temperature.  Advanced 

spinel ferrimagnetics, such as Fe3O4 
5,6, CuFe2O4 

7,8, MnFe2O4 
9, NiFe2O4 

10,11, γ-Fe2O3 

12,13 and solid solutions 14,15 exhibit high pseudocapacitance, which is by six to eight 

orders of magnitude higher than electrical capacitance of multiferroics. The change of 

valence state and magnetic moments of paramagnetic ions in redox reactions results in 

changing their superexchange interactions and magnetization. This provides a basis 

for novel ME phenomena. Of particular interest is the magnetohydrodynamic effect, 

which provides the ability to manipulate electrolyte ion diffusion by external 

magnetic fields or local magnetic fields of magnetic particles.  The 

magnetohydrodynamic effect improves electrode capacitance by facilitating ion 

access to redox sites and charge storage reactions 1,16,17.  MOPC showed significant 

capacitance increase in a magnetic field, high capacitance at fast charging rates, 

improved cyclic stability, on/off magnetization switching by fast variation of electric 

potential, giant magnetoelectric coupling coefficient, ferromagnetic Curie temperature 

shift in an electric field and other ME effects 1,18-22. The pseudocapacitive properties 

of spinels and other ferrites result from redox reactions and change of valence states 

of  Fe3+→Fe2+ , Cu2+→Cu+ and other paramagnetic ions 7,14,23-26. Various spinel 
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ferrites are considered for applications in anodes of MOPC devices. 

Many perovskite materials exhibit antiferromagnetic or weak ferrimagnetic properties 

because perovskite structure facilitates antiparallel orientation and ordering of 

magnetic moments of paramagnetic ions in their crystallographic octahedral positions 

3. The ordering of ions in BiFeO3, BiMnO3 and other perovskites results from double 

exchange interactions 3. In contrast to other perovskites, La1-xSrxMnO3 exhibits room 

temperature ferromagnetism, which results from double exchange interactions of 

Mn3+ and Mn4+ ions 27-30. Moreover, La1-xSrxMnO3 exhibits giant magnetoresistance 

and electrochemical pseudocapacitance 31. La1-xSrxMnO3 solid solutions are promising 

for application in MOPC cathodes.  Redox reactions of paramagnetic Mn3+ and Mn4+ 

ions impart pseudocapacitive properties to this material. Moreover, the change of  

magnetic moments of the ions and energy of their double exchange interactions 31 in 

the redox reactions provides a basis for ME interactions.  

The Curie temperature of La1-xSrxMnO3 can be changed by variation of Sr2+ and Mn4+ 

contents  28,32. Mn3+─O─Mn4+ ion hoping in La1-xSrxMnO3 results in metallic 

conductivity below Curie temperature 28,33. La1-xSrxMnO3 shows colossal 

magnetoresistance, which results in significant resistivity decrease in a magnetic field 

27,32. A strong link was observed between colossal magnetoresistance, metallic 

conductivity and ferromagnetism in La1-xSrxMnO3 
28,34. The  electrical conductivity 

of this material  is by 6 orders of magnitude higher than that of MnO2, which is the 

most promising  cathode material for asymmetric supercapacitors for operation in 
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neutral Na2SO4 and K2SO4 electrolytes 35. 

Table 11-S1 (Supplementary information) presents a summary of literature reports on 

capacitive properties of La1-xSrxMnO3. Previous investigations focused on thin film 

electrodes with low active mass of about 1 mg cm-2 for charge storage in KOH 36,37 

and Na2SO4  38,39 electrolytes. The areal capacitance of such electrodes was low. 

Therefore, the electrodes with higher active mass must be developed for matching the 

areal capacitances of advanced anodes.  Other difficulties  are related to non-ideal 

pseudocapacitive response of La1-xSrxMnO3, as indicated by redox peaks in cyclic 

voltammograms  and non-linear chronopotentiometry curves 36,37,40,  relatively high 

electrode resistance 36-38,40, and high charge transfer resistance 38. The goal of this 

investigation was the fabrication and testing of La0.65Sr035MnO3 (LSM) electrodes for 

operation in a positive potential range.  

In contrast to previous works in the field, we fabricated high active mass electrodes 

with a mass of 40 mg cm-2 and achieved nearly ideal pseudocapacitive behavior in a 

neutral Na2SO4 electrolyte. We report a high capacitance of 3.75 F cm-2 from cyclic 

voltammetry data at 2 mV s-1 and 4.59 F cm-2 from chronopotentiometry data at 3 mA 

cm-2 for this material. The high capacitance was achieved at a low electrode 

resistance. The obtained capacitance is significantly higher than literature data for 

LSM due to the use of new electrode fabrication methods and a novel chelating 

dispersant. We found that LSM combines advanced pseudocapacitive properties and 

high magnetization. We successfully addressed the problem of low capacitance of 
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magnetic materials for cathodes of magnetic supercapacitor devices, which is lower 

than the capacitance of magnetic anode materials. The obtained capacitance for LSM 

electrodes in a positive potential range is higher or on a par with capacitances of 

ferrite-type electrodes for operation in a negative potential range. We fabricated and 

tested an asymmetric device, containing ferromagnetic LSM based cathode and a 

ferrimagnetic CoFe2O4 based anode. 

 

11.3 Experimental procedures 

11.3.1. Materials and fabrication methods 

Gallocyanine (GLC), La0.35Sr0.65MnO3 (LSM), Na2SO4, ethanol, and poly(vinyl 

butyral) (PVB) were supplied from MilliporeSigma, Canada. Multiwalled carbon 

nanotubes (MWCNT) with an inner diameter of 4 nm, outer diameter of 13 nm, and 

length of 1–2 μm were obtained from Bayer, Germany and used as conductive 

additives. 

Suspensions of LSM particles, MWCNT, and dissolved GLC with mass ratio 

LSM:MWCNT:GLC = 8:2:1 were prepared by ultrasonication for 8 minutes. After 

washing, filtration, and drying, the obtained mixtures were used for fabrication of 

slurries in ethanol, containing dissolved PVB for the impregnation of commercial Ni 

foam (Vale, Canada) current collectors. The PVB content in the composite electrodes 

was 3%. The mass loading of the electrodes after drying was 40 mg cm−2. Two 
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composites were prepared using the as-received LSM powder and high energy ball-

milled LSM. High energy ball milling (HEBM) was performed using a Mixer Mill 

MM 500 Nano (Retsch GmbH, Germany) at a frequency of 15 Hz for a total milling 

time of 2 hours. 

 

11.3.2 Characterization techniques 

The LSM powders were characterized using transmission electron microscopy (TEM, 

Talos 200X, Thermo Fisher Scientific, USA) and X-ray diffraction analysis (Bruker 

Smart 6000 X-ray diffractometer, CuKα radiation, Bruker, USA,). The 

microstructures of the electrodes were observed using scanning electron microscopy 

(SEM, JEOL, JSM-7000F microscope, Japan) at different magnifications. Magnetic 

measurements were performed using a Quantum Design Magnetic Properties 

Measurement System (MPMS, USA). A Bruker FTIR spectrometer (Vertex 70, USA) 

was applied for spectroscopy analysis. X-ray photoelectron spectroscopy (XPS) 

investigations were performed with a PHI Quantera II Scanning XPS Microprobe. 

Electrochemical studies were conducted in aqueous 0.5 M Na2SO4 electrolyte using a 

PARSTAT 2273 (Ametek, USA) potentiostat for cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS), while a BioLogic VMP 300 

(Biologic, France) potentiostat was used for chronopotentiometry (CP) investigations. 

The testing was performed using a three-electrode electrochemical cell containing a 

working electrode (impregnated Ni foam), counter-electrode (Pt mesh), and a 
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reference electrode (SCE, saturated calomel electrode). The capacitances calculated 

from CV and CP data represented integral capacitances measured in a voltage window 

of 0–0.9 V versus SCE, while the capacitances calculated from EIS data represented 

differential capacitances measured at an open-circuit potential at a voltage amplitude 

of 5 mV. Capacitance was calculated from CV, CP and EIS data as it was discussed in 

Refs. 41,42. The ferromagnetic LSM based cathodes and ferrimagnetic CoFe2O4 based 

anodes were used for the fabrication of asymmetric device for operation in a voltage 

window of 1.5 V in 0.5 M Na2SO4 electrolyte. The procedure for the fabrication of 

CoFe2O4-polypyrrole (PPy) anodes, containing CoFe2O4 and PPy in a mass ratio of 

1:1 was described in a previous investigation 43. The mass of the individual electrodes 

was 40 mg cm-2. The electrodes were separated by a polypropylene (Vale) membrane 

with a thickness of 0.15 mm. 

 

11.4 Results and Discussion 

11.4.1 XRD studies and magnetic measurements 

XRD studies confirmed the perovskite structure of LSM (Figure 1). Magnetic 

measurements indicated ferromagnetic behavior of LSM (Figure 2) with 

magnetization of about 50 emu g-1. It is known that the spontaneous magnetization of 

bulk LSM is typically in the range of 40-50 emu g-1 44. The analysis of magnetization 

curve showed a low remnant magnetization. Such behavior is often observed in soft 
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ferromagnetics at temperatures below their Curie points.  

 

Figure 11- 1 X-ray diffraction pattern of LSM ( - peaks corresponding to JCPDS file 89-

0648). 

 

Figure 11- 2 (A,B) Magnetization versus magnetic field for LSM, (B) shows the 

magnetization curve in a low field range.  

11.4.2 TEM and FTIR studies 

TEM studies of as-received LSM (Figure 11-3A,B) showed many relatively large 

particles with size about 0.5-2 μm. However, the as-received material also contained 

smaller particles.  HEBM resulted in size reduction and the size of ball milled 

powders was below 0.5 μm (Figure 11-3C, D). 

  



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

230 

 

Figure 11- 3 TEM images at different magnifications for LSM: (A,B) as-received and (C,D) 

after HEBM. 

 

In this investigation GLC was used as a co-dispersant for LSM and MWCNT.  

Figure 11-4 shows a catecholate type 45 adsorption of GLC on LSM, which involves 

deprotonation of phenolic OH groups and complexation of metal atoms on the LSM 

surface. 

 

Figure 11- 4 Adsorption mechanisms of GLC on La0.35Sr0.65MnO3 by chelation (M = La, Sr or 

Mn). 
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The aromatic structure of GLC facilitated its adsorption on MWCNT through 𝜋-𝜋 

interactions. Figure 11-5 compares FTIR spectra of GLC, as-prepared LSM and LSM 

with adsorbed GLC.  The spectrum of GLC shows multiple absorption peaks in the 

range of 1100-1900 cm-1. In contrast, LSM did not show absorptions in the same 

range. The absorption at 1722 cm-1 in the spectrum of GLC is due to C═O 

stretching40. The multiple absorptions at 1586, 1555, 1526, 1483 and 1423 cm-1 can be 

attributed to C═C and C─C vibrations of the aromatic rings 47,48. It is suggested that 

similar absorption of GLC adsorbed on LSM resulted in a broad peak centered at 

1504 cm-1. GLC showed absorptions at 1305, 1284 and 1260, which can result from 

C─N─C and C─O stretching 12,49. Similar absorptions of GLC adsorbed on LSM 

resulted in a broad peak centered at 1292 cm-1. The characteristic peaks of LSM were 

observed at lower wavenumbers (Supplementary information, Figure 11-S1).  

 

Figure 11- 5 FTIR spectra of (a) GLC, (b) LSM and (c) LSM with adsorbed GLC. 
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11.4.3 SEM and electrochemical studies of the electrodes 

As received and ball milled LSM were used for the fabrication of electrodes for 

application in cathodes of supercapacitors. Figure 11-6 shows SEM images of 

composite electrodes. The analysis of SEM images at different magnifications showed 

that HEBM resulted in reduced LSM particle size and improved mixing of LSM and 

MWCNT, which facilitated the fabrication of electrodes with enhanced performance.  

 

Figure 11- 6 SEM images at different magnifications for LSM-MWCNT electrodes prepared 

using (A,B) as-received LSM and (C,D) LSM after HEBM. 

 

Figure 11-7 (A,B) shows CVs for electrodes prepared using as-received and HEBM 

LSM. The CV curves show nearly rectangular shape without obvious redox peaks. 

This contrasts with other investigations, which showed redox peaks 36,40,50. The CVs 

for HEBM LSM exhibited significantly higher currents, compared to as-received 

LSM. As a result, HEBM LSM showed significantly higher capacitance. Figure 11-7C 
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shows capacitances of electrodes prepared using as-received and HEBM LSM. The 

electrodes showed capacitances of 0.67 Fcm-2 (16.7 F g-1) and 3.75 F cm-2 (93.8 F g-1) 

for as-received and HEBM LSM, respectively, at 2 mV s-1. CP data showed nearly 

triangular charge-discharge curves (Figures 11-7D and E) with longer charge-

discharge times for HEBM LSM, which indicated higher capacitance. The 

capacitances (Figure 11-7F) were found to be 1.15 Fcm-2 (28.7 F g-1) and 4.59 F cm-2 

(114.8 F g-1) for as-received and HEBM LSM, respectively, at 3 mA cm-2. The almost 

rectangular CV curves without redox peaks and triangular CP curves indicated nearly 

ideal pseudocapacitive behavior.  

The charge storage properties of HEBMBFO-E and HEBMBFO-GCA-E were 

analyzed using equation51: 

i=aνb                                           (11-1) 

 

where i -current, ν – CV sweep rate, a and b - parameters. Parameter b=1 for pure 

double layer capacitive response and b=0.5 for pure battery behavior. Literature data 

analysis for different materials 52-56 shows that electrodes with 0.5<b<1 exhibit a 

mixed battery and capacitive response. The capacitive behavior is dominant for 

0.8<b<1.  The parameter b was 0.8 for as-received and HEBM LSM and indicated 

pseudocapacitive behavior. 
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Figure 11- 7 (A,B) CVs at (a) 2, (b) 5 and (c) 10 mV s-1 , (C) capacitance versus scan rate, 

(D,E) CP data at (a)3, (b)5, (c)7 and (d)10 mA cm−2 , (F) capacitance versus current density 

for electrodes prepared using (A), (C(a)), (D), (F(a)) as received and (B), (C(b)), (E), (F(b)) 

HEBM LSM. 

 

Testing results showed a strong effect of HEBM on capacitance of LSM. It is 

suggested that particle size reduction results in enhanced electrolyte access to the 

LSM surface and facilitates improved mixing with MWCNT, which was performed 

using GLC as a cationic co-dispersant. However, it should be noted that previous 

investigations of different materials didn’t show a correlation between BET particle 

surface area and pseudocapacitance 57-59. It was shown that very small pores 

accessible to gas molecules in BET experiments are not accessible to solvated ions 

during charge-discharge. As a result, some materials with higher BET surface area 

showed lower capacitance, compared to the electrodes with lower surface area 57-59. 

EIS data (Figure 11-8A) showed reduction of electrode resistance R=Z´for the HEBM 

material. The resistances of electrodes at 10 mHz were found to be 8.20 and 3.01 
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Ohms for as-received and HEBM LSM, respectively. Despite the high active mass 

loading of the electrodes used in this study, the resistance of HEBM electrodes was 

significantly lower, compared to resistances of electrodes with low active mass 

loadings tested in other investigations 40,60. Moreover, the analysis of the EIS data 

using an equivalent circuit developed in previous investigations61 for electrodes with 

high active mass loadings (Figure 11-S2) showed very low charge transfer resistance 

of HEBM LSM electrodes, which was found to be 0.12 Ohm. The charge transfer 

resistance was lower than that reported in literature38. EIS data showed enhanced 

capacitance of the HEBM LSM electrodes, compared to the capacitance of as-

received LSM electrodes (Figure 12-8 B,C). It should be noted that capacitances 

measured by different methods are dependent on different parameters, such as 

frequency and amplitude of AC signal in the EIS experiments, or voltage window, 

current density and scan rate in the CV and CP experiments.   

 

Figure 11- 8 (A) Nyquist graph and (B, C) components of complex capacitance versus 

frequency for electrodes prepared using (a) as-received and (b) HEBM LSM. 

 

Areal capacitance of HEBM LSM electrodes is significantly higher than reported data 

for LSM (Table 11-S1). It is important to note that high areal capacitance is achieved 
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in a neutral electrolyte, which makes this material very promising for applications in 

cathodes of asymmetric magnetic supercapacitors. Ferrite spinel anodes of the same 

active mass of 40 mg cm-2 showed capacitances of 1.53 F cm-2 (γ-Fe2O3 
12), 2.76 F 

cm-2 (CuFe2O4 
7) and 4.59 F cm-2 (Fe3O4 

62). The capacitance of HEBM LSM 

electrodes in a positive potential range is higher or on a par with capacitances of 

ferrite-type electrodes for operation in a negative potential range in Na2SO4 

electrolyte. The fabrication of asymmetric magnetic supercapacitor devices with 

practically important high active mass loadings 41 requires matching the areal 

capacitances of individual electrodes. Therefore, the LSM electrodes are promising 

for application in magnetic asymmetric devices, containing ferromagnetic LSM 

perovskite cathodes and ferrimagnetic spinel anodes with high active mass for 

operation in a neutral Na2SO4 electrolyte.   

The charge storage mechanism of LSM is not well understood and requires further 

investigation for the development of electrodes with higher capacitance. It is 

hypothesized that charging mechanism of LSM and other capacitive manganates can 

be related to redox reactions involving Mn3+ and Mn4+ ions 38,63. XPS studies 

(Supplementary Information, Figure S3) showed that LSM contains Mn3+ and Mn4+ 

ions. It is suggested that the charging mechanism of LSM is like that of manganese 

oxides 64, such as MnO2 and Mn3O4. It involves adsorption of Na2+ ions on the 

particle surface and subsequent charge-discharge reaction: 

La0.65Sr0.35MnO3δNa ↔ La0.65Sr0.35MnO3 + δNa+ + δe-            (11-2) 
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Investigations at relatively high scan rates, such as 50 mV s-1 revealed variation of 

capacitance during cycling. Figure 12-9 shows cycling behavior of as-prepared 

electrodes. 

 

Figure 11- 9 Capacitance retention for electrodes, prepared using (A) as-received and (B) 

HEBM LSM at 50 mV s-1. The capacitances were calculated for different CV cycles and 

normalized by capacitance value for the cycle 10,000.  

 

Testing results showed significant increase in capacitance of as-prepared electrodes 

during cycling at 50 mV s-1. It should be noted that such increase was not observed at 

2 mV s-1  and at higher scan rates after obtaining first CV at 2 mVs-1. Figure 9A 

shows capacitance versus cycle number for electrodes prepared using as-received 

LSM.  The capacitance for the cycle 1 was 34.8% of the capacitance for cycle 

10,000. Testing revealed significant capacitance increase during 7,000 cycles. This 

indicated the need in electrode activation procedures for applications at fast charge 

rates. The capacitance of electrodes prepared using HEBM was 39.5% of the 

capacitance for cycle 10,000 (Figure 12-9A). The electrodes showed faster activation. 

Significant variation of capacitance was observed for the first 3,000 cycles. SEM 

studies showed that capacitance increase can result form electrode morphology 
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changes during cycling. The comparison of electrode morphologies before (Figure 12-

6) and after cycling (Supplementary information, Figure 12-S4) showed that cycling 

resulted in increased electrode porosity which facilitated electrolyte access to the bulk 

of the electrode material. XPS data showed that cycling resulted in increasing Mn4+ 

content and reducing Mn3+ content in LSM (Figure 12-S3).  It is in this regard that 

previous investigations of MnOx electrodes revealed capacitance increase during 

cycling due to oxidation of Mn species64,65. Therefore, the capacitance increase of 

LSM can also result from oxidation of Mn3+ ions.  

The HEBM LSM electrodes were used as cathodes for the fabrication of an 

asymmetric device, containing ferrimagnetic CoFe2O4-PPy composite anodes. CV and 

CP data (Supplementary information, Figure 12-S5) showed pseudocapacitive 

behavior in a voltage window of 1.5 V. The device showed capacitances of 0.74 and 

1.24 F cm-2 for CV data at 2 mV s-1 and CP data at 3 mA cm-2, respectively. 

 

11.5 Conclusions 

The use of HEBM and catecholate-type GLC facilitated the fabrication of advanced 

ferromagnetic LSM electrodes, which showed a high magnetization and high 

capacitance. The electrodes showed nearly ideal pseudocapacitive behavior without 

redox peaks. The obtained capacitances of 3.75 F cm-2 from CV at 2 mV s-1 and 4.59 

F cm-2 from CP at 3 mA cm-2 are significantly higher compared to the literature data. 

The high capacitances of high active mass electrodes were achieved at a low electrode 
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resistance. The high capacitance obtained for ferromagnetic LSM in the positive 

potential range in the neutral Na2SO4 electrolyte is higher or on a par with 

capacitances of ferrimagnetic spinel ferrite-type electrodes for operation in a negative 

potential range in the same electrolyte. Therefore, the LSM electrodes are promising 

for application in cathodes of magnetic asymmetric devices, containing ferromagnetic 

perovskite LSM cathodes and ferrimagnetic spinel anodes with high active mass for 

operation in a neutral Na2SO4 electrolyte.  Cycling at fast charge-discharge rates 

showed capacitance increase, which was attributed to morphology changes. The 

ferromagnetic LSM based cathodes and ferrimagnetic CoFe2O4 based anodes were 

used for the fabrication of an asymmetric device for operation in a voltage window of 

1.5 V in 0.5 M Na2SO4 electrolyte.  
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supercapacitors. 

Materials RE Electrolyte Potential (V) 

Current 

density  

(A g-1) 

Cm  

(Fg-1) 

Cs (F cm -2) 

Mass 

loading  

(mg cm-2) 

Ref. 

La0.75Sr0.25Mn

O3   

Ag/AgCl  1.0 M Na2SO4 −0.1 ~ 0.9  3  56  0.017 0.3 1 

La0.85Sr0.15MnO3 

NPs 

Hg/HgO 3 M KOH −0.5 ~ 0.5 0.5 185.5 0.18 1 2 

LMO@CC-PPy  SCE 6 M KOH −0.8 ~ 0.4  1 

720 0.28 0.4 

3 747 0.37 0.5 

862 0.51 0.6 

La0.7Sr0.3MnO3 Ag/AgCl  3 M KOH −0.8 ~ 0.4  1 145 0.29 2 4 

La0.85Sr0.15MnO3 Hg/HgO 1M KOH 
−0.96 

~0.65  
0.5 198 0.59 3 5 

La0.85Sr0.15MnO3 

SCE 1M KOH −0.8 ~ 0.5 1 

102 0.1 

1 6 
La0.7Sr0.3 MnO3 90 0.09 

La0.5Sr0.5MnO3 38 0.038 

La0.35Sr0.65MnO3 

SCE 0.5 M Na2SO4 0 ~ 0.9  

3 28.7 1.15 

40 this work La0.35Sr0.65MnO3 

(HEBM) 

3 114.8 4.59 
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Figure 11-S 1. FTIR spectrum of as-received LSM in the low wavenumber range, which 

shows absorption peak of LSM related to Mn-O vibrations. 

 

Figure 11-S 2. Equivalent circuit used for the analysis of EIS data using ZSimpWin software. 

It contains a solution resistance Rs, a transmission line R1C1(R2Q) describing a porous 

electrode, Warburg impedance W, charge transfer resistance R3 and double layer capacitance 

C2. 
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Figure 11-S 3. XPS data for LSM electrodes (A) before and (B) after 2000 CV cycles. 

 

 

Figure 11-S 4. SEM images at different magnifications of LSM electrodes prepared without 

HEBM (A, B) and with HEBM (C, D) after 10,000 cycle retention test. 
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Figure 11-S 5. Testing results for a device, containing LSM cathodes and CoFe2O4-

polypyrrole (PPy) anodes in 0.5M Na2SO4 electrolyte: (A) CVs at scan rates of (a)2, (b) 5 and 

(c) 10 mV s-1, (B) capacitance calculated from CV data versus scan rate, (C) galvanostatic 

charge-discharge data at current densities of (a) 3, (b) 5, (c) 7 and (d) 10 mA cm-2, (D) 

capacitance calculated from the galvanostatic charge-discharge data versus current density. 

The gravimetric capacitance was normalized by the total mass of both electrodes (80 mg cm-

2). 
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12.1 Abstract 

This investigation is motivated by the surge of interest in materials, combining high 

spontaneous magnetization and pseudocapacitance at room temperature. 

Ferrimagnetic MnFe2O4 offers benefits of high magnetization. However, the non-

pseudocapacitive behavior, low capacitance and high resistance of MnFe2O4 are 

limiting factors for its applications in magnetic pseudocapacitive devices. This 

investigation demonstrates that nearly ideal pseudocapacitive behavior can be 

achieved for MnFe2O4 electrodes in Na2SO4 electrolyte. High pseudocapacitance is 

observed in positive and negative potential ranges and two different charging 

mechanisms are proposed. High capacitance is achieved at a low impedance. The 

ability to achieve comparable and high areal capacitances in the positive and negative 

potential ranges facilitates the fabrication of a symmetric pseudocapacitive device, 

containing ferrimagnetic MnFe2O4 as cathode and anode material for operation in 

enlarged voltage window of 1.6V. The symmetric device shows capacitance of 0.92 F 

cm-2 at a current density of 3 mA cm-2. The individual electrodes and device show 

good cycling stability. The approach is based on the use of murexide and gallocyanine 

as redox-active dispersants and charge transfer mediators. The analysis of testing 

results provides an insight into the influence of chemical structure, charge and redox 

properties of the dispersants on the capacitive behavior. The ability to fabricate a 

pseudocapacitive device, containing two ferrimagnetic electrodes is promising for 

energy storage, water purification and novel applications based on magnetocapacitive 
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effects.     

 

12.2 Introduction 

Ceramic spinel materials exhibit valuable properties for many applications in magnetic 

and biomedical devices, sensors and catalysis 1-4. The rich materials chemistry of spinel 

compounds provides a platform for the fabrication of advanced solid solutions with 

enhanced properties 1,4-6. Especially interesting are properties of ceramic MnFe2O4 for 

catalysis7, biomedical8,9 and energy storage10-12 applications. MnFe2O4 is a spinel 

ferrimagnetic material, which exhibits high magnetization and high Neel temperature13-

16.  The advanced magnetic properties of this material result from high magnetic 

moments (5 μB) of Mn2+ and Fe3+ ions and their super exchange interactions13,17. The 

magnetization of MnFe2O4 is influenced by distribution of Mn2+ and Fe3+ ions in 

tetrahedral and octahedral positions in the spinel structure15,17-19. MnFe2O4 has many 

applications in various magnetic devices20,21. 

There is currently a surge of interest in ceramic materials, combining advanced 

magnetic and electric properties22,23. Ferrimagnetic MnFe2O4 has been utilized for the 

development of multiferroic two-phase composites with different ferroelectric phases, 

such as K0.5Na0.5NbO3
24, BaTiO3

25, and PbZr0.52Ti0.48O3
26. The magnetocapacitive 

effects in the composite materials usually involve mechanical strain generation by 

piezoelectric effect/magnetostriction in ferroelectric/magnetic phase and mechanical 

energy transfer to magnetic/electric energy in the magnetic/ferroelectric phase. 
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However, it is challenging to combine ferroelectricity and spontaneous magnetization 

in a single material at room temperature. Single phase multiferroic compounds rarely 

occur27,28. Single multiferroic compounds combine weak ferroelectricity with weak 

spontaneous magnetization and exhibit magnetocapacitive effects only at cryogenic 

temperatures27,28.  

A relatively recent development is the discovery of electrical charge storage properties 

of spinel ferrites, which exhibit high magnetization at room temperature. Individual 

compounds, such as γ-Fe2O3
29, Fe3O4

30, NiFe2O4
31, and CuFe2O4

32 showed nearly ideal 

pseudocapacitive behavior and exhibited a remarkably high capacitance, which was 

found to be 106-108 times higher than that of ferroelectrics. Such magnetically ordered 

pseudocapacitor (MOPC) materials showed a remarkable combination of advanced 

magnetic and pseudocapacitive properties in a single phase at room temperature33. 

Moreover,  new magnetocapacitive effects related to coupling of electrical and 

magnetic properties can be magnetically or electrochemically induced in single-phase 

MOPC33. Magnetocapacitive coupling in MOPC compounds resulted in Curie 

temperature shift in an electric field,  capacitance increase in magnetic field, enhanced 

capacitance at fast charging rates in magnetic fields, improved cyclic stability, on/off 

magnetization switching by fast variation of electric potential and giant magnetoelectric 

coupling coefficient33. Electrochemical reactions of MOPC involve transfer of 

electrons, which have electric charge and magnetic spin moment. On the other hand, 

the energy of super exchange ordering interactions in spinel ferrimagnetics is 
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influenced by the total magnetic moments of the paramagnetic ions. This provides a 

basis for magnetocapacitive phenomena. Another mechanism involves 

magnetohydrodynamic effect, which facilitates electrolyte diffusion23,33. 

MnFe2O4 is currently under investigation as a promising MOPC material for energy 

storage 34-37 and capacitive deionization of water38. Table S1 (Supplementary 

Information) presents a summary of literature data on electrochemical testing of 

MnFe2O4 and composite electrodes prepared by different methods. Electrochemical 

analysis was performed in different inorganic electrolytes (Table S1), such as Al2(SO4)3, 

KOH, H2SO4, and NaCl34-37. Various conductive additives (Table S1), such as carbon 

nanotubes, graphene, carbon, and conductive polymers34,39,40, were used to address a 

problem of low conductivity of MnFe2O4 by fabricating composite electrodes. Previous 

investigations focused on electrodes with relatively small active mass of 0.2-4.0 mg 

cm-2, which was significantly smaller than that required for practical applications41. In 

many investigations34,35,39,42,43, cyclic voltammetry data showed redox peaks, indicating 

a battery-type behavior. Such peaks are usually not observed for materials with ideal 

pseudocapacitive response44-46. Previous investigations also reported a relatively high 

impedance of the MnFe2O4 based electrodes34,35,43,47-49, which is detrimental for 

supercapacitor applications. MnFe2O4 and composite electrodes were used for the 

fabrication of symmetric and asymmetric devices for operation in different electrolytes 

(Table S2). The capacitance of such devices was reported to be in the range of 0.08-

0.44 F cm-2. MnFe2O4 is especially promising for the fabrication of symmetric devices 
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containing two MOPC electrodes. However, the relatively low areal capacitance, high 

impedance and non-pseudocapacitive behavior of MnFe2O4 are limiting factors for the 

development of such devices. Significant difficulties result form agglomeration of 

highly magnetic MnFe2O4 nanoparticles, which is a bottleneck in the fabrication of 

nanocomposites.  

The goal of this investigation was the fabrication of MnFe2O4 cathodes and anodes with 

high active mass loading and symmetric supercapacitor device for operation in a neutral 

Na2SO4 electrolyte. The approach was based on the use of anionic and cationic 

chelating dispersing agents with redox properties for dispersion of MnFe2O4 

nanoparticles and fabrication of MnFe2O4-multiwalled carbon nanotube (MWCNT) 

electrodes. Testing results provided an insight into the influence of the chemical 

structure, electric charge and redox properties of the dispersing agents on adsorption 

mechanism, charge transfer and electrode performance. The electrodes with high active 

mass loading of 40 mg cm-2 showed pseudocapacitive behavior without redox peaks 

and low impedance. The capacitances of the individual composite electrodes in positive 

and negative potential ranges and symmetric MOPC device for operation in a voltage 

window of 1.6 V were significantly higher, compared to the literature data. The charge 

storage properties of the electrodes in the negative and positive potential range were 

discussed. The function of the redox-active dispersants as charge transfer mediators was 

outlined. 
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12.3 Experimental 

Murexide (MRX), gallocyanine (GLC), MnFe2O4 (MFO, nanoparticles, size <100 nm), 

ethanol, Na2SO4, poly(vinyl butyral) binder (PVB, MilliporeSigma, Canada), MWCNT 

(13 nm diameter, 1–2 μm length, Bayer, Germany) and industrial Ni foam current 

collectors (95% porosity, 1.6 mm thickness, Vale, Canada) were used. 

MFO and MWCNT were co-dispersed in water using murexide and gallocyanine as 

dispersants. The mass ratio of MFO:MWCNT:dispersants was 8:2:1. The mixtures 

underwent washing, drying, and re-dispersion in ethanol containing dissolved PVB 

binder. The obtained slurries were then utilized for electrode fabrication by 

impregnating current collectors. The PVB binder constituted 3% of the total mass of 

MFO and MWCNT. The final mass of the impregnated material after drying was 40 mg 

cm−2. The impregnated foams were pressed to 25% of their original thickness. The mass 

loading of all electrodes was 40 mg cm-2 and it included the total mass of MnFe2O4, 

MWCNT and PVB binder. The mass loading of 40 mg cm-2 was used for the calculation 

of mass specific capacitance.  

Microstructure investigations involved the use of scanning electron microscopy (SEM, 

JEOL, JSM-7000F microscope, Japan). X-ray diffraction (XRD) analysis was 

conducted on a Bruker D8 diffractometer (Coventry, UK) using Cu-Kα radiation at a 

scan rate of 0.01 degrees per second. Magnetic measurements were performed using a 

Quantum Design SQUID magnetometer.   

Electrochemical investigations were performed in aqueous 0.5 M Na2SO4 electrolyte. 
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Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were 

performed using PARSTAT 2273 potentiostat (AMETEK, USA), while galvanostatic 

charge-discharge (GCD) experiments were carried out utilizing the BioLogic VMP 300 

potentiostat (BioLogic, France). Testing was performed using a 3-electrode 

electrochemical cell with a working electrode (impregnated Ni foam), counter-

electrode (Pt mesh), and a reference electrode (SCE, saturated calomel electrode). The 

capacitive properties of electrode material were characterized in gravimetric (Cm, F g−1) 

and areal (CS, F cm−2) capacitance forms. Capacitances Cm and CS were computed 

based on the data obtained from CV, EIS, and GCD tests, following the methodologies 

outlined in the previous investigation50. The capacitances calculated from the CV and 

GCD data represented integral capacitances measured in the working potential window 

of -0.8–0V or 0–0.9 V versus SCE. The complex capacitances extracted from the EIS 

data represented differential capacitances measured at an open circuit potential at a 

voltage amplitude of 5 mV. The symmetric device, containing two MnFe2O4-MWCNT 

electrodes was tested in a voltage window of 1.6 V. 

 

12.4 Results and discussion 

X-ray diffraction studies and magnetic measurements (Figure 12-1) confirmed that as-

received MFO was a spinel-type soft ferrimagnetic material, which exhibited a 

spontaneous magnetization of about 30 emu g-1 in agreement with literature data15. The 



Ph. D                                                          McMaster University 

Wenjuan Yang                                         Materials Science and Engineering 

258 

high magnetization of MFO makes this material promising for MOPC applications.   

 

Figure 12- 1 (A)X-ray diffraction pattern (♦- peaks, corresponding to JCPDS 74-2403 file); 

(B) magnetization (M) versus magnetic field (H), (C) enlarged view of M–H curve at low 

magnetic field for MFO. 

 

In this investigation, MRX and GLC were used as dispersing agents for the fabrication 

of MFO based electrodes. Figure 12-2 shows chemical structures of the dispersant 

molecules. The chemical structure of anionic MRX contains two barbiturate rings. GLC 

is a polyaromatic cationic molecule. MRX and GLC exhibit chelating properties and 

form complexes with different metal ions. MRX forms tridentate complexes51,52, 

whereas a catecholate-type GLC forms bidentate complexes53 (Figure 12-2). The 

interactions of the barbiturate rings of the MRX molecules with carbon rings of 

MWCNT promoted MRX adsorption on MWCNT. The polyaromatic structure of GLC 

facilitated adsorption of this molecule on MWCNT by a mechanism, which involves 𝜋-

𝜋 interactions. The electric charge of anionic MRX and cationic GLC resulted in 

electrostatic co-dispersion of MFO and MWCNT. MRX and GLC are redox active 

molecules54,55. MRX showed multiple redox peaks in the positive and negative potential 

range, whereas the electrochemical redox reactions of GLC were observed in negative 

potential range54,55. It should be noted that due to the high molecular mass of such 
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molecules and small amounts used, their contribution to the electrode capacitance is 

negligibly small. However, such molecules can act as charge transfer mediators55.    

 

Figure 12- 2 (A) Chemical structures of (a) MRX and (b) GLC, (B) tridentate chelating 

bonding of MRX and (C) bidentate chelating bonding of GLC to metal ions (M=Cu2+, Fe3+) 

on the MFO particle surface. 

 

 

Figure 12- 3 (A-C) CVs at (a) 2, (b) 5 and (c) 10 mV s−1 and (D) capacitances versus scan 

rate for (A) and (D(a)) MFO, (B) and (D(b)) MFO-MRX, (C) and (D (c)) MFO-GLC. 

 

Figure 12-3 shows CV data for MFO electrodes. The MFO electrodes prepared without 
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additives and tested in in 0.5 M Na2SO4 electrolyte showed redox peaks in the positive 

potential range. As pointed out above, redox peaks for MFO electrodes were also 

observed in other electrolytes34,35,39,42,43. However, MFO electrodes prepared using 

MRX (MFO-MRX) showed nearly rectangular CVs with larger area. The MFO 

electrodes prepared using GLC (MFO-GLC) showed redox peaks in CVs, which 

deviated significantly from the rectangular shape. The capacitance of MFO-MRX 

electrodes was significantly higher than capacitances of MFO-GLC and MFO 

electrodes (Figure 12-3). The capacitance at 2 mV s-1 of MFO-MRX was found to be 

1.93 F cm-2, whereas the capacitances of MFO and MFO-GLC were 1.23 and 1.53 F 

cm-2, respectively. 

MFO-MRX showed capacitance retention of 65% in the range of 2-100 mV s-1, whereas 

the retention for MFO and MFO-GLC was 27 and 25 %, respectively. Therefore, MFO-

MRX showed significant improvement in capacitance at high scan rates (Figure 12-3 

D). 

GCD studies (Figure 12-4) showed significantly longer charge/discharge times for 

MFO-MRX, compared to MFO and MFO-GLC at the same current densities. As a 

result, MFO-MRX exhibited higher capacitance. The capacitances of MO, MFO-GLC 

and MFO-MRX were found to be 1.76, 1.80 and 2.67 F cm-2 at 3 mA cm-2.  

Charging behavior of the electrodes in the positive potential range in the Na2SO4 

electrolyte can be attributed to the following redox reaction: 

Mn2+Fe2
3+O4 + δSO4

2- ↔ Mn2(1-δ)+Fe2
3+O4 (δSO4

2-)+ 2δe-                 (12-1) 
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Figure 12- 4 (A-C) GCD data at (a) 3, (b) 5, (c) 7, and (d) 10 mA cm−2 and (D) capacitance 

versus current density for (A) and (D(a)) MFO, (B) and (D(b)) MFO-MRX, (C) and (D (c)) 

MFO-GLC.  

 

Electrochemical testing in the negative potential range (Figure 12-5) did not show redox 

peaks for MFO and MFO-MRX. However, CVs for MFO-GLC showed redox peaks, 

which can result from a redox reaction of adsorbed GLC55 (Figure 12-6). As pointed 

out above, the direct contribution of GLC to the capacitance was small due to the large 

molecular mass of GLC and small amount of GLC used. However, GLC can act as a 

charge transfer mediator55. 
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Figure 12- 5 (A-C) CVs at (a) 2, (b) 5 and (c) 10 mV s−1 and (D) capacitances versus scan 

rate for (A) and (D(a)) MFO, (B) and (D(b)) MFO-MRX, (C) and (D (c)) MFO-GLC. 

 

 

Figure 12- 6 Redox reaction of GLC. 

 

MFO-MRX showed nearly rectangular CV shapes.  The capacitances of MFO, MFO-

MRX and MFO-GLC were found to be 1.21, 1.71 and 1.96 F cm-2, respectively at 2 

mV s-1. However, MFO- MRX showed better capacitance retention with increasing 

scan rate. Moreover, MFO-MRX offers advantage of the highest capacitance at scan 

rates in the range of 10-100 mV s-1. 
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Figure 12-7. Shows GCD testing results at different current densities in the negative  

potential range.  

 

Figure 12- 7(A-C) GCD data at (a) 3, (b) 5, (c) 7, and (d) 10 mA cm−2 and (D) capacitance 

versus current density for (A) and (D(a)) MFO, (B) and (D(b)) MFO-MRX, (C) and (D (c)) 

MFO-GLC. 

 

The MFO-GLC electrodes showed longest charge-discharge times. The capacitances 

of MFO, MFO-MRX and MFO-GLC electrodes were found to be 1.41, 2.21 and 2.48 

F cm-2, respectively at 3 mA cm-2.  

The charge storage mechanism of MFO in the negative potential range can result from 

the following redox reaction: 

Mn2+Fe2
3+O4 + δe- + δNa+ ↔ (δNa+)Mn2+Fe2

(3- δ/2)+O4                          (12-2) 

EIS studies showed that MFO-MRX exhibited significantly lower real and imaginary 

components of complex impedance Z=Z´-iZ´´, compared to MFO and MFO-GLC 
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(Figure 12-8A). The low Z´ is beneficial for supercapacitors, because it indicates low 

resistance.  

 

Figure 12- 8 EIS data: (A) Nyquist plot and (B,C) complex capacitance components versus 

frequency for (a) MFO, (b) MFO-MRX and (c) MFO-GLC. 

 

The resistance of MFO-MRX electrodes was significantly lower than the resistances 

reported in other investigations34,35,43,47-49. The lower Z´´ of MFO-MRX, compared to 

MFO and MFO-GLC (Figure 12-8A) indicated higher capacitance. Indeed MFO-MRX 

showed significantly higher capacitance in a wide frequency range (Figure 12-8B). The 

location of the maximum of imaginary component of complex capacitance at a 

relatively high relaxation frequency of about 0.5 Hz (Figure 12-8C) indicated good 

performance of MFO-MRX at high charge-discharge rates in agreement with enhanced 

capacitance retention observed in the CV testing data. The higher slop of the Nyquist 

plot for MFO-MRX also indicated improved capacitive behavior. 

Electrochemical testing results indicated good capacitive behavior of MFO-MRX 

electrodes in both positive and negative potential ranges in Na2SO4 electrolyte. The 

capacitance of MFO-MRX was higher than literature data for MFO electrodes in other 
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electrolytes, reported in literature (Table 12-S1). The use of neutral Na2SO4 electrolyte 

offers environmental benefits, compared to alkaline or acidic electrolytes. Good 

pseudocapacitive behavior, high capacitance and low impedance were achieved at high 

active mass. It is suggested that the use of MRX as a co-dispersant for MFO and 

MWCNT facilitated their enhanced mixing, which allowed for better utilization of 

capacitive properties of MFO-MRX and low resistance. Figure 12-9 shows SEM image 

of MFO-MRX electrode. The SEM image indicates good mixing of MFO and MWCNT 

and low agglomeration. 

 

Figure 12- 9 SEM image of MFO-MRX electrode. 

 

Good capacitive behavior and low resistance of the MFO-MRX electrode can also 

result from redox-active properties of MRX, which acted as a charge transfer mediator. 

It is in this regard that CV data for MRX showed redox reactions in positive and 

negative potential ranges54. MFO-MRX electrodes also showed good cyclic stability in 

the negative and positive potential ranges (Figure 12-10). In both potential windows 

the capacitance showed slight increase during the first 100 cycles. This minor 

enhancement in capacitance during cycling can be attributed to microstructural changes 
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in the electrode material or improved wetting of the electrodes by the electrolyte44,56. 

After 5000 cycles the electrodes showed capacitance retention of 112.9 and 103.5% in 

the positive and negative potential ranges, respectively (Figure 12-10). 

 

Figure 12- 10 Capacitance versus cycle number for MFO-MRX electrode in (A) positive (0 – 

+0.9 V) and (B) negative (-0.8 – 0 V) potential ranges at 50 mV s-1. 

 

The MFO-MRX electrodes demonstrated promising capacitive behavior within the 

potential windows of 0 to +0.9V and -0.8 to 0V, suggesting their potential for use as 

both cathodes and anodes in symmetric supercapacitors. It is known that Cm of 

electrodes decreases drastically with increasing active mass 50 due to limited electrolyte 

access to the bulk of the active material and increased resistance. It is challenging to 

achieve high Cm for electrodes with high active mass. However, the high active mass 

of the electrodes is important for the increasing ratio of active material mass to the mass 

of a current collector and electrolyte. In this investigation, enhanced Cm was achieved 

using advanced dispersants, which also acted as charge transfer mediators.  The 

rectangular-shaped CV profiles of each electrode are crucial for achieving a rectangular 
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CV profile in a symmetric device operating at voltages of 0-1.6 V. Consequently, MFO-

MRX electrodes have been chosen for constructing symmetric supercapacitors. Figure 

12-11A illustrates the CV profiles at various scan rates within a 0–1.6 V voltage range. 

The capacitance at 2 mV s−1, calculated from CV data, was 0.89 F cm−2 and it decreased 

with increasing scan rate (Figure 12-11B). The total resistance of the device included 

the contributions from both electrodes and the electrolyte within the membrane pores 

(Figure 12-11C). 

Figures 12-11D, E show the frequency dependencies of the real CS′and imaginary 

CS″components of AC capacitance, derived from impedance data. The capacitance 

decreased with frequency increase. The analysis of cycling behavior showed slight 

increase in capacitance during the first 50 cycles, reaching 104%, before decreasing 

slightly and stabilizing at approximately 101% (Figure 12-11F). Figure 12-11G presents 

the GCD profiles for the symmetric device at various current densities, with nearly 

symmetrical triangular shapes indicating robust capacitive behavior. When the current 

was increased from 3 to 10 mA cm−2, the Cs, calculated from GCD profiles, declined 

from 0.92 to 0.71 F cm−2, as shown in Figure 12-11H. This trend is consistent with the 

results obtained from CV curves. The capacitance of the symmetric device was found 

to be significantly higher than the capacitances reported in the literature (Table 12-S2). 

The ability to fabricate a pseudocapacitive device, containing two ferrimagnetic 

electrodes is promising for magnetic field enhanced energy storage and capacitive water 

deionization devices, as well as novel applications based on magnetocapacitive effects.  
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Figure 12- 11 (A) CVs at (a) 2, (b) 5 and  (c) 10 mV s−1, (B) capacitances versus scan rate, 

(C) Nyquist plot, (D,E) frequency dependences of components of complex capacitance (D) 

Cs’ and (E) Cs”, (F) GCD curves at (a) 10, (b) 7, (c) 5, and (d) 3 mA cm−2, (G) capacitances 

versus current density, (H) capacitance retention for symmetric MFO-MRX device. 

 

12.5 Conclusions 

Pseudocapacitive behavior of MFO based electrodes was achieved in negative and 

positive potential ranges and related charging mechanisms were proposed. Nearly ideal 

pseudocapacitive response was achieved at high active mass loading and low electrode 

resistance using MRX as a redox-active dispersant. MRX and GLC acted as dispersants 

and charge transfer mediators. MFO-MRX showed improved performance, compared 

to the MFO and MFO-GLC. The capacitance of MFO-MRX in the positive and 

negative potential ranges was significantly higher, compared to the literature data. The 
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ability to achieve comparable areal capacitances of MFO-MRX in the positive and 

negative potential ranges facilitated the fabrication of a symmetric device, which 

showed a capacitance of 0.92 F cm-2 at 3 mA cm-2. The device showed higher 

capacitance, compared to literature data, and offers benefits of large voltage window of 

1.6 V and more environmentally friendly neutral electrolyte. The individual electrodes 

and devices showed good cyclic stability. The ability to fabricate a pseudocapacitive 

device, containing two ferrimagnetic electrodes is promising for magnetic field 

enhanced energy storage and capacitive water deionization devices as well as novel 

applications based on magnetocapacitive effects.  
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12.8 Supplementary Information 

Table 12-S 1 Capacitive properties of MnFe2O4 and composite electrodes 

Materials 

Potential 

Range (V) 

RE Electrolyte 

Mass 

loading 

(mg cm-2) 

Cg   

(F g-1) 

Cs  

(F cm-2) 

Current 

density 

(A g-1) 

Ref. 

MnFe2O4  

QDs /NG 

−1 to 0  SCE  2 M KOH 1 517 0.52 1 1 

3DSC-

MFQDs 

 -1.5 to 

0.5 

Ag/ 

AgCl  

EMIMBF4 IL 1.2 188.3 0.23 1 2 

MnFe2O4 

/CNT/ZIF 

 -0.55 to 

0.3 

Ag/ 

AgCl 

6 M KOH 0.5 389 0.2 1 3 

MnFe2O4  

nanosphere 

 -0.55 to 

0.45 

SCE 3.5 M KOH 1 173. 3 0.17 1 4 

MnFe2O4  

−0.45 to 

0.3 

Ag/ 

AgCl 

1 M NaCl 1 45 0.05 7  5 

MnFe2O4 NPs 

 − 0.2 to 

0.6  

Ag/ 

AgCl 

1 M H2SO4 1 

53.8 0.05 

3  6 MnFe2O4  

/PEDOT  

76.6 0.08 
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MnFe2O4 

/PANI 

− 0.2 to 1 SCE  1 M H2SO4 0.5 

387 0.19 1 

7 

MnFe2O4 

/CPANI 

329 0.16 0.5 

MnFe2O4 

 − 0.1 to 

0.8 

Ag/ 

AgCl 

1 M KOH 2.5 784 1.96 3  8 

MnFe2O4 

/rGO 

0 to 0.8 

 Ag/ 

AgCl 

 1 M H2SO4 0.2 300 0.06 0.3 9 

MnFe2O4@C  0 to 1 SCE 2 M KOH 1.5 824 1.24 0.1 10 

MnFe2O4  0 to 0.45 

Ag/ 

AgCl 

 2 M KOH 4 282.4  1.13 1 11 

MnFe2O4 

 0 to 0.55 

Hg/ 

HgO 

3 M KOH 

2 

178 0.36 8 

12 

3 M KOH + 

0.1 M 

K4[Fe(CN)6] 

592 1.2 1 

80 MnFe2O4 

–20rGO  

768  1.53 0.1 

MnFe2O4 0 to 0.9 SCE  Al2(SO4)3 3.5  43.2 0.15 0.1 13 

MnFe2O4  

(murexide) 

–0.8 to 0 

SCE 0.5 M Na2SO4 40 

55.2 2.21 

3 

this 

wok 

 

MnFe2O4 

(gallocyanine) 

62 2.48 

MnFe2O4 

(murexide) 

0 to 0.9 

66.7 2.67 

MnFe2O4 

(gallocyanine) 

45 1.80 
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Table 12-S 2 A comparison of the recent MnFe2O4-based supercapacitor devices 

capacitance. 

Cathode 

Materials 

Anode 

Materials 

Voltage 

(V) 
Electrolyte 

Mass 

loading 

(mg cm-2) 

Cm 

(F g-1) 

Cs 

(F cm-2) 

current 

density 

(A g-1) 

Ref. 

MnFe2O4 MnFe2O4 0-1 2 M KOH 5 

55.8 0.28 

0.01 14 88.4 0.44 

20.2 0.1 

MnO2/CN

T 

MnFe2O4/ 

graphene 
0-1.8 1 M Na2SO4 3.5 60 0.21 10 15 

80MnFe2

O4 –

20rGO 

rGO 0–1.5 

3 M KOH + 

0.1 M 

K4[Fe(CN)6

] 

2 90 0.18 1 12 

AC MGP 0–1.6 1 M NaCl 1.6 51.87 0.08 7 5 

MnFe2O4 MnFe2O4 0–1.2 3.5 M KOH 1 97 0.1 2 4 

MnFe2O4 

QDs@C–

NG 

MnFe2O4 

QDs@C–

NG 

0–1.5 2 M KOH 1 110 0.11 1 1 

MnFe2O4 MnFe2O4 0–1.6 

0.5 M 

Na2SO4 

 

40 

22.94 0.92 

3 
this 

work 22.23 0.89 

PANI = polyaniline 

CPANI = carbon material decorated with polyaniline 

rGO = reduced graphene oxide 

ZIF = Zeolite imidazole frameworks 

3DSC-MFQDs = 3D space-confined MnFe2O4 electrode 

rGO = reduced graphene oxide 

QDs = quantum dots 

NG = nitrogen-doped graphene 

MnFe2O4 QDs@C–NG = MnFe2O4 quantum dots attached on NG are coated with a 

https://www.sciencedirect.com/topics/chemistry/imidazole
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thin carbon layer 

PEDOT = poly (3, 4-ethylenedioxythiophene) 

MG = MnFe2O4 nanocube decorated flexible graphene composite 

MGP = MG wrapped polyaniline 
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Chapter 13 Conclusions and Future 

work 

Using innovative colloidal processing technology, several high-performance 

nanocomposite electrodes with high active mass loading were produced. These 

electrodes effectively utilized the synergistic effects of EDLC and pseudocapacitive 

material properties, contributing significantly to the development of hybrid 

supercapacitor devices.  

The dissertation can be summarized as follows: 

1) Mn3O4 activation was analyzed for the first-time using STXM. The use of QC as 

a dispersant enhances the fabrication of composite electrodes with high active 

mass and capacitance. The effectiveness of QC, a catecholate-type polyaromatic 

compound, arises from its role in co-dispersing and efficiently mixing 

pseudocapacitive Mn3O4 with conductive MWCNT additives. Capacitance 

changes were monitored using CV, EIS, and GCD, coupled with both VSRP and 

FSR activation methods. STXM analysis confirmed that the increase in 

capacitance was linked to the progressive oxidation of Mn3O4 both on the surface 

and within the bulk of the particles, involving redox Mn3+/Mn4+ reactions. This 

study’s methods are expected to be applicable to other pseudocapacitive materials 

like V2O3. 

2) For the first time, RL was used as a capping agent for Mn3O4 nanoparticle 
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synthesis and as a dispersant for Mn3O4 and CNTs, improving their dispersion 

and morphology. This facilitated the production of advanced cathode materials 

for asymmetric supercapacitors. Using RL in method 2 resulted in higher 

electrode capacitance than method 1, achieving up to 6.11 F cm−2. This approach 

reduces the time-consuming activation typically required for Mn3O4 electrodes, 

making it a popular material for supercapacitor applications.  

3) Murexide was used as a capping agent for synthesizing Mn3O4 nanoparticles and 

as a co-dispersant with CNTs. Its unique adsorption mechanisms facilitated 

enhanced electrostatic dispersion and mixing of these materials, significantly 

improving electrode capacitance in Method 2 compared to Method 1. This new 

approach led to record-high capacitances, achieving 6.67 F cm−2 from CV and 

7.55 F cm−2 from GCD, eliminating the need for time-consuming electrode 

activation. This development marks a significant advancement in cathode 

technology for asymmetric supercapacitors in neutral electrolytes. 

4) The use of TQ, CT, and GC as CAs significantly enhanced the synthesis of 5 nm 

Mn3O4 platelet nanoparticles and their integration with conductive MWCNT 

additives. The catechol ligands of these agents facilitated their adsorption on 

Mn3O4 during synthesis, contributing to a reduction in particle size. This 

reduction enabled the production of advanced Mn3O4 -MWCNT cathodes with 

high active mass loadings, leading to substantially increased capacitance in a 0.5 

M Na2SO4 electrolyte. Notably, the smallest Mn3O4 nanoparticles substantially 
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improved the electrochemical performance, achieving capacitance scores as high 

as 9.13 F cm^(-2) at low impedance, surpassing similar MnO2-based cathodes. 

This process also effectively eliminated the lengthy activation typically required 

for Mn3O4-based electrodes, setting a precedent for using nanostructured Mn3O4 

in high-capacity supercapacitor cathodes. This approach shows great promise for 

developing other advanced electrode materials for supercapacitors without the 

need for extensive activation. 

5) HEBM enhanced the capacitances of MnO2-b and Mn3O4-b, surpassing those of 

the as-prepared MnO2-a and Mn3O4-a. QC proved effective as both a chelating 

dispersant for HEBM and a capping agent for Mn3O4 synthesis, leading to 

significantly higher capacitance in Mn3O4-c electrodes. Specifically, Mn3O4-c 

reached capacitances of 8.03 F cm-2 via CP, matching those of MnO2. The 

laborious activation process traditionally required for Mn3O4 was substantially 

reduced for Mn3O4-b and eliminated for Mn3O4-c, making Mn3O4-c a promising 

candidate for high-capacitance, low-impedance hybrid aqueous metal electrodes. 

Continued development of that could potentially enhance performance further, 

leveraging the benefits of advanced synthesis techniques and solid solutions. 

STXM combined with electrochemical testing provided insights into the effects 

of HEBM and CAs on capacitance, revealing a blend of Mn2+, Mn3+, and Mn4+ 

oxides in the materials tested. The predominance of the MnO2 phase in QC-

capped Mn3O4 correlated with higher capacitance and the elimination of 
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activation needs, pointing to further opportunities in Mn3O4 development for 

improved energy storage solutions. 

6) HEBM and catecholate-type GLC enabled the production of advanced 

ferromagnetic LSM electrodes that exhibited both high magnetization and 

capacitance. These electrodes demonstrated nearly ideal pseudocapacitive 

behavior without displaying redox peaks. Capacitances measured at 4.59 F cm-2 

via CP significantly exceeded those reported in existing literature, achieved with 

low electrode resistance. Notably, the capacitance of ferromagnetic LSM in a 

positive potential range in neutral Na2SO4 electrolyte matched or exceeded those 

of ferrimagnetic spinel ferrite-type electrodes in a negative potential range. This 

makes LSM electrodes highly suitable for cathodes in magnetic asymmetric 

devices with both ferromagnetic perovskite LSM cathodes and ferrimagnetic 

spinel anodes, operating effectively in neutral Na2SO4 electrolytes. Additionally, 

fast charge-discharge cycling led to increased capacitance, likely due to changes 

in morphology. 

7) MFO-based electrodes demonstrated pseudocapacitive behavior across both 

negative and positive potential ranges, enhanced by MRX, a redox-active 

dispersant, and GLC. These agents acted as dispersants and charge transfer 

mediators, boosting MFO-MRX's performance beyond that of MFO and MFO-

GLC. MFO-MRX showed significantly higher capacitance in both potential 

ranges than previously reported, which facilitated the development of a 
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symmetric device with a capacitance of 0.92 F cm-2 at 3 mA cm-2, outperforming 

existing models with a broad voltage window of 1.6 V and using an 

environmentally friendly neutral electrolyte. The device and its components 

showed robust cyclic stability, suggesting potential for applications in magnetic 

field-enhanced energy storage, capacitive water deionization, and devices 

exploiting magnetocapacitive effects. 

The findings of this dissertation have tackled numerous challenges associated with the 

production of composite-type SC electrode materials and the construction of SCs. By 

employing gallocyanine as a capping agent during the synthesis of Mn3O4, the 

fabricated electrode achieved a high capacitance of approximately 8 F/cm², which 

surpasses the capacitance of the MnO2 electrode at an identical active material mass 

loading of 40 mg/cm². Additionally, the pseudocapacitance properties of materials 

such as Mn3O4, MnO2, and LSM were enhanced through high-energy ball milling for 

2 hours. This treatment significantly improved the performance of the electrodes, 

particularly for the LSM electrode, which exhibited a nearly sixfold increase in 

capacitance to 3.75 F/cm². Additional focus is required on the impact of magnetic 

properties on SC electrodes and devices. Certain spinel group substances, like 

CuFe2O4, MnFe2O4, and Y3Fe5O12, may be viable options for SCs. Observing the 

influence of material structure on electrochemical behavior is also crucial. To further 

advance the field, innovations in dispersants, colloidal synthesis methods, and HEBM 

along with further advancements, should be directed towards scalable manufacturing 
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and real-world applications. 

 


