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Lay abstract 
The ever-growing realization that our energy consumption as a civilization is not sustainable, has 

fueled people around the globe to imagine and design new methods of energy storage, in 

attempts to mitigate this issue. From the foundational works of scientists, it has become clear to 

see that there is not “one right answer”. Instead, the unique benefits and drawbacks of energy 

storage technologies should be balanced and applied in situations where their properties permit a 

high efficacy. The intention of this work is to assist in the development of new materials to be 

used for energy storage devices called electrochemical supercapacitors. Novel colloidal 

processing techniques were developed, leading to the fabrication of high-performance electrodes, 

and providing further insight to the structure-properties relationship of organic extractors and co-

dispersing agents for the design of nanocomposites. 
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Abstract  
Supercapacitor electrodes were fabricated at a high active mass loading and exhibited enhanced 

electrochemical capacitance. A conceptually new salting-out extraction processing technique for 

the synthesis of dispersed Mn3O4-carbon nanotube (CNT) nanocomposites was developed, 

alleviating the need for hydrophobic solvents. The choice of isopropyl alcohol and NaCl for the 

extraction process offer advantages of an easy upscaling of this process. The salting out 

technique was shown to work with Octanohydroxyamic acid (OHA) and Lauryl Gallate (LG) as 

extractors and dispersants, critical to the success of the extraction. Mechanisms for surface 

adsorption on Mn3O4 and CNT for both OHA and LG are discussed. A secondary project was 

also undertaken, to investigate the use of chlorogenic acid and 3,4,5 – trihydroxybenzamide, as 

co-dispersing agents for MnO2 and CNTs. These molecules are used due to their unique 

structural properties, which are discussed. The electrodes fabricated using these co-dispersants 

showed significant increases in their specific capacitances and SEM imaging indicated improved 

mixing, compared to samples prepared without dispersants. A specific capacitance of 6.5 F g-1 

was achieve at low electrical resistance, attributed to the microstructure of electrodes prepared 

with the co-dispersant molecules. 
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Chapter 1: Introduction 
A supercapacitor is essentially a capacitor that can offer high capacitances, often in the order of 

thousands of Farads. Consider motor capacitors that generally provide between 20-1000 μF[1], 

Maxwell Technologies produces supercapacitors that provide up to 3000F. This magnitude of 

106 F difference is one reason why so much research is being done on supercapacitor devices and 

the materials used in them. The components of supercapacitor devices do not differ greatly from 

electrolytic capacitors, in the sense that they both and contain a positive and a negative electrode  

in an electrolyte, separated by an ion permeable membrane, however the material used for the 

components are significantly different.   

 

Figure 1. Ragone Plot for various energy storage devices[2].  

 

Supercapacitors are not new technology, with the first patent coming from General Electric in 

1957 for a “Low voltage electrolytic capacitor”, using carbon electrodes and providing a 
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capacitance value of 6F at a range of 1-1.5V [3]. Initially these devices attracted very little 

attention, and no significant changes were seen until 1975, when the patent for an “Electrical 

Energy Storage Apparatus” was sold by the Standard Oil of Ohio Company to the Nippon 

Electric Company (NEC). This is when NEC began selling these electrochemical capacitors 

under the name “supercapacitors”. Soon afterwards, these devices were being tested as starters 

for automobiles and gained the attention of other companies such as Panasonic and Maxwell who 

began producing their own supercapacitors[4].  

 

As energy storage devices, supercapacitors are subjected to the same criteria that batteries, fuel 

cells and capacitors are, namely energy to volume ratio, cycling life/stability, and rate of 

charge/discharge, when being selected for an application. Aside from these criteria, there are 

other aspects such as temperature range and overall ease of use, and materials with low toxicity 

and good environmental compatibility are becoming increasingly desirable [5]. Supercapacitors 

can be implemented as augmentations to energy systems, where they are paired with batteries to 

increase the efficiency of systems that have variable power demands, the Caterpillar 6120 hybrid 

is an example of this[6]. Countries have begun integrating supercapacitors into large public 

transport vehicles in China, Germany, France and the United States, with an example of the ISE 

hybrid-electric power train reporting a 25% improvement in fuel economy when compared to 

previous diesel powered buses[7]. These electrochemical devices are not limited to large scale 

applications, and can also be found in flashlights with variable power intensity[6], and capacitive 

de-ionization systems[5].  

 

As stated previously, lots of research has been done on supercapacitors in recent years, so a few 
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metrics have become commonplace to evaluate the performance of these devices. Gravimetric 

capacitance [F g-1], areal capacitance [F cm-2] and mass loading [mg cm-2] are just a few metrics 

that are often mentioned. The first two are important for helping evaluate the economic 

feasibility of an active charge storage material. Mass loading is important for practical 

applications, to evaluate the mass ratio of active charge material to components that do not 

contribute to charge storage, such as the current collector and casing. Commercial 

supercapacitors are often sold with mass loadings greater than 20mg cm-2. Often the mass 

loading is not stated explicitly, it can be easily calculated from product specifications. A 

Maxwell supercapacitor uses activated carbon at about 10% w/w, leading to a gravimetric 

capacitance of 60F g-1  at a mass loading of approximately 35mg/cm-2 [2,5]. One can easily find 

supercapacitors available commercially between 5-1000F, using carbon as an active material, 

from companies such as Maxwell or NEC. 

 

Metal Oxides (MOs) and Conducting Polymers (CPs) have been a focus of recent research due to 

their  high theoretical gravimetric capacitances. MnO2 has been of interest due its theoretical 

capacitance of 1380 F g-1, that makes it very appealing compared to carbon providing 300F g-1. 

This value has been reached, however only using thin films[10], with one reason being the low 

electrical conductivity of MnO2 , another being poor electrolyte permeability, that leads to 

significant reduction of capacitance at higher mass loadings [7,8]. For this reason, carbon 

materials are often combined with pseudocapacitive materials to increase conductivity [9–13]. 

The issue of agglomerates arises when combining MOs or CPs with conductive additives, where 

the reduction of surface area leads to a poor capacitive performance[17]. 
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In this dissertation the focus was the development of new colloidal processing techniques to 

augment the dispersion of MWCNTs and promote mixing of the dispersed MWCNTs with MOs, 

specifically MnO2 and Mn3O4. A secondary focus was put on the co-dispersion of MWCNTs 

with MnO2 with the use of novel dispersants. As a result, 3 papers were published in peer 

reviewed journals, MDPI and Colloids and Surfaces A.  

“Application of Octanohydroxamic Acid for Salting out Liquid-Liquid Extraction of Materials 

for Energy Storage in Supercapacitors”  highlights the specific capacitance of Mn3O4-CNT 

electrodes at a mass loading of 40mg cm-2, fabricated using the novel salting-out colloidal 

processing technique. Multi-functional OHA with Mn3O4, allowed for the dispersion of Mn3O4 , 

as well as acting as a capping agent for the direct particle transfer to a 2-propanol phase for 

electrode processing. The nanocomposite showed a change in surface morphology after 1000 

cycles, correlated with an increase in capacitance. The second publication, “Salting-out aided 

dispersive extraction of Mn3O4 nanoparticles and carbon nanotubes for application in 

supercapacitors” discusses the use of LG-Mn3O4 synthesized using another salting-out extraction 

method. These electrodes showed a higher capacitance and cycling stability after 1000 cycles 

than the electrodes fabricated using OHA. LG is used as a dispersant for MWCNTs with 

adsorption from π-π interactions, and adhesion to Mn3O4 from surface complexing, with SEM 

images indicating improved mixing. These works show the improvement in capacitive 

performance of Mn3O4-CNT electrodes, to a record high 6 F cm-2  for Mn3O4, based on the 

salting-out extraction method surpassing the limitation of other extraction processes, highlighting 

its advantages for fabrication of charge-storage nanocomposites.  

“Dispersant molecules with functional catechol groups for supercapacitor fabrication” 

investigates the use of novel surfactants, chlorogenic acid and 3,4,5-trihydroxybenzamide, shown 
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to have interesting optical and photovoltaic properties, as co-dispersing agents of MnO2 and 

MWCNTs. This work showed the enhancement in electrode capacitance based on 

electrochemical testing and change in cyclic stability, and improved mixing and dispersion of 

both MnO2 and MWCNT when compared to composites fabricated without the use of these co-

dispersants. 

Chapter 2.0: Literature Review 

In this chapter, foundational topics will be addressed before proceeding into the published works 

in the subsequent chapters. First the energy storage mechanisms of supercapacitors will be 

discussed, followed by materials that are being used or are under consideration for 

supercapacitor applications, then electrolytes for supercapacitors, and concluding with 

electrochemical characterization techniques. 

2.1 Supercapacitor energy storage mechanisms 

In this section the two main energy storage mechanisms of supercapacitors will be discussed: 

electrostatic double layer capacitance (EDLC) and pseudocapacitance. Some supercapacitors 

exploit only one of these mechanisms, whereas some incorporate both and are aptly named 

hybrid supercapacitors[18].  

Capacitance is described as charges of opposite polarity, stored on conducting surfaces, 

separated by some distance, and can be calculated using the following equation: 

 𝐶 =
𝑞

𝑉
  

 
(1) 

 
𝐶 = 𝜀𝑑 ∗ 𝜀0

𝐴

𝑑
  

(2) 
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Where C is capacitance, q is the charge stored between the two conducting surfaces, V is the 

potential difference between the two surfaces in Equation (1). For a dielectric parallel plate 

capacitor, the capacitance is dependant on parameters represented by Equation (2), 𝜀𝑑, is the 

dielectric constant of the material between the plates, 𝜀0, is vacuum permittivity, A is plate area, 

and d is the distance between the plates. Following Equation (2) therefore, the capacitance can be 

improved by increasing the dielectric constant, increasing surface area, and reducing the distance 

between charges.  

Capacitance can also be related to the quantity of energy that can be stored by a capacitor which 

may be described using the following relationship:  

 
𝐸𝑠𝑡𝑜𝑟𝑒𝑑 =  ∫ 𝑉𝑑𝑞

𝑉𝑚𝑎𝑥

0

 (3) 

Combining Equation (1) and (3) gives: 

 
𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = 𝐶 ∫ 𝑉𝑑𝑉 =

1

2
𝐶𝑉𝑀𝑎𝑥 

2  
𝑉𝑚𝑎𝑥

0

 (4) 

 

This relationship shows that the amount of energy stored inside a capacitor would be increased 

by having a larger capacitance or using a higher maximum voltage.  

Supercapacitors also need to be able to discharge their stored energy over a short time interval, 

also described as power, to be considered useful in many practical applications. A capacitor’s 

maximum power (Pmax) is related to the potential drop (Vdrop) through the capacitor. The drop is 

described by maximum applied potential (Vmax) minus IRinternal due to the current (I) passing 

through the capacitor’s electrical resistance (Rinternal). To determine the maximum power output 

of a supercapacitor, consider the following equation for power (P): 
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 𝑃 = 𝑉𝑑𝑟𝑜𝑝 ∗ 𝐼 = (𝑉𝑚𝑎𝑥 − 𝐼𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙) ∗ 𝐼  (5) 

Taking the derivative of Equation (5) and setting it to 0 allows for the determination of the 

voltage and current that will provide the max power. 

 𝑑𝑃

𝑑𝐼
= 0 = 𝑉𝑚𝑎𝑥 − 2𝐼𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 

(6) 

 
𝐼𝑝𝑜𝑤𝑒𝑟 =

𝑉𝑚𝑎𝑥

2𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
 

(7) 

 
𝑉𝑝𝑜𝑤𝑒𝑟 = 𝑉𝑚𝑎𝑥 − 𝐼𝑝𝑜𝑤𝑒𝑟𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 = 𝑉𝑚𝑎𝑥 −

𝑉𝑚𝑎𝑥

2
=

𝑉𝑚𝑎𝑥

2
  

(8) 

Substituting into Equation (5)  this leads to the maximum power being described by: 

 
𝑃𝑚𝑎𝑥 =

𝑉𝑚𝑎𝑥
2

4𝑅𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙
  (9) 

Therefore, increasing the capacitance and the maximum potential drop across the electrodes, 

while keeping the internal resistances low would allow for more stored energy and high-power 

delivery.  

2.1.1 Electrostatic Double Layer Capacitance 

The electric double layer was first described by Hermann Von Helmholtz in the 1800’s, where 

two layers of opposite charge accumulate at the surface of metallic electrodes when submerged 

in an electrolyte under an applied potential. The distance between the two layers, characterized 

by the Debye length (≈ 1nm), was magnitudes smaller than the distance between charges in 

traditional capacitors (≈ 1μm), which contributes to the greater capacitance in EDLCs. The 
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charge accumulation at the electrodes within the electrochemical cell can be seen in Figure 2.

 

Figure 2. Diagram of charge distribution within EDLC when discharged, and when charged.[19] 

In 1910 the Gouy-Chapman model was proposed, that accounted for diffusion in the electrolyte 

and highlighted the dependence of capacitance on the concentration of ions in the electrolyte[20]. 

Later the Stern model then combined the Helmholtz and Gouy-Chapman model, indicating that 

ions adhere to the surface of the electrode as described by Helmholtz, while a diffuse layer also 

existed past the Helmholtz layer boundary[21].  

 

 

Figure 3. Depiction of (a) Helmholtz Model (b) Gouy-Chapman Model (c) Stern Model [21] 
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Using an equivalent circuit, a representation of the Stern model can be constructed to explain the 

capacitive contributions of the Helmholtz and the diffuse layer.  

 

 

Figure 4. Illustration of two capacitors in series to represent capacitive contribution from Helmholtz layer and diffuse layer. 

The total capacitance of capacitors in series is calculated as the inverse of the reciprocal sum of 

the components, where i indicates a different capacitive component and n is the total number of 

contributions to the capacitance: 

 

𝐶𝑡𝑜𝑡𝑎𝑙 = (∑
1

𝐶𝑖

𝑛

𝑖=1

)

−1

 (10) 

Applying Equation (10), to the equivalent circuit in Figure 4, the following equation can be 
derived, where the mechanisms of capacitive component are stated in subscript. 

𝐶𝑡𝑜𝑡𝑎𝑙 = (
1

𝐶𝐻𝑒𝑙𝑚ℎ𝑜𝑙𝑡𝑧

+
1

𝐶𝐷𝑖𝑓𝑓𝑢𝑠𝑒 𝐿𝑎𝑦𝑒𝑟
)

−1

 (11) 

As capacitance values are in order of micro or nano Farads, the total in series capacitance will 

not be greater than the smallest of these two capacitances, based on Equation (10). As stated 

earlier, the capacitance from the Helmholtz layer is dependent on the Debye length, which is 

usually much smaller than the distance between charges in the diffuse layer [20], making the 

limiting factor in the total capacitance C Diffuse Layer. The capacitive contribution of the diffuse 

layer is reliant on the ability of ions in the electrolyte to diffuse away from the electrode surface. 

The Debye length and ion diffusion are both, linearly dependant on temperature and inversely 

CHelmholtz CDiffuse Layer  
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dependant on ion concentration in the electrolyte [21]. Therefore, the selection of electrolyte can 

significantly change the capacitive behaviour of the electrochemical cell, which will be discussed 

in a later section. 

2.1.2 Pseudocapacitance 
In the 1990’s Brian Conway published Electrochemical Supercapacitors [21], where he 

describes his work with ruthenium oxide electrochemical capacitors. He describes the ability of 

RuO2 to hold charge as “Pseudocapacitance”, due to its faradaic nature of charge transfer, to 

differentiate it from the electrostatic mechanisms described in EDLCs. Three mechanisms are 

identified for the faradaic charge storage of pseudocapacitive materials: Underpotential, Redox, 

and Intercalation[21].  

 

Figure 5. Visualization of faradaic mechanisms of Pseudocapacitance as described by Conway [22] 

Underpotential deposition is a reversible reaction that can also be referred to as electrosorption, 

and can be seen in practical uses such as capacitive deionization technology[23]. The mechanism 

of underpotential was described using the deposition of lead atoms onto a gold substrate, as seen 

in Figure 5a). The theoretical electrosorption of lead atoms onto the gold substrate follows 

Langmuir’s isotherm, with the major assumption that there are no interactions between the two 
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species [24]. Equation(12) describes the fractional surface area of lead θPb deposited onto the 

gold substrate based on the reaction in Figure 5a): 

 𝜃𝑃𝑏

1 − 𝜃𝑃𝑏
= 𝐾𝐶𝑃𝑏 exp (

𝑉ℱ

𝑅𝑇
) (12) 

Where K is a constant and CPb is the concentration of lead ions in solution. 

The capacitance from the separation of charge accumulated at the surface Cϕ can then be 

described using Equation (13) 

 
𝐶𝜙 = 𝑞𝑃𝑏

𝑑𝜃𝑃𝑏

𝑑𝑉
=

𝑞𝑃𝑏ℱ

𝑅𝑇
𝜃𝑃𝑏(1 − 𝜃𝑃𝑏)   (13) 

However, the assumption that there is no interaction between the lead and the gold causes 

discrepancies with empirical data, where the value of 𝐶𝜙 is of the order of magnitude of 

2000𝐹 𝑐𝑚−2, which 100x greater than that of EDLC[21]. Conway then introduced a term ℊθ to 

account for these interactions. This led to the formulation of Equation (14) 

 
𝐶𝜙 =

𝑞𝑃𝑏ℱ

𝑅𝑇

𝜃𝑃𝑏 ∗ (1 − 𝜃𝑃𝑏)

1 + ℊ𝜃𝑃𝑏(1 − 𝜃𝑃𝑏)
 

 
(14) 

    

Equation (13) and (14) both indicate a maximum capacitance when half of the gold surface is 

covered by lead. When plotted, Equation (14) creates a curve that indicates capacitance being 

spread over a larger potential window and reaching a lower maxima than Equation (13), which 

can be seen in Figure 6.  This correlates to the increase of the redox potential as the number of 

already oxidized adjacent lead atoms increases.  This has been reported numerous times in 

literature, as symmetric cyclic voltammetry curves, that indicate pseudocapacitance changing 

with current and not voltage[15], [16], [22], [25]–[27]. 
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Figure 6. Plot of Capacitance C φ , as a function of  θ and  V, for gθ=0 and gθ>0 [21]. 

Redox pseudocapacitance transfers charge via fast surface reduction and oxidization reactions. 

The ions in solution are electrochemically adsorbed to the surface of the substrate creating 

chemical bonds, unlike those in underpotential depositions. These surface reactions are 

comparable to chemical reactions that occur in a battery yet without undergoing any phase 

changes and interactions only occurring at the surface[28]. The reactions taking place are 

reversible, leading to supercapacitors being able to undergo many charge-discharge cycles 

without experiencing degradation in performance [29]. Similarly to batteries, the energy in these 

reactions can be modelled using the Nernst Equation: 

 
𝐸 = 𝐸0 +

𝑧ℱ

𝑅𝑇
ln (

ℜ

1 − ℜ
) (15) 

 

 
ℜ =

[𝑜𝑥]

[𝑜𝑥] + [𝑟𝑒𝑑]
 

(16) 

   

Where [ox] and [red] are the concentrations of oxidized or reduced species respectively, and z is 

the number of electrons transferred in a reaction. It can be seen in Equation (15) that the energy 
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provided is logarithmically dependant on the extend of the redox reaction, which becomes 

important when considering that these reactions only occur at the surface.  

Intercalating is a phenomenon in which a “host” matrix, changes to accompany a “guest” of 

another species. In recent years there have been discoveries in terms of the underlying principals 

behind intercalating and how it can be used to store energy. One method that intercalating stores 

energy is by expanding the lattice, bringing it to a higher energy state, through an applied 

potential; this mechanism is seen in carbon materials such as graphene, which will expand to 

accommodate cations such as potassium, like as seen in Figure 7.  

 

Figure 7. Intercalating mechanism of Akali metals in carbon matrix [30] 

Another mechanism that has been recently investigated is the intercalating of oxygen in 

perovskite structures. This process involves the insertion of a charged molecule into a lattice 

defect, like a hydroxide seen in Figure 8, which then leads to the rearrangement of Mn atoms in 
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the matrix and changing the oxidation state of a Mn atom from 3+ to 4+. This change in oxidation 

state attracts other hydroxide ions to sit inside interstitial lattice sites, where they can then be 

reduced by another hydroxide leaving a interstitial oxygen atom[31]. This interstitial oxygen 

atom elevates the oxidative state of surrounding Mn atoms, thus storing the energy of the applied 

potential.  

 

Figure 8. Schematic showing the mechanism of hydroxide intercalation in a LaMnO3 lattice [31] 

The energy stored via intercalating can be represented by the Nernst equation factoring in the 

fraction of intercalated lattice sites (X): 
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𝐸 = 𝐸0 +

𝑧𝐹

𝑅𝑇
∗ 𝐿𝑛 (

𝑋

1 − 𝑋
) (17) 

 

The energy storage relationship for each of these pseudocapacitive mechanisms can be seen in 

the summary provided in Table 1. 

Table 1. Relations for the three Faradaic charge mechanisms identified by Conway [21] 

 

2.2 Advanced Electrode Materials 
In this section supercapacitor electrodes will be broken into three types of material classifications: 

conductive polymers, carbon-based compounds, metal oxides.  

2.2.1 Conducting Polymers 

Conducting polymers (CP) have strong potential to be used as bendable supercapacitor materials, 

due to their high flexibility compared to carbon and metal oxide materials, as well as low weight 

and cost[32]. Polymers of particular interest are polyaniline(PANi) and polypyrrole (PPy), due to 
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their excellent conductivity [33] and high capacitance [12], and they will be the focus of this 

section. Other examples of potential CPs for supercapacitor applications include but are not 

limited to: Poly-acetylene, polythiophene, and poly(3,4-ethlyenedioxythiophene)[32]. 

 

Figure 9. A) Polyaniline monomer B) Polypyrrole monomer  

One of the earliest report of the synthesis of polyaniline was back 1862[33], meaning this 

polymer is no longer a new discovery. After its discovery little was reported on the polymer 

material, until the emergence of new characterization techniques in 1980s, after which it begun 

to gain popularity, where it was used in applications such as polyethylene welding, gas 

separation membrane, corrosion protective coatings. For supercapacitor applications, polyaniline 

has attractive properties such as high dopant compatibility, and electrochemical stability[5] at a 

cost that is generally lower than PPy[33]. Due to its high compatibility with dopants, PANi is 

often used in composite supercapacitor electrodes and literature shows a variation in capacitive 

results between 80 to 800 F g-1 [5]. 

 

Polypyrrole was first electrochemically synthesized in 1968, and later chemically synthesized in 

B A 
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1973 [33]. PPy has a theoretical gravimetric capacitance of 620 F g-1 , and as a CP its properties 

make it suiting as a material for supercapacitor electrodes. PPy also can show a very high 

conductivity for a polymer of around 600 S/cm [34], which makes its an appealing option from a 

versatility stand point such that it maybe be used a conductive additive or the charge storage 

material. PPy similarly to PANi, has also been used extensively in composite supercapacitor 

electrodes due to its compatibility with carbon-based compounds. Reports from literature have 

shown PPy based electrodes to have gravimetric capacitance values from between 30 to 400 F g-1 

[5]. The monomers shown in Figure 9, do  not intrinsically show high electrical conductivity. The 

electrical conductivity of these polymers is heavily dependant on the synthesis process, where 

conductivity is dependant on the amount of dopants and degree of background conjugation [35]. 

The main disadvantages of using CPs are that they have lower theoretical capacitance values 

than metal oxides and carbon compounds, and their poor cycling stability [12].  

2.2.2 Carbon Materials 

From section 2.1 it was identified that capacitance could be increased, by using materials with 

high surface area, low electrical resistance, and good thermal stability. Carbon materials can be 

manipulated into many different morphologies, varying from the buckminsterfullerene to 

diamonds, leading to carbon materials having a wide range of properties. Many carbon 

compounds have high electron mobility and can exhibit a very high specific surface area (1000-

3000 m2g-1), such as graphene and activated carbon [36], that make them good candidates for use 

in supercapacitor electrodes. 

Graphene was first created in 2004 by professors in Manchester, who discovered this single 

layered carbon material by using sticky tape to separate layers of graphite[37]. Since then, 

graphene has been tested extensively, with scientists finding applications for graphene in 
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biomedicine, composites, coatings, and sensors. Graphene has the highest theoretical intrinsic 

capacitance of any carbon material at 550 F g-1, that stems from a monolayer structure and high 

theoretical specific area of approximately 2600 m2/g [38]. Graphene however has a tendency to 

stack and agglomerate leading to a reported capacitance value 190F g-1
 [38] much lower than the 

theoretical 550F g-1. Agglomeration is a challenge posed by use of nanomaterials and will be 

addressed in a later section. Graphene alone may not yield the best capacitance, however due to 

its honeycomb monolayer structure it makes it an excellent candidate for fabricating composite 

materials. 

Activated carbon is a commonly used carbon material for supercapacitor electrodes, as it 

provides good gravimetric capacitance for its relative ease to synthesize, and is relatively 

inexpensive, when compared to materials such as RuO2. Depending on the manufacturing 

procedure it can be manipulated to obtain an extremely high specific surface area, reported 

values of up to 3000m2
 g

-1.. A 2009 article reported an areal capacitance of activated carbon as 

<10 μF cm-2,  less than half of the theoretical 25 μF cm-2
  [39]. Zhang proposed that the 

diminished capacitance was likely due to restricted permeability of the electrolyte in the 

nanopores that would limit ion diffusion. This hypothesis was reinforced by the lower reported 

capacitance of high porosity carbon electrodes in organic electrolytes compared to aqueous 

electrolytes[39]; this discrepancy highlights the importance of diffusion kinetics in electrolytes. 

Carbon nanotubes (CNT) are a cylindrical version of graphene, where single or multiple layers 

of graphene are wrapped into a tube shape. CNTs were actually discovered before graphene in 

1991, and they were soon praised for their electric conducting capabilities (≈5S/cm) [40]. The 

specific surface area of CNT ranges greatly depending on it’s structure which is influenced by 

the method of manufacturing, with a 2001 article reporting a range of 50-1315 m2/g with 
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1315m2/g being the theoretical maximum [41]. There have been reports of incredible increase in 

electrical conductivity (>103S/cm) of MOs with additions CNTs at less than 5wt% [40], and 

percolation theory may be helpful in describing this phenomenon. Percolation theory is used in 

statistical physics to investigate and describe the behaviour of networks when nodes are added or 

removed, in materials science it can help describe the transition from non-metal to metal 

electrical conductivity known as the percolation threshold[42]. The high aspect ratio of single 

walled CNTs imparts a low percolation threshold at around 0.1wt% [43], meaning that small 

quantities are needed to drastically increase conductivity in composite materials, making them a 

very appealing additive.  

A summary of activated carbon, graphene, CNTs and other carbon materials for use in EDLC 

capacitor applications is shown below in Table 2. 

Table 2. Comparison of properties of carbon materials for use in EDLCs. [44] 

 

 

2.2.3 Metal Oxides 

Many MOs have been investigated as potential materials for supercapacitor electrodes, which 

include but are not limited to: Ni, Fe, Co, Mo, V, Bi, Mn, Ti and Ru oxides. For this chapter, the 

focus will be directed at Mn and Fe oxides, as they are considered as low cost, low toxicity and 

exhibit good capacitive performance[6, 36, 37] making them good candidates for supercapacitor 



Masters Thesis – K.Rorabeck – McMaster University – Materials Engineering 

20 

 

electrodes.  

In 1999 Lee and Goodenough, were one of the first to publish research on manganese oxides for 

use as a pseudocapacitive materials. They projected that its lower material cost and KCl 

electrolyte could make it a more commercially viable material for a supercapacitor compared to 

ruthenium oxides, even though it had less than half the capacitance[46]. Now MnO2 and Mn3O4 

are regarded as choice materials for pseudocapacitive electrodes because of their abundance in 

nature, high specific capacitance (1370 F g-1) and low environmental impact [6, 9, 37]. These 

oxides exhibit poor electrical conductivity(≈10-5 S/cm) , which can lead to severe degradation in 

capacitance[47, 48].   

The charge storage mechanism for MnO2 is generally considered to stem from the change in the 

oxidation state Mn from 3+ to 4+, however as mentioned on page 10, pseudocapacitance can be 

attributed to 3 different mechanisms. MnO2 has many possible morphologies, and the 

contribution of each of these mechanisms is dependant on the morphology. For example, the 

specific surface area of MnO2 can vary from 20 to 300 m2 g-1 based on its structural 

orientation[11], which can greatly vary the extent of surface redox reactions. The different 

polymorphs of MnO2 can be seen in Figure 10, γ-MnO2 offers good proton intercalation, and as 

such is often used in alkaline batteries[49]. The lattice parameters of these morphologies differ as 

well, leading to significant changes in ability for ions to insert and de-insert depending on 

spacing between lattice sites. 
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Figure 10. Polymorphs of Manganese Dioxide [49]. 

In 2004 Toupin reported XPS results for MnO2 thin filmed electrodes[10], that indicated the role of Na+
 

ions from the electrolyte engaging in the following surface reactions with MnO2  : 

 𝑀𝑛𝑂2 + 𝐻+ + 𝑒−  ↔ 𝑀𝑛𝑂𝑂𝐻 (18) 

 𝑀𝑛𝑂2 + 𝐶+ + 𝑒−  ↔ 𝑀𝑛𝑂𝑂𝐶 (19) 

 (𝑀𝑛𝑂2)𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐶+ + 𝑒−  ↔ (𝑀𝑛𝑂2) (20) 

Where H+ represents a proton and C+ an alkali cation in Equations (18) and (19), for the intercalation 

during reduction, after which the proton or ion becomes deintercalated during oxidation. Equation (20) 

specifically addresses the surface adsorption of C+ , as described by the underpotential deposition.  

Another oxide of manganese, Mn3O4 has also been probed for its electrochemical storage capabilities, 

however has historically shown lower capacitance than MnO2 according to literature [41–45]. It has been 

hypothesized that due to the spinel structure of Mn3O4 it is less able to intercalate with electrolyte cations, 

resulting in lower capacitance values [11]. One large beneficial aspect of Mn3O4 is that it can be 

synthesized from a 2+
 state, rather than MnO2 which is often synthesized from the  7+ oxidation states. 

This would allow for the “in-situ”  use of organic surfactants for Mn3O4 synthesis, which is not possible 
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for syntheses using KMnO4 as a precursor. The strong oxidizing properties of Mn7+
 cause it to react with 

many organics and the use of surfactants is rendered ineffective from these oxidation reactions.  

Iron oxides have gained interest in the scientific community, for their use as a negative electrode in 

supercapacitor devices, in particular Fe3O4. Based on Equation (10), the in-series capacitance is limited 

by the lowest capacitance value in the series. There have been many reports of materials that have high 

capacitive properties as positive electrodes, however few have been reported with the same values for 

negative electrodes [6,41,46,47]. Similarly to Mn oxides, it is believed that surface redox reactions are 

main contributors to the capacitance of Fe oxide based electrodes, however there has been a study which 

also indicated that the magnetization also plays a role in the capacitive performance [56]. In a recent 

studies done by Nawwar [49,50], supercapacitor devices were fabricated using MnO2 as a positive 

electrode and Fe3O4 as a negative electrode. In the studies, modifications of the Fe3O4 electrodes using 

polyaromatic dispersants resulted in good capacitive performance for negative electrodes When used in 

the fabrication of an asymmetric device with MnO2, the specific capacitance dropped by nearly 50 % 

[58], which can be reasoned by Equation (10), as the two electrode are connected in series.  

2.3 Supercapacitor electrolytes 

 

Figure 11. Flow chart for possible supercapacitor electrolytes.[59] 
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The selection of the electrolyte that is used for supercapacitor devices plays a critical role in the 

overall performance, due to factors such as the voltage stability and electrical resistance. These 

factors influence the electrochemical performance based on the parameters mentioned in Equations 

(1)(9)and (15), and from which one can deduce some optimal characteristics for the ideal electrolyte; 

in terms of performance: high ionic conductivity, large voltage stability range, high thermal stability 

and overall compatibility with electrode materials. Though it should also be considered for the 

commercial production and viable of supercapacitor devices these electrolytes should also be: non 

toxic, non flammable, have a low environmental impact and low production cost[60]. Following a 

review by Zhang, the following types of electrolytes will be discussed: aqueous, organic and ionic. 

Aqueous electrolytes are generally categorized by their pH, as acidic, basic or neutral. These 

electrolytes can have high ion conductivity and provide low equivalent electrical resistance, with 

aqueous sulfuric acid and sodium sulphate as examples. Researchers have looked into using redox 

additives to optimize the performance of supercapacitor devices, with two studies showing that using 

multiple redox additives can lead to notable increases in capacitive behaviour, and cyclic stability 

[60]. These additives varied depending on the pH of the electrolyte that was used and was 

summarized in Table 3: 

Table 3. Summary of additives for different aqueous electrolytes 

Aqueous Electrolyte 

Type 

Possible additives 

Acidic KI, NaMoO4, viologen substances, different 

moieties of hydroxybenzoic acid 

Basic K3Fe(CN)6  and phenylenediamine 

Neutral KI, K3Fe(CN)6 , and viologens 

As seen in Figure 11, aqueous electrolytes are often used due to their ease of access, low cost, low 

environmental impact, and high capacitance; and as such are the electrolyte of choice for many 

researchers. They do however have smaller voltage windows (usually less than 2V) than organic 

electrolytes due to the decomposition of water. Na2SO4 is a near pH neutral electrolyte, inert to many 
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MOs and CPs, that may be dissolved by acidic or basic environments, making it a good electrolyte 

for asymmetric devices. As well, it is an environmentally friendly option when compared to 

electrolytes like tetraethyl ammonium tetrafluoroborate. For reasons mentioned above, aqueous 

electrolytes were used for the entirety of this research project, specifically Na2SO4.  

Organic electrolytes are composed of an organic solvent mixed with an ionic salt, where acetonitrile 

is a common solvent and tetraethyl ammonium tetrafluoroborate is often used as a salt[60]. A well-

suited organic electrolyte can usually operate in a range of around 3V, meaning they will be able to 

store more energy according to Equation (3), than aqueous electrolytes that would undergo 

hydrolysis. Although organic electrolytes offer better a larger voltage window leading to greater 

energy storage, they are toxic, flammable and costly [19]. Similarly, to aqueous electrolytes, redox 

additives may also be added into organic electrolytes to increase their electrochemical properties, 

however the options are more limited as the additives should only be active with certain functional 

groups.  

Ionic liquids have the highest voltage stability of the three types of electrolytes, where they can 

operate from between 3 to 4V, meaning they have potential to significantly increase the energy and 

power density compared to aqueous electrolytes. Though for their better electrochemical stability, 

oxidation  and high temperature resistance, liquid ionic electrolytes come with a plethora of 

problems. Their high viscosity leads to poor diffusion and low ionic conductivity, and these salts are 

highly toxic[61].  

2.4 Electrochemical characterization  

It is key to understand the electrochemical behaviour of materials to determine whether they exhibit 

properties that would make them suitable for supercapacitor applications. Three different methods 

were used in this research to test the energy storage properties of fabricated electrodes which are: 
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Electrochemical Impedance Spectroscopy(EIS), Cyclic Voltammetry(CV) and Galvanostatic Charge-

Discharge (GCD). These methods all evaluate different aspects of electrochemical behaviour and 

thus give slightly different results when analyzing the capacitive properties of an electrode[5]. The 

equations used to calculate the specific capacitance of each method are provided in [5], and this 

section will focus on theoretical aspects of these three methods of electrochemical characterization. 

EIS is a method of measuring the impedance in a material as a function of the AC frequency. A 

medium which exhibits only resistive properties will reduce the amplitude of the signal, while 

capacitive materials cause a phase shift in the wave of up to 90 degrees. The resulting measure can 

then be split into imaginary and real components, to allow for a meaningful comprehension of the 

output. This is done by using a 3-electrode set-up composed of a working, reference, and counter 

electrode. The reference electrode allows for the measure of potential while the counter electrode is 

used to measure the amount of current passed [62]. The results from the EIS measurements; the 

resistive (real) and capacitive (imaginary) contributions of impedance, are then often plotted on 

either a Bode (real/imaginary vs frequency) or a Nyquist plot (real vs imaginary). Based on the 

characteristics of these curves a few things can be determined about what is happening as the EIS 

measurements are being taken, such as estimate internal resistance and identify relaxation frequency.  

GCD is a technique that is often used in the testing of Li-ion batteries, used to characterize their 

maximum capacity in Amp hours (Ah), by determining the amount of time to completely charge or 

discharge a cell with a given current. For example, a battery that charges to completion in 1 hour at a 

current of 2.2A would have a maximum capacity of 2.2Ah. This measurement can also be applied to 

the amount of time required to completely discharge the cell to determine the capacity[63].         
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Figure 12. Cases of potential vs time for GCD measurements of supercapacitor electrodes [64] 

In Figure 12, A represents the ideal case, where an electrode that is charged to some potential value 

then discharged, at a given current and exhibits only linear behaviour. When there are series 

resistances such as diffusional limitations at the electrode surface, they will be manifested as an IR 

drops at the peak voltage where the switch from charge to discharge occurs, that can be seen in B. If 

the cell is tested in a potential range that exceeds the electrochemical stability of the electrolyte used, 

the current will begin to drop as the electrolyte begins to decompose. This results in a change in the 

slope during charging, as seen in C. These factors considered, if capacitance is to be calculated using 

this method, the curves should exhibit linear behaviour, however correction factors can be used to 

adjust for deviations in linearity [5]. GCD is another useful tool for characterizing the 

electrochemical behaviour of cells as it allows researchers to easily determine if the potential window 

that is being used is appropriate for the electrolyte that was selected. GCD can also be helpful in 

identifying if non ideal resistive characteristics have manifested, that may stem from low electrical 

conductivity in the dielectric material, or low electrolyte permeability that may stem from high 

binder concentrations[64].  

CV in contrast to GCD measures the current response of a cell when a varying potential is applied. 

Similarly, to GCD, the diffusion in the electrolyte is the only means mass transport to the electrode 

surface, while the electrolyte is not stirred. The cations from the electrolyte that are within the Nernst 
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diffuse layer will be first to react with the electrode, as described in Equations (19) and (20). As the 

reaction proceeds and more Mn4+/3+ are converted, to the point where all the C+ at the surface become 

intercalated or adsorbed, the distance that additional C+ must diffuse to reach the electrode increases, 

a peak will be generated[65]. However, for supercapacitors their CV behaviour differs due to the 

nature of EDLC and pseudocapacitance as was described earlier. Instead, due to the nature of the 

reversible reactions surface reactions, a box shaped curve is used to describe the ideal capacitive 

behaviour of a supercapacitor. This box shape leads to a maximization of area for a given potential 

window, resulting in a higher calculated capacitance value. In Figure 13 a near box shape curve is 

displayed from an Mn3O4 sample that was tested during the course of this research project. The 

integrated value of the voltammogram curve is equal to the charge, represented in yellow and this 

area is then divided by the potential window to calculate the capacitance.   

 

Figure 13. Cyclic voltagram with highlighted charge area from OHA dispersed Mn3O4 CNT electrode at a scan rate of 2 mV s-1. 

At scan rates of less than 5 mV s-1, slower reactions can occur and contribute to the overall calculated 

charge, while at higher scan rates these reactions are “cut short” before the applied potential is 
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switched, which often results in a lower calculated capacitance[5]. Cyclic voltammetry can give 

indications of the magnitude of the time constant depending on the rounding of the corners as is seen 

at  0.075V and 0.85V on Figure 13, as well as the occurrence of different redox reactions taking place 

at different potentials.    

Chapter 3 – Electrode Fabrication 
In this chapter methods of electrode fabrication will be discussed, including electrophoretic 

deposition, hydrothermal synthesis, chemical precipitation, surfactants and dispersant materials, 

and liquid-liquid extractions.  

In the fabrication of a supercapacitor electrode, the active charge material should be deposited on 

a current collector, and there are a few methods of achieving this, one of which is electrophoretic 

deposition (EPD). EPD uses the motion of charged particles,  inside a suspension under an 

applied potential, to cause the particles to form deposits on the electrode surface [17]. For this 

method to be applicable to the fabrication of supercapacitor electrodes, the active material that 

should be deposited onto the current collector needs to be charged. In the case of MOs such as 

MnO2, the use of surfactants can be beneficial as to impart a charge so that nanoparticles may be 

deposited on a substrate using EPD, as well as improving their dispersion in solution. Electrodes 

fabricated using EPD often show uniform coating thicknesses, even for non-flat substrates, 

allowing for good electrolyte access. Literature shows that MnO2 electrodes fabricated using 

EPD yield very good gravimetric capacitance when small amounts of mass are deposited[74,75]. 

The low active mass leads to low areal capacitance, highlighting the need for high mass loading 

electrodes.  

Hydrothermal synthesis of oxide materials is another method of synthesizing active materials 

such as MOs for supercapacitor electrodes. This method of active materials synthesis allows for 
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a well-controlled tuning of morphology, particles size and particle distribution[68]. This can be 

extremely beneficial as different nanoparticle morphologies have been shown to have varying 

specific capacitances [5]. Unlike in EPD the material must still be adhered to the surface of the 

current collector after it has been synthesized. Though this method allows for the fine tuning of 

nanostructures, it often requires expensive equipment (autoclaves and furnaces), high synthesis 

temperatures and can pose an issue that the material cannot easily be monitored when inside the 

autoclaves.  

Chemical precipitation is a method that is used often in water purification; however, it may also 

be used to synthesize oxide materials for supercapacitor electrodes. By quickly adjusting the pH 

of a solution containing dissolved salts, like Mn(NO3)2, a precipitation reaction can be induced,  

allowing for the synthesis of nanoparticles. These nanoparticles however are energetically 

unfavourable due to their high surface area and will agglomerate without the use of a dispersing 

agent. Similarly, to using the hydrothermal method, after the material is synthesized it needs to 

be adhered to the current collector, and this is usually done using a polymer binder such as 

PTFE, PMMA or PVB. In traditional methods, the nanoparticles would be allowed to air dry, 

mixed with conducting additives, then the binder solution would be added. During this drying 

process, the nanoparticles can become agglomerated, reducing the effect of the conducting 

additives. In the case of PVB the binder is soluble in organic solvents, and has poor solubility in 

water, so the nanoparticles should be transferred from their aqueous synthesis medium to an 

organic solvent. To avoid the drying step, the transfer to the organic solvent can be done by 

performing a liquid-liquid extraction (LLE). 
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Figure 14. Schematic of a liquid-liquid extraction [69]. 

Figure 14 indicates the surface level simplicity of LLEs, where an immiscible solvent is poured into a 

separatory funnel with the liquid containing the desired substance(s), the flask gets shaken, is left to sit, 

the two liquids separate, and a solute enriched solution (extract-gray) and solute depleted solution 

(raffinate-blue) are left. The raffinate can then easily be poured out from the spout at the bottom of the 

funnel. In this simplified case, the desired substance is more soluble in the gray solution and is therefore 

easily extracted from the blue solution, however a couple issues arise if we consider the following 

possibilities that are addressed in this work: 

1. There is more than one substance inside the blue solution, which may also be extracted.  

2. The substance of interest is preferentially soluble in solvents like the blue solution (for example 

polar solvents). 

To overcome these issues, organic extractor agents were used. An organic extractor can be used to 

selectively modify the surface of the desired substance, and in doing so, change its solubility[70]. Once 

modified, the desired substance will become hydrophobic and unstable in an aqueous environment and 

preferentially migrate into organic solvents, such as 1-butanol [71]. This modification and extraction has 
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been successfully performed on a number of MO nanoparticles by the Zhitomirsky group[72], and has 

been coined as Particle Extraction through a Liquid-Liquid Interface (PELLI). 

The PELLI technique has allowed the Zhitomirsky group to fabricate electrodes with high areal 

capacitances at high mass loadings (greater than 10mg/cm2)[73]. The technique focuses on the aspect 

that particles behave differently at the interface of two immiscible liquids, where particles of small enough 

radius tend to become fixed to this interface, an image of this can be seen in Figure 15.  

 

Figure 15. Carbon nanotubes fixed at the interface of a brine (bottom), and isopropanol (top). 

The energies required to migrate the particles into either of the two liquids are represented below: 

R is the radius of the particle 

γ is the surface tension between two liquids 

θ is the angle of particle contact, measured through water 

 𝐸𝑜 =  𝜋𝑅2𝛾(1 + cos 𝜃)2 (21) 

Eo is the energy required for the particle to be desorbed from the LLI into the organic solution 
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𝐸𝑤 =  𝜋𝑅2𝛾(1 + cos 𝜃)2  (22) 

Ew is the energy required for the particle to be desorbed from the LLI into the water.  

Once bound by the liquid-liquid interface the particles will not have the energy required to overcome the 

surface tension of either liquid. The mobility of the particles at the interface is restricted[74], which allows 

the extractor to more easily adsorb to the surface of the particle. Once the extractor is adhered to the 

surface of the particle, it provides enough energy through repulsive forces to pull the particles into one of 

the two liquids dependant on the extractor used.  
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Chapter 4 – Objectives 
As shown in the literature review, there are different ways of improving the electrochemical 

performance of a supercapacitor. The testing of organic extractors, capping agents, dispersants, and 

surfactants containing different functional groups is one way the Zhitomirsky group is addressing the 

issue of poor mixing of manganese oxides with MWCNTs. Another is the development of colloidal 

processing techniques. The objectives for this work, are outlined below: 

1. Investigate the use of novel dispersing agents to encourage mixing between metal oxides and 

MWCNTs 

2. Develop a method of colloidal extraction that facilitates the synthesis of nanocomposite 

materials  

3. Fabrication of high mass loading nanocomposite electrodes and testing their electrochemical 

performance 

4. Materials characterization of the composite electrode surfaces, to investigate the influence of 

dispersants on structure and mixing.    
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Abstract. The ability to achieve high areal capacitance for oxide-based supercapacitor 

electrodes with high active mass loadings is critical for practical applications. This 

paper reports the feasibility of the fabrication of Mn3O4-multiwalled carbon nanotube 

(MWCNT) composites by the new salting-out method, which allows direct particle 

transfer from an aqueous synthesis medium to a 2-propanol suspension for the 

fabrication of advanced Mn3O4-MWCNT electrodes for supercapacitors. The 

electrodes show enhanced capacitive performance at high active mass loading due to 

reduced particle agglomeration and enhanced mixing of the Mn3O4 particles and 

conductive MWCNT additives. The strategy is based on the multifunctional 

properties of octanohydroxamic acid, which is used as a capping and dispersing agent 

for Mn3O4 synthesis and an extractor for particle transfer to the electrode processing 

medium. Electrochemical studies show that high areal capacitance is achieved at low 

electrode resistance. The electrodes with an active mass of 40.1 mg cm−2 show a 

capacitance of 4.3 F cm−2 at a scan rate of 2 mV s−1. Electron microscopy studies reveal 

changes in electrode microstructure during charge-discharge cycling, which can 

explain the increase in capacitance. The salting-out method is promising for the 

development of advanced nanocomposites for energy storage in supercapacitors. 

Keywords: manganese oxide; supercapacitor; salting-out; dispersion; extraction; 

capacitance 

 

1. Introduction 

Supercapacitors are currently under development for various energy 

storage applications [1,2]. Investigations in this research area are focused on 

the synthesis of advanced electrode materials by different fabrication 

methods [3–8], optimization of electrolytes [9], design of nanocomposites 

[10–13], and modeling [14]. The synthesis of non-agglomerated particles of 

controlled shape and composition is of particular importance for 

supercapacitor technology [15–17]. Many investigations have focused on the 

manufacturing of wearable and flexible devices [18–20]. There has been 

significant progress in the development of advanced electrode 

microstructures [21–23], which facilitate charge-discharge reactions. 

Recent studies have highlighted the need for the development of 

efficient electrodes with high active mass loading and the low mass of passive 
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components [24]. It should be noted that high gravimetric capacitance is 

achieved only in thin films. However, the increase in active mass results in 

poor electrolyte access to the active material and high resistance. Therefore, 

the gravimetric capacitance decreases with increasing active mass. Improved 

material performance at high active mass is achieved using advanced 

techniques for the synthesis of porous materials and the design of advanced 

structures by template methods [24–26]. Novel research avenues have been 

proposed for the fabrication of nanoparticles of controlled size and shape 

[27,28]. The capacitive properties of electrodes are enhanced by the 

development of nanorods, nanowires, nanotubes, as well as lamellar, hollow, 

and core-shell particles of different capacitive materials [27,29,30]. New 

strategies have been developed for the fabrication of nanocomposites by 

heterocoagulation techniques, which involve electrostatic interactions or 

Schiff base reactions [24]. Significant progress has been achieved in the 

development of new dispersing agents for inorganic particles, graphene, 

carbon nanotubes, and other capacitive materials and conductive additives 

[31,32]. 

The need for supercapacitor electrodes with enhanced performance at 

high active mass has driven the development of particle extraction through a 

liquid–liquid interface (PELLI) method [33] for agglomerate-free processing 

of inorganic nanoparticles. The method allows direct particle transfer from 

the synthesis medium to a device processing medium, avoiding particle 

drying and re-dispersion stages. It has been shown [33] that the driving forces 

for particle agglomeration during the drying stage are the reduction of 

surface area and surface condensation reactions. Different PELLI strategies 

have been developed, such as bottom-up and top-down strategies. Various 

chelating organic molecules have been utilized as extractors, enabling 

particle transfer through the interface of two immiscible liquids [33]. The 

PELLI method has allowed for enhanced mixing of non-agglomerated 

particles of different capacitive materials with conductive additives and 

fabrication of electrodes with high areal capacitance and low resistance [24], 

which are achieved as a result of an enhanced material performance at high 

active mass. Despite the success in the application of PELLI in the 

development of advanced electrodes with high areal capacitance, the PELLI 

technique has limitations. Particle synthesis is usually achieved in an aqueous 

phase, and it is challenging to avoid agglomeration during synthesis. 

Extractor molecules are usually accumulated at the liquid–liquid interface 

with their hydrophilic groups exposed to water and hydrophobic 

hydrocarbon chains extending into the organic phase. Inorganic particles are 

modified at liquid–liquid extraction (LLI) and extracted into the organic 

phase after synthesis. Hydrophobic receiving liquids, such as 1-butanol, are 

immiscible with water. Moreover, 1-butanol has a relatively high boiling 

point. As a result, it is difficult to remove adsorbed 1-butanol molecules from 

the particle surface. The adsorbed hydrophobic 1-butanol molecules are 

detrimental to the access of an aqueous electrolyte to the particle surface. 

The goal of this investigation was to develop Mn3O4-multiwalled carbon 

nanotube (MWCNT) electrodes using a new extraction strategy and avoid the 

limitations of the PELLI method. The approach was based on the use of 2-

propanol as a receiving liquid instead of 1-butanol. It is important to note that 

2-propanol is miscible with water. However, 2-propanol can be separated 



Masters Thesis – K.Rorabeck – McMaster University – Materials Engineering 

41 

 

from an aqueous phase by the addition of salts, such as NaCl. The approach 

developed in this investigation involved the synthesis of Mn3O4 in an 

aqueous phase, the addition of a suspension of MWCNT in 2-propanol, co-

dispersion, and mixing of Mn3O4 in the water-2-propanol mixture, salting out 

the 2-propanol phase, and extraction of Mn3O4 and MWCNT into the 2-

propanol phase. The approach is conceptually different from the partitioning 

of organic compounds in a mixture of water and an organic solvent using a 

salting-out effect. In our investigation, Mn3O4 particles were synthesized in 

an aqueous phase. The synthesis was performed in the presence of an 

extractor, which acted as a capping agent for the synthesis and a dispersant 

for Mn3O4. The phase separation of aqueous and 2-propanol phases was 

achieved after synthesis by the addition of NaCl. The method allowed for the 

extraction of Mn3O4 and carbon nanotubes into the 2-propanol phase and 

their efficient dispersion and mixing. In this approach, the problem related to 

the adsorption of hydrophobic 1-butanol on the particle surface was avoided. 

The use of octanohydroxamic acid (OHA) as an extractor, capping, and the 

dispersing agent was a key for the successful fabrication of high active mass 

electrodes with high areal capacitance and low impedance by the salting-out 

particle extraction. 
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2. Results and Discussion 

In this investigation, crystalline Mn3O4 material was prepared by a 

chemical precipitation method. Figure 1 shows the X-ray diffraction pattern 

of the obtained material. It exhibits diffraction peaks, corresponding to the 

JCPDS file 24-0734 of Mn3O4. For the fabrication of supercapacitor electrodes, 

Mn3O4 particles must be transferred from the aqueous synthesis media to an 

organic solvent containing a dissolved binder. A water-insoluble binder 

provides electrode stability in an aqueous electrolyte. Mn3O4 particles must 

be co-dispersed with conductive MWCNT in an organic solvent to achieve 

good mixing. 

 

Figure 1. X-ray diffraction pattern of the as precipitated material (▼—peaks 

corresponding to JCPDS file 24-0734 of Mn3O4). 

A traditional strategy involves washing, drying, and redispersion of 

particles in an organic solvent. However, as pointed out above, drying leads 

to particle agglomeration, which results in their poor mixing with conductive 

additives and poor electrode performance. PELLI method [33] allows for the 

direct transfer of oxide particles from an aqueous synthesis medium to an 

organic medium for electrode fabrication, thus avoiding particle 

agglomeration during the drying step. In many previous investigations, 1-

butanol was used as a receiving liquid, which is immiscible with water. The 

superior capacitive behavior of electrodes, prepared using PELLI [33], was 

linked to the reduced agglomeration of capacitive materials and their 

improved mixing with conductive additives. However, there are difficulties 

related to the adsorption of hydrophobic 1-butanol on the surface of 

inorganic particles and carbon nanotube additives. The adsorbed 

hydrophobic 1-butanol limits the access of aqueous electrolyte to the active 

material surface. The relatively high boiling point of 1-butanol introduces 

problems with its removal. This reduces the benefits of PELLI for the 

fabrication of supercapacitor electrodes. To overcome these obstacles, we 

explored the salting-out method, which is conceptually different from the 

PELLI method. Figure 2 shows a schematic of the procedure used for Mn3O4 
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synthesis, mixing with MWCNT, and salting out of the mixture of Mn3O4 and 

MWCNT to the 2-propanol phase. Figure 3 shows a suspension of Mn3O4 and 

MWCNT dispersed using OHA in a mixture of water and 2-propanol before 

and after salting out. 

 

Figure 2. Schematic of Mn3O4 synthesis, mixing with multiwalled carbon nanotube (MWCNT), and 

salting-out method. 

 

Figure 3. Suspension of Mn3O4 and MWCNT dispersed using octanohydroxamic 

acid (OHA) in a mixed water-2-propanol solvent (A) before and (B) after adding 

NaCl. 

The salting-out method does not involve particle transfer through the 

liquid–liquid interface. It is based on the use of 2-propanol as a receiving 

liquid, which is miscible with water and has a relatively low boiling point. 

Moreover, 2-propanol and water form an azeotrope at a 2-propanol 

concentration of 87 wt% with a low boiling point of 80.3 °C [34]. The salting-

out method was used for the separation of 2-propanol from an azeotropic 

water-2-propanol mixture [34]. It has previously been shown that salting out 

phase separation of 2-propanol and water can be used for the selective 

extraction of Co(II) [35] and Au(III) [36] ions. In our investigation, the salting-

out method was developed for the extraction of Mn3O4 particles and 

MWCNT. In this approach, salting out resulted in a separation of 2-propanol, 
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containing Mn3O4 and MWCNT from the aqueous phase. The co-extraction 

of Mn3O4 and MWCNT to 2-propanol allowed the fabrication of a composite 

electrode by impregnation of a current collector using a suspension of Mn3O4 

and MWCNT. 

In experiments performed without OHA, the hydrophobic MWCNT 

was extracted to the 2-propanol phase, whereas Mn3O4 remained in the 

aqueous phase. The modification of Mn3O4 particles with OHA was necessary 

for their extraction. Figure 4A shows a schematic of the chemical structure of 

OHA, which contains an alkyl chain, carbonyl, and NOH2 groups. It has 

previously been shown that hydroxamic acids and their derivatives, such as 

OHA, exhibit metal chelating properties, which involve interactions of 

carbonyl and NOH2 groups of the molecules with metal atoms, and facilitate 

their adsorption on surfaces of metal oxides [37–40]. Figure 4B shows a 

suggested mechanism of OHA adsorption on Mn3O4 particles, which 

involves the complexation of Mn atoms on the particle surface. In this 

investigation, OHA was used as a capping and dispersing agent for Mn3O4 

synthesis. The hydrophobic alkyl chain of the adsorbed OHA molecule 

facilitated particle transfer into the 2-propanol phase. The transfer of Mn3O4 

and MWCNT into the 2-propanol phase facilitated their co-dispersion and 

mixing, which allowed for the fabrication of electrodes with high areal 

capacitance at high active mass loading. The composite electrode was a 

mixture of Mn3O4 and MWCNT. 

 

Figure 4. (A) The chemical structure of OHA, (B) OHA adsorption on Mn3O4 

particles, involving complexation of surface Mn atoms. 

Figure 5A shows Cyclic voltammetry(CV)curves for Mn3O4-MWCNT 

electrode with an active mass of 40.1 mg cm−2 prepared using the salting-out 

method. The nearly rectangular shape of the CVs and increase in the CV area 

with increasing scan rate indicate good capacitive behavior. The highest 

capacitance of 4.3 F cm−2 was achieved (Figure 5B) at a scan rate of 2 mV s−1. 

The obtained capacitance was higher than literature data for Mn3O4-MWCNT 

electrodes, prepared by different advanced methods and summarized in a 

recent review [24]. The electrodes showed a high capacitance of 2.1 F cm−2 at 

a scan rate of 100 mV s−1 with capacitance retention of 48.8 %. The obtained 

areal capacitance was higher than that obtained in other investigations of 
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electrodes with high active mass [41–43]. It is important to note that MWCNT 

was used as an additive, which enhanced the electrical conductivity of the 

composite electrodes. It was found that the capacitance of pure MWCNT 

electrodes with a mass of 8 mg cm−2 was 0.032 F cm−2 at a scan rate of 2 mV 

s−1. Therefore, the contribution of the capacitance of MWCNT to the total 

capacitance was below 1%. 

 

Figure 5. (A) CVs at scan rates of (a) 2, (b) 5, (c) 10 mV s−1, and (B) CS and Cm versus 

scan rate for Mn3O4-MWCNT electrodes. 

Figure 6 shows charge-discharge data for the Mn3O4-MWCNT 

electrodes at different current densities. The time dependences of charge and 

discharge currents were nearly linear, and the charge-discharge curves were 

of a symmetric triangular shape. The capacitance CS calculated at a discharge 

current of 3 mA cm−2 was 3.8 F cm−2. It was found that Cs was nearly constant 

at discharge currents of 3–10 mA cm−2. 

 

Figure 6. (A) Charge discharge behavior at current densities of (a) 3, (b) 5, (c) 7, and 

(d) 10 mA cm−2, and (B) capacitance versus current density for Mn3O4-MWCNT 

electrodes. 

The Nyquist plot of complex impedance showed a nearly vertical line, 

which indicated good capacitive behavior (Figure 7A). The low real part of 

impedance resulted from good mixing of Mn3O4 with conductive MWCNT. 
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The electrode resistance, represented by the real part of the complex 

impedance, decreased with increasing frequency. The highest resistance of 

0.68 Ohm was obtained at a frequency of 10 mHz. 

 

Figure 7. (A) Nyquist plot of complex impedance and (B,C) frequency dependences 

of (B) CS′ (C) CS″ for Mn3O4-MWCNT electrodes. 

The capacitance CS′ obtained at AC voltage of 5 mV (Figure 7B) was 

lower than CS obtained from the CV data in a voltage window of 0.9 V. The 

difference can be attributed to limited electrolyte ion access to the active 

material at low voltages. The capacitance CS′ decreased with increasing 

frequency, and the frequency dependence of CS″ showed a maximum (Figure 

7C), which is typical for a relaxation type dispersion [15]. Figure 8 shows the 

cyclic behavior of the Mn3O4-MWCNT electrode. The capacitance showed an 

initial increase during the first 50 cycles and then remained nearly constant. 

The capacitance retention after 1000 cycles was 118%. It was hypothesized 

that the increase of capacitance during cycling could be attributed to the 

changing of the wetting behavior of the active material by the electrolyte. 

Figure 9 shows SEM images of the electrodes before and after cycling. The 

SEM image of the electrode before cycling showed composite particles with 

a typical size of 1–2 μm. The composite particles contained MWCNT 

dispersed in the Mn3O4 matrix. Such microstructure results from good mixing 

of the Mn3O4 particles and MWCNT in the suspension, prepared by the 

salting-out method for impregnation of current collectors, and explains the 

good capacitive behavior and low impedance of the electrodes. The SEM 

image of the electrodes after cycling shows a flaky morphology and large 

pores. It is suggested that such pores facilitated electrolyte access to the bulk 

of the electrodes and could be considered as an additional factor, which 

resulted in increased capacitance during cycling. 
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Figure 8. Capacitance retention versus cycle number for Mn3O4-MWCNT electrodes. 

 

Figure 9. SEM images of the Mn3O4-MWCNT electrodes: (A) as prepared, arrows 

show MWCNT in the Mn3O4 matrix, (B) after cycling, arrows show large pores. 

3. Materials and Methods 

Octanohydroxamic acid (TCI America), Mn(NO3)2.4H2O, NaOH, 

Na2SO4, 2-propanol, NaCl, polyvinylbutyral (PVB) (Aldrich, Canada), 

multiwalled carbon nanotubes (Bayer, Germany) were used as starting 

materials. The 330 mg of Mn(NO3)2∙4H2O was dissolved into 20 mL of DI 

water, and then the pH was adjusted to 10 by the addition of aqueous NaOH 

solution, containing 33 mg of dissolved OHA. Obtained suspension of Mn3O4 

particles modified with OHA as a capping and dispersing agent was 

ultrasonicated, and then 25 mg of MWCNT dispersed in 30 mL of 2-propanol 

was added. OHA improved dispersion of MWCNT, and a stable suspension 

was obtained. The addition of 6 g NaCl resulted in the separation of aqueous 

and 2-propanol phases. The phase separation resulted in a transfer of Mn3O4 

and MWCNT into the 2-propanol phase (Figures 1 and 2) to form a composite 

suspension, containing Mn3O4 and MWCNT in a mass ratio of 4:1. The 

suspension of Mn3O4 and MWCNT in 2-propanol was separated from the 

aqueous phase, and the PVB binder was added to the suspension in order to 

achieve a ratio of PVB/(Mn3O4 +MWCNT) = 0.03. 

The suspension was used for the impregnation of commercial Ni foam 

(Vale Canada) current collectors. The mass ratio of PVB:Mn3O4:MWCNT in 

the electrode was 3:80:20. Due to the low boiling point of 2-propanol, it was 

removed from the electrode material surface by drying of the electrode at 60 

°C. The electrode area was 1 cm2. The total mass of the material (active mass) 
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impregnated into the current collector was 40.1 (±0.03) mg cm−2. The electrode 

thickness was 0.4 mm. 

X-ray diffraction (XRD) analysis (diffractometer Bruker D8, UK) was 

performed using Cu-Kα radiation in the 2θ range of 8–135 degrees, at the rate 

of 0.01 degrees per second. Electrode microstructures were analyzed using a 

JEOL SEM (scanning electron microscope, JSM-7000F) at an applied voltage 

of 5 keV and a working distance of 6 mm. Cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy (EIS) studies were performed using 

a potentiostat-impedance analyzer PARSTAT 2273 (Ametek). Cyclic 

voltammetry data was obtained at sweep rates of 2–100 mV s−1. EIS data was 

obtained at an open circuit potential using alternating voltage with an 

amplitude of 5 mV in the frequency range of 0.01–10 kHz. Galvanostatic 

charge-discharge (GCD) investigations in a fixed potential range were 

performed using BioLogic VMP 300 at current densities of 3, 5, 7, and 10 mA 

cm−2. 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). Aqueous 

0.5 M Na2SO4 solution was used as an electrolyte. Three different methods 

were used for the calculation of capacitance. 

The integral capacitance C in the voltage window 0–0.9 V versus SCE 

was calculated from the CV data 

C =
∆Q

∆U
=

∫ Idt + ∫ Idt 
0

t(Umax)
 

t(Umax)

0

2Umax
 

(1) 

where Q denotes charge, I-current, t-time, and U- the potential range. 

The integral capacitance was also calculated from the GCD data in the 

same potential range: 

C =  It/U (2) 

where I denotes the applied current, and t –discharge time. 

The differential complex capacitance C*(ω) = C′(ω) – Ic″(ω) was 

calculated at different frequencies (ω) from the complex impedance Z*(ω) 

=Z′(ω) + i Z″(ω) data [44], where 

C′(ω) =
−Z′′(ω)

ωZ(ω)2
 (3) 

C′′(ω) =
Z′(ω)

ωZ(ω)2
 (4) 

The capacitive properties of electrode material were presented in 

gravimetric (Cm) and areal (CS) capacitance forms. 

4. Conclusions 

For the first time, the salting-out method was used for the extraction of 

particles from the aqueous synthesis medium to an electrode processing 

organic medium. OHA was used as a capping and dispersing agent for the 
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synthesis as well as a particle extractor. The adsorption of OHA on Mn3O4 

particles involved the complexation of Mn atoms on the particle surface. The 

surface modification of Mn3O4 particles with OHA facilitated the particle 

transfer into the 2-propanol phase. The method eliminated the particle drying 

stage, which resulted in particle agglomeration. The method facilitated co-

dispersion of Mn3O4 and MWCNT in the 2-propanol phase and their 

enhanced mixing, which allowed for the fabrication of high active mass 

electrodes with enhanced performance. A capacitance of 4.3 F cm−2 was 

achieved at low impedance at active mass loading of 40.1 mg cm−2. The 

electrodes showed good capacitance retention at high scan rates and good 

cyclic stability. The initial capacitance increase during cycling could be 

attributed to the changes in microstructure. The method opens a new and 

unexplored path for the fabrication of nanocomposites. Further progress in 

applications of the salting-out method will depend on the development of 

advanced extractor molecules. 
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Abstract 

 

In this study, results from a conceptually new method for the preparation of Mn3O4-multiwalled 

carbon nanotube (MCNT) composites are presented. High active mass (HAM) Mn3O4-MCNT 

cathodes are prepared and tested for supercapacitors. The method is based on a salting-out aided 

dispersive extraction of Mn3O4 particles precipitated in an aqueous phase to isopropanol and their 

co-dispersion with MCNT.  The use of lauryl gallate as an extractor is a key factor for the phase 

transfer. Lauryl gallate is used as a co-dispersant for Mn3O4 and MCNT. The mechanisms of lauryl 

gallate adsorption on Mn3O4 and MCNT and the salting-out aided extraction mechanism are 

discussed.  Enhanced electrochemical performance of the electrodes with HAM of 41 mg cm-2 is 

achieved due to enhanced mixing and co-dispersion of Mn3O4 and MCNT. The electrodes show a 

high capacitance of 6 F cm-2 in aqueous Na2SO4 and low electrical resistance. The obtained areal 

capacitance is substantially higher than that for Mn3O4-MCNT composites, prepared by other 

methods. The capacitance increase during initial cycling is linked to the microstructure changes. 

The salting-out aided extraction method overcomes the limitations of other extraction techniques 

and opens a new strategy for the manufacturing of nanocomposites with advanced functional 

properties.   
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1.Introduction 

Manganese oxides, such as Mn3O4, MnO2, as well as different polymorphs of MnO2 have been 

considered as important cathode materials for supercapacitors[1-5]. The interest in manganese 

oxides is attributed to their various advantages, such as high theoretical capacitance, large voltage 

window and low cost[6,7]. Testing results showed nearly ideal preudocapacitive behavior of 

Mn3O4 and MnO2. The use of manganese oxides as cathodes facilitated the development of 

asymmetric devices with enlarged operation voltage in aqueous electrolytes[6-8]. Such devices 

showed enhanced power-energy characteristics. Many important investigations focused on charge 

storage properties of complex oxides, containing manganese[9,10].    In previous studies, 

significant attention was given to the development of thin film electrodes[11-13]. Electrochemical 

testing revealed higher capacitance of MnO2 films, than that of Mn3O4 films[14,15]. However, 

despite significant developments in the preparation of thin film supercapacitors, there is a need in 

the design of high active mass (HAM) bulk electrodes[16-18]. It is shown that an AM above 10 

mg cm-2 is critical for the development of supercapacitor cells with low ratio of inactive 

components mass to the AM[19-22].  The major difficulty in the development of efficient HAM 

electrodes is reduction of specific capacitance with AM increase[16,17] due to diffusion 

limitations of an electrolyte. Wetting behavior of the electrodes by an electrolyte is an important 

factor, controlling the electrode performance. It is influenced by the nature of electrode material 

and its microstructure. However, the analysis of wetting behavior of HAM porous composite 

material impregnated into 3D current collectors presents difficulties.  

Various colloidal techniques have been explored in the literature for the fabrication of HAM 

electrodes[16]. Main challenges for the fabrication of HAM electrodes by colloidal methods 
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include synthesis of non-agglomerated nanoparticles, fabrication of stable suspensions of co-

dispersed nanoparticles and conductive additives, development of advanced binders, impregnation 

of current collectors and formation of electrode structures with controlled porosity[18,23,24].  

MnO2 particles are usually produced by reduction of permanganate precursors[25,26], such as 

KMnO4 and NaMnO4. Such precursors react with various organic materials. Therefore, it is 

challenging to control size and dispersion of MnO2 particles using organic capping agents for the 

particle synthesis.  In contrast, various capping agents can be combined with Mn2+ salts for the 

preparation of non-agglomerated Mn3O4 particles. AM particle size reduction facilitates 

electrochemical reactions and allows for improved capacitive behavior. Moreover, Mn3O4 belongs 

to the large family of spinel compounds and the development of Mn3O4 based solid solutions can 

potentially lead to the fabrication of advanced electrode materials[27,28]. Therefore, Mn3O4 has 

generated interest for the fabrication of HAM electrodes[29].  

Mn3O4 is usually combined with various conductive additives, which allow enhanced electronic 

conductivity[16,30]. In previous studies significant attention was given to dispersion of Mn3O4 

nanoparticles and their enhanced mixing with MCNT[16,31]. Various co-dispersant molecules 

have been analyzed for the fabrication of stable suspensions of Mn3O4 and MCNT[16]. 

Heterocoagulation techniques[16,32] have emerged for the manufacturing of composites with 

enhanced mixing of Mn3O4 and MCNT. HAM electrodes were produced using slurries of Mn3O4 

nanoparticles, conductive additives and water-insoluble polymer binders, which were impregnated 

into porous electrical current collectors. 

Chemical precipitation from aqueous solutions offers a way to fabricate Mn3O4 particles[31]. 

Particle extraction through the interface of immiscible liquids has emerged in recent years as a 

versatile method for functionalization of nanoparticles and agglomerate-free 



Masters Thesis – K.Rorabeck – McMaster University – Materials Engineering 

56 

 

manufacturing[31,33]. It has been shown that nanoparticle transfer to an organic liquid prevents 

agglomeration, which occurs during the traditional drying and redispersion method[31,33].  This 

strategy facilitates particle mixing with conductive additives on the nanometric scale and paves 

the way for the fabrication of electrodes with enhanced performance.  

This investigation was motivated by achievements in the development of supercapacitor electrodes 

with HAM using particle extraction techniques. The objective of this study was the development 

of a conceptually new colloidal extraction technique, which is based on the salting-out effect of a 

water-miscible solvent, such as isopropanol. The formation of a biphasic system resulted from the 

addition of a salt, which facilitated phase separation. It was discovered that the use of a chelating 

surfactant for the surface modification of Mn3O4 particles in a mixed water-isopropanol phase is a 

key factor for the transfer of non-agglomerated Mn3O4 particles to the isopropanol phase. A record 

high capacitance of Mn3O4 -MCNT electrodes resulted from the good co-dispersion of Mn3O4 and 

MCNT. This investigation opens a new and unexplored colloidal method for the manufacturing of 

nanocomposites. 

2.Experimental procedures 

MCNT (US Nanomaterials Inc., 20-30nm diameter,), MnN2O6∙4H2O, NaOH, isopropanol, a co-

polymer of vinyl butyral, vinyl acetate and vinyl alcohol (PVBAA, 65 kDa) NaCl, lauryl gallate 

(MilliporeSigma), and Ni foam (Vale) were used.  

A suspension of Mn3O4 nanoparticles was obtained by dissolving 330 mg of MnN2O6 ∙4H2O in 20 

mL of water, then increasing the pH of the solution to pH=10 with aqueous NaOH. In a separate 

beaker, 33mg of LG was dissolved in 30mL of isopropanol, then 25mg of MCNT were added, and 

the solution was ultrasonicated. The nanoparticle suspension and the dispersed MCNT were then 

combined and stirred, which resulted in a stable suspension. After the addition of 6g NaCl the 



Masters Thesis – K.Rorabeck – McMaster University – Materials Engineering 

57 

 

aqueous and isopropanol phases separated. The phase separation resulted in the transfer of MCNT 

and Mn3O4 into the isopropanol phase.      

The aqueous phase, containing NaCl was removed with a separatory funnel, and PVBAA binder 

was added to the suspension at 3 wt % of the combined weight of Mn3O4 and MCNT.  The use of 

the binder was critical for the fabrication of mechanically stable electrodes with HAM. Obtained 

mixture was impregnated into the foam, and then the foam was pressed to a final thickness of 0.38 

mm, washed and dried. The total mass of the impregnated material after drying was 41 mg cm-2 

for all samples tested in this investigation. The electrode area was 1 cm2.  

X-ray diffraction (XRD) analysis (Bruker D8, UK) was performed using Cu-Kα radiation, 

in the 2 theta range of 10-135°, with a step of 0.01° per second. Using a JEOL SEM (7000F), the 

fabricated electrode surface was imaged with a working distance of 10mm and an accelerating 

voltage of 5 keV. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

were performed using the Ametek potentiostat (model 2273), while galvanostatic charge-discharge 

(GCD) was done using the BioLogic VMP 300. Testing was performed using a 3-electrode set up 

containing a working electrode (Ni foam with active material), a counter electrode of a Pt mesh, 

and a saturated calomel electrode (SCE) as a reference, in a solution of 0.5 M Na2SO4 as an 

aqueous electrolyte. EIS data was obtained using an AC voltage with an amplitude of 5mV. Areal 

CS (F cm-2) and gravimetric Cg (F g-1) capacitances were calculated from CV and GCD data as it 

was described in literature[16].  Cyclic stability testing was performed by analysing CVs at a scan 

rate of 50 mV s-1 in 0.5M Na2SO4 electrolyte for electrodes with mass of 41 mg cm-2. 

3.Results and Discussion 

The success of Mn3O4 applications for energy storage in supercapacitors will depend on the ability 

to exploit advanced pseudocapacitive properties of this material for electrodes with HAM. Mn3O4 



Masters Thesis – K.Rorabeck – McMaster University – Materials Engineering 

58 

 

is an attractive charge storage material due to its high Cg. The major difficulty in utilizing high Cg 

of Mn3O4 in bulk electrodes is poor electrolyte access to the particle surface in the bulk electrodes 

and increase of electrode resistance with increasing AM. The equivalent circuit of HAM electrodes 

includes a highly capacitive surface layer, connected in series with a bulk electrode, which can 

have a lower capacitance[16]. Therefore, it is not surprising that in many experiments the increase 

in AM resulted in reduction of total capacitance at fast charging rates[16]. Experimental Cg of very 

thin films can be close the theoretical capacitance value of a material, which represents its 

fundamental charge storage properties. However, the increase in active mass results in decreasing 

Cg. Therefore, measured Cg shows the degree of utilization of capacitive properties of the material.  

It is challenging to increase CS using higher AM due to the decrease in Cg[16]. Previous studies[16] 

showed that CS is an important parameter, which must be considered together with Cg for the 

characterization of HAM electrodes. CS measurements are important for matching capacitances of 

cathodes and anodes of asymmetric supercapacitor devices and optimization of the total device 

capacitance.  

In this investigation, Mn3O4 was synthesized by an aqueous precipitation technique. XRD testing 

showed the crystallization of the spinel Mn3O4 structure (Figure 1). The traditional strategy for 

creation of a slurry for impregnation of porous electric current collectors involves washing and 

drying of Mn3O4 precipitates, and Mn3O4 particle co-dispersion with MCNT in a solution of a 

binder in an organic solvent. The principal drawback of this approach is agglomeration of the 

particles and their poor mixing with conductive additives. Indeed, drying promotes agglomeration 

resulting from the condensation of OH surface groups and formation of oxo-bridges between 

particles.  
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Figure 1. XRD pattern of as prepared material (●- peaks, matching Mn3O4, JCPDS file 24-0734). 

The high surface energy of Mn3O4 nanoparticles is another factor, which facilitates their 

agglomeration.  One way to overcome this difficulty is to modify particles with a surfactant at the 

liquid-liquid interface of an aqueous phase with water-immiscible organic solvent  and transfer the 

modified particles to the organic medium[33].   However, this approach has several drawbacks. It 

is challenging to achieve modification of particles with a surfactant by the diffusion of particles 

from an aqueous phase and surfactant molecules from an organic phase to the liquid-liquid 

interface, where their interaction occurs. In many studies 1-butanol was used as a water-immiscible 

organic receiving liquid[33]. Therefore, another difficulty is related to hydrophobic properties of 

1-butanol and relatively high boiling point of this solvent. It is obvious that adsorbed hydrophobic 

1-butanol must be removed from the AM surface, because it limits diffusion of electrolyte in pores 

of AM.  

The approach developed in this investigation is conceptually different from other particle 

extraction techniques, described in a recent review[33]. Isopropanol is a hydrophilic alcohol[34], 
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which is miscible with water and has a relatively low boiling point. In this investigation, we applied 

a salting-out aided extraction for the separation of an isopropanol phase, containing co-dispersed 

Mn3O4 and MCNT, from a suspension in a mixed water-isopropanol solvent. It is known that  

salting-out method  allows separation of isopropanol from  water-isopropanol mixtures[34,35]. 

The addition of a salt, such as NaCl, to the water-isopropanol mixture results in enhanced 

interactions between the salt ions and water molecules, which reduces the number of water 

molecules interacting with isopropanol.  Therefore, separation of water and isopropanol phases 

was observed.  Salting-out aided extraction methods have been developed for the extraction of 

organic molecules and ions to the isopropanol phase[36-38]. The extraction of organic molecules 

was based on their hydrophobic interactions with an organic solvent[36]. The mechanism of ion 

extraction was based on the formation ion-pair complexes[38]. It will be shown below that the 

mechanism of Mn3O4 particle extraction is conceptually different. It is based on the use of LG as 

an extractor. The experimental results of our investigation indicate that salting-out aided extraction 

can be used for the extraction of Mn3O4 particles and MCNT.  In our approach, Mn3O4 particles 

were modified with LG extractor and co-dispersed with MCNT in the mixed water-isopropanol 

solvent (Figure 2). The addition of NaCl resulted in separation of isopropanol from the aqueous 

phase. The modified particles and MCNT were transferred to the isopropanol phase. Figure 3 

shows separated aqueous and isopropanol phases.  

The use of LG was a key factor for the particle transfer. The chemical structure of LG (Figure 4A) 

contains a chelating galloyl group, which can be involved in a strong bonding to the surface atoms 

by a catecholate-type[39] bonding mechanism (Figure 4B). Recent review[39] on catecholate-type 

dispersants provides evidence of strong bonding of various catecholate surfactants to manganese 

oxides. In experiments performed without LG and MCNT it was found that Mn3O4 remained in 
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the aqueous phase after salting out of isopropanol. In contrast, Mn3O4 particles were extracted in 

the presence of LG. Therefore, the surface modification of Mn3O4 by LG bonding to the particle 

surface was one of the key factors governing the particle extraction. LG is soluble in isopropanol 

and in isopropanol-water mixtures.  

 

Figure 2. Schematic of Mn3O4 synthesis and salting-out aided extraction mechanism. 

 

Figure 3. Salting out aided extraction of Mn3O4 and MCNT to the isopropanol phase 

 

The solubility of LG in a water-isopropanol mixture was beneficial for LG adsorption on the 

Mn3O4 particles.  The C12H25 group of adsorbed LG facilitated particle dispersion. In experiments 
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performed without LG and Mn3O4, MCNT were transferred to the isopropanol phase. However, 

we found that LG improved MCNT dispersion. It was suggested that the LG adsorption on the 

MCNT surface involved hydrophobic interactions of the hydrocarbon chain and π-π interactions 

(Figure 4). The transfer of Mn3O4 and MCNT from the water-isopropanol mixture to the salted-

out isopropanol phase resulted in their improved co-dispersion and mixing. As a result, obtained 

electrodes showed enhanced electrochemical performance.  

 

 

 

Figure 4. (A)  LG structure, (B) LG adsorption on Mn3O4 and MCNT 

 

Figure 5 shows the results of cyclic voltammetry for the Mn3O4 -MCNT nanocomposite electrode 

with AM of 41.0 mg cm-2, prepared via the salting-out aided dispersion method. There is an 

indication of pseudocapacitive behaviour from the nearly box shape of the CV curves, with a 

correlation between CV area and scan rate. The highest calculated capacitance was 6.0 F cm-2 (147 

F g-1) at 2 mV s-1, whereas CS was 1.5 F cm-2 at 100 mV s-1 and CS retention was 25%. Several 

previous investigations of Mn3O4 based electrodes with HAM, described in a recent review[16],  

reported CS of 2.8-4.2 F cm-2, which were obtained from the CV data at similar conditions in the 



Masters Thesis – K.Rorabeck – McMaster University – Materials Engineering 

63 

 

same scan rate range.  Therefore, the method developed in this investigation resulted in a record-

high capacitance of the Mn3O4 based electrodes. The measurements at lower scan rates showed 

small CS variations. The CS values at 1 and 0.5 mV s-1 were found to be 6.2 and 6.3 F cm-2, 

respectively.  In this study, high CS was achieved at very low electrical resistance, which is 

presented by the real impedance component in the EIS Nyquist plot (Figure 6) for the electrode. 

Capacitive response is also indicated by nearly vertical line (Figure 6) of the EIS plot and by a 

triangular shape of the GCD plot (Figure 7). The CS value, calculated from the GCD data at 3 mA 

cm-2 was 5.0 F cm-2.  The capacitance showed small changes with current density variations from  

3 to 10 mA cm-2. Relatively small CS variations were reported in the same range in previous 

investigations[40] of electrodes with a comparable AM. It is important to note that capacitances 

measured by different methods must be compared at similar charge-discharge times. Therefore, 

the small variations in the capacitance for CV scan rates of 0.5-2 mV s-1 correlate with small 

variations in capacitances at GCD current densities of 3-10 mA cm-2. The difference in absolute 

values of capacitances obtained by different methods in the same potential range can result from 

deviations from the ideal shapes of the CV or GCD curves.  

 

 

 

 

 

 

 

 

Figure 5. (A) CVs at (a)2, (b) 5, and (c) 10 mV s-1, (B) capacitances versus scan rate 
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Figure 6. (A) EIS Nyquist plot for Mn3O4-MCNT composite. 

 

 

 

 

 

 

 

 

Figure 7. (A) GCD data at (a) 3, (b) 5, (c) 7, and (d) 10 mA cm-2 and (B) capacitances versus 

GCD current density for Mn3O4 -MCNT. 

 

Figure 8A shows an SEM image of as-prepared Mn3O4-MCNT electrodes. The electrode showed 

a porous structure, which is beneficial for the electrolyte access to AM. Mn3O4 particles and 

MCNT formed mixed agglomerates, in which MCNT provided a conductive path to the individual 
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Mn3O4 nanoparticles. The size of the mixed agglomerates was ~1 μm. It is important to note that 

drying of particles inevitably results in agglomeration. However, the segregation of individual 

Mn3O4 and MCNT agglomerates was avoided. The salting-out aided extraction method facilitated 

dispersion and mixing of Mn3O4 and MCNT in suspensions, which provided their good mixing in 

the dried composite electrodes.  Electrochemical cycling resulted in changes in the electrode 

morphology. Figure 8B shows an SEM image of the electrode after 1000 cycles. Mn3O4 formed a 

flaky structure with embedded MCNT. The changes in microstructure correlated with changes in 

capacitance. Figure 9 shows capacitance retention during cycling. The capacitance increased to 

152% of the initial value during the initial 200 cycles and the total capacitance retention was 148% 

after 1000 cycles. A similar increase in capacitance of Mn3O4 based electrodes was observed in 

other studies[40].  

 

 

Figure 8. SEM images of Mn3O4-MCNT: (A) as-prepared and (B) after 1000 CV cycles.  
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Figure 9. CS retention for Mn3O4-MCNT, inset shows CVs for (a) cycle 1 and (b) cycle 1000.  

 

Conclusions 

Mn3O4 – MCNT composites were prepared using a conceptually new salting-out aided dispersive 

extraction method. LG adsorbed on Mn3O4 and MCNT and facilitated their extraction to the 

isopropanol phase and co-dispersion. The method allowed for enhanced mixing of Mn3O4 and 

MCNT by avoiding agglomeration caused by drying. The Mn3O4 - MCNT electrodes with HAM 

of 41 mg cm-2 showed a record-high CS of 6 F cm-2 at 2 mV cm-2. The remarkably high CS was 

achieved at a low electrical resistance. The Mn3O4 - MCNT electrodes are promising for 

applications in cathodes of electrochemical supercapacitors. The salting-out aided extraction 

method overcomes limitations of other extraction strategies and can be used for the fabrication of 

various advanced nanocomposites for supercapacitors, batteries and other applications. 
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Abstract: Cathodes for supercapacitors with enhanced capacitive performance are 

prepared using MnO2 as a charge storage material and carbon nanotubes (CNT) as 

conductive additives. The enhanced capacitive properties are linked to the beneficial 

effects of catecholate molecules, such as chlorogenic acid and 3,4,5-

trihydroxybenzamide, which are used as co-dispersants for MnO2 and CNT. The 

dispersant interactions with MnO2 and CNT are discussed in relation to the chemical 

structures of the dispersant molecules and their biomimetic adsorption mechanisms. 

The dispersant adsorption is a key factor for efficient co-dispersion in ethanol, which 

facilitated enhanced mixing of the nanostructured components and allowed for 

improved utilization of charge storage properties of the electrode materials with high 

active mass of 40 mg cm−2. Structural peculiarities of the dispersant molecules are 

discussed, which facilitate dispersion and charging. Capacitive properties are 

analyzed using cyclic voltammetry, chronopotentiometry and impedance 

spectroscopy. A capacitance of 6.5 F cm−2 is achieved at a low electrical resistance. The 

advanced capacitive properties of the electrodes are linked to the microstructures of 

the electrodes prepared in the presence of the dispersants. 
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Organic molecules, containing catechol groups, exhibit exceptionally 

strong adsorption on inorganic surfaces, which is a key factor for their 

applications for surface modification of various materials and fabrication of 

adherent coatings[1]. The adsorption mechanism of such molecules is similar 

to that of mussel proteins bonding to different surfaces, which results in 

super strong adhesion[2-4]. It is based on the bidentate chelating or bridging 

bonding of phenolic OH groups of the catechol ligands [1] to the metal atoms. 

The structural features of catecholates have rendered them useful in 

dispersion of various inorganic materials and fabrication of coatings by 

electrophoretic deposition[1,5]. Various charged dispersants have been 

developed for nanotechnology of functional materials[1]. The use of 

catecholate bonding mechanism has been gaining ground in the development 

of liquid-liquid extraction techniques[6], which facilitate the fabrication of 

non-agglomerated nanoparticles for diverse applications. Polyaromatic 

catecholates allowed efficient co-dispersion of inorganic materials and 

carbon nanotubes for the fabrication of advanced composites [7,8]. Various 

catecholate molecules were used as capping and structure directing agents 

for the synthesis of non-agglomerated nanoparticles, coated particles and 

nanorods with high aspect ratios[9-14]. Moreover, it was found that 

metastable materials can be synthesized in the presence of catecholate 

molecules[15]. 

Significant interest has been generated in the synthesis of polymer 

adhesives, containing catecholate monomers [16-18] and modification of 

polymers with catechol molecules[19-20]. The adsorption of catecholates on 

semiconductors allowed for enhanced charge transfer, advanced optical and 

photovoltaic properties, which were used for the development of various 

photovoltaic devices and sensors[21-23]. Catecholate molecules have been 

utilized for the fabrication of magnetic nanoparticles with enhanced 

magnetization[24], materials with luminescent properties[25], and quantum 

dots[26]. 

Anionic catecholate molecules were utilized for the fabrication of 

polypyrrole coatings on various non-noble substrates by anodic 

electropolymerization[27-29]. The role of catecholates in the 

electropolymerization process was multifunctional. Such molecules acted as 

anionic dopants for the electropolymerization process, facilitated charge 

transfer and allowed for electropolymerization at reduced electrode 

potential, which is critically important for corrosion prevention and 

fabrication of adherent coatings. Catecholate molecules facilitated 

incorporation of carbon nanotubes into the polypyrrole coatings[29]. 

Moreover, the catecholate-type bonding of the molecules to the electrode 

surface was another important factor for the fabrication of adherent 

polypyrrole coatings. Antifouling polymer coatings were prepared using 

catecholate molecules as anchors and initiators for surface-initiated 

polymerization on metallic substrates[30]. The strong adsorption of 

catecholates on metal surfaces was an important factor for their applications 

as corrosion inhibitors for stainless steel[31]. 

Many applications of catecholates are based on their interesting redox 

properties[32-34]. Catecholate molecules were used as reducing agents for 

the synthesis of inorganic nanoparticles by chemical precipitation 

methods[20,32]. Moreover, there is a growing interest in the applications of 
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redox active catecholates for the fabrication of electrochemical sensors [19,20] 

and supercapacitors[35]. Chiral catecholate molecules were utilized for the 

fabrication of sensors for chiral electrochemical recognition of 

biomolecules[36]. Recently it was discovered that catecholate molecules can 

be used as charge transfer mediators between charge storage material and 

current collector of supercapacitor electrodes[9]. As a result, significant 

improvement in charge storage properties was achieved[9]. 

The increasing number of successful applications of catecholates and 

promising results achieved in various research fields have generated interest 

in fundamental investigation of various catecholate molecules. This interest 

is fueled by the rich functional properties of catecholate molecules. The 

investigation of multifunctional catecholate molecules, combining properties 

of catechol ligands with properties of other functional groups is a promising 

strategy for the development of advanced materials and composites as well 

as their surface modification and functionalization. An important task is to 

analyze the influence of various factors, such as chemical structure and 

solvent composition on interactions of catecholates with different materials. 

Chlorogenic acid and 3,4,5-trihydroxybenzamide are promising 

molecules for the surface modification of materials by catecholate-type 

bonding and development of advanced functional materials. Chlorogenic 

acid is a natural material found in coffee and tea. Previous investigations 

focused on the rich variety of biomedical and pharmaceutical applications of 

this molecule[37]. Moreover, chlorogenic acid exhibits interesting functional 

properties for applications in sensors and photoluminescent devices[38-40]. 

Investigations revealed strong complexation of metal ions with chlorogenic 

acid[41]. 3,4,5-Trihydroxybenzamide exhibits interesting redox active and 

antioxidant properties[42,43]. 

The goal of this investigation was the application of chlorogenic acid and 

3,4,5-trihydroxybenzamide for the fabrication of MnO2-carbon nanotube 

(CNT) electrodes for supercapacitors. The approach was based on the 

catecholate-type bonding of the molecules to the MnO2 surface which 

facilitated particle dispersion and charging. An important finding was the 

possibility to co-disperse MnO2 and CNT in ethanol, which facilitated their 

enhanced mixing and allowed for the fabrication of advanced electrodes. 

Testing results showed good capacitive properties at high active mass, which 

resulted in high areal capacitance. 

2. Results and Discussion 

Recent studies on the development of supercapacitors stressed the 

importance of advanced manufacturing technologies[44-48]. The 

development of nanostructured electrodes has generated a need for 

advanced dispersants for active materials[49,50]. Therefore, in this 

investigation chlorogenic acid and 3,4,5-trihydroxybenzamide were tested as 

co-dispersants for MnO2 and CNT. 

Figure 1A,B show the chemical structures of chlorogenic acid and 3,4,5-

trihydroxybenzamide. The structure of chlorogenic acid includes a catechol 

group. The anionic properties of this molecule are attributed to a carboxylic 

group. The adsorption of chlorogenic acid on inorganic surfaces can involve 

catecholate or carboxylate bonding mechanisms[1,51]. However, catecholate 

bonding to metal oxide surfaces is usually stronger than that of carboxylate 
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bonding[1]. The structure of 3,4,5-trihydroxybenzamide contains a galloyl 

group, containing three phenolic OH groups bonded to adjacent carbon 

atoms of the aromatic ring. The galloyl group allows for catecholate type 

bonding, which usually involves two phenolic OH groups[1]. Moreover, NH2 

group of the structure can potentially be involved on weak bonding to metal 

atoms on the inorganic surfaces. Different modes of catecholate bonding are 

presented in Figure 1(Ca–c), including chelating, bridging inner sphere and 

bridging outer sphere bonding. 

 

Figure 1. (A,B) Chemical structures of (A) chlorogenic acid and (B) 3,4,5-trihydroxybenzamide, (C) bonding 

mechanism of catechol to the metal atoms (M) on inorganic surface: (a) chelating, (b) inner sphere bridging 

and (c) outer sphere bridging. 

It was suggested that catecholate bonding of chlorogenic acid and 3,4,5-

trihydroxybenzamide to the MnO2 particle surface will facilitate their 

dispersion and result in enhanced stability of suspensions for impregnation 

of current collectors. Sedimentation tests confirmed enhanced stability of the 

MnO2 nanoparticles in ethanol solvent (Figure 2). Figure 2 compares MnO2 

suspensions prepared without and with dispersant molecules. The enhanced 

suspension stability achieved in the presence of the dispersants indicates that 

the dispersants adsorbed on the MnO2 particles. Moreover, chlorogenic acid 

and 3,4,5-trihydroxybenzamide acted as dispersants for CNT in the same 

solvent. The ability to co-disperse MnO2 and CNT in ethanol using 

chlorogenic acid and 3,4,5-trihydroxybenzamide was critically important for 

the fabrication of electrodes. Polyvinyl butyral (PVB) was dissolved in the 

same solvent and obtained slurry, containing MnO2, CNT, and PVB binder, 

was used for the impregnation of Ni foam current collectors. For comparison, 

the electrodes were prepared using slurries, which were fabricated without 

dispersants. 
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Figure 2. Sedimentation test for (A) carbon nanotubes (CNT) and (B) MnO2 

prepared (a) without dispersants and in the presence of (b) chlorogenic acid and (c) 

3,4,5-trihydroxybenzamide. 

Figure 3 shows Scanning Electron Microscopy (SEM) images of 

electrodes prepared without dispersants. The electrodes contained large 

agglomerates of MnO2 (Figure 3A) and CNT (Figure 3B). The SEM images 

indicate poor mixing of the capacitive MnO2 material and conductive CNT 

additives. It will be shown below that such poor mixing resulted in a low 

capacitance. In contrast, the use of chlorogenic acid and 3,4,5-

trihydroxybenzamide dispersants allowed for improved mixing of MnO2 and 

CNT. Figure 4 shows SEM images of MnO2-CNT electrodes prepared using 

the dispersants. The SEM images at low magnifications show porous 

microstructures, which are beneficial for electrolyte transport. The high 

magnification images show MnO2 particles as well as CNT and indicate 

enhanced mixing of the components, which allowed for enhanced 

capacitance. 

 

Figure 3. SEM images of electrode prepared without dispersant: (A) area of MnO2 

agglomerate and (B) area of CNT agglomerate. 

Capacitance measurements were taken using cyclic voltammetry (CV) 

and galvanostatic charge–discharge (GCD) methods, which allowed for 

analysis of integral capacitance in a voltage window of 0 to 0.9 V. Moreover, 

components of complex differential capacitances were calculated from the 

electrochemical impedance spectroscopy (EIS) data at a voltage amplitude of 

5 mV at different frequencies. The data obtained by different methods 

provided information on charging behavior of the electrodes at different 
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conditions. The experimental results presented below indicated that 

capacitance depends on different factors, such has scan rate, frequency, 

charge/discharge current and voltage or potential. 

 

Figure 4. SEM images of different magnifications for electrodes prepared using 

(A,B) chlorogenic acid and (C,D) 3,4,5-trihydroxybenzamide. 

Figure 5A–C show CV data at different scan rates for electrodes 

prepared without and with dispersants. The electrodes prepared using 

dispersants showed significantly larger areas of CVs, which indicated higher 

capacitances. The integral capacitances in a voltage window of 0 to 0.9 V were 

measured at different scan rates and presented in Figure 5D. The electrodes 

prepared with chlorogenic acid, 3,4,5-trihydroxybenzamide and without 

dispersants showed areal capacitances of 6.4, 6.5 and 2.1 F cm−2, respectively 

at a scan rate of 2 mV s−1. The increase in scan rate resulted in the reduced 

capacitance due to diffusion limitations of an electrolyte in pores. The 

electrodes prepared using dispersants showed significantly higher 

capacitance, compared to the electrodes prepared without dispersants. The 

electrodes, formed using 3,4,5-trihydroxybenzamide, showed higher 

capacitance retention at 100 mV s−1, compared to the electrodes formed using 

chlorogenic acid. EIS studies showed higher resistance R = Z′ of the electrodes 

prepared without dispersant, which resulted from poor mixing of CNT with 

MnO2. Moreover, the electrodes prepared without dispersant showed lower 

CS’ and lower relaxation frequency, corresponding to the CS″ maximum. The 

electrodes prepared in the presence of chlorogenic acid showed the highest 

capacitance at 10 MHz. However, the electrodes formed using 3,4,5-

trihydroxybenzamide showed higher capacitance at frequencies above 50 Hz, 
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indicating better charge storage properties at higher charge discharge rates 

in agreement with CV data. The electrodes prepared using 3,4,5-

trihydroxybenzamide as a dispersant showed the lowest resistance and the 

highest relaxation frequency, as indicated by the location of the C’’ 

maximum. It is important to note that capacitances, calculated from the CV 

data, depended on scan rate, whereas the capacitances calculated from the 

impedance data depend on frequency. The comparison of the capacitances 

calculated at the same charge–discharge time scale showed that integral 

capacitances were higher than differential capacitances. The difference in the 

differential and integral capacitance was discussed in the literature[52]. It 

was shown that such difference can result from various reasons, such as the 

presence of sites with different redox potentials and limited access of the 

electrolyte to some redox sites at low voltages[52]. Testing results showed 

beneficial effect of improved mixing of MnO2 and CNT, which was achieved 

using dispersant molecules. However, this investigation revealed some 

difference in electrochemical behavior of the electrodes prepared using 

chlorogenic acid and 3,4,5-trihydroxybenzamide. Turning again the chemical 

structures of the molecules (Figure 1) it is seen that the dissociation of the 

carboxylic group of adsorbed chlorogenic acid can potentially impart a 

negative charge to MnO2 and CNT and improve their dispersion and mixing. 

This can result in better performance of the composite electrodes, which was 

observed at low frequencies. However, little attention has been paid in the 

available supercapacitor literature to possible local pH changes at the 

positive electrode during charge–discharge process. 
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Figure 5. (A–C) CVs at scan rates of (a) 2, (b) 5 and (c) 10 mV s−1 for electrodes prepared 

(A) without dispersant, (B) in the presence of chlorogenic and (C) in the presence of 

3,4,5-trihydroxybenzamide, (D) Cs and Cm versus scan rate for electrodes prepared 

(a) without dispersant, (b) in the presence of chlorogenic acid and (c) in the presence 

of 3,4,5-trihydroxybenzamide. 

It is known that the application of a positive potential to the electrode 

usually results in a local pH decrease[53]; therefore, the protonation of amino 

groups of organic molecules [1,53] can be expected at such conditions. 

Therefore, it was hypothesized that the protonation of NH2 groups of 

adsorbed 3,4,5-trihydroxybenzamide can potentially impart a positive charge 

to the electrode material. 
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Figure 6. (A) Nyquist plot of impedance and (B,C) components complex capacitance C* = C′ − iC″ versus 

frequency for electrodes prepared (a) without dispersant, (b) in the presence of chlorogenic acid and (c) in 

the presence of 3,4,5-trihydroxybenzamide. 

The charging process of the MnO2 electrode is given by the reaction, 

involving MnO2 oxidation from 3+ to 4+ and release of adsorbed Na+. 

MnO2Na ↔ MnO2 + e− + Na+ (4) 

It was suggested that the positive charge of the electrodes prepared 

using 3,4,5-trihydroxybenzamide will facilitate Na+ desorption and transport. 

In contrast, the protonation of the carboxylic groups of the carboxylic acid 

molecules will result in their discharge. Therefore, it was not surprizing that 

the electrodes prepared using 3,4,5-trihydroxybenzamide showed lower 

resistance and better capacitive properties at high scan rates and high 

frequencies. The results of this investigation indicate that the modification of 

the charge of an active material by adsorption of organic molecules can 

potentially open a promising avenue for the development of electrodes with 

enhanced performance. 

Figure 7A–C show GCD data for electrodes prepared without and with 

dispersants. The use of dispersants resulted in significantly longer charge–

discharge currents, which was attributed to higher capacitance. The 

capacitances calculated from the discharge data were presented in Figure 7D. 

It is seen that the use of dispersants allowed for the fabrication of electrodes 

with significantly higher capacitances, compared to the electrodes prepared 

without dispersants. The electrodes showed good cyclic stability (Figure 8). 

The electrodes prepared without dispersants, with chlorogenic acid and 

3,4,5-trihydroxybenzamide showed capacitance retentions of 111, 102 and 

113%, respectively. The slight increase in retention during cycling can result 

form microstructure changes during cycling or enhanced wetting of the 

electrodes by the electrolyte[54,55]. Obtained cathodes are promising for 

applications in asymmetric devices operating in Na2SO4 electrolyte. 

However, in order to utilize the benefits of high capacitance of the cathodes 

in devices, the anodes of similar capacitance must be used. The analysis of 

literature indicates that reported areal capacitances of some promising anode 

materials in the same electrolyte are significantly lower and their cyclic 
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stability must be improved[56]. Therefore, further progress must be achieved 

in the discovery and development of advanced anode materials. 

 

Figure 7. Galvanostatic charge–discharge (GCD) data for electrodes prepared (A) 

without dispersant, (B) in the presence of chlorogenic and (C) in the presence of 

3,4,5-trihydroxybenzamide at current densities of (a) 3, (b) 5, (c) 7 and (d) 10 mA cm-

2, (D) capacitances calculated from the GCD data for electrodes prepared (a) without 

dispersant, (b) in the presence of chlorogenic and (c) in the presence of 3,4,5-

trihydroxybenzamide versus current density. 
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Figure 8. Capacitance retention versus cycle number for electrodes prepared (a) 

without dispersant, (b) in the presence of chlorogenic and (c) in the presence of 3,4,5-

trihydroxybenzamide versus current density. 

3. Materials and Methods 

KMnO4, polyvinyl butyral (PVB), chlorogenic acid, ethanol, Na2SO4, and 

3,4,5-trihydroxybenzamide (Aldrich), CNT (multiwalled, Bayer) and Ni 

foams (Vale) were used. MnO2 nanoparticles were prepared by a chemical 

precipitation method described in a previous investigation[49]. This method 

was based on reduction of Mn7+ in an aqueous KMnO4 solution by addition 

of ethanol as a reducing agent. The method resulted in nearly amorphous 

MnO2, which also contained a small amount of a birnessite phase. Previous 

investigations showed poor stability of prepared MnO2 in ethanol. It was 

found that the dispersant, used in the previous investigation for MnO2 

dispersion, failed to disperse CNT. Therefore, in this investigation 

chlorogenic acid, and 3,4,5-trihydroxybenzamide were tested as co-

dispersants for MnO2 and CNT. The ability to co-disperse MnO2 and CNT 

was critical for the fabrication of slurries, containing dissolved PVB as a 

binder, for impregnation of Ni foam current collectors and fabrication of high 

active mass electrodes with the mass of impregnated material of 40 mg cm-2. 

The mass ratio MnO2:CNT:PVB was 80:20:3. 

SEM studies were performed using a microscope JEOL SEM (JSM-

7000F). Cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) studies were performed using a potentiostat-impedance 

analyzer PARSTAT 2273 (Ametek). EIS data were obtained at an open circuit 

potential using alternating voltage with an amplitude of 5 mV in the 

frequency range 0.01–10 kHz. Galvanostatic charge–discharge (GCD) 

investigations in a fixed potential range were performed using BioLogic VMP 

300. 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). Aqueous 

0.5 M Na2SO4 solution was used as an electrolyte. Integral capacitances in a 

potential window of 0 to 0.9 V were calculated from CV and GCD data, as 
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described in previous investigations[56,57]. Mass normalized Cm and area 

normalized CS capacitances were analyzed. Differential capacitance was 

calculated from the EIS data by the methodology described in[56,57]. All the 

testing results were obtained for 5 electrodes of the same active mass. The 

capacitances obtained by the same method for different electrodes varied 

within 3%. 

4. Conclusions 

For the first time, chlorogenic acid and 3,4,5-trihydroxybenzamide were 

used as dispersants for MnO2 and CNT and fabrication of composite cathodes 

for supercapacitors. The chemical structures of the molecules facilitated their 

adsorption on MnO2 and CNT, which allowed for co-dispersion and 

enhanced mixing. Structural peculiarities of the dispersant molecules 

facilitate dispersion and charging. This simple strategy allowed for the 

fabrication of supercapacitor electrodes, which showed a capacitance of 6.5 F 

cm−2 and low resistance at high active mass of 40 mg cm−2. The analysis of 

microstructures of electrodes prepared without dispersant and with 

dispersant provides an insight into the influence of chlorogenic acid and 

3,4,5-trihydroxybenzamide dispersants on the electrode performance. The 

electrodes showed good cyclic stability and can be used for the fabrication of 

asymmetric supercapacitor devices. 
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Chapter 8 – Conclusions and Future Works 
The conceptually different, colloidal extraction technique based on the salting out phenomenon, 

using OHA and LG was successful, and the materials showed a good capacitive and cyclic 

properties when compared with materials prepared by the PELLI technique. Similarly, to PELLI, 

the salting out technique avoids the drying stage, which is beneficial to the electrode fabrication 

process. This technique removes the need for hydrophobic solvents, removing the possibility that 

these hydrophobic solvents may remain adsorbed to the electrode surfaces. It was found that 

electrodes fabricated using LG in the salting out process showed a capacitance increase of 1.7 F 

cm-2 at a scan rate of 2 mV s-1, for similar mass loadings. SEM analysis of both electrode 

samples indicated a change in morphology from before to after electrochemical testing, and the 

significant increase in cyclic stability over 1000 cycles has been attributed to this morphological 

change.  

The co-dispersion of MnO2 and MWCNTs using chlorogenic acid and 3,4,5-

trihydroxybenzamide, was shown to increase in the specific capacitance three-fold at a scan rate 

of 2 mV s-1 ,when compared to electrodes fabricated without these co-dispersing agents. Images 

taken using SEM, showed an improvement in the mixing of MnO2 with the MWCNTs, as well as 

providing good overall dispersion of both compounds. This improved mixing and dispersion 

compared to the electrodes fabricated without the co-dispersants, is hypothesized to be the major 

contributing factor to the increase in the specific capacitance.  

Future works in this domain, should immediately consider the development of electrodes that can 

operate with similar capacitance values in the potential range from -0.9 to 0V, so that these 

electrodes may be used to fabricate supercapacitor devices, and report on their performance. The 

significant increases in cyclic stability and capacitance, could become a diminished success if 
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negative electrodes could not be fabricated with similar capacitive properties. To facilitate the 

development of negative electrodes, XPS may be beneficial in providing surface chemical 

oxidation states during electrochemical testing. Further studies with SEM for the qualitative 

observation of new active materials and dispersants with conducting additives, would help 

streamline the selection process.   

 


