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Abstract 
 

In a world that relies heavily on electricity and portable energy, the development of 

high performing energy storage devices is crucial. The ongoing push for energy storage 

devices such as batteries and supercapacitors to store more energy and charge/discharge 

faster has become exponentially stronger over the past decade. In order to meet the high 

demands, new materials and processing techniques must be developed. 

A particle extraction through the liquid-liquid interface (PELLI) technique was used 

with a versatile extracting molecule, Octyl Gallate (OG). It was found that OG was able to 

extract a variety of materials including oxides, oxyhydroxides, and pure silver. The 

advantage of PELLI is that it circumvents the drying stage that occurs in many electrode 

synthesis techniques where metal oxides are synthesized in aqueous then dried and mixed 

with conductive additives dispersed in organic solvent. This drying stage causes a 

practically irreversible agglomeration which hinders mixing with conductive additives as 

well as reduces the surface area of the material, limiting its electrochemical performance. 

Using hydroxamates such as octanohydroxamic acid and bufexamac, a novel PELLI 

technique was developed based on the use of OHA as an extracting agent as well as a 

capping agent. 

In addition, a preliminary investigation was started on advanced negative electrode 

material for supercapacitors. FeOOH-based electrodes exhibit high capacitance but low 

cyclic stability. Zn2+ ions were introduced during synthesis forming a doped Zn/FeOOH 

electrode which showed a significant increase in cyclic stability. 
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Chapter 1: Introduction 
 

As a result of the escalating energy demands of modern society paired with intensifying 

environmental concerns, it has become necessary to discover and further develop advanced 

materials for energy storage systems. Some of the most practical and effective technologies 

for storage and conversion of electrochemical energy are electrochemical supercapacitors, 

batteries, and fuel cells. 

Electrochemical supercapacitors, also called ultracapacitors or supercapacitors, are 

energy storage devices that bridge the gap between conventional capacitors and batteries. 

Supercapacitors have a power density above that of a battery while achieving an energy 

density above that of conventional capacitor, as seen in Figure 1-1[1]. This unique 

combination of power and energy density allows supercapacitors to be used in applications 

where neither battery nor capacitor are suitable, as well as applications where hybrid 

capacitor-battery systems are necessary.  
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Figure 1-1: Ragone plot displaying power and energy densities of energy storage 

devices[1]. 

There are two types of supercapacitors: electrochemical double-layer capacitors 

(EDLCs) and pseudocapacitors, which are classified by their charge storage mechanisms. 

EDLCs store charge in a non-Faradaic manner that involves electrostatic charge 

accumulation and separation at the electrode/electrolyte interface of each electrode of the 

capacitor which results in what is called double-layer capacitance. Pseudocapacitors 

however, store charge by electron charge transfer from fast, highly reversible Faradaic 

redox reactions occurring at the surface and subsurface of the electrode resulting in 

pseudocapacitance.  
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 The material in a supercapacitor electrode that contributes to charge storage is 

termed as the active material. A variety of active materials can be used for positive and 

negative electrodes of supercapacitors. High surface area carbon derivatives have 

dominated as active materials for EDLC type supercapacitors, as the amount of charge is 

proportional to surface area. Whereas transition metal oxides and hydroxides, as well as 

conducting polymers achieve exceptional pseudocapacitive performance and are becoming 

increasingly common in supercapacitors. Unfortunately, most oxides and hydroxides have 

intrinsically low electrical conductivity so high capacitances can only be achieved by thin 

film electrodes. In addition, metal oxides and hydroxides tend to agglomerate during drying 

after particle synthesis, resulting in the particle surface area becoming inaccessible to 

electrolyte and other electrode material additives.   

 Over the last decade, the majority of supercapacitor research and improvements 

have been on positive electrode materials, leaving the negative electrode to become the 

limiting factor of device performance. Activated carbon is a common negative electrode 

for supercapacitors[2] but it has a lower capacitance compared to the positive electrode in 

addition to being expensive. FeOOH is a promising negative electrode material due to its 

high capacitance[3] but its poor cycle life renders it impractical for commercial application. 

 The objective of this research was to develop a novel processing technique for the 

synthesis of non-agglomerated particles to enhance supercapacitor performance as well as 

to develop an advanced negative electrode material for asymmetric supercapacitors all with 

high active mass loadings. An innovative colloidal processing technique was developed 

that used a multifunctional molecule that acted as a capping agent and a dispersing agent. 
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The conceptually new approach resulted in reduced particle size and improved mixing with 

conductive additives giving exceptional electrochemical performance. In addition, a new 

negative electrode material was developed via doping FeOOH with Zn that exhibited 

impressive cyclic stability. 
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Chapter 2: Literature Review 
2.1  Fundamentals of Conventional Capacitors 

 

 In energy storage applications, capacitors predate the invention of the battery. The 

first capacitor was built at the University of Leyden in the mid 1700s using a glass jar 

coated inside and out with silver foil[4]. A brief review of the fundamentals of simple 

conventional capacitors is necessary as the governing equations and principles carry into 

the more complex capacitor types. Figure 2-1 shows a simple capacitor that consists of two 

parallel conducting plates and a dielectric in between[5].   

 

Figure 2-1: Diagram of a simple electrostatic capacitor. 

 

In order for electrostatic charge to develop on the plate/electrodes of the capacitor, 

work must be done by an external driving force such as applying a potential difference. 
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Initially, the net charge between the plates of the capacitor is zero. In Figure 2-1 a battery 

provides an electromotive force generating a flow of electrons from one of the electrodes 

of the capacitor to the positive terminal of the battery, making that electrode positively 

charged. Simultaneously, electrons flow from the negative terminal of the battery and 

accumulate on the other electrode of the capacitor, making that electrode negatively 

charged. The charging continues until the potential between the plates of the capacitor is 

equal to the applied potential from the battery and the charge on each electrode of the 

capacitor is equal and opposite. The ratio between the electric charge on each electrode (Q), 

and the potential difference between the electrodes (V), is denoted as capacitance (C), as 

seen in Eq. 2.1. 

𝐶𝐶 =
𝑄𝑄
𝑉𝑉

=
𝜀𝜀0𝜖𝜖𝑟𝑟𝐴𝐴
𝑑𝑑

(2.1) 

 

For a simple parallel plate capacitor as shown above, capacitance is dependent on the area 

(A) of the electrodes, the permittivity of free space (ε0), the dielectric constant of the 

material between the plates (εr), and the distance (d) between the two electrodes.  

 To calculate the work done by the potential to store charge in a capacitor, an 

equation can be developed using the relation between the amount of incremental work (dW) 

required for an incremental change in charge (dQ): 

𝑑𝑑𝑑𝑑 = 𝑉𝑉𝑑𝑑𝑄𝑄 (2.2) 
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The integral of this equation results in the amount of energy the capacitor can hold. To 

simplify integration, we can use the relation between charge, capacitance, and potential and 

remove capacitance from inside the integral because capacitance remains constant which 

results in: 

𝐸𝐸 = �𝑑𝑑𝑑𝑑 = �𝑉𝑉𝑑𝑑𝐶𝐶𝑉𝑉 = 𝐶𝐶 �𝑉𝑉𝑑𝑑𝑉𝑉 = �
1
2�
𝐶𝐶𝑉𝑉2 (2.3) 

 

In addition, the power density of a capacitor can be written as: 

𝑃𝑃 =
𝑉𝑉2

4𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸
(2.4) 

Where RESR is the equivalent series resistance (ESR). It is clear from these equations that 

both power and energy density can be increased by increasing the operating voltage. In 

addition, energy density can be increased by increasing the capacitance. Regarding the 

deliverable power supplied by the capacitor, the power density can also be increased by 

reducing the ESR. In summary, by increasing the capacitance as well as the operating 

voltage and reducing the resistance, energy and power density can be increased. 
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2.2 Types of Supercapacitors 

2.2.1 Electrochemical Double-Layer Capacitors 

 EDLCs differ from pseudocapacitors due to the different charge storage 

mechanisms[6]. Similar to conventional electrostatic capacitors, EDLCs also store charge 

in a non-Faradaic method, meaning there is no charge transfer or redox reactions[7]. 

EDLCs are comprised of two electrodes which are typically made of high surface area 

carbon materials such as activated carbon. The two electrodes are physically separated by 

an ion permeable separator but remain connected ionically via an electrolyte. The 

electrolyte consists of both positive and negative ions dissolved in a solvent such as water. 

When a voltage is applied across the electrodes of an EDLC, ‘double-layers’ are formed at 

each electrode involving the charge on the surface of the electrode and solvated dissolved 

ions of the opposite charge in the electrolyte. A monolayer of solvent molecules, such as 

water, separate these two layers and charge is stored electrostatically. EDLCs work on the 

same principle as conventional capacitors but take advantage of the astonishingly large 

surface area of activated carbon and the nanoscale distance between the electrode surface 

and electrolyte ion which in this case would be the diameter of a water molecule. 

 Regarding modelling the double-layer phenomenon, there have been a series of 

models through history that have been accepted then improved upon which eventually led 

to the most correct, Grahame Model[8]. The first model of the double-layer was developed 

by Helmholtz, Figure 2-2(a), which illustrates the distribution of opposite charges, quasi-

2-dimensionally, at the electrode-electrolyte interface. Applying a potential causes a 
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controllable amount of charge buildup on the electrode surface due to an excess or 

deficiency of electrons and a corresponding accumulation of oppositely charged ions in 

solution complete the double-layer. Figure 2-2(b) is the Gouy-Chapman model, which 

introduced two modifications, (1) assume the electrolyte ions are point charges, (2) the 

double-layer would be subject to thermal fluctuations according to the Boltzmann 

principle[9]. The next development in the double-layer theory was by Stern and is shown 

in Figure 2-2(c). In his model, Stern combined the Helmholtz and Gouy-Chapman model 

to overtly define two regions of ion distribution, the diffuse layer/region and the 

compact/Helmholtz layer.  

 

Figure 2-2: Models of the double-layer a) Helmholtz model, b) Gouy-Chapman model, 

and c) Stern model[9] 

The Helmholtz layer containing a compact array of ions has a capacitance of CH. The 

remaining ionic charge density past the Helmholtz layer is termed as the diffuse region, 

having a capacitance of Cdiff. Combining these capacitances results in the overall double-

layer capacitance (Cdl), governed by: 
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1
𝐶𝐶𝑑𝑑𝑑𝑑

=
1
𝐶𝐶𝐻𝐻

+
1

𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
(2.5) 

The Stern model was further improved by Grahame, as seen in Figure 2-3, who made an 

important distinction between an inner and outer Helmholtz layer due to the different 

distances of closest approach at the electrode surface for cations and anions.  

 

Figure 2-3: Grahame’s representation of the double-layer structure defining different 

regions for adsorption of hydrated cations and less hydrated anions.[9] 

Due to the fact that most cations have a stronger ion-solvent interaction, they retain a large 

solvation shell which hinders the accumulation of cations to the electrode interface 

increasing their distance of closest approach. This leads to anion distance of closest 

approach to usually be smaller than that of a cation’s, causing the inner layer capacitance 
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of positively charged electrodes to typically be higher than that of a corresponding 

negatively charged electrode surface[9]. 

2.2.2 Pseudocapacitors 

 Pseudocapacitors utilize extremely rapid and reversible Faradaic charge transfer 

reactions between the active material of the electrode and the ions from the electrolyte 

which gives a much larger energy density than that of EDLCs[10]. Although Faradaic by 

nature, the shape of the cyclic voltammograms (CV) of such devices are similar to that of 

capacitors – hence the name pseudocapacitance. Conway identified three Faradaic 

mechanisms that exhibit capacitive features: (1) redox pseudocapacitance, (2) 

underpotential deposition and (3) intercalation pseudocapacitance[9]. These mechanisms 

are displayed in Figure 2-4 [11]. Redox pseudocapacitance is a phenomenon that occurs 

when electrolyte ions are adsorbed onto the surface resulting in Faradaic charge transfer 

due to a redox reaction. Underpotential deposition arises when metal ions residing in the 

electrolyte solution form a monolayer on a different metal's surface above their redox 

potential. Intercalation pseudocapacitance is similar to that of Li-ion batteries and occurs 

when ions migrate into layers or tunnels of an electrode material’s lattice resulting in a 

highly reversible redox reaction without any crystallographic phase changes. 
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Figure 2-4: Different types of pseudocapacitive behaviour: (a) underpotential deposition, 

(b) redox pseudocapacitance, and (c) intercalation pseudocapacitance[12]. 

Each of the three examples above are mechanisms for an electron to be transferred between 

an oxidized species and a reduced species[9].  

Thermodynamically, pseudocapacitance originates when some property β, that is 

proportional to charge passed caused by the conversion of a redox species, is related to 

potential expressed in this Arrhenius equation: 

𝛽𝛽
1 − 𝛽𝛽

= 𝐾𝐾𝑒𝑒
𝑧𝑧𝑧𝑧
𝐸𝐸�𝑇𝑇 (2.6) 

Since β is proportional to the charge passed the derivative of β, with respect to potential, 

dβ/dV, is related to a corresponding capacitance as: 
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𝑑𝑑𝛽𝛽
𝑑𝑑𝑉𝑉

=
𝐹𝐹
𝑅𝑅𝑅𝑅

𝐾𝐾𝑒𝑒𝐾𝐾𝐾𝐾 �𝑧𝑧𝐹𝐹𝑅𝑅�𝑅𝑅�

�1 + 𝐾𝐾𝑒𝑒𝐾𝐾𝐾𝐾 �𝑧𝑧𝐹𝐹𝑅𝑅�𝑅𝑅��
2 (2.7) 

 Conway continues to mention that this general equation above, Eq. 2.7, applies 

equivalently to the 3 pseudocapacitance mechanisms, however with a closer look it is 

realized that the Nernst equation is also suitable. For typical redox couple a simple redox 

reaction can be written as well as the corresponding Nernst equation: 

𝑂𝑂𝐾𝐾 + 𝑧𝑧𝑒𝑒− ↔ 𝑅𝑅𝑒𝑒𝑑𝑑 (2.8) 

𝐸𝐸 = 𝐸𝐸0 + �
𝑅𝑅�𝑅𝑅
𝑧𝑧𝐹𝐹
� ln

[𝑂𝑂𝐾𝐾]
[𝑅𝑅𝑒𝑒𝑑𝑑]

(2.9) 

Now, equation Eq. 2.8 can be rewritten using Q as a given molar quantity of reagent, Q = 

[Ox] + [Red]. If we rearrange Eq. 2.9 and write it in terms of [Ox] the result is: 

�𝑂𝑂𝐾𝐾𝑄𝑄 �

1 − �𝑂𝑂𝐾𝐾𝑄𝑄 �
= exp�

(𝐸𝐸 − 𝐸𝐸0)𝐹𝐹
𝑅𝑅�𝑅𝑅

� = exp �
∆𝐸𝐸 ∙ 𝐹𝐹
𝑅𝑅�𝑅𝑅

� (2.10) 

It is now more evident that the modified Nernst equation, Eq. 2.10, has the same structure 

as Eq. 2.6 and can be used as a universal function for this type of system. Conway provides 

an in-depth correlation of three types of systems that exhibit pseudocapacitance, which is 

summarized in Table 2-1. 
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Table 2-1: Types of pseudocapacitive systems and their corresponding Nernst type 

equations[9]. 

 

2.3  Electrode Materials for Supercapacitors 

This subchapter will discuss different supercapacitor electrode materials for both 

positive and negative electrodes in aqueous electrolytes. Qu et al.[13] completed a useful 

chart (Figure 2-5) of common electrode materials and the most promising will be discussed 

in the following sections.  



M.A.Sc Thesis – Jordan Milne; McMaster University – Materials Science & Engineering. 
 

15 
 

 

 

Figure 2-5: The potential windows of a variety of pseudocapacitive materials in aqueous 

electrolyte[13]. 

2.3.1 MnO2 

Manganese dioxide (MnO2) is a promising positive electrode material as a result of 

its high theoretical capacitance (1370 F g−1[12]), abundance, low cost, and environmentally 

benign nature. An in-depth insight of the charge storage mechanism of MnO2 is of the 

utmost importance in order to understand the parameters that effect the charge storage 

process. MnO2 stores charge mainly through redox and intercalation pseudocapacitive 

(Faradaic) reactions at the surface and subsurface of the material. MnO2 is 
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electrochemically active in the voltage window between 0 to 1.0 V (Vs. SCE) and exhibits 

an ideal rectangular shape during cyclic voltammetry. The redox reaction[14] that occurs 

in MnO2 can be written as:  

𝑀𝑀𝑀𝑀(𝐼𝐼𝑉𝑉)𝑂𝑂2 + 𝐾𝐾𝐶𝐶+ + 𝑦𝑦𝐻𝐻+ + 𝐾𝐾𝑒𝑒− ↔ 𝑀𝑀𝑀𝑀(𝐼𝐼𝐼𝐼𝐼𝐼)(𝑥𝑥+𝑦𝑦),𝑀𝑀𝑀𝑀(𝐼𝐼𝑉𝑉)1−(𝑥𝑥+𝑦𝑦)𝑂𝑂2𝐶𝐶𝑥𝑥𝐻𝐻𝑦𝑦 (2.11) 

Where C+ is Li+, Na+, K+, etc.  

It is important to note that this reaction involves the incorporation of protons into 

the MnO2 lattice which occurs reversibly and homogenously without any phase change[15]. 

This proton incorporation theory was solidified by Wen et al.[16] as their investigation 

included a series of experiments that focused on the effect of protons as well as cation 

species and respective concentrations. Wen et al. concluded that MnO2 capacitance 

increases with increasing cation concentration up to a specific amount, albeit the difference 

between different alkaline species (Li, K, Na) showed little variation. On top of this, it was 

noted that the capacitance of MnO2 drastically decreased in aprotic solvents when 

compared to water, rendering the effect of protons significant[16]. 

MnO2 can exist in a variety of different crystallographic forms such as: α-MnO2, β-

MnO2, γ-MnO2, δ-MnO2, λ-MnO2[17]. The α and γ phase include one-dimensional (1D) 

tunnels in their structures whereas the δ phase is a 2D layered compound and the λ phase 

possesses a 3D spinel structure, which are all shown in Figure 2-6. In the previous section 

three types of pseudocapacitance were described: underpotential deposition, redox, and 

intercalation. The crystal structure has a significant effect on the 

intercalation/deintercalation of cations and in MnO2[18]. Brousse et al.[19] studied the 
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capacitance of different phases of MnO2. It was concluded that certain crystallographic 

structures provided suitable gaps or tunnels to accommodate cations and protons which 

resulted in high capacitance, such as δ-MnO2.  

 

Figure 2-6: Crystal structures of α-, β-, γ-, δ-, and λ-MnO2[17]. 

2.3.2 Mn3O4 

It is known that manganese oxides can experience phase transformations during 

electrochemical cycling, resulting in an irreversible change in crystal structure causing a 

change in electrochemical performance[20][21]. In a recent study by Agrawal et al., 
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anelectrostatic spray deposition was used to synthesize a thin film electrode of 

hausmannite-Mn3O4[22] . Agrawal reported a substantial increase in capacitance from 72 

Fg−1 to 225 Fg−1 upon electrochemical cycling of the thin film Mn3O4 electrode, shown in 

Figure 2-7. The change in resistance and capacitance was attributed to the electrochemical 

phase transformation from the hausmannite-Mn3O4 to the more conducting birnessite-

MnO2, subsequently improving kinetics and conductivity[22] 

 

Figure 2-7: Cycling behavior of the Mn3O4 electrode[22]. 

Another major benefit of the electrochemical transformation from hausmannite-

Mn3O4 to birnessite-MnO2 is the variety of synthesis procedures available for Mn3O4 that 

are impractical for MnO2 synthesis, specifically, the use of capping agents. It is well known 

that large agglomerated particles are detrimental to the performance of most energy storage 

devices, so nanoparticles and nanostructures have gained immense research attention[23]. 

Zhao et al. used poly(acrylic acid) as a capping agent for Mn3O4 and achieved an average 
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particle size of 9.7 nm[24]. This highlights the weakness of the strong oxidizing precursor 

KMnO4, that is practically unavoidable for synthesizing pseudocapacitive birnessite-MnO2. 

KMnO4 reacts strongly with organics, rendering additives such as capping agents during 

synthesis ineffective. 

2.3.3 FeOOH 

FeOOH is an iron oxyhydroxide that is used in many applications such as catalysts, 

electrode materials, and magnetic recording media. FeOOH is low cost, environmentally 

friendly, and offers pseudocapacitive behavior in aqueous electrolytes[25]. The charge 

storage mechanism can be written as the following[26]: 

𝐹𝐹𝑒𝑒𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐻𝐻2𝑂𝑂 + 𝑒𝑒− ↔ 𝐹𝐹𝑒𝑒(𝑂𝑂𝐻𝐻)2 + 𝑂𝑂𝐻𝐻− (2.12) 

The charge/discharge process involves the Fe3+/Fe2+ redox reaction in Eq. 2.12 resulting in 

Faradaic charge storage. FeOOH is electrochemically active between -0.8 and 0 V (Vs. 

SCE) which allows FeOOH electrodes to work in tandem as negative electrodes paired with 

positive electrodes such as MnO2[27]. 

It has been reported that the amorphous phase provides superior supercapacitive 

performance than that of its crystalline counterparts because the electrostatic forces during 

charging and discharging can be easily released in the amorphous electrodes due to their 

disordered structures[28]. A study by Li et al. demonstrated that amorphous phase Ni(OH)2 

exhibited superior electrochemical performance because of its high structural disorder[29]. 

This finding has led to an increase in research of amorphous oxide/hydroxide electrode 

material, specifically FeOOH. Until recently, FeOOH has been ignored as a potential 
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electrode material for supercapacitors because of its naturally high electrical resistance and 

low cyclability. That being said, many studies have reported excellent cyclability, such as 

Cheng et al., reporting 96% capacitance retention after 800 cycles[30] in high molar KOH 

as the electrolyte. Although Cheng and other authors achieved excellent cyclic performance 

with FeOOH they highlighted a new problem, which is many high performance positive 

electrodes work best in neutral electrolytes[31], not highly basic or acidic electrolytes. It is 

crucial that both positive and negative electrodes exhibit good electrochemical performance 

in the same electrolyte. 

2.3.4 Other Metal Oxides 

Other noteworthy metal oxide materials are RuO2, Co3O4, NiO/Ni(OH)2, and V2O5.  

RuO2 has been studied as a positive electrode for supercapacitors for many years and has 

outstanding pseudocapacitive performance in both crystalline and amorphous phases[32]. 

One major benefit RuO2 has over most other oxides is it has potentially three redox couples 

corresponding to four stable redox states, Ru2+/Ru3+, Ru3+/Ru4+ and Ru4+/Ru6+[33]. The 

charge storage mechanism of RuO2 involves proton intercalation in acidic and alkaline 

electrolytes as shown in the following equation[34]. 

𝑅𝑅𝑅𝑅𝑂𝑂2 + 𝐾𝐾𝐻𝐻+ + 𝐾𝐾𝑒𝑒− ↔ 𝑅𝑅𝑅𝑅𝑂𝑂𝐻𝐻𝑥𝑥 (2.13) 

A hydrated RuO2·xH2O amorphous compound was found to have a specific capacitance of 

768 F g-1[35]. While RuO2 has exceptional electrochemical performance, the cost of RuO2 

is a major barrier for the commercialization of this material[36].  
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 Another interesting positive electrode material that has gained research attention is 

Co3O4 due to its redox pseudocapacitance, impressive reversibility, and extremely high 

theoretical specific capacitance of 3580 F g-1[37]. The charge storage mechanism for cobalt 

oxide is from the redox reactions of Co2+/Co3+ which is[38]:  

𝐶𝐶𝑜𝑜3𝑂𝑂4 + 𝑂𝑂𝐻𝐻− + 𝐻𝐻2𝑂𝑂 ↔ 3𝐶𝐶𝑜𝑜𝑂𝑂𝑂𝑂𝐻𝐻 + 𝑒𝑒− (2.14) 

𝐶𝐶𝑜𝑜𝑂𝑂𝑂𝑂𝐻𝐻 + 𝑂𝑂𝐻𝐻− ↔ 𝐶𝐶𝑜𝑜𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 + 𝑒𝑒− (2.15) 

Xiang et al. synthesized Co3O4/reduced graphene oxide (rGO) composite through 

hydrothermal methods[39]. The authors reported a high specific capacitance of 472 F g-1 

and 96% retention after 1000 cycles. An even more impressive result was then reported by 

Kumar et al. who synthesized graphene wrapped cobalt oxide via microwave irradiation 

forming a robust device with an impressive specific capacitance of 712 F g-1[40]. Although 

Co3O4 has very high stability and capacitance values, it is limited not only by its high price, 

but also its high toxicity. 

Nickel oxides and hydroxides are other well researched positive supercapacitor 

electrode materials. Nickel-based electrode materials are becoming more common in 

energy storage devices, specifically in supercapacitor research due to their higher 

theoretical capacitance, charge density, and chemical stability[41]. NiO and Ni(OH)2 have 

similar charge/discharge mechanisms as FeOOH as they involve redox reactions with 

hydroxide groups as shown respectively[42], [43]: 

𝑁𝑁𝑁𝑁𝑂𝑂 + 𝑧𝑧𝑂𝑂𝐻𝐻− ↔ 𝑧𝑧𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂𝐻𝐻 + (1 −  𝑧𝑧)𝑁𝑁𝑁𝑁𝑂𝑂 + 𝑧𝑧𝑒𝑒− (2.16) 
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𝛼𝛼 − 𝑁𝑁𝑁𝑁(𝑂𝑂𝐻𝐻)2  +  𝑂𝑂𝐻𝐻− ↔ 𝛾𝛾 − 𝑁𝑁𝑁𝑁𝑂𝑂𝑂𝑂𝐻𝐻 +  𝐻𝐻2𝑂𝑂 + 𝑒𝑒− (2.17) 

NiO has been synthesized in a plethora of ways including: heat treatment of 

electrodeposited nickel oxides/hydroxides[44], sol-gels[45], and precipitation[46]. Dar et 

al. used a thermally treated electrodeposition method to synthesize a thin film electrode 

resulting in the highest recorded specific capacitance for NiO of 2093 F g-1[47]. Chai et al. 

used a chemical precipitation and ultrasonication with rGO to synthesize a Ni(OH)2-rGO 

composite electrode which attained an impressive specific capacitance of 2053 F g-1[43]. 

Another material of particular interest is V2O5, due to the structure of its valence 

electron layer, which can be written as 3d34s2. This electron configuration has five valence 

electrons which can participate in bonding and provide impressive pseudocapacitance[48]. 

These multiple valence states give an unusually large potential window range seen in Figure 

2-5. In addition to the large potential window, V2O5 is low cost, abundant, and has high 

theoretical pseudocapacitance (2120 F g-1)[49]. Pan et al. took advantage of the quasi-

metallic phase of vanadium oxide, V2O3, which has a resistance lower than that of V2O5 by 

over 6 orders of magnitude shown in Figure 2-8[50].  
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Figure 2-8: Representative resistivity of V2O5, VO2, and V2O3[50]. 

Pan et al. fabricated V2O3/V2O5 core-shell nanostructures by synthesizing V2O3 

particles in which the surface of these particles naturally oxidizes to a more stable 4+ or 5+ 

state, which also happens to have superior pseudocapacitive properties. V2O5 stores charge 

through pseudocapacitive redox reactions as well as intercalation which can be written 

as[51]: 

𝑉𝑉2𝑂𝑂5 + 𝐾𝐾𝐶𝐶+ + 𝐾𝐾𝑒𝑒− ↔ 𝑉𝑉2𝑂𝑂5𝐶𝐶𝑥𝑥 (2.18) 

A remarkably high specific capacitance of 2590 F g-1 was reported by Shakir et al. 

in thin films deposited using a layer-by-layer technique. One layer consisted of multi-

walled carbon nanotubes (MWCNT) with an ultra thin film (3 nm) of V2O5 grown on them 

while a graphene layer was alternatively inserted[52]. 
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2.3.5 Carbon Materials 

A variety of carbon-based materials ranging from carbon nanotubes (CNT) to 

activated carbon (AC) are the most widely used EDLC electrodes and are common among 

other types of supercapacitors as well[53]. On top of being the sixth most abundant element 

in the earth’s crust, most carbonaceous materials are highly conductive and can achieve 

enormously high specific surface area[54]. Carbon-based supercapacitors can store 

impressive amounts of energy through the utilization of the large surface area (A), 

combined with the atomic range of charge separation distances (d), explained in Eq. 

2.1[55]. Carbon electrodes offer high power density, excellent cycle life, and excellent 

dependability[56]. However, their main drawbacks are low energy density and high self 

discharge[57]. 

Over the last decade, graphene and reduced graphene oxide have been heavily 

researched and show promising potential for supercapacitor applications. Graphene is a 

two-dimensional structure (one carbon atom in thickness) that is remarkably conductive as 

well as chemically stable, resulting in excellent energy storage capability[58]. rGO has the 

ability to introduce surface functional groups including alcohols, epoxides, carbonyls and 

carboxylic acids which can act as redox sites and contribute to pseudocapacitance[59]. A 

study by Wu et al. displayed a synergistic performance improvement when coupling rGO 

with RuO2. Wu anchored RuO2 nanoparticles on rGO surface via a precipitation method. 

Wu reported superior capacitance from the RuO2–rGO composite compared to the results 

of pure rGO or pure RuO2. The authors concluded that the rGO sheets aided in separating 
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in separating the RuO2 nanoparticles, avoiding the agglomeration of the RuO2 nanoparticles 

while simultaneously providing a conductive pathway[60]. 

 

2.3.6 Conductive additives  

A common factor in the aforementioned electrode materials is conducting additives. 

Homogenous electrode materials give inadequate performance due to their intrinsically 

weaker material properties such as conductivity, cyclic and mechanical stability, unless 

expensive and/or unscalable nanosynthesis techniques are used[61]. Most metal oxides are 

electrically resistive by nature[62], increasing both sheet resistance and charge transfer 

resistance causing a notable IR loss at higher current densities. The rapidly evolving field 

of nanotechnology has provided an impetus for advancements in supercapacitor electrode 

materials. A variety of carbon materials such as activated carbon[63], graphene[64], 

reduced graphene[65], and carbon nanotubes[66] are used in composite metal oxide 

electrodes to enhance conductivity and mechanical strength. Zhao et al. synthesized 

nanostructured graphene/NiO material for high performance composite supercapacitor 

electrodes[67]. As shown in Figure 2-9, Zhao increased the capacitance of pure NiO by 

172% by adding a graphene matrix improving the conductivity of the composite.  
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Figure 2-9: Specific capacitance over 1000 cycles of pure NiO and graphene/NiO[67]. 

MWCNT is another conducting material used to mitigate the conductivity problem 

that persists in most metal oxides owing to MWCNT’s large surface area, superior 

conductivity and intertwined mesoporous structure[68]. Xia et al. investigated 

hydrothermally synthesized MnO2 deposited onto MWCNT which resulted in a specific 

capacitance of 310 F g-1 and improved rate capability which significantly exceeds that of 

pure MnO2 or pure MWCNT. The improved rate capability and capacitance of the 

MnO2/MWCNT composite electrode over that of the pure MnO2 electrode is due to the 

lower charge transfer resistance and diffusion related resistance reported in Xia’s 

electrochemical impedance spectroscopy (EIS) analysis. Xia et al. concluded that the 3D 

electron path network provided by the MWCNT facilitate faster electron transport and 

mechanical stability. 
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2.4  Asymmetric Supercapacitors 

In order to fully appreciate the potential of asymmetric supercapacitors, an 

understanding of electrolyte selection is necessary. Firstly, electrolytes used in 

supercapacitor applications should ideally be inexpensive and have: stability over a wide 

potential range, high ionic conductivity, low toxicity, as well as a small solvated ionic 

radius [69]. The most important property of the electrolyte is its stability over a potential 

range since the energy storage in supercapacitors is proportional to the square of applied 

voltage (Eq. 2.3). It is well known that the thermodynamic potential window of water is 

1.23 V, restricting the use of aqueous electrolytes for commercialized “symmetric” 

supercapacitor technology (two identical carbon electrodes). For this reason, organic 

electrolytes have been commercially used for EDLC type devices as organic electrolytes 

are stable above 2.5 V[70].   

Moreover, an asymmetric supercapacitor is a device that consists of two dissimilar 

electrodes that are electrochemically active in different potential windows[71]. Until 

recently, asymmetric supercapacitors were not well researched, as seen in Figure 2-10.  
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Figure 2-10: Asymmetric supercapacitor publications since 2006[71]. 

The driving force of this exponential increase in research of asymmetric supercapacitors is 

due to the high energy density achieved by pseudocapacitors in various potential ranges. 

The potential windows of the positive and the negative electrodes are limited by the oxygen 

and the hydrogen evolution reactions in aqueous electrolytes. Careful selection of positive 

and negative electrodes with high overpotentials allow aqueous-based asymmetric 

supercapacitors to achieve a voltage up to 2 V, eliminating the main advantage organic 

electrolytes hold.[72]. Other advantages of using aqueous electrolytes are they have low 

ESR, are cost-effective, and eco-friendly[73]. 

Unfortunately, a major roadblock for the development of asymmetric 

supercapacitors is the inferior capacitances of negative electrode materials, displayed in 
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Figure 2-11. The low capacitance of the negative electrode leads to low capacitance of the 

cell (Ccell) according to the fundamental equation, where C+ and C- are specific capacitances 

of positive and negative electrodes respectively[69]:  

1
𝐶𝐶𝑐𝑐𝑐𝑐𝑑𝑑𝑑𝑑

=
1
𝐶𝐶+

+
1
𝐶𝐶−

(2.19) 

It is clear that in order to fabricate practical asymmetric supercapacitors improved negative 

electrode materials are necessary. 

 

Figure 2-11: Specific capacitance of selected anode and cathode materials[69]. 
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2.5  Mass Loading 

Although the specific capacitances reported in the previous subchapters are 

impressive, there is a fundamental problem that must be addressed. Supercapacitor 

electrodes and devices reporting exceptional electrochemical performances typically have 

a mass loading of active material (pseudocapacitive material) less than 0.2 mg cm2[74]. 

Since pseudocapacitive reactions occur mostly at the surface, electrolyte ions have easy 

access and short diffusion distance to active material of thin film (low mass loading) 

electrodes. For this reason, low mass loading electrodes have high specific capacitance and 

rate capability results. More importantly, low mass loading electrodes have low areal 

capacitance and low areal energy and power densities restricting their practicality in 

supercapacitors for energy storage applications[75]. In addition, an important characteristic 

of supercapacitor electrodes is the ratio (Rm) of active mass to the mass of the current 

collector[76]. Many thin film electrodes have micrograms of active material on heavy 

metallic current collectors. 

𝑅𝑅𝑚𝑚 =
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑚𝑚𝑎𝑎𝑎𝑎𝑁𝑁𝑎𝑎𝑒𝑒 𝑚𝑚𝑚𝑚𝑎𝑎𝑒𝑒𝑚𝑚𝑁𝑁𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑎𝑎𝑅𝑅𝑚𝑚𝑚𝑚𝑒𝑒𝑀𝑀𝑎𝑎 𝑎𝑎𝑜𝑜𝑚𝑚𝑚𝑚𝑒𝑒𝑎𝑎𝑎𝑎𝑜𝑜𝑚𝑚

 (2.20) 

Rm values for thin film electrodes are typically below 1–2%, but for practical 

applications this percentage must be much higher[77]. 

2.6  Fabrication Methods 

A major challenge in supercapacitor electrode fabrication is to achieve high 

capacitance, capacitance retention at high charge-discharge rates, and adequate cycle life 
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for electrodes with high active mass loadings[78]. In order to synthesize high performing 

practical supercapacitor electrodes with high mass loadings, innovative fabrication 

methods must be utilized to synthesize composite electrode materials. These fabrication 

methods will be discussed in the following subchapters. 

2.6.1 Electrophoretic Deposition  

An electrode fabrication technique that is used for a variety of electrode materials 

is electrophoretic deposition (EPD). This method uses an electric field which moves 

charged particles towards an electrode serving as the deposition surface[79]. EPD is an 

established, economical, and scalable process that has been successfully used for the 

deposition of activated carbon, CNT, graphene, and transition metal oxides. EPD has 

numerous advantages for the fabrication of films from charged colloidal suspensions, 

including controllable thickness, high deposition rates, uniformity, and simplicity in terms 

of equipment[80]. 

A major catalyst for the increased use of electrophoretic deposition for 

supercapacitor electrodes stems from the power density equation Eq. 2.4, where 

minimizing the ESR increases the power density. Du et al. used EPD to deposit MWCNT 

which resulted in a uniform deposition that was efficiently bonded to the current 

collector[81]. This produced a direct conductive path from MWCNT film to the current 

collector, reducing contact and internal resistance of the electrode. An interesting study by 

An et al. reported a simple, high yield, large surface area, inexpensive, and environmentally 

benign fabrication of films comprised of rGO platelets using EPD shown in Figure 2-
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21[82]. The oxygen functional groups of rGO were substantially removed by the EPD 

process, and the deposited film displayed improved electrical conductivity compared to 

rGO papers made by the filtration method[83]. 

 

 

Figure 2-12: Schematic diagram of the simple EPD process[82]. 

In addition to homogenous films, nanocomposite films can also be deposited using 

EPD. In an article by Wang et al., charging additives were added to the EPD solution 

adsorbing onto both MnO2 and MWCNT causing both species to become charged[84]. The 

nanocomposite films were studied in supercapacitor applications and resulted in a high 

specific capacitance of 553 Fg−1. 
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2.6.2 Chemical Bath Deposition  

Similar to EPD, chemical bath deposition (CBD) is a low temperature, simple, and 

inexpensive synthesis method[85]. Thin films are formed in CBD when the solution is 

saturated. To clarify, the ionic product of anions and cations in the synthesis solution is 

equal to the solubility product of the metallic precursors and when the latter is surpassed, 

ions combine and precipitation occurs on the substrate[86]. A notable advantage of CBD is 

that electrical conductivity is not a requirement for the substrate, in fact, any insoluble 

material to which the synthesis solution has ionic access to is an appropriate substrate[87].  

An example of CBD reactions to form nickel-cobalt sulfide supercapacitor 

electrodes can be seen in a detailed report by Zhao et al.[88].  Firstly, Zhao dissolved nickel 

and cobalt salts with hexamethylenetetramine in a mix of deionized water and ethanol, as 

seen in Eq.2.21. 

 Zhao et al. then reacted the nickel-cobalt-hydroxide product with a certain amount of 

thioacetamide which acted as the sulfur supply shown in Eq. 2.22, which produced the final 

electrode material NiCoxSy. 

𝑁𝑁𝑁𝑁2+ + 2𝐾𝐾𝐶𝐶𝑜𝑜2+ + 3 𝐶𝐶𝑂𝑂2 + 12𝑂𝑂𝐻𝐻− →  2𝑁𝑁𝑁𝑁𝐶𝐶𝑜𝑜𝑥𝑥(𝐶𝐶𝑂𝑂3)1.5(𝑂𝑂𝐻𝐻)3 + 3𝐻𝐻2𝑂𝑂 (2.21) 

2𝑁𝑁𝑁𝑁𝐶𝐶𝑜𝑜𝑥𝑥(𝐶𝐶𝑂𝑂3)1.5(𝑂𝑂𝐻𝐻)3 + 2𝑦𝑦𝐻𝐻2𝑆𝑆 + (𝑦𝑦 − 3)𝑂𝑂2 → 
2𝑁𝑁𝑁𝑁𝐶𝐶𝑜𝑜𝑥𝑥𝑆𝑆𝑦𝑦 + (3 + 2𝑦𝑦)𝐻𝐻2𝑂𝑂 + 3𝐶𝐶𝑂𝑂2 (2.22) 

This CBD synthesis procedure produced a thin film flaky nickel cobalt sulfide electrode 

which had a specific capacitance of 1196 F g-1.  
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The freedom in substrate material selection given by CBD allowed for layered 

birnessite-MnO2 films to be deposited on flexible transparent plastic substrates[89]. 

Compressive and tensile bending tests displayed that the MnO2 film electrodes retain 

exceptional electrochemical stability as well as mechanical flexibility. In addition to metal 

oxides, CBD can also be used to synthesize conducting polymer electrodes. Polyaniline 

(PANI) is a conductive polymer that exhibits pseudocapacitive behavior[90]. In an 

impressive study by Deshmukh et al., PANI thin films were synthesized by chemical 

oxidization of the monomer aniline with ammonium persulfate in a sulfuric acid 

solution[91]. One disadvantage of CBD is the reaction-based deposition can be time 

consuming, hindering its practicality. A technique used by Deshmukh et al. was to use 

microwaves to enhance the CBD process. This technique reduced synthesis time 

significantly producing a high-performing PANI electrode with a specific capacitance of 

753 F g-1. A key advantage of CBD is that composite electrodes can be synthesized with 

desirable morphologies and low ESR. For example, Qui et al. synthesized graphene-NiO 

core-shell nanosheets through a simple CBD method. The interconnections among the 

nanosheets exhibited excellent electrical conductivity and a high energy density of 19.5 Wh 

kg-1. 

  

2.6.3 Heterocoagulation  

As mentioned previously, thin film electrodes are not practical for supercapacitor 

electrodes for energy storage applications. To maintain low internal resistance of the 

electrode conductive additives are necessary. Heterocoagulation is a recent innovative 
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fabrication route used to link CNT to pseudocapacitive materials. This method uses a 

dispersing agent for the dispersion of oxide nanoparticles and an oppositely charged 

dispersing agent for the dispersion of CNT forming a composite with low internal 

resistance, as shown in Figure 2-13[92].  

 

Figure 2-13: Synthesis process for heterocoagulation using MWCNT and MnO2[92]. 

From the previous studies, it has been made clear that covalent functionalization 

methods for the dispersion of CNT are not ideal due to the degradation of MWCNT 

structure and properties from such techniques[93]. In a heterocoagulation method used by 

Ata et al., the surface of MWCNT was modified using small charged aromatic molecules 

adsorbed on the surface with π-π staking and hydrophobic interactions, improving the 

MWCNT dispersion[94]. Ata selected Mn3O4 as the active material for the electrode which 

was dispersed using a molecule called P(SSA-MA). This unique multifunctional molecule 

allowed efficient adsorption on Mn3O4 imparted by the MA monomer, whereas SSA 
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monomers provided a negative charge. Enhanced dispersion of the individual electrode 

components and their electrostatic heterocoagulation facilitated improved mixing of these 

components, producing a well mixed composite electrode with high active mass loading.  

2.6.4 Particle Extraction Through the Liquid-Liquid Interface  

The Liquid-liquid interface (LLI) provides a unique two-dimensional environment 

different from that of a bulk fluid. Novel methods of particle synthesis and surface 

functionalization of material at the LLI have combined the advantages of material synthesis 

in organic and aqueous phases[95]. In particle extraction through the liquid-liquid interface 

(PELLI), inorganic particles are synthesized in an aqueous solution and transferred to an 

immiscible organic solvent as seen in Figure 2-14[96]. 

 

Figure 2-14: Schematic of (a) precipitation of particles in aqueous solution, (b,c) different 

stages in extraction[96]. 

PELLI addresses a major difficulty for the synthesis of nanoparticles by wet 

chemical methods, which is the agglomeration of nanoparticles after removal from the 

solution after synthesis. Hydroxide groups on the particle surface can undergo 

condensation, forming oxo-bridges which results in the agglomeration of oxide and 
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hydroxide particles while drying. In many applications, co-dispersion of non-agglomerated 

nanoparticles with other materials is necessary[97]. Specifically, in supercapacitor 

electrode fabrication, active material must be combined with conductive additives and 

water insoluble polymer binders[98]. To clarify, PELLI is used to co-disperse active 

materials prepared in aqueous solutions by transferring the particles to an immiscible 

organic solvent by using multifunctional extractor molecules.  These extracted particles are 

then mixed with conductive additives avoiding the agglomeration that occurs during the 

drying stage. The extractor molecules typically consist of a hydrophobic carbon chain as 

well as a functional group that facilitates adsorption to the active material. 

 In a study by Chen et al., multiple distinct molecules were used to transfer MnO2 

particles from the aqueous synthesis solution and disperse them in an organic phase[99]. In 

the PELLI fabrication technique the agglomeration of oxide particles during drying was 

avoided and improved mixing of MnO2 and MWCNT occurred in the organic phase. The 

reduction in agglomeration using PELLI facilitated mixing of components resulting in 

significantly lower resistance shown in Figure 2-15. Not only was the ESR reduced using 

PELLI but the capacitance of the electrode using the most suitable extractor molecule 

doubled the capacitance of the electrode synthesized without PELLI. 



M.A.Sc Thesis – Jordan Milne; McMaster University – Materials Science & Engineering. 
 

38 
 

 

Figure 2-15: Nyquist plot of complex impedance  for MnO2-MWCNT electrodes 

prepared (a) without extraction and (b–d) by PELLI using (b) 16-phosphonohexadecanoic 

acid, (c) octadecylphosphonic acid, and (d) stearic acid extractors[99]. 
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Chapter 3: Problem Statements and Objectives 

 To meet the ever-increasing energy storage requirements, supercapacitors with high 

active mass loadings are necessary to achieve high energy and power densities. High mass 

electrodes suffer from particle agglomeration causing poor electrolyte access to active 

material. On top of this, the agglomeration of active material such as oxides and hydroxides 

cause poor mixing with conductive additives, reducing the overall electrochemical 

performance of the device. Furthermore, the lack of research in the area of negative 

electrodes for supercapacitor devices has caused the improvements in negative electrode 

performance to lag behind that of positive electrodes. 

One objective of this investigation is to fabricate high mass electrodes with good 

electrochemical performance and rate capability. To achieve this, the development a novel 

processing technique for the synthesis of non-agglomerated particles is necessary. A second 

objective of this investigation is to develop an advanced negative electrode for the 

fabrication of asymmetric supercapacitors 
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Chapter 4: Experimental Procedures 

4.1 Chemicals and Materials  

Table 4-1: Table of materials used. 

Material Use Material Name Source 

Active Materials 

Potassium permanganate (KMnO4) Sigma-Aldrich 
Iron chloride hexahydrate 
(FeCl3·6H2O) Sigma-Aldrich 

Manganese nitrate tetrahydrate 
(Mn(NO)3·4H2O) Sigma-Aldrich 

Dopant Zinc chloride (ZnCl2) Anachemia 

Extracting Agents 
Octyl gallate (OG) Sigma-Aldrich 
Octanohydroxamic acid (OHA) TCI Chemicals 
Bufexamac (BF) TCI Chemicals 

Organic Solvents Ethanol  Commercial Alcohols 
n-butanol Fisher Chemical 

Conductive Additive 
Multi-walled carbon nanotubes 
(MWCNT) (ID: 4 nm, OD: 13 nm, 
Length: 1-2 µm) 

Bayer 

Binder 
Poly(vinyl butyral-co-vinyl alcohol-
co-vinyl acetate, Average Mw = 
50000- 80000 (PVB) 

Sigma-Aldrich 

Dispersing Agent Methyl Violet 3RAX Sigma-Aldrich 
Calconcarboxylic acid (CA) Sigma-Aldrich 

Electrolyte Sodium sulfate (Na2SO4) Caledon Laboratory 
Chemicals 

Current Collector Nickel foam Vale 
Reference Electrode Potassium chloride (KCl) Fisher Chemical 

Base (pH Adjustment) Sodium Hydroxide (NaOH) Caledon Laboratory 
Chemicals 

 

4.2  Synthesis of Electrode Materials Using Octyl Gallate for PELLI 

A simple multiple-step procedure was performed to obtain the oxide nanoparticles 

extracted by the liquid-liquid extraction method using Octyl Gallate (OG). For the α-

FeOOH: (i) 330 mg of FeCl3∙6H2O was dissolved in 50 mL of deionized (DI) H2O using 
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mild stirring. (ii) 1M NaOH was added to the solution until pH 7 was reached under 

continuous stirring. (iii) A new solution with 33 mg of OG was dissolved in 20 mL of n-

butanol using ultrasonic bath. (iv) Both solutions were mixed under stirring for 2 min and 

set to rest for 2 min for phase transfer to occur. (v) The solution was poured into a separation 

funnel and the bottom aqueous phase was removed. (vi) The remaining nanoparticles in the 

n-butanol phase were mixed using ultrasonic bath with a fresh solution containing 25 mg 

of MWCNT already dispersed with 25 mg of calconcarboxylic acid in 20 mL of n-butanol. 

(vii) The final solution was washed with 750 mL of water followed by 250 mL of ethanol 

under vacuum pump-filtration then stored in a desiccator.  

For the Mn3O4: (i) 330 mg of Mn(NO3)2·4H2O was dissolved in 50 mL of H2O 

using ultrasonic bath. (ii) 2M NaOH solution was added dropwise under ultrasonic bath 

until a pH of 10 was achieved. The steps from (iii) to (vii) were the same previously 

described.  

For the MnO2: (i) 180 mg of KMnO4 was dissolved in a solution containing 100 

mL of H2O and 20 mL of n-butanol by stirring overnight. (ii) 25 mg of OG was dissolved 

in 20 mL of n-butanol using ultrasonic bath. The subsequent steps are described above as 

(iv) to (vii). 

ZnO was prepared by chemical precipitation from 0.26 M Zn(NO3)2 solutions (100 

mL) in water at a temperature of 70 °C and pH of 8. The pH of the solutions was adjusted 

using 1 M NaOH. 



M.A.Sc Thesis – Jordan Milne; McMaster University – Materials Science & Engineering. 
 

42 
 

4.3  Synthesis of Electrode Materials Using Octanohydroxamic Acid for 

PELLI 

For the Mn3O4: (i) 330 mg of Mn(NO3)2·4H2O was dissolved in 50 mL of H2O 

using an ultrasonic bath. (ii) 33 mg of OHA was dissolved in 2M NaOH solution which 

was then added dropwise into the dissolved Mn(NO3)2 solution under ultrasonic bath until 

pH 10 was reached. (iii) 20 mL of pure n-butanol was added to the solution. (iv) The 

solution was mixed under stirring for 2 min and set to rest for 2 min for phase transfer to 

occur. (v) The solution was poured into a separation funnel and the bottom aqueous phase 

was removed. (vi) The remaining nanoparticles in the n-butanol phase were mixed using 

an ultrasonic bath in a fresh solution containing 25 mg of MWCNTs already dispersed in 

20 mL of n-butanol with 25 mg of OHA. (vii) The final solution was washed with 750 mL 

of water followed by 250 mL of ethanol under vacuum pump-filtration then stored in a 

desiccator.  

For the MnO2: (i) 180 mg of KMnO4 was dissolved in a solution containing 100 

mL of H2O and 20 mL of n-butanol by stirring overnight. (ii) 33 mg of OHA was dissolved 

in 20 mL of n-butanol using an ultrasonic bath. (iv) Both solutions were mixed under 

stirring for 2 min and set to rest for 2 min for phase transfer to occur. The steps from (v) to 

(vii) were the same as previously described. 

4.4  Synthesis of Zn/FeOOH Electrode Materials 

For the Zn/FeOOH: (i) 330 mg of FeCl3∙6H2O and 30 mg of ZnCl2 was dissolved 

in 12.5 mL of H2O using mild stirring. (ii) 4M NaOH was added to the solution until pH 
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13 was reached under continuous stirring. (iii) The freshy precipitated Zn doped FeOOH 

particles were filtered with DI water until pH returned to 7. (iv) The particles were re-

dispersed in DI water and mixed with a solution containing 23 mg of MWCNT already 

dispersed in 75 mL of DI water with 23 mg of Methylene Violet 3RAX as a dispersant. 

(vii) The solution of Zn/FeOOH and MWCNT was ultrasonicated for 100 min. (viii) The 

final solution was washed with 750 mL of water followed by 250 mL of ethanol using 

vacuum pump-filtration then stored in a desiccator.  

The Pure FeOOH electrode was prepared in an identical manner excluding the 

30mg of ZnCl2 in step (i) and only a pH of 7 was reached in step (ii). 

4.5 Characterization of Electrode Materials 

4.5.1 SEM 

The microstructures of the composite electrodes were qualitatively analyzed using 

scanning electron microscopy (SEM) at the Canadian Centre for Electron Microscopy using 

a JEOL JSM-7000F. The beam current was set to the auto-low or auto-medium setting for 

the instrument depending on the sample. Electrodes were prepared for SEM analysis by 

adhering a small cut-off of the electrode on the centre of a piece of double-sided copper 

tape on a stainless-steel sample stub. Silver or nickel paste was applied along the edges of 

the copper tape to improve conductivity to the stub. Due to the conductivity needed for 

enhanced SEM images the samples were coated with a 5 nm layer of platinum. 
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4.5.2 FTIR and XPS 

Fourier transform infrared spectroscopy (FTIR) was performed at the McMaster 

Biointerfaces Institute- to obtain an infrared spectrum of absorption from dispersing agents 

used in the PELLI experiments. The instrument used was a Bio-Rad FTS-40. X-ray 

photoelectron spectroscopy (XPS) was used to study the difference in oxidation states of 

Mn3O4 before and after cycling procedures. The instrument used was a Physical Electronics 

Quantera II. 

4.5.3 XRD 

2D diffraction data was collected at the MAX Diffraction Facility at McMaster 

University, Hamilton, ON.  

For iron-containing samples X-Ray diffraction (XRD) testing was performed using 

the Bruker D8 DISCOVER with DAVINCI.DESIGN diffractometer, equipped with Cobalt 

Sealed Tube Source (λ avg = 1.79026 Å), Vantec 500 (MiKroGap TM technology) area 

detector. 5 frames were captured with an exposure time of 420 seconds per frame with a 

power setting of 35 kV, 45 mA. 

For manganese containing samples instrumentation with Bruker Smart6000 CCD 

area detector and a Rigaku RU200 Cu Kα̅ rotating anode was used. 7 frames were used 

with 300 seconds per frame and a power setting of 50 kV, 90 mA. 

2D frames were collected with DIFFRAC-Measurement Centre version 4.2 software 

and integrated to 1D using DIFFRAC.EVA Version 4.0. Phase identification was 

performed using the integrated ICDD PDF-4 + 2018 powder database in DIFFRAC.EVA. 
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4.6  Fabrication of Electrodes 

The supercapacitor electrodes were synthesised via slurry impregnation. To begin, 

a piece of 95% porosity nickel foam was cut into 1.5 cm by 1cm rectangular pieces and 

cleaned using DI water and ethanol. The mass of the nickel foam was obtained using a 

Toledo AX105 scale prior to impregnation. The composite electrode material previously 

synthesized was ground in a mortar with 3 wt% of binder (PVB) dissolved in ethanol. The 

desired mass loading was then loaded onto a 1 cm by 1cm section of the nickel foam. The 

impregnated nickel foam was dried and then placed on the scale to determine if more mass 

loading was necessary. Once the nickel foam was loaded with the desired mass it was rolled 

in three steps to around 30% of the original thickness resulting in an electrode 

approximately 0.37 mm thick. After rolling, the mass of the electrode was measured again 

and the difference from the unimpregnated nickel foam was the mass loading of the 

electrode. Copper wire was soldered to the unimpregnated area of the nickel foam and 

wired through a glass tube. The glass tube, soldered copper joint, and exposed nickel foam 

were sealed using LePage Speed Set Epoxy. 

 

4.7  Electrochemical Characterization of Electrodes 

To get an in-depth analysis of multiple aspects of the electrodes, various 

electrochemical characterization techniques were used. Single electrodes were tested using 

a three-electrode setup with the counter electrode as platinum gauze and the reference as a 
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saturated calomel electrode (SCE). All tests were performed in 0.5 M Na2SO4 aqueous 

electrolyte at room temperature.  

4.7.1 Cyclic Voltammetry  
 

Cyclic Voltammetry (CV) is a potentiodynamic electrochemical technique which 

measures the current that develops in an electrochemical cell in response to a liner change 

in voltage. Capacitors have a distinct “box shape” CV curve due to their governing equation 

as shown: 

𝑄𝑄 = 𝐶𝐶𝑉𝑉 →
𝑑𝑑𝑄𝑄
𝑑𝑑𝑎𝑎

= 𝐼𝐼 =
𝑑𝑑
𝑑𝑑𝑎𝑎

(𝐶𝐶𝑉𝑉) (4.1) 

Taking the derivative of both sides of the equation with respect to time results in current on 

one side because (dQ/dt) is current (I). Since capacitance does not depend on time, it can 

be removed from the derivative as a constant. On the other hand, voltage is varying linearly 

with time so its derivative will just be a constant which is denoted as scan rate (υ), as shown: 

𝐼𝐼 = 𝐶𝐶
𝑑𝑑𝑉𝑉
𝑑𝑑𝑎𝑎

= 𝐶𝐶𝐶𝐶 (4.2) 

It is important to note that during cyclic voltammetry the scan rate is kept constant, for 

example, 5 mV s-1. Since both capacitance and scan rate are constant the current response 

will be constant as well resulting in the rectangular box shape shown in Figure 4-1. 
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Figure 4-1: A typical CV for supercapacitors displayed in linear form to display the effect 

increasing the potential (black) induces current (blue)[100]. 

 The scan rates used for CV were 2, 5, 10, 20, 50, and 100 mV s-1. The manganese-

based electrodes were tested in a voltage range of 0 to 0.9 V vs SCE and FeOOH-based 

electrodes were analyzed in a voltage range of -0.8 to 0 V vs SCE. The capacitance values 

were calculated using the area of the CV curves with the following equations where Cg is 

specific capacitance (F g-1) and Cs is areal capacitance (F cm-2): 

𝐶𝐶𝑔𝑔 =
𝑄𝑄

2𝑚𝑚𝐶𝐶∆𝑉𝑉
(4.3) 

𝐶𝐶𝑠𝑠 =
𝑄𝑄

2𝐶𝐶∆𝑉𝑉
(4.4) 
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4.7.2 Electrochemical Impedance Spectroscopy  

Electrochemical impedance spectroscopy uses a small amplitude sinusoidal 

alternating current (AC) excitation signal to determine the resistive properties of an 

electrochemical system. Voltage signals were applied in succession from 10 mHz to 100 

kHz with an AC voltage amplitude of 5 mV. The amplitude and the phase shift of the 

current response (Eq. 4.6) from the applied AC voltage (Eq. 4.5) provides information on 

the real and imaginary components of the impedance (Eq. 4.7) 

𝐸𝐸(𝑎𝑎) = 𝐸𝐸0𝑒𝑒𝐾𝐾𝐾𝐾(𝑗𝑗𝑗𝑗𝑎𝑎) (4.5) 

𝐼𝐼(𝑎𝑎) = 𝐴𝐴𝑒𝑒𝐾𝐾𝐾𝐾�𝑗𝑗(𝑗𝑗𝑎𝑎 − 𝜑𝜑)� (4.6) 

𝑍𝑍 =
𝑉𝑉
𝐼𝐼

=
𝐸𝐸0
𝐴𝐴
𝑒𝑒𝐾𝐾𝐾𝐾(𝑗𝑗𝜑𝜑) = 𝑍𝑍′ + 𝑗𝑗𝑍𝑍′′ (4.7) 

Nyquist plots are created by plotting Z′ vs Z″ of each frequency point as seen in 

Figure 4-2. At high frequencies, RE is mainly the result of the electric resistance from 

connections such as contact resistance between the active material and current collector, 

the measurement connections, and the resistance of the electrolyte[101]. At medium 

frequencies (RC), the semicircle diameter is correlated to the resistance at the interface 

between the electrolyte and the porous electrode surface as well as charge transfer 

resistance. For lower frequencies (RD), the resistance from the diffusion of ions creates a 

45° angle line which is commonly denoted as Warburg impedance. At even lower 

frequencies the electrode is able to act as a capacitor due to the full penetration of ions in 

the porous microstructure producing a vertical line on the Nyquist plot. 
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Figure 4-2: Typical Nyquist plot for supercapacitors. 

As mentioned above, at low frequencies, capacitive processes are leading. Complex 

capacitance can be derived from impedance as seen in the equations below, Eq. 4.8 to Eq. 

4.12. Plotting C′ against frequency provides data about the capacitance of the overall 

system and reports similar values to that of the capacitance values calculated from the CV 

curves or GCD. In addition, C″ versus frequency typically displays a plot with a maximum 

at a certain frequency which pertains to a relaxation time. The relaxation time is at a 

frequency where the resistive and capacitive components are equal and gives information 

on the rate capability of the electrode. 

𝑍𝑍 = 𝑍𝑍′ + 𝑗𝑗𝑍𝑍′′ =
1
𝑁𝑁𝑗𝑗𝐶𝐶

=
−𝑁𝑁
𝑗𝑗𝐶𝐶

 → 𝐶𝐶 =
−𝑁𝑁
𝑗𝑗𝑍𝑍

(4.8) 
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𝐶𝐶 =
−𝑁𝑁

𝑗𝑗(𝑍𝑍′ + 𝑗𝑗𝑍𝑍′′)
= −

𝑁𝑁(𝑍𝑍′ + 𝑗𝑗𝑍𝑍′′)
𝑗𝑗|𝑍𝑍|2 =

𝑍𝑍′′

𝑗𝑗|𝑍𝑍|2 −
𝑁𝑁𝑍𝑍′

𝑗𝑗|𝑍𝑍|2
(4.9) 

𝐶𝐶 = 𝐶𝐶′ − 𝑁𝑁𝐶𝐶′′ (4.10) 

𝐶𝐶′ =
𝑍𝑍′′

𝑗𝑗|𝑍𝑍|2     ,   𝐶𝐶′′ =
𝑁𝑁𝑍𝑍′

𝑗𝑗|𝑍𝑍|2
(4.11 & 4.12) 

 

4.7.3 Galvanostatic Charge-Discharge 

Galvanostatic charge-discharge (GCD) is a common technique used to test the 

performance and cycle-life of supercapacitors using constant current to charge and 

discharge the electrode or device. Building off Eq. 4.2 from the previous subchapter, the 

equation can be integrated accordingly: 

𝑑𝑑𝑉𝑉
𝑑𝑑𝑎𝑎

=
𝐼𝐼
𝐶𝐶

 → � 𝑑𝑑𝑉𝑉
𝑉𝑉

0
= �

𝐼𝐼
𝐶𝐶
𝑑𝑑𝑎𝑎

𝑡𝑡

0
(4.13) 

𝑉𝑉(𝑎𝑎) =
𝐼𝐼
𝐶𝐶
𝑎𝑎 + 𝐶𝐶𝑜𝑜𝑀𝑀𝑚𝑚𝑎𝑎𝑚𝑚𝑀𝑀𝑎𝑎 (4.14) 

It has been mentioned previously that capacitance does not vary with time, so it can be 

removed from the integral. In GCD, current is applied at a constant rate which according 

to Eq. 4.9, will result in a linear profile depending on the direction of the current, seen in 

Figure 4-3. 
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Figure 4-3: GCD of a supercapacitor[100]. 

As the electrode is polarized an “IR drop” is observed, which is a common feature on GCD 

curves. IR drop is caused by the internal resistance of the electrode or cell and increases at 

higher charge/discharge rates as it is a function of current. 

GCD provides charge-discharge time (∆t), current (I), and voltage window (V1 – 

V2). Using these values as well as the mass loading the energy (SE) and power (Sp) density 

of an electrode or cell can be calculated using the following equations. 

 

𝑆𝑆𝐸𝐸 =
𝐼𝐼∆𝑎𝑎(𝑉𝑉1 − 𝑉𝑉2)

2𝑚𝑚
(4.15) 

𝑆𝑆𝑃𝑃 =
𝐼𝐼(𝑉𝑉1 − 𝑉𝑉2)

2𝑚𝑚
(4.16) 
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Chapter 5: Surface Modification and Dispersion of Ceramic 

Particles Using Liquid-Liquid Extraction Method for Application 

in Supercapacitor Electrodes 

Reprinted article with permission from J. Milne, R. Marques Silva, and I. Zhitomirsky, 

“Surface modification and dispersion of ceramic particles using liquid-liquid extraction 

method for application in supercapacitor electrodes,” J. Eur. Ceram. Soc., IN PRESS. DOI: 

10.1016/j.jeurceramsoc.2018.12.023 

 

Author’s Contribution: 

• Synthesis of electrode materials 
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A B S T R A C T

Particle extraction through liquid-liquid interface (PELLI) was used for the extraction of MnO2, Mn3O4, FeOOH
and ZnO particles from an aqueous synthesis medium to the n-butanol phase. The benefits of PELLI were de-
monstrated by the fabrication of supercapacitor electrodes, which showed good electrochemical performance at
high active mass loadings. Octyl gallate (OG) was found to be an efficient and versatile extractor for the ceramic
particles. The phase transfer of the particles resulted in reduced agglomeration, which allowed for improved
electrolyte access to the particle surface and facilitated their mixing with conductive multiwalled carbon na-
notube (MWCNT) additives. It was shown that OG is a promising extractor material for the fabrication of
ceramic-ceramic, ceramic-metal and ceramic-MWCNT nanocomposites. The strong adsorption of OG on the
particle surface involved bridging or chelating bidentate bonding of the catechol group to the metal atoms. The
capacitive properties of FeOOH-MWCNT electrodes were tested in the negative potential window. MnO2-
MWCNT and Mn3O4-MWCNT electrodes were investigated for charge storage in the positive potential window.
The highest capacitance of 5.7 F cm−2 for positive electrodes was achieved using MnO2-MWCNT composites
with active mass loading of 36mg cm−2. The Mn3O4-MWCNT electrodes exhibited improved capacitance re-
tention at high charge-discharge rates.

1. Introduction

Chemical precipitation methods are widely used for the synthesis of
ceramic materials from aqueous solutions of metal salts [1–3]. How-
ever, colloidal processing in organic solvents is critical for many ap-
plications, which require the use of water-insoluble binders, film
forming agents and other functional organic materials. The use of
water-insoluble organic binders is necessary for the fabrication of
electrodes of aqueous supercapacitors, batteries and sensors. Water-
insoluble binders allow stable performance of the electrodes in aqueous
electrolytes [4]. Binder materials must be dissolved in an organic sol-
vent and combined with ceramic particles for the fabrication of slurries
for electrode fabrication. In traditional approaches, the particle transfer
from the aqueous synthesis medium to an organic medium involves
particle drying and re-dispersion [5–7]. However, drying procedures
usually result in significant particle agglomeration due to the con-
densation reactions of surface OH groups. The reduction of surface
energy is another driving force for the particle agglomeration. One of
the great challenges of the supercapacitor technology is transfer of non-
agglomerated particles from water to an organic solvent, containing a
dissolved binder, and particle co-dispersion with conductive additives.

Recently, significant interest has been generated in particle extrac-
tion through liquid-liquid interface (PELLI), which offers benefits of
direct particle transfer from water to an organic solvent and involves
particle modification in an aqueous phase or at the liquid-liquid inter-
face [8–12]. The success of this technology will depend largely on the
development of advanced extractors, which must be strongly adsorbed
on particle surface. Of particular interest are head-tail surfactants,
containing an anchoring hydrophilic group and a hydrophobic hydro-
carbon group [12]. The strong bonding of the anchoring groups to the
particle surface is critical for an efficient extraction. Moreover, the
strong bonding is necessary in order to minimize the extractor con-
centration. The hydrocarbon groups facilitate extractor dissolution in
organic solvents. The investigation of different extractor molecules
provides an insight into the influence of their molecular structure on
the extraction of ceramic materials [8,12].

Of particular interest are molecules, containing catechol or galloyl
groups, which allow for a catecholate-type bidentate bonding to metal
atoms on the particle surface. The interest in catecholate-type bonding
resulted from the investigation of strong mussel adhesion to different
surfaces, which involves proteins, containing catecholate monomers
[13–15]. The fundamental investigations of mussel protein adsorption
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[16–18] have stimulated the development of various cationic and an-
ionic dispersants from the catechol and gallic acid families for surface
modification and dispersion of oxide materials [19–23]. These studies
revealed strong adsorption of small organic molecules, containing
single catechol or galloyl groups to different oxide particles [24–27].
Therefore, the investigation of surfactants with galloyl anchoring
groups is a promising strategy for the development of advanced ex-
tractors for PELLI technology. Previous investigations [28] highlighted
the need for good dispersion of active materials, which allow better
utilization of their charge storage properties in supercapacitors.
Therefore, PELLI is a promising method for the fabrication of super-
capacitor electrodes.

The goal of this investigation was the application of PELLI for the
extraction of different ceramic materials and application for super-
capacitors. The approach was based on the use of octyl gallate (OG) as a
new extractor for PELLI. The results presented below showed strong
adsorption of OG on nanoparticles of MnO2, Mn3O4, FeOOH and ZnO.
OG is a versatile extractor, which facilitated efficient transfer of the
nanoparticles from an aqueous synthesis medium to the n-butanol
phase. The use of PELLI allowed the fabrication of advanced super-
capacitor electrodes, which showed good electrochemical performance
at high active mass loadings.

2. Experimental procedures

FeCl3∙6H2O, Mn(NO3)2∙4H2O, KMnO4, Zn(NO3)2∙6H2O, NaOH,
Na2SO4, octyl gallate (OG), n-butanol, polyvinyl butyral (PVB), cal-
concarboxylic acid (Aldrich, USA), multiwalled carbon nanotubes
(MWCNT, ID 4 nm, OD 13 nm, length 1 ̶ 2 μm, Bayer, Germany) and Ni
foam (95% porosity, Vale, Canada) were used. Synthesis of MnO2 was
performed at 20 °C using 50ml of aqueous 0.01M KMnO4 solution and
20ml n-butanol as a reducing agent. In this method, the formation of
MnO2 was achieved at the liquid-liquid interface and after stirring the
obtained MnO2 particles precipitated in the aqueous phase. FeOOH was
prepared at 20 °C by chemical precipitation from aqueous 0.024M
FeCl3 solutions (100ml) at pH=7. Mn3O4 was synthesized at 20 °C
from aqueous 0.026M Mn(NO3)2 solutions (100ml) at pH=10. ZnO
was prepared by chemical precipitation from 0.26M Zn(NO3)2 solu-
tions (100ml) in water at a temperature of 70 °C and pH=8. The pH of
the solutions was adjusted using 1M NaOH. Liquid-liquid extraction
was performed by adding OG solutions in n-butanol to the aqueous
phases, containing precipitated particles. The mass ratio of oxide or
hydroxide material to OG was 4:1. MWCNT were dispersed in n-butanol
using calconcarboxylic acid as a dispersant. The suspensions of metal
oxide or hydroxide particles and MWCNT in n-butanol were mixed and
used for the impregnation of Ni-foam current collectors. The mass ratio
of oxide/hydroxide particles and MWCNT was 4:1. The slurries con-
tained a PVB binder, dissolved in n-butanol. The mass of PVB was 3% of
the total mass of metal oxide/hydroxide material and MWCNT. The
mass loading of the electrode material in the Ni-foam current collectors
was 36mg cm−2.

The prepared materials were characterized by X-ray diffraction
(Smart 6000, Bruker, USA, CuKα radiation), FTIR spectroscopy (FTS-40,
Bio-Rad, USA) and scanning electron microscopy (SEM, microscope
JEOL, JSM-7000 F, Japan). The samples for the FTIR studies were ob-
tained from powder materials, which were prepared by filtration,
washing and drying of the suspensions, containing extracted particles.
Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) investigations were carried out using a potentiostat (PARSTAT
2273, Princeton Applied Research, USA). The capacitive behavior of the
electrodes was investigated in three-electrode cells using 0.5M Na2SO4

aqueous electrolyte solution. The area of the working electrode was
1 cm2. The counter electrode was a platinum gauze and the reference
electrode was a saturated calomel electrode (SCE). CV studies were
performed at scan rates of 2–100mV s−1. The areal (CS) and gravi-
metric (CM) specific capacitances were calculated using Eqs. 1 and 2,

respectively:

CS=Q/ΔVS (1)

CM=Q/ΔVm (2)

The half of the CV area was used for the calculation of the charge
(Q) in the voltage window ΔV for electrodes with area S and active
material mass m.

Complex impedance Z=Z´-iZ´´ measurements were performed in
the frequency range of 10 mHz-100 kHz using a signal with amplitude
of 5mV. The components of complex capacitance CS=CS´-iCS´´ were
calculated using Eqs. 3 and 4.

CS' = Z′'/ω|Z|2S (3)

CS”=Z′/ω|Z|2S (4)

where ω=2πf (f-frequency).

3. Results and discussion

Fig. 1 shows X-ray diffraction patterns of as prepared ceramic ma-
terials. The X-ray diffraction pattern of FeOOH exhibited very broad
peaks, corresponding to the JCPDS file 29-713 of α-FeOOH. The XRD
patterns for Mn3O4 and ZnO showed well defined peaks, corresponding
to JCPDS files 24-0734 and 36-1451, respectively. The MnO2 sample
showed broad peaks of birnessite, corresponding to the JCPDS file 23-
1046.

OG was used as an extractor for MnO2, Mn3O4, FeOOH and ZnO
particles. Fig. 2 shows chemical structure of OG, which includes an
anchoring galloyl group and a hydrophobic hydrocarbon chain. It is
suggested that adsorption mechanism of OG is similar to that of gallic
acid. This mechanism can involve bridging or chelating bidentate
bonding (Fig. 2).

The strong adsorption of OG on the particle surface at the water-n-
butanol interface allowed for particle extraction to the n-butanol phase
(Fig. 3). The OG adsorption on the particles was confirmed by the re-
sults of FTIR studies (Fig. 4).

The FTIR spectra of extracted materials showed absorptions in the
range of 2800-3000 cm−1, which were attributed to the asymmetric
and symmetric stretching vibrations [8,29] of the CH2 and CH3 groups

Fig. 1. X-ray diffraction pattern of the as-prepared materials (a) FeOOH (● -
JCPDS card 29-713), (b) Mn3O4 (▼ - JCPDS card 24-0734), (c) MnO2 (♦ -
JCPDS card 23-1046), (d) ZnO (■ - JCPDS card 36-1451).
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of adsorbed OG. Similar absorptions were observed in the spectrum of
as-received OG.

The suspensions of extracted FeOOH, Mn3O4 and MnO2 were used
for the fabrication of electrodes of electrochemical supercapacitors.
FeOOH is currently under investigation for the charge storage in the

negative electrodes [30,31]. It is known that Mn3O4 and MnO2 are
promising materials for the positive electrodes [8]. Recent studies
suggested that active mass loadings above 10–20mg cm−2 are neces-
sary for practical applications [32,33]. However, specific capacitance
decreases drastically with increasing active mass [34] due to low
electronic and ionic conductivities of the oxide and hydroxide mate-
rials. In this investigation the active mass of the electrodes was
36mg cm−2. The use of PELLI allowed reduced particle agglomeration,
which facilitated electrolyte access to the particle surface. Moreover,
reduced agglomeration allowed improved mixing of the oxide or hy-
droxide materials with conductive MWCNT additives. Fig. 5 shows
microstructures of the electrodes, which were obtained by impregna-
tion of Ni foam current collectors with active materials and pressing to
30% of original Ni foam thickness. The SEM images showed porous
microstructures, which were beneficial for the electrolyte access to the
metal oxide or hydroxide nanoparticles. MWCNT formed a secondary
conductivity network inside the conductive Ni foam current collectors.

Fig. 6A shows CV for the FeOOH-MWCNT electrode. The CV de-
viates from the ideal box shape. However, the large area of the CV
indicated relatively high capacitance. The highest capacitance of 2.4 F
cm−2 was obtained (Fig. 6B) at a scan rate of 2mV s-1. The capacitance
decreased with increasing scan rate due to diffusion limitation of
electrolyte in pores.

The slope of the Nyquist plot of complex impedance was close to
45°, which indicated significant influence of Warburg impedance
(Fig. 7A). The capacitance calculated from the impedance data

Fig. 2. (A) Chemical structure of OG, (B) bridging adsorption mechanism, and (C) chelating adsorption mechanism, involving metal atoms (M) on the particle
surface.

Fig. 3. Extracted materials: (A) FeOOH, (B) Mn3O4, (C) MnO2, (D) ZnO.

Fig. 4. FTIR spectra of extracted (a) FeOOH, (b) Mn3O4, (c) MnO2, (d) ZnO and
as-received (e) OG.

Fig. 5. SEM images of electrode surface for (A) FeOOH-MWCNT, (B) Mn3O4-MWCNT, and (C) MnO2-MWCNT.
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decreased with increasing frequency. The real component of complex
capacitance, measured at low frequencies, was comparable with capa-
citance calculated from the CV data at low scan rates.

Fig. 8A shows CV for the Mn3O4 –MWCNT electrode. The nearly box
shape of the CV indicated good capacitive behavior. A capacitance of
3.1 Fcm−2 was achieved (Fig. 8B) at a scan rate of 2mV s−1. The ca-
pacitance retention at 100mV s−1 was 48%. The relatively high ca-
pacitance retention at high scan rates resulted from enhanced mixing of
Mn3O4 prepared usng PELLI, with conductive MWCNT additive.

The slope of the Nyquist plot of complex impedance was close to 90°

and indicated good capacitive behavior (Fig. 9A). Of particular im-
portance was low resistance R=Z´, which was achieved at high active
mass loading. The frequency dependences of CS´ and CS´´ showed
characteristics of relaxation type dispersion (Fig. 9B,C), such as re-
duction of CS´ with frequency and relaxation maximum in CS´´.

Fig. 10A shows CV for MnO2 –MWCNT electrode. The CV has a
nearly ideal box shape and relatively large area, which indicated high
capacitance. The capacitance of the MnO2 –MWCNT electrode showed
the highest capacitance of 5.7 F cm−2 at a scan rate of 2mV s−1 (Fig. 10
B). The capacitance retention at 100mV s−1 was about 30%. The slope

Fig. 6. (A) CV at a scan rate of 10 mVs−1 and (B) capacitance versus scan rate for FeOOH electrode.

Fig. 7. (A) Nyquist plot of complex impedance and frequency dependences of (B) CS′ and (C) CS″ calculated from the impedance data for FeOOH-MWCNT electrode.

Fig. 8. (A) CV at a scan rate of 10 mVs−1 and (B) capacitance versus scan rate for the Mn3O4 –MWCNT electrode.

Fig. 9. (A) Nyquist plot of complex impedance and frequency dependences of (B) CS′ and (C) CS″ calculated from the impedance data for Mn3O4 –MWCNT electrode.
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of the Nyquist plot of complex impedance was close to 90° and elec-
trode resistance R=Z´ was relatively low (Fig. 11A). The frequency
dependences of the components of complex capacitance showed a re-
laxation type dispersion and relatively high CS of 4.2 F cm-2 was ob-
tained at low scan rates. Therefore, impedance data confirmed good
capacitive behavior of the MnO2 –MWCNT electrodes. It is important to
note that at low scan rates the MnO2 –MWCNT electrodes showed
significantly higher capacitance, compared to the capacitance of
Mn3O4–MWCNT electrodes. However, the electrodes showed compar-
able capacitances at a scan rate of 100mV s−1. The capacitances of
positive MnO2–MWCNT and Mn3O4–MWCNT electrodes were higher,
compared to the capacitance of FeOOH-MWCNT electrodes at the same
active mass loading and in the same electrolyte. Therefore, further
progress is necessary in the development of negative electrodes for the
optimization of the device performance.

The use of PELLI allowed the development of electrodes with rela-
tively high areal capacitances. This was attributed to reduced agglom-
eration of the ceramic nanoparticles and improved mixing of the na-
noparticles with MWCNT. As a result, in comparison with literature
data [35–41] good electrochemical performance was achieved at high
active mass loadings. The high frequency resistance was below 0.5 O for
all the electrodes studied.

OG is a versatile extractor material, which allowed efficient ex-
traction of FeOOH, MnO2, Mn3O4 and ZnO. The use of PELLI is pro-
mising for applications of ZnO in biosensors. The co-extraction of dif-
ferent oxide materials using OG can potentially result in the
development of advanced ceramic composites. It is expected that PELLI
can be used for extraction of other ceramic materials for advanced
applications. Moreover, our investigations revealed interesting prop-
erties of OG, which can be used for the application of PELLI for the
fabrication of ceramic-metal composites. The experimental data pre-
sented in the supporting information indicated that galloyl groups of
OG can reduce Ag+ ions to Ag at the interface of aqueous AgNO3 so-
lutions and n-butanol and simultaneously extract the Ag particles to the
n-butanol phase. Therefore, the interface synthesis of Ag and co-ex-
traction with ceramic particles can result in the development of

advanced composites, containing Ag nanoparticles in ceramic matrix.
Such composites are currently under investigation for catalysis [42],
photocatalysis [43], supercapacitors [44], sensors [45], biomedical
devices [46], batteries [47] and antimicrobial agents [48]. It is ex-
pected that the use of PELLI will facilitate the fabrication of such na-
nocomposites, reduce agglomeration and improve mixing of the in-
dividual components.

4. Conclusions

OG is a versatile and efficient extracting agent for the liquid-liquid
extraction of various ceramic materials. The anchoring galloyl groups of
OG allowed for strong OG adsorption on MnO2, Mn3O4, FeOOH and
ZnO particles and facilitated particle transfer from the aqueous synth-
eses medium to the n-butanol phase. The use of OG is promising for the
fabrication of ceramic-ceramic, ceramic-metal and ceramic-MWCNT
composites. FeOOH-MWCNT, MnO2-MWCNT, and Mn3O4-MWCNT
composites were prepared and tested for electrodes of electrochemical
supercapacitors. The problems related to particle agglomeration were
avoided using the PELLI method, which allowed the fabrication of
electrodes with high active mass loadings. Reduced particle agglom-
eration allowed improved electrolyte access to the particle surface and
facilitated mixing of the ceramic materials and MWCNT. As a result, the
supercapacitor electrodes with high active mass loadings showed rela-
tively high areal capacitances.
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a b s t r a c t

MnO2 and Mn3O4 particles were prepared by wet chemical methods and efficiently dispersed and mixed
with multiwalled carbon nanotubes (MWCNT) for the fabrication of composite MnO2-MWCNT and
Mn3O4-MWCNT electrodes for electrochemical supercapacitors (ES). The problem of particle agglomera-
tion was addressed by particle extraction through a liquid-liquid interface (PELLI) using octanohydrox-
amic acid (OHA) as a new extractor. OHA exhibited remarkable adsorption on particles due to a
bidentate bonding mechanism. The use of OHA broadened the application of PELLI technology, because
it allowed good extraction of particles from an aqueous phase at high pH. Moreover, OHA allowed effi-
cient extraction by strong adsorption on particles not only at the liquid-liquid interface, but also in the
bulk of an aqueous phase. Building on the advantages offered by the PELLI method and OHA as an extrac-
tor we found that Mn3O4-MWCNT electrodes exhibited a remarkably high capacitance of 4.2F cm�2.
Another major finding was that capacitance of Mn3O4-MWCNT electrodes was higher than that of
MnO2-MWCNT electrodes at active mass of 33 mg cm�2. This finding showed processing advantages of
PELLI and paved the way for applications of novel colloidal and surface modification strategies for the
development of advanced ES. A conceptually new approach has been proposed based on the use of
hydroxamic acids as capping agents for synthesis and extractor molecules for PELLI.

� 2018 Elsevier Inc. All rights reserved.

1. Introduction

Aqueous synthesis techniques are widely used for the fabrica-
tion of metal oxide and hydroxide particles, quantum dots and
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nanoparticles of metals [1–5]. In many applications [6–10], the
particles formed in an aqueous phase are transferred to an organic
solvent, containing dissolved polymers and other functional com-
ponents for the fabrication of composite materials. The use of poly-
mers, which are soluble only in organic solvents, facilitates the
fabrication of composites for applications in devices with improved
moisture stability. The use of organic solvents is critical for the
manufacturing of materials and devices, which require stable oper-
ation in aqueous environment, such as electrodes of supercapaci-
tors and batteries, protective coatings, implants and other
composite materials and devices containing water insoluble poly-
mers as binders or functional components [11,12]. Organic sol-
vents offer many advantages for tape casting and other colloidal
techniques, due to superior binding properties of polymers that
are soluble in organic solvents, compared to water soluble polymer
binders. Organic solvents are beneficial for various film deposition
methods, such as spin casting [13], electrophoretic deposition
[14,15], spray deposition [16] and dip coating [17]. Therefore, for
many advanced applications the particles formed in an aqueous
phase must be washed, dried and then re-dispersed in an organic
phase. However, drying procedure introduces problems related to
particle agglomeration. The reduction of surface energy of particles
and condensation reactions of surface OH groups are major reasons
of the agglomeration.

Particle extraction through liquid-liquid interface (PELLI) [18]
provides the capability of transferring particles from an aqueous
synthesis medium directly to an organic phase, thus avoiding the
drying procedure and agglomeration of the particles. Studies in this
area focused on the development of extractor molecules with
specific anchoring groups, selection of receiving solvents and
development of new extraction mechanisms. Nanoparticles of gold
[19,20], silver [21] and quantum dots [22] were transferred to
organic media using fatty acid, alkanethiol and alkylamine mole-
cules as extractors. Fatty acids were investigated for the extraction
of magnetite [23]. Various co-solvents were used in order to
enhance the extraction efficiency [22,24]. The extraction mecha-
nisms involved various extractor-particle interactions, such as
covalent [20,21], electrostatic [25] and ion-pair interactions [26].

PELLI is especially attractive for agglomerate free processing of
oxide and hydroxide materials. A relatively recent development is
the application of lauryl gallate [27–29] and alkylphosphonic acids
[29–31] for the extraction of metal oxides and hydroxides. These
new extractors offered an advantage of strong polydentate bonding
to the particle surface. Top-down and bottom-up PELLI methods
were developed [18]. In another approach [18,28,32] particles were
modified in-situ during synthesis with aldehyde molecules, con-
taining anchoring catechol groups and then in a Schiff base forma-
tion reaction with extractor molecules at the interface of two
immiscible liquids. From these prior investigations, it appears that
PELLI can be used for the development of advanced metal oxide-
polymer nanocomposites.

The choice of anchoring groups of the extractor molecules plays
a crucial role in controlling the extractor adsorption on particles. So
far PELLI was applied to a limited number of oxide materials. It is
important to note that alkanethiols do not adsorb on the surfaces
of oxides [33]. Fatty acids and alkylphosphonic acids showed rela-
tively weak adsorption on oxides [33]. The important task is to
develop a larger pool of extractor molecules and find more efficient
extractors, which allow strong adsorption on various inorganic
materials for PELLI applications. Understanding the extraction
mechanisms and development of new extraction strategies are
critical factors for the further advances in the PELLI methods.

The goal of this study was the application of octanohydroxamic
acid (OHA) as a new extractor for PELLI and analysis of fundamen-

tal extraction mechanisms. Another target of this investigation was
the application of OHA as an extractor in the PELLI method for the
development of ES. We explored different extraction strategies and
proposed extraction mechanisms. In contrast to previous studies,
which involved the lauryl gallate and alkylphosphonic acids
adsorption on particles at the interface of two immiscible liquids,
we found that OHA can penetrate the interface. We provided
experimental evidence that OHA adsorbed on the particles not only
at the interface but also in the bulk of an aqueous phase. This find-
ing indicated that long chain extractors from the hydroxamic acid
family can potentially be used as capping agents for synthesis in an
aqueous phase and extractors in the PELLI method. We discussed
benefits of OHA and related molecules for the fabrication of
advanced nanocomposites by PELLI method. Another important
finding of this investigation was the development of advanced ES
electrodes. The experimental results described below indicated
that OHA allowed efficient extraction of MnO2 and Mn3O4 and fab-
rication of composite electrodes, which showed promising perfor-
mance for ES applications.

2. Experimental procedures

Reagent grade purity KMnO4, Mn(NO3)2, poly(vinyl butyral-co-
vinyl alcohol-co-vinyl acetate) (PVB, average Mw = 50,000–80,000),
NaOH, n-butanol (Aldrich, Canada), octanohydroxamic acid (OHA)
(TCI America) were used. Multiwalled carbon nanotubes (MWCNT,
ID 4 nm, OD13 nm, length 1–2 lm, 98% purity) were supplied by
Bayer, Germany. Ni foams with 95% porosity were provided by Vale
Limited Company.

For the fabrication of MnO2 particles, 1 g KMnO4 was dissolved
in 30 mL of water and then 20 mL of n-butanol was added. The
reduction of Mn7+ species by n-butanol [27] resulted in the forma-
tion of MnO2 particles, which precipitated in the aqueous phase.
The procedure for synthesis of Mn3O4 particles was described in
a previous investigation [28]. OHA was used as a new extractor
for PELLI method. The MnO2 and Mn3O4 particles, synthesized in
aqueous solutions, were transferred to n-butanol using OHA as
an extractor.

The suspensions for electrode fabrication contained 80% MnO2

or Mn3O4, extracted from the aqueous phase, and 20% MWCNT in
n-butanol. PVB binder, dissolved in ethanol was added to the mix-
ture, the PVB content was 3% of the total mass of the MnO2-
MWCNT or Mn3O4-MWCNT electrodes. The obtained slurries were
used for the impregnation of Ni foam current collectors. The total
mass of the impregnated material was 33 mg cm�2. Materials char-
acterization and electrochemical testing techniques were
described in previous investigations [28,34].

Fig. 1. X-ray diffraction patterns of (a) MnO2 (.-JCPDS file 00-023-1046) and (b)
Mn3O4 (d-JCPDS file 04-007-1841).
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3. Results and discussion

Fig. 1 presents X-ray diffraction patterns of MnO2 and Mn3O4.
The diffractogram of MnO2 showed peaks, corresponding to the
JCPDS file 00-023-1046. However, the material exhibited poor
crystallinity. The diffractogram of Mn3O4 showed peaks, corre-
sponding to the JCPDS file 04-007-1841. The dried powders, used
for XRD were agglomerated. Therefore, a PELLI method has been
developed for the extraction of as-precipitated powders from
water directly to an organic phase in order to avoid particle
agglomeration during the drying process.

This work represents the first attempt to use hydroxamic acids
for the extraction of particles in the PELLI method. We were
inspired by strong complexing properties of various hydroxamic
acids, such as OHA. Therefore, OHA was investigated as a new
extractor for the extraction of MnO2 and Mn3O4 in the PELLI
method. Water immiscible n-butanol was used as a receiving sol-
vent, which has a density lower than water. The addition of OHA
solution in n-butanol to the aqueous phase resulted in extraction
of particles from the aqueous to n-butanol phase (Fig. 2). The mass
ratio of manganese oxide: extractor was 3:1. It was suggested that
OHA adsorbed on manganese oxide particles and facilitated their
transfer to the organic phase.

OHA belongs to the family of hydroxamic acids. Fig. 3A shows a
chemical structure of OHA, which includes a carbonyl group, alkyl
chain and NOH2 group. According to the literature, hydroxamic
acids, such as OHA formed complexes with metal atoms and
showed significantly larger metal complexation constants, com-
pared to carboxylic acids [33]. It was found that hydroxamic acids
formed stable monolayers on various oxides and showed signifi-
cantly stronger adsorption, compared to other acids [33]. The
adsorption mechanism of hydroxamic acids was based on the com-
plexation of metal atoms on the particle surface. The complex for-
mation [35] involved the replacement of H+ by the metal ion and
ring closure via the carbonyl oxygen (Fig. 3B). As a result, the
hydroxamic acid adsorption involved strong bidentate bonding
[36]. Hydroxamic acids showed enhanced adsorption on oxides
at high pH, especially at pH > isoelectric point, despite the electro-
static repulsion of anionic hydroxamic acids and negatively
charged oxide surfaces [36–38]. It will be shown below that such

unique behavior opens interesting opportunities in the PELLI
technology.

Two different mechanisms of extraction were suggested. In the
A-B1-C mechanism (Fig. 4), an extractor was accumulated at the
water-n-butanol interface (Fig. 4B1) with the hydrophilic groups
exposed to water and the hydrophobic tail extended out of the
water phase into the n-butanol phase. The orientation and accu-
mulation of the extractor molecules at the interface of two liquids
promoted their adsorption on particles (Fig. 4B1), which were then
transferred to the n-butanol (Fig. 4C). A similar mechanism was
proposed in experiments, involving lauryl gallate and alkylphos-
phonic acids extractors [27,28,30]. However, OHA is soluble in
water at high pH and similar to other hydroxamic acids can be
adsorbed on particles even at pH > isoelectric point [36–38]. There-
fore, A-B2-C mechanism (Fig. 4) can also be suggested. In such
mechanism OHA penetrated the n-butanol-water interface and dis-
solved in the aqueous phase at a high pH. It was suggested that
OHA was adsorbed on particles in the aqueous phase (Fig. 4B2)
and then the particles were transferred to the n-butanol phase
(Fig. 4C).

In order to prove the feasibility of the A-B2-C mechanism, an
additional experiment was performed, which was illustrated in
Fig. 5. In this experiment, OHA was dissolved in aqueous NaOH
solution (Fig. 5A) and added to Mn(NO3)2 solution (Fig. 5B). The
final pH of the mixed solution was pH = 10. In this case, OHA mod-
ified Mn3O4 particles were formed in the aqueous phase (Fig. 5C).
The addition of n-butanol, followed by stirring resulted in particle
extraction to the n-butanol phase (Fig. 5D). Therefore, this experi-
ment showed the feasibility of the A-B2-C mechanism. Moreover,
the experiment described in Fig. 5 indicated that hydroxamic acids
with larger size can potentially be used as capping agents for syn-
thesis of nanoparticles and extractors for the nanoparticle extrac-
tion in the PELLI method.

Fig. 2. (A) MnO2 and (B) Mn3O4: (a) as-precipitated and (b) extracted.

Fig. 3. (A) Chemical structure of OHA and (B) adsorption mechanism of OHA,
involving complexation of Mn atoms on the particle surface.

Fig. 4. Suggested mechanisms A-B1-C and A-B2-C for the extraction: (A) precip-
itation of Mn3O4 particles in an aqueous phase, (B1) OHA is accumulated at the
water-n-butanol interface and adsorbed on particles, the modified particles are
transferred to n-butanol, (B2) OHA penetrates the water-n-butanol interface,
dissolves in the aqueous phase at high pH, and adsorbs on the particles, the
modified particles are transferred to the n-butanol, (C) particles, containing
adsorbed OHA, completely transferred to n-butanol.
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The OHA adsorption on Mn3O4 was confirmed by the FTIR anal-
ysis of the extracted particles. The absorptions in the spectrum of
OHA in the range of 2800–3000 cm�1 (Fig. 6a) were attributed to
vibrations of CH2 and CH3 groups [39,40]. Similar adsorptions were
observed in the spectra of extracted MnO2 and Mn3O4 (Fig. 6b,c).
Such absorptions indicated that extracted MnO2 and Mn3O4 con-
tained adsorbed OHA.

The suspensions of MnO2 and Mn3O4 particles in n-butanol, pre-
pared by synthesis in aqueous solutions and extracted to n-butanol
using PELLI were utilized for the fabrication of electrodes of elec-
trochemical supercapacitors. Fig. 7A shows CVs for MnO2-
MWCNT electrodes at different scan rates. The nearly box shapes
of the CVs indicated good capacitive behavior. The MnO2-
MWCNT electrodes showed (Fig. 7B) a specific capacitance of
3.84F cm�2 at a scan rate of 2 mV s�1. The capacitance decreased
with increasing scan rate due to the diffusion limitations in the
electrode. The capacitance of 1.42F cm�2 was obtained at a scan
rate of 100 mV s�1.

The analysis of the impedance data (Fig. 8A) showed relatively
low electrode resistance Z0. The slope of the Nyquist plot was close
to 90 �C, indicating good pseudocapacitive behavior. The analysis
of frequency dependences of the components of the complex
capacitance (Fig. 8B,C), derived from the impedance data showed
a relaxation type dispersion [41], as indicated by the reduction of
the real component of capacitance with frequency and correspond-
ing maximum in the frequency dependence of the imaginary part.
The real part of the capacitance, calculated from the impedance
data at low frequencies (Fig. 8B) was comparable with capacitance,
calculated from the CV data at low scan rates (Fig. 7B).

Mn3O4 showed an activation behavior [42], which resulted in
capacitance increase of the Mn3O4-MWCNT composites during ini-
tial cycling. It is known [42,43] that activation behavior is attribu-
ted to surface oxidation of Mn3O4. Typical testing procedure (TP),
involved CV testing at 2, 5, 10, 20, 50 and 100 mV s�1. During the

initial TPs the areas of CVs increased, indicating activation behav-
ior, and remained practically unchanged after the 3rd TP. Fig. 9A
shows CVs at different scan rates for TP4. The nearly box shapes
of the CVs and increase in current with increasing scan rate indi-
cated good capacitive behavior. The capacitances were calculated
from the CVs and presented in Fig. 9B. The maximum in the capac-
itance versus scan rate dependence for the 1st TP and capacitance
increase during the TPs 1–3 were attributed to the activation pro-
cess. TP2 showed capacitance of 3.81F cm�2 at a scan rate of 2 mV
s�1, which was very close to the capacitance of MnO2 –MWCNT
electrodes. The capacitance of 4.20F cm�2 of Mn3O4-MWCNT elec-
trodes was obtained for TP4 at a scan rate of 2 mV s�1. The capac-
itance decreased to the value of 1.67F cm�2 at a scan rate of 100
mV s�1.

The analysis of the impedance data for the Mn3O4-MWCNT
composites after TP4 showed (Fig. 10A) low resistance Z0. The
Nyquist plot slope was close to 90� and indicated good pseudoca-
pacitive behavior. The real and imaginary components of capaci-
tance were calculated from the impedance data and plotted in
the Bode plots in Fig. 10B,C. The frequency dependences of the
AC capacitance components showed a relaxation type dispersion,
due to the reduction of C0 with frequency and observed relaxation
maximum in the corresponding C00 plot. The low frequency capac-
itance C0 of the Mn3O4-MWCNT electrodes was higher than that of
MnO2-MWCNT electrodes. This observation correlated with corre-
sponding CV data.

The testing results presented above indicated that the activa-
tion of the Mn3O4-MWCNT electrodes resulted in enhanced elec-
trochemical performance. Therefore, the electrode material was
analyzed using XPS and SEM before and after the activation in
order to obtain additional information on changes in the material
resulting from cycling. The comparison of the XPS data (Fig. 11)
for as-prepared electrodes and after TP4 revealed reduction in
Mn2+ and Mn3+ content and increase in the Mn4+ content in the
tested material. This observation is in agreement with literature
data [43,44], which indicated that cycling in the Na2SO4 solutions
resulted in the oxidation of surface Mn3O4 layer. The oxidation of
Mn2+ and Mn3+ to form Mn4+ in the surface layer resulted in the
variation of the capacitance of Mn3O4 during the initial cycling.
SEM studies of the electrode microstructure before testing showed
that electrode contained Mn3O4 primary nanoparticles mixed with
MWCNT (Fig. 12A). Cycling resulted in drastic changes in the elec-
trode microstructure. The tested electrode showed flaky porous
morphology, which facilitated the electrolyte access to the capaci-
tive material (Fig. 12B).

The results of this investigation showed that OHA can be suc-
cessfully used for application in the PELLI technique. In this strat-
egy the drying stage and related particle agglomeration were
avoided. Reduced agglomeration is important for the fabrication
of electrodes with high capacitance, because it allows good elec-
trolyte access to the particle surface. However, it should be noted
that several investigations [45–48] have shown that the capaci-
tance does not correlate with the BET surface area, since very small
pores are inaccessible by ions of the electrolyte. However, PELLI
allowed the formation of dispersed particles and facilitated their
mixing with conductive MWCNT. It was demonstrated in this
investigation that OHA allowed good extraction of Mn3O4 particles
at pH = 10. Therefore, OHA is a promising extractor for the extrac-
tion of other materials, which require high pH for chemical precip-
itation. This finding significantly broadened the range of PELLI
applications.

The ability of OHA to adsorb on particles not only at the inter-
face of the two liquids, but also in the bulk of an aqueous phase
facilitated the extraction process. We suggested that OHA formed
water-insoluble complexes with metal atoms on the particle sur-
face and allowed for their extraction to the n-butanol phase. There

Fig. 5. Schematic of the extraction experiment: (A) OHA is dissolved in alkali and
added to (B) Mn(NO3)2 solution, (C) Mn3O4 particles, modified with OHA are formed
and (D) after addition of n-butanol the modified particles are transferred to the n-
butanol phase.

Fig. 6. FTIR spectra of (a) as-received OHA (b) MnO2 extracted using OHA and (c)
Mn3O4 extracted using OHA.
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is a good reason to expect that larger molecules from the hydrox-
amic acids family can be used as capping agents for the particle
synthesis and extractors for their extraction to an organic phase.
It is important to note that MnO2 is usually synthesized by reduc-
tion of Mn7+ species in the KMnO4 or NaMnO4 solutions. It is
known that permanganates react with many organic molecules
and selection of capping agents for MnO2 synthesis presents diffi-
culties. In contrast, Mn3O4 is prepared from Mn2+ solutions, and
various capping agents can be used for the control of particle size.

The use of OHA as an advanced extractor for PELLI allowed the
extraction of non-agglomerated Mn3O4 particles, which improved
Mn3O4 mixing with MWCNT and facilitated electrochemical acti-
vation. As a result, the areal capacitance of Mn3O4-MWCNT elec-
trodes was higher, compared to the literature data. The areal

capacitances, reported in the literature [49–56] were typically
below 1F cm�2. Higher capacitance of 1.7F cm�2 was achieved for
electrodes, prepared by dip casting of Mn3O4 on CNT array [57].
In a previous investigation, we reported a capacitance of 2.8F
cm�2 for the Mn3O4-MWCNT electrodes, prepared by an electro-
static heterocoagulation technique [42]. The areal capacitance of
Mn3O4-MWCNT electrodes [28] with active mass loading of 30.4
mg cm�2, prepared using PELLI technique and lauryl gallate extrac-
tor, was found to be 2.63F cm�2. In this investigation we achieved a
capacitance of 4.2F cm�2 for the Mn3O4–MWCNT composites
which was higher than the capacitances reported in the previous
studies. It is important to note that we achieved significantly lower
impedance, compared to the previous investigations [49,54,55],
despite the larger active mass loading of our electrodes. The capac-

Fig. 7. (A) CVs at scan rates of (a) 2, (b) 10, and (c) 20 mV s�1, (B) Cs and Cm, calculated from the CV data for MnO2-MWCNT composites.

Fig. 8. (A) Nyquist plot of complex impedance and frequency dependences of (B) C0
s and (C) C00

s calculated from the impedance data for MnO2-MWCNT composites.

Fig. 9. (A) CVs at scan rates of (a) 2, (b) 10, and (c) 20 mV s�1 for TP4, (B) Cs and Cm, calculated from the CV data at different scan rates for (a) TP1, (b) TP2, (c) TP3 and (d) TP4
for Mn3O4-MWCNT composites.
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itances of MnO2-MWCNT and Mn3O4-MWCNT electrodes, obtained
at low scan rates, were comparable with capacitances, calculated
from the impedance data at low frequencies.

Previous investigations showed that the capacitances of Mn3O4

based electrodes were typically significantly lower than capaci-
tances of MnO2 based electrodes. In contrast, in this investigation
we achieved higher capacitance of Mn3O4-MWCNT electrodes,
compared to MnO2-MWCNT, prepared at similar conditions and
at the same active mass loadings. It is suggested that reduced
agglomeration of Mn3O4 particles, achieved using PELLI, allowed
for better utilization of capacitive properties of this material. This
result indicated that Mn3O4 is a promising charge storage material
for ES and the development of new colloidal and surface modifica-
tion techniques can potentially enhance the capacitive perfor-

mance of Mn3O4-MWCNT electrodes. Therefore, it is expected
that further development of PELLI and the use of other hydroxamic
acids and derivatives as capping agents and extractors will allow
further progress in the development of Mn3O4-MWCNT electrodes.
As pointed out above, the application of organic dispersing and
capping agents for the MnO2 synthesis from permanganate solu-
tions presents difficulties due to the highly reactive nature of the
permanganate precursors.

4. Conclusions

OHA exhibited remarkable adsorption on MnO2 and Mn3O4 par-
ticles due to a bidentate bonding mechanism. The feasibility of the
application of OHA as an extractor for PELLI has been demon-

Fig. 10. (A) Nyquist plot of complex impedance and frequency dependences of (B) C0
s and (C) C00

s calculated from the impedance data for Mn3O4-MWCNT composites after
TP4.

Fig. 11. XPS data for Mn3O4-MWCNT electrodes (A) before testing and (B) after TP4.

Fig. 12. SEM images of Mn3O4-MWCNT electrodes (A) before testing and (B) after TP4.
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strated. This has opened a path towards new applications of PELLI
technology, because OHA allowed good extraction of particles from
an aqueous phase at high pH. Moreover, OHA allowed efficient
extraction by strong adsorption on particles not only at the
water-n-butanol interface, but also in the bulk of an aqueous
phase. The problem of particle agglomeration was avoided using
PELLI method and OHA as a new extractor. The use of OHA for
PELLI facilitated efficient dispersion of particles and their mixing
with MWCNT, which allowed enhanced electrochemical perfor-
mance. Moreover, reduced agglomeration facilitated electrochem-
ical activation of Mn3O4. Mn3O4-MWCNT electrodes showed a high
capacitance of 4.2F cm�2. The high capacitance was achieved at
low impedance and high active mass loadings, which are beneficial
for supercapacitor applications. Another major finding was that
capacitance of Mn3O4-MWCNT electrodes was higher than that of
MnO2-MWCNT electrodes at active mass of 33 mg cm�2. This find-
ing indicated promising performance of Mn3O4-MWCNT electrodes
and paved the way for further advances in the supercapacitor tech-
nology. It provides evidence that processing advantages of Mn2+

precursors for Mn3O4 synthesis and mixing with MWCNT, can be
combined with benefits of PELLI and other colloidal techniques
for the fabrication of advanced ES. Especially promising for future
applications in nanotechnology of composites is a conceptually
new technique, which involved the use of hydroxamic acids as cap-
ping agents for particle synthesis and extractors for PELLI. We
believe that the further applications of OHA and other hydroxamic
acids for PELLI offer a versatile strategy for agglomerate free pro-
cessing of other oxide and hydroxide materials, especially for the
materials, which require synthesis at high pH.
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A B S T R A C T

Particle extraction through liquid-liquid interface (PELLI) methods are developed for the colloidal processing of
ZnO, CeO2 and FeOOH particles. The direct transfer of the particles from an aqueous synthesis medium to a
device processing medium allows for reduced nanoparticle agglomeration, because drying and re-dispersion
processes are avoided. Different PELLI methods are developed, which are based on the use of chelating hy-
droxamates molecules, such as octanohydroxamic acid (OCHA) and bufexamac (BFXM) as extractors. OCHA and
BFXM show strong adsorption on the ZnO, CeO2 and FeOOH particles due to chelating bonding mechanisms and
allow for efficient particle extraction from water to organic solvents. Bottom–up and top-down methods are
used, depending on the density of the organic solvents. OCHA shows improved extraction of particles, compared
to BFXM due to the difference in the chemical structure. The unique feature of hydroxamates is related to their
pH-dependent solubility and their strong adsorption on particles at high pH, despite the electrostatic repulsion of
the negatively charged particles and dissociated hydroxamic acids. It is found that OCHA can be used as a
capping agent for particle synthesis and an extractor for their extraction to an organic phase. The advantages of
PELLI methods are demonstrated by the fabrication and testing of FeOOH-carbon nanotube electrodes for su-
percapacitors, which show enhanced performance and high capacitance at high active mass loading. The en-
hanced electrochemical performance is achieved due to reduced particle agglomeration, which allows improved
particle mixing with conductive carbon nanotubes. The capacitive properties are investigated at different charge-
discharge rates. The impedance spectroscopy data shows dependence of capacitance on electrode potential and
provides an insight into the strategies for further improvement of electrode performance.

1. Introduction

Liquid-liquid interface (LLI) phenomena have attracted significant
attention for surface modification and colloidal processing of ceramic
materials. LLI presents a unique environment for controlled synthesis of
nanostructured oxides and hydroxides, such as MnO2 [1], CuO [2,3],
TiO2 [4], ZnO [2,3], and Fe2O3 [2]. Moreover, LLI is a versatile plat-
form for self-assembly of oxide nanoparticles [5] and formation of or-
dered 2-D structures. LLI allows easy access of organic surfactants to the
nanoparticle surface and facilitates the formation of modified particles.
Of particular interest are particle extraction through liquid-liquid in-
terface (PELLI) methods, which are now being investigated for the di-
rect transfer of particles synthesized in aqueous solutions to various
organic solvents [1,6–9].

The development of PELLI has been motivated by the need to avoid
the formation of hard agglomerates. It is in this regard that many
processing technologies involve synthesis of particles in aqueous solu-
tions of metal salts and then particle transfer to organic solvents for the

fabrication of films and devices. A traditional approach involves drying
of the synthesized particles and their re-dispersion in an organic sol-
vent. However, particle drying usually causes agglomeration, which is
governed by the reduction of surface energy and condensation of sur-
face OH groups. In contrast, PELLI allows direct particle transfer from a
synthesis medium to a device processing medium. The non-aqueous
suspensions of transferred particles were used for the manufacturing of
nanostructured composites [1,6,7]. From the previous studies it is
evident that the dispersion of non-agglomerated particles in organic
solvents facilitated their mixing with various water-insoluble additives
and polymers for the fabrication of advanced thin film and bulk devices
[1].

It was recognized that PELLI applications require the use of ex-
tractor molecules, which must be strongly adsorbed on particles
[1,6,7]. The adsorption mechanisms are based on ion-pair [10], elec-
trostatic [11] and covalent interactions [12]. The most promising re-
sults were obtained using chelating extractors, which created strong bi-
or tri-dentate bonds [1,13]. Therefore, the general focus of PELLI
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development has been on the search for efficient chelating molecules
and analysis of their adsorption on various materials.

Hydroxamic acids and their derivatives are promising molecules for
the use as extractors for PELLI. Hydroxamates exhibited strong ad-
sorption on rare earth oxides [14], titania [15,16], zirconia [17], ceria
[18], copper [17] and iron oxides [19,20]. The unique adsorption
properties of hydroxamates were used in the mineral flotation
[14,21–23], where various hydroxamate molecules served as collectors.
Hydroxamates adsorb chemically on inorganic surfaces, forming stable
complexes with surface metal cations [24]. The strong interaction of
hydroxamic acids with mineral particles allowed high flotation effi-
ciency and selectivity [25]. Investigations revealed the influence of
molecular structure of the hydroxamic acid derivatives on the flotation
efficiency [26]. The comparison of different long chain (C18) hydro-
xamic acids as collectors showed that the flotation yield is dependent
on the number of double bonds in the chemical structure of the col-
lector molecules [26]. At low concentrations, the interactions of hy-
droxamic acids with different inorganic surfaces can result in vertically
or horizontally oriented monolayers [27]. Density functional theory
(DFT) simulations were performed to analyze the adsorption mechan-
isms [18]. DFT studies showed the influence of the molecular structure
of hydroxamates on their adsorption on particles [28]. The minerals
flotation literature examined hydroxamate behavior at water-air in-
terface [29]. The application of hydroxamates for PELLI requires un-
derstanding of their behavior at the interface of immiscible fluids, such
as water and organic solvents.

Hydroxamates are especially promising materials for PELLI appli-
cations, because they show strong adsorption on metal oxide surfaces at
high pH [30–32] above the isoelectric points of various oxide materials,
despite the electrostatic repulsion of the negatively charged particles
and hydroxamic acids. Therefore, inorganic particles precipitated from
aqueous solutions at high pH can potentially be extracted by PELLI

using hydroxamate extractors. Recently, octanohydroxamic acid
(OCHA) was used for extraction of manganese oxides [33]. These stu-
dies have generated interest in the application of OCHA for extraction
of various functional oxide and hydroxide materials and investigation
of other hydroxamate molecules for PELLI applications. It is important
to note that adsorbed hydroxamates imparted advanced functional
properties to ceramic particles and allowed the fabrication of materials
with enhanced hydrophobicity and wear resistance [34], advanced
photovoltaic and charge transfer properties [35–38].

The goal of this investigation was the synthesis and extraction of
ZnO, CeO2 and FeOOH using hydroxamate molecules, such as OCHA
and bufexamac (BFXM). We analyzed the influence of the molecular
structure of OCHA and BFXM on the particle extraction and proposed
different extraction methods and mechanisms. Bottom-up (BU) and top-
down (TD) strategies were used. The FeOOH material showed pro-
mising performance for the fabrication of FeOOH – multiwalled carbon
nanotube (MCNT) supercapacitor (SCap) electrodes for operation in a
negative potential window. The use of PELLI allowed good electro-
chemical performance at high active mass (AM).

2. Experimental procedures

OCHA and BFXM (TCI America), 1-butanol, dichloromethane,
polyvinylbutyral, Zn(NO3)2·6H2O, Ce(NO3)3·6H2O, Na2SO4, NaOH,
FeCl3·6H2O (Aldrich), MCNT (4 nm ID, 13 nm OD, 1–2 µm length,
Bayer, Germany), and Ni foam current collectors (Vale Canada, 95%
porosity) were used. ZnO and CeO2 were prepared from Zn(NO3)2 and
Ce(NO3)3 solutions, respectively, as it was described in the previous
investigation [6]. The procedure for the fabrication of FeOOH was
based on a chemical precipitation method [39] using 0.05M FeCl3 so-
lutions. The pH of the solution was adjusted to pH=7 by 0.01M
aqueous NaOH solution.

1-butanol and dichloromethane were used as particle-receiving or-
ganic liquids for the BU and TD PELLI methods, respectively. In the
extraction method 1 (EMT1), the extractor molecules were dissolved in
the organic liquids and added to the aqueous phase, containing as-
precipitated ZnO, CeO2 and FeOOH particles. After stirring, the parti-
cles were transferred to the organic solvents. In the extraction method 2
(EMT2), the extractor molecules were dissolved in aqueous NaOH so-
lutions, which were added to the solutions of metal salts. In this
method, the synthesis and particle modification were performed in one-
step procedure, where the extractor molecules were used as capping
agents for the synthesis. The addition of the organic solvent resulted in
the particle transfer to the organic phase.

X-ray diffraction (XRD) studies were performed using a Nicolet I2
diffractometer and CuKα radiation. FTIR studies of powder samples
were carried out using a Bruker Vertex 70 spectrometer. The equipment
and procedures for the investigation of capacitive properties were de-
scribed in a previous investigation [6]. The active mass (AM) of

Fig. 1. X-ray diffraction patterns of (a) ZnO (• - JCPDS file 36–1451), (b) CeO2

(▼ - JCPDS file 34–0394), (c) FeOOH.

Fig. 2. (A) Structures of (a) OCHA and (b) BFXM and (B) adsorption of (a) OCHA and (b) BF on particles, involving chelation of surface metal atoms (M).
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electrodes and electrode area were 39.6mg cm−2 and 1 cm2, respec-
tively.

3. Results and discussion

X-ray diffraction studies revealed the formation of crystalline ZnO
and CeO2 phases, whereas FeOOH was amorphous (Fig. 1). OCHA and

BFXM were used as extractors for PELLI. The chemical structures of
OCHA and BFXM include a carbonyl group and NOH2 group
(Fig. 2A(a,b)). The structure of OCHA contains a hydrophobic alkyl
group, whereas the structure of BFXM contains an aromatic group and a
shorter alkyl group. The mechanism of hydroxamates adsorption on
materials has been described in the literature [15]. It is based on the
chelation chemistry and involves carbonyl and NOH2 groups. Fig. 2B
(a,b) shows adsorption of OCHA and BFXM on metal oxide particles.

ZnO, CeO2 and FeOOH were extracted by EMT1 using OCHA and
BFXM. Fig. 3 shows extraction of ZnO by EMT1 using OCHA. The
suspensions of as-prepared ZnO were unstable (Fig. 3A,B) and showed
fast particle precipitation immediately after stirring. The extraction can
be based on two different mechanisms or a combination of both. It
should be noted that similar to other head-tail surfactants, the OCHA
and BFXM molecules can be accumulated at the liquid-liquid interface.
In the extraction mechanism1 (EMC1), the extractor molecules were
accumulated at the LLI (Fig. 3C) and adsorbed on the particles
(Fig. 3D), which were then extracted to the organic phase (Fig. 3G,H).
In the extraction mechanism 2 (EMC2), the extractor molecules pene-
trated the LLI (Fig. 3E), adsorbed on the particles in the aqueous phase
(Fig. 3F) and then extracted to the organic phase (Fig. 3G,H). Fig. 4
shows that CeO2 and FeOOH can also be extracted by EMT1 using
OCHA. EMT1 has also been utilized for the extraction of ZnO, CeO2 and
FeOOH using BFXM (Supplementary information, Fig. S1). However,
OCHA showed higher extraction efficiency, which was close to 100%. It
is important to note that the OCHA and BFXM molecules exhibit a pH-
dependent solubility. The solubility of such molecules increases with
increasing pH. The synthesis of ZnO, CeO2 and FeOOH was performed

Fig. 3. (A) As-precipitated ZnO, (B-G) schematic of EMT1: (B-C-D-G) EMC 1 and (B-E-F-G) EMC 2, (H) extracted ZnO, arrow shows LLI.

Fig. 4. (A) As-precipitated FeOOH and (B) FeOOH extracted by EMT1; (C) as-precipitated CeO2 and (D) CeO2 extracted by EMT1.

Fig. 5. FTIR spectra of (a) as-received OCHA, and materials extracted by EMT1
(b) ZnO, (c) CeO2 and (d) FeOOH.
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at pH 10, 11 and 7, respectively. Therefore, the extraction of ZnO, CeO2

and FeOOH in EMT1 involved different contributions of EMC1 and
EMC2. It is important to note that CeO2 was extracted at relatively high

pH (pH=11) which was far above the isoelectric point of CeO2 (pH=6)
[40] despite the electrostatic repulsion of negatively charged hydro-
xamic acids and CeO2 particles. This observation indicates strong

Fig. 6. (A-G) Extraction of ZnO by EMT2: (A-C) schematic of synthesis in aqueous phase by addition of (A) OCHA solution in alkali to (B) aqueous solution of Zn
(NO3)2, (C) formation of ZnO particles, containing adsorbed OCHA, (C,D) schematic of down-up extraction and (E) image of extracted ZnO, arrow shows LLI (C, F)
schematic of top-down extraction and (G) image of extracted ZnO, arrow shows LLI.

Fig. 7. (A) CV at 10mV s−1 and (B) capacitance for FeOOH- MCNT electrodes with AM of 39.6 mg cm−2 prepared (a) using PELLI and (b) by traditional drying and
re-dispersion method.

Fig. 8. (A) Nyquist and (B, C) Bode diagrams of (A) impedance and (B, C) components of complex capacitance for FeOOH- MCNT electrode with AM of 39.6 mg cm−2

at open circuit conditions.
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adsorption of the hydroxamic acids on the particles, which results from
the chelating properties of the molecules.

The adsorption of the extractor molecules was confirmed by the
FTIR analysis of the extracted particles. The spectra of OCHA (Fig. 5)
and BFXM (Supplementary information, Fig. S2) showed absorptions in
the range of 2800–3000 cm−1, which resulted from vibrations of CH3

and CH2 groups [33]. The particles of ZnO, CeO2 and FeOOH, extracted
using OCHA (Fig. 5) and BFXM (Supplementary information, Fig. S2)
showed similar absorptions, which confirmed OCHA and BFXM ad-
sorption.

The solubility of OCHA and BFXM in alkali allowed PELLI using
EMT2. Fig. 6 shows different steps in the EMT2, which is based on
dissolution of OCHA in alkali and precipitation of ZnO in the presence
of OCHA. In this approach OCHA served as a capping agent for the
synthesis and phase transfer agent in the extraction. Fig. 6 indicates
that BU and TD strategies can be used, depending on the solvent den-
sity.

The FeOOH particles, extracted by EMT1, were used for the fabri-
cation of supercapacitor electrodes. For comparison, the electrodes of
similar composition and mass were prepared by the traditional strategy,
which involved drying of the precipitated FeOOH particles and their re-
dispersion in an organic phase, containing dissolved binder and MCNT.
It should be noted that the dissolution of a water insoluble polymer
binder in an organic solvent is critical for the fabrication of composites
for aqueous SCap electrodes with reduced binder content. We found
that drying of the FeOOH particles resulted in the formation of hard
agglomerates, which was attributed to the condensation of OH groups
on the particle surface and formation of oxo-bridges. Another driving

force for particle agglomeration is the reduction of surface area and
surface energy. The mixing of agglomerated particles with MCNT pre-
sented difficulties. However, good dispersion of FeOOH and their
mixing with MCNT is important for the fabrication of electrodes with
high capacitance and low resistance. In the PELLI method, the particles
were transferred directly from the aqueous phase to the organic phase
and the drying stage was avoided.

Fig. 7A shows cyclic voltammetry data for the FeOOH-MCNT (20%
MCNT) composites. The integral capacitance was calculated in the
window of 0.0–0.8 V versus saturated calomel electrode (Fig. 7B).
Testing results showed that a significant improvement of the capacitive
behavior can be achieved using PELLI. The composite electrodes pre-
pared using PELLI showed the highest areal capacitance of 3.3 F cm−2

at low scan rates. The electrodes showed good capacitance retention at
high scan rate, which was about 50% at a scan rate of 100mV s−1. In,
contrast, the electrodes, prepared by traditional drying and re-disper-
sion method showed significantly lower CV area and lower capacitance,
especially at high scan rates (Fig. 7).

The capacitive behavior of the electrodes has also been tested using
impedance spectroscopy. Such measurements are usually performed at
open circuit potential conditions at low AC voltages [41–43]. The
analysis of the Nyquist plot (Fig. 8A) showed low resistance, which is
beneficial for SCap applications. The slop in the plot was close to 90°
and indicated capacitive behavior. The real and imaginary parts of the
complex AC capacitance (Fig. 8B,C) showed a relaxation type disper-
sion, which resulted in the reduction of the real part of capacitance (CS′)
with increasing frequency and a relaxation maximum in the imaginary
part (CS′′). Turning again to the CV data (Fig. 7A(a)), it should be noted
that differential AC capacitance is dependent on the electrode potential,
because the CV shape deviates significantly from the ideal box shape.
Therefore, impedance measurements have also been performed at dif-
ferent electrode potentials. The electrodes tested at applied potentials
of −0.8 to 0.2 V versus SCE showed relatively low resistance R=Z′,
however significantly higher resistance was obtained at 0.0 V versus
SCE (Fig. 9). The differential AC capacitance CS′, measured at low
frequencies decreased with increasing electrode potential (Fig. 10A)
from −0.8 to 0.0 V versus SCE. The frequency dependences of the
components of complex capacitance showed relaxation type disper-
sions. The relaxation frequency, corresponding to maximum in CS′′ in-
creased with increasing electrode potential in the range of −0.8 to
0.2 V versus SCE (Fig. 10B). Testing results indicated that behavior of
the electrodes must be improved in the potential range of −0.2 to 0.0 V
versus SCE. This problem can potentially be addressed by the devel-
opment of composites. The application of PELLI for different materials
can be used for their co-extraction and improved mixing.

Fig. 9. Nyquist diagrams for FeOOH-MCNT electrode with AM of 39.6 mg cm−2

at electrode potentials of (a)−0.8, (b)−0.5, (c)−0.2 and (d) 0.0 V versus SCE,
inset shows high frequency range.

Fig. 10. Bode diagrams of complex capacitance for FeOOH-MCNT electrode with AM of 39.6 mg cm−2 at electrode potentials of (a)−0.8, (b) −0.5, (c)−0.2 and (d)
0.0 V versus SCE.
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4. Conclusions

OCHA and BFXM allowed extraction of ZnO, CeO2 and FeOOH
particles from water to organic solvents. OCHA showed enhanced ex-
traction efficiency, compared to BFXM, due to the difference in their
chemical structure. EMT1 and EMT2 were developed, which are based
on different mechanisms. PELLI methods allowed for BU and TD ex-
tractions. The use of hydroxamates allowed for efficient extraction from
aqueous suspensions at high pH, despite of electrostatic repulsion of the
negatively charged dissociated hydroxamate molecules and negatively
charged particles. It was found that OCHA can be used as a capping
agent for particle synthesis and as an extractor for their extraction from
water to an organic phase. The advantages of PELLI have been de-
monstrated by the comparison of the electrochemical performance of
FeOOH-MCNT electrodes, prepared using PELLI and by a traditional
drying and re-dispersion method. The electrodes, prepared using PELLI
showed improved capacitive behavior due to reduced FeOOH agglom-
eration, which facilitated FeOOH mixing with conductive MCNT. The
FeOOH-MCNT composites showed promising performance for applica-
tion in negative electrodes of SCap. The CV data, coupled with im-
pedance analysis at different electrode potentials showed that electro-
chemical performance must be improved in the potential range of −0.2
to 0.0 V versus SCE. PELLI is a promising method for the fabrication of
composites with improved performance.
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Chapter 8: Development of a Cyclically Stable FeOOH Negative 

Electrode Using Zn as a Dopant 

8.1 Introduction 

In order to further increase power and energy density, lower fabrication costs, and 

use environmentally benign materials, advanced electrode materials must be developed or 

the device operating voltage must be increased. Nano-sized materials and/or materials with 

nanostructures have been extensively researched as these materials can provide more active 

surface area for double-layer capacitance or pseudocapacitance[102]–[104]. Organic 

electrolytes can be utilized to increase the operating voltage due to their stability at higher 

voltages. However, organic electrolytes suffer from safety hazards as well as high 

fabrication costs due to the water-free assembly environment that is required. This has led 

many researchers to focus on positive and negative electrode materials that have large 

oxygen and hydrogen evolution overpotentials in aqueous electrolytes. Ideally, this 

asymmetric electrode configuration can increase the overall operating voltage well beyond 

the thermodynamic breakdown voltage of water, with some devices reported operating up 

to 2 V[105]. 

Currently, the typical asymmetric supercapacitor configuration consists of a 

pseudocapacitive positive electrode paired with an EDLC negative electrode. Examples of 

such devices in research are: MnO2/AC system with a voltage window of 0–2.2 V[106], a 

double-layer hydroxide of CoAl/AC device with an operating voltage of 0.9–1.6 V[107], 
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and a RuO2/AC device with a voltage range of 0–1.4 V[108]. Activated carbon is 

commercially used in EDLC supercapacitors as well as for the negative electrode in 

asymmetric supercapacitors as discussed previously. Activated carbon provides great 

power density but lacks in energy density due to the EDLC nature of the material, hindering 

the overall device performance. Therefore, it is of critical importance to develop 

pseudocapacitive materials with enhanced capacitive properties instead of relying on 

activated carbon systems. Unfortunately, the implementation of metal oxides as negative 

electrode materials for asymmetric supercapacitors is seldomly reported[4]. 

A material of interest for high performance negative electrodes is FeOOH. FeOOH 

has shown impressive electrochemical properties and cyclic stability in highly basic 

electrolytes such as 1M KOH[109]. Despite the desirable performance characteristics 

reported in KOH, using such an electrolyte can be a safety concern as well as limiting to 

positive electrode selection as materials such as MnO2[31]. However, when tested in a 

neutral aqueous electrolyte, Li2SO4, FeOOH displayed poor cyclic stability as capacitance 

retention was less than 55% after just 100 cycles[110]. It should be known that a retention 

of less than 80% is considered device failure in a commercial context. It was reported that 

the poor cyclic stability in neutral aqueous electrolytes was a product of electrode material 

dissolution[110]. This chapter focuses on the performance of FeOOH-based negative 

supercapacitor electrodes in neutral aqueous electrolytes and the development of a novel 

solution to the cyclic stability problem. The goal of the investigation was to improve the 

stability of FeOOH in neutral electrolyte while maintaining high capacitance and low ESR. 
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8.2  Results and Discussion 

A baseline FeOOH-MWCNT negative electrode with a mass loading of 40 mg was 

fabricated using a facile synthesis method. FeOOH was precipitated from FeCl3 dissolved 

in deionized (DI) water using 4M NaOH. The FeOOH particles were rinsed with DI water 

then mixed with dispersed MWCNT. Figure 8-1A shows CVs for FeOOH-MWCNT at 

different scan rates. The shapes of the curves are close to the ideal box shape, indicating 

good pseudocapacitive behaviour. An impressive capacitance of 4.5 F cm-2 was achieved 

at 2 mV s-1 (Figure 8-1B). The capacitance decreased with increasing scan rate as a result 

of diffusion limitations of electrolyte into the electrode.  

 

Figure 8-1: (A) CVs at scan rates of (a) 2, (b) 10, and (c) 20 mV s-1, (B) Cs and Cm, 

calculated from the CV data for FeOOH-MWCNT composites. 
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Figure 8-2A is a Nyquist plot that shows relatively low electrode resistance, Z′. The 

slope of the Nyquist plot was almost 90°, again displaying good capacitive behavior. The 

examination of the complex capacitance (Figure 8-2B,C), derived from the EIS data 

showed a relaxation type dispersion by the decrease of the real capacitance (C′) with 

frequency and corresponding maximum in the frequency dependence of the imaginary part 

of capacitance, C″. The real part of the complex capacitance, calculated from the impedance 

data at low frequencies (Figure 8-28B) was agreeable with capacitance that was calculated 

from the CV data at low scan rates (Figure 8-1B). 

 

Figure 8-2: (A) Nyquist plot of complex impedance and frequency dependences of (B) C’s 

and (C) C’’s calculated from the impedance data for FeOOH-MWCNT composites. 

 Figure 8-3 shows the cyclic stability of the electrode by plotting the capacitance 

retention over 1000 CV cycles at a scan rate of 50 mV s-1. The first 200 cycles show 

activation type behavior which can be attributed to minor transformations in the 

microstructure giving rise to slight changes in capacitance. However, after 200 cycles a 

significant decrease in capacitance occurs. By 1000 cycles the capacitance retention is 64%. 
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It has been reported in literature that the poor cyclic stability is a result of Fe2+ dissolution 

into the electrolyte[110]. It has been shown[111] that after cycling FeOOH in 2.5M Li2SO4 

ions of Fe2+ can be found in the electrolyte. The same issue is likely happening in this 

instigation as the Fe2+/Fe3+ redox reaction takes place, dissolution of Fe2+ occurs hindering 

the cyclic stability.  

 

Figure 8-3: Capacitance retention over 1000 CV cycles at 50 mV s-1 for the FeOOH-

MWCNT electrode. 

 It is known that the introduction of foreign metal ions during synthesis can change 

the structural and electrochemical properties of metal oxides[26]. A Zn doped FeOOH 

electrode was fabricated with a very similar method as the previous electrode except ZnCl2 

was present during synthesis with the aim to improve the cyclic stability of the electrode. 

The electrode was doped with 12 at% of Zn. Figure 8-3A,B shows very similar 

electrochemical performance and capacitance of the Zn/FeOOH-MWCNT electrode 
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compared to the FeOOH-MWCNT electrode. Similar CV shapes indicate that the addition 

of the Zn2+ ions during synthesis does not have a significant impact on the redox capability 

of the FeOOH material. Both Zn/FeOOH-MWCNT and FeOOH-MWCNT electrodes show 

similar capacitance values at all scan rates justifying that the doping has no major effects 

on the capacitance. 

 

Figure 8-4: (A) CVs at scan rates of (a) 2, (b) 10, and (c) 20 mV s-1, (B) Cs and Cm, 

calculated from the CV data for Zn/FeOOH-MWCNT composites. 

Figure 8-4A is a Nyquist plot derived from EIS data. It shows very low internal 

resistance and is almost identical to that of the non-doped FeOOH-MWCNT electrode. The 

complex capacitance data (Figure 8-4B,C) shows values that correspond to that of the CV 

data with capacitance and a maximum at a similar frequency to that of the FeOOH-

MWCNT. The strong agreement between the EIS data of the two electrodes verifies that 

the doping of Zn has no significant effects on the resistance of the electrode or impact on 

capacitance. 
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Figure 8-5: (A) Nyquist plot of complex impedance and frequency dependences of (B) C’s 

and (C) C’’s calculated from the impedance data for Zn/FeOOH-MWCNT composites. 

 X-ray diffraction studies revealed information about the crystallinity and phases of 

the FeOOH and Zn/FeOOH materials. Figure 8-6A is the XRD pattern for the FeOOH 

electrode material which displays a mainly amorphous pattern exhibiting small broad peaks 

corresponding to α-FeOOH (JCPDS: 04-015-2898). Figure 8-6B displays the XRD spectra 

for the Zn/FeOOH sample which presents a mainly amorphous structure with small peaks 

of a (Fe,Zn)3O4 phase (JCPDS: 01-070-8731). 
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Figure 8-6: X-ray diffraction patterns of (A) FeOOH (B) Zn/FeOOH 

The stability of the electrode over 1000 CV cycles at 50 mV s-1 is shown in Figure 

8-7. It is clear that the addition of Zn has enhanced the cyclic stability of the electrode. 

Figure 8-3 shows the same minor increase in capacitance over the first 200 cycles as the 

FeOOH-MWCNT electrode did. This is likely a result of the occurrence of minor 

microstructure changes during electrochemical cycling as mentioned earlier. However, 

after 200 cycles the Zn/FeOOH electrode exhibits extremely stable behavior, retaining 98% 

of its original capacitance after 1000 cycles. The addition of Zn plays a crucial role in the 

stabilization of the electrode and the proposed mechanism is that Zn provides anodic 

protection and preferentially dissolves into the electrolyte preventing Fe2+ dissolution.  
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Figure 8-7: Capacitance retention over 1000 CV cycles at 5 mV s-1 for the Zn/FeOOH-

MWCNT electrode. 

 

8.3 Conclusion  

An FeOOH-MWCNT electrode was fabricated and tested in an aqueous neutral 

electrolyte (0.5M NaSO4) which displayed impressive capacitive behavior as well as low 

resistance. However, the cyclic stability of this material was less than 70% after 1000 

cycles. To enhance the cyclic stability of the electrode, another electrode was fabricated 

with Zn as a dopant. The Zn/FeOOH-MWCNT electrode presented very similar capacitive 

properties as well as almost identical impedance results. More importantly, the cyclic 

stability was significantly improved, retaining 98% of the original capacitance over 1000 

cycles.  
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Chapter 9: Final Conclusions and Future Work 

An advanced particle extraction through the liquid-liquid interface (PELLI) 

technique was used with a versatile extracting molecule, OG. It was found that OG 

efficiently extracted a variety of materials including oxides, oxyhydroxides, and metals. 

The use of PELLI avoided the drying stage that occurs in many wet chemical synthesis 

methods. Electrode materials such as oxides and hydroxide form hard agglomerates when 

dried which is detrimental to the mixing with conductive additives. The drying of oxides 

and hydroxides also reduce the surface area of the material, hindering the electrochemical 

performance. Using OHA as a new extraction molecule, a novel PELLI technique was 

developed due to its solubility in aqueous solutions at high pH. This innovative method 

was based on the unique properties of OHA which allows it to be used as an extracting 

agent as well as a capping agent as it is soluble in alkaline solutions which are used in many 

chemical precipitation methods. A major finding was that capacitance of Mn3O4-MWCNT 

electrodes was higher than that of MnO2-MWCNT electrodes using the new PELLI 

technique. Hydroxamates such as OHA and bufexamac were used to extract ZnO, CeO2 

and FeOOH reinforcing the advanced PELLI method feasibility. A unique feature of 

hydroxamates was that they show strong adsorption on particles at high pH, despite the 

electrostatic repulsion of the negatively charged particles and dissociated hydroxamic 

acids.  

In addition, an investigation was started on an advanced negative electrode material 

for supercapacitors. FeOOH-MWCNT electrodes exhibited high capacitance but low cyclic 
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stability. Zn2+ ions were introduced during synthesis forming a doped Zn/FeOOH electrode 

which showed a significant increase in cyclic stability without negatively impacting other 

electrochemical properties. More material analysis and characterizations are needed to 

complete this investigation.  

Future studies should include SEM and EDS of the Zn/FeOOH electrode to give a 

qualitative analysis on the elements and phase present. XPS would provide a difference in 

Fe2+ of the undoped FeOOH electrode before and after cycling. In addition, a PELLI 

technique could further increase the capacitance of the Zn/FeOOH electrode and other 

electrochemical properties. Lastly, a device comprised of the Zn/FeOOH electrode and an 

Mn3O4 using the conceptually new PELLI approach should be fabricated and tested. 
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