
 

 

 

 

 

 

 

 

 

COLLOIDAL FABRICATION TECHNIQUES FOR THE DEVELOPMENT OF 

SUPERCAPACITOR ELECTRODES AND DEVICES 



 

 

 

 

 

COLLOIDAL FABRICATION TECHNIQUES FOR THE DEVELOPMENT OF 

SUPERCAPACITOR ELECTRODES AND DEVICES 

 

By Ri Chen, B.Eng, M.Eng 

 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the 

Requirements for the Degree Doctor of Philosophy 

 

 

 

McMaster University © Copyright by Ri Chen, August 2019.



 

Ph.D. Thesis ï Ri Chen; McMaster University ï Mechanical Engineering 

 

 

 

TITLE: Colloidal Fabrication Techniques for the Development of 

Supercapacitor Electrodes and Devices 

 

AUTHOR: Ri Chen, 

M.Eng. (Guangdong University of Technology, China), 

B.Eng. (Changchun University of Science and Technology, China). 

SUPERVISORS: 

Prof. Ishwar K. Puri and Prof. Igor Zhitomirsky 

 

NUMBER OF PAGES: xxiv, 213.



i 

 

Abstract 

In this thesis, an advanced colloidal fabrication technique, called particle extraction through 

liquid-liquid interface (PELLI), has been developed to fabricate components of positive 

and negative electrodes of electrochemical capacitors (ECs). This new colloidal strategy is 

applied to create stable suspensions for the electrophoretic deposition (EPD) of thin films 

and advanced inks for screen printing applications. 

Bottom-up and top-down PELLI strategies were developed to extract MnO2 particles 

synthesized in an aqueous phase to the organic phases of 1-butanol and dichloromethane, 

respectively. During both extraction processes, hexadecylamine with amine functional 

group was used as the extractor for transferring the MnO2 particles. Compared to the top-

down PELLI technique, the bottom-up PELLI synthesized particles of relatively small sizes, 

which is beneficial for fabricating MnO2-multiwalled carbon nanotube (MWCNT) binary 

composite EC electrodes with enhanced electrochemical performance. Hence, the 

subsequent work was carried out using the bottom-up strategy for PELLI.  

Head-tail extractors with a single functional group, such as carboxylic acid and 

phosphonate, and head-tail-head (HTH) multifunctional extractors with functional groups 

of both carboxylic acid and phosphonate were used as the vehicles for transferring MnO2 

from the synthesis media to the device processing media to achieve a good suspension of 

MnO2-MWCNT to fabricate positive EC electrodes. Advanced FeOOH-MWCNT negative 

electrodes were also prepared by PELLI strategies using HT and HTH extractors. The 

experimental results showed that both positive and negative electrodes prepared by HTH 



ii  

 

extractors exhibit the highest electrochemical performance. Moreover, stable suspensions 

of MnO2 particles synthesized by PELLI with multifunctional HTH extractors were 

prepared to fabricate advanced thin films by EPD and also MnO2-carbon black printing 

inks for screen printing of thin EC electrodes. 

Subsequently, to fabricate efficient polypyrrole (PPy) based composite negative electrodes, 

for the first time, non-agglomerated FeOOH particles were prepared with PELLI using 

tetradecylamine as extractor. Introduction of PPy enhances the electrochemical 

performance of the binary composite of PPy coated MWCNT in a potential range of -0.8 - 

+0.1V. Advanced asymmetric ECs devices with MnO2-MWCNT positive electrodes and 

PPy-FeOOH-MWCNT negative electrodes were fabricated. These devices with 

comparable capacitance for both the positive and negative electrodes and high active mass 

loading were found to have high electrochemical performance in a wide working voltage 

window of 1.6V in aqueous electrolyte.  

Key words: particle, extraction, heterocoagulation, electrochemical capacitor, 

electrophoretic deposition, ink, screen printing. 
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1 Introductio n 

In mid-1970s, the energy crisis caused by the potential risk of using up the conventional 

fossil fuel arose peopleôs attentions on development of renewable energy sources. Although 

different kinds of renewable energy sources, such as solar, wind and tidal wave, are 

abundant in the nature, they depend on the natural condition and are not continual and even. 

As a result, these kinds of energy cannot meet the demand of modern technical equipment, 

which need an uninterrupted and stable power supply[1-5]. Therefore, aiming to address 

these issues, many effective and practical technologies of electrochemical energy storage 

and conversion, such as batteries, fuel cells and supercapacitors, attract more and more 

peopleôs attentions[2, 6, 7]. However, in many practical areas, such as portable 

electrochemical devices, hybrid electric vehicles and large industrial equipment, most of 

the present electrical energy storage systems cannot meet their requirements of high 

performance. Therefore, itôs extremely significant for us to develop advanced materials and 

advance our understanding of electrochemical energy storage mechanisms at the 

nanoscale[2]. 

Electrochemical capacitors (ECs), also called ultracapacitors or supercapacitors (SCs), play 

an important role in these kind of areas because of their high power density (about 10 kW/ 

kg), which can be fully charged or discharged within a few seconds. Although ECs are 

limited by their low energy delivery (about 5Wh/kg), they are considered as the most 

promising products to complement or replace the batteries in the energy storage systems, 

such as for uninterruptible power supplies for protection against power disruptions, stores 
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energy for acceleration in electric vehicles and harvesting braking energy when the engine 

shut-off as well as rapid loading. The recent application of electrochemical double layer 

capacitors (EDLCs) in emergency doors on an Airbus A380 proved that their performance 

and stability are good enough for large scale implementation. Therefore, in the US 

Department of Energy, ECs have been considered as important as batteries in future energy 

storage systems[8, 9]. 

ECs can be classified into three types, EDLCs, pseudocapacitors and hybrid 

supercapacitors[2]. This classification is based on their charge storage mechanism as well 

as the active materials used. Among these ECs, EDLCs is the first kind of commercial and 

most commonly used devices, currently fabricated by carbon-based active material with 

high surface area and high conductivity, such as carbon nanotube, activated carbon and 

carbon black. Pseudocapacitors is the second kind of ECs, which normally uses the redox 

material with high specific capacitance and large energy storage capacity (conductive 

polymer, transition metal oxide, etc.) as the active material. To increase the energy density 

and power density of ECs, the devices are fabricated as an asymmetric hybrid capacitor, 

which combines both the advantages of EDLCs and pseudo-capacitors. In hybrid capacitor 

systems, combination of two different electrode materials with different operating 

potentials are used for the positive and negative materials, such as transition metal oxide 

(oxide-hydroxide)-carbon based material, conductive polymer-carbon based material and 

conductive polymer-transition metal oxide(oxide-hydroxide) composite. As a result, this 

strategy increases the overall cell potential and results in higher energy density as well as 

power density[2, 10]. Among these electrode materials, manganese dioxide (MnO2) and 
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iron oxide-hydroxide are good candidates for the fabrication of positive and negative 

electrodes for ECs, respectively[7, 11]. This is attributed to their high specific capacitance, 

their natural abundance, friendly environmental nature and low cost. However, the specific 

capacitance decreases drastically with increasing active mass loading, especially at high 

charge-discharge rates, due to the low electronic conductivity of active material and poor 

electrolyte access to their surface. It is important to fabricate small particles with high 

surface area without agglomeration to provide more active sites for ions absorption. 

Meanwhile, conductive additives should be dispersed well and uniformly mixed with active 

material to generate conductive network which can enhance the electronic conductivity[5, 

12-14].  

In this investigation, an advanced colloidal fabrication technique, called particle extraction 

through liquid-liquid interface technique (PELLI), has been developed for the fabrication 

of individual component, binary composite and ternary composite for both the positive and 

negative electrodes of electrochemical capacitors (ECs). Furthermore, the new colloidal 

strategies were applied to fabrication of stable suspension for electrophoretic deposition 

(EPD) of thin film and fabrication of environmentally friendly printing inks for screen 

printing application. We focus on the development of advanced composite electrodes and 

efficient electronic devices with high active mass loadings, a high ratio of the active 

material mass to the current collector mass, high capacitance, good capacitance retention 

at high charge-discharge rates and low impedance. 
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2 Literature  review 

2.1 Conventional capacitors 

In 1745, German Ewald Georg von Kleist discovered that charge could be stored in glass 

jar containing a volume of water when a high voltage was applied[1]. In 1746, scientist 

Pieter van Musschenbroek from University of Leiden invented a capacitor, called Leyden 

jar. The storage mechanism of capacitors in early time were mainly developed by scientists 

Benjamin Franklin and Faraday[1]. The first generation of capacitors, called electrostatic 

capacitors, shown schematically in Figure 2.1, are composed of two conducting electrodes 

separated by an insulating dielectric material. When a certain voltage is applied to a 

capacitor, the dielectric material would be polarized and then the positive and negative 

charges accumulate on the positive electrode and the negative electrode, respectively. As 

the charges are separated by the dielectric material, a static electric field is built between 

the two electrodes to store energy. These kinds of capacitors are mainly used for small 

energy storage devices and to reduce the ripple of power supply. 
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Figure 2.1 Schematic of electrostatic capacitors 

The capacitance C is supposed to be a constant value for an ideal electrostatic capacitor.  

This value is defined by the relationship of accumulated charge Q on a certain electrode 

and the applied voltage V between the two electrodes: 

                                    
Q

C
V
=                                                                   (2-1) 

For a conventional capacitor, C is directly proportional to the surface area A of each 

electrode and dielectric property of the dielectric material and inversely proportional to the 

distance between the electrodes d: 

0 r

A
C

d
e e=                                                              (2-2) 
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Herein, 0erepresents the permittivity of free space and re represents the permittivity of 

insulating material between the electrodes. The performance of a capacitor can be 

characterized by its power density and energy density, which can be expressed in either per 

unit mass, per unit surface area, or per unit volume. The stored energy E of a capacitor can 

be expressed by the following equation: 

21

2
E CV=                                                             (2-3) 

From this equation, it is evident that the stored energy in a capacitor is proportional to the 

capacitance and the square of the applied voltage between the two electrodes. The power 

of a capacitor could be calculated from an electric circuit, containing a capacitor with an 

external loading resistance R in series. The internal resistance, coming from different parts 

of a capacitor, such as electrode, current collector and dielectric material, can be considered 

as equivalent series resistance (ESR). When R is equal to ESR, the maximum power P can 

be achieved and expressed as the following equation: 

2

4

V
P

ESR
=
³

                                                           (2-4) 

Although conventional capacitors have high power density, their applications are limited 

by their low energy density. Therefore, electrochemical capacitors with higher energy 

density than that of conventional capacitors attract more attentions. 
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Based on the working mechanism during charging and discharging, supercapacitors 

typically can be divided into three groups: (i) electric double layer capacitors (EDLCs), (ii) 

pseudocapacitors and (iii) hybrid supercapacitors. 

2.2 Categories of electrochemical capacitors (ECs) 

2.2.1 Electric double layer capacitors (EDLCs) 

Figure 2.2 shows the schematic diagram of electric double layer capacitors (EDLCs), 

consisting of two high surface area porous electrodes separated by a separator in the middle 

and immersed in an electrolyte. The charge accumulates at the interface between the 

electrode and electrolyte. As a result, an electric double layer is built up at the interface of 

electrolyte and electrode surface and the thickness of each layer is just in the order of a few 

Angstroms[2]. It is important to point out that the surface area of porous activate carbon 

material using in EDLCs is around 0.1 million times larger than that of smooth surface. 

Based on equation (2-2), d is the thickness of the double layer capacitor with a high surface 

area A. In this situation, the corresponding electric field of the electrochemical double layer 

is extremely high and its value can reach 106 V cm-1 easily. Therefore, the capacitance and 

energy density of EDLCs are much higher than that of conventional capacitor where the 

capacitance is just in the order of pF or ɛF. Due to the electrostatic charge mechanism of 

EDLCs, which does not involve redox reaction, there is no limitation on the electrochemical 

kinetic during charging or discharging process. As a result, EDLCs can have a much higher 

power density than pseudocapacitors involving redox reaction, as well as a much higher 

energy density than conventional capacitors. 
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Figure 2.2 Schematic structure and principles of a single cell EDLCs[2]. 

2.2.2 Pseudocapacitors 

Different from EDLCs, which are only based on electrostatic charge storage mechanism 

(non-faradaic), pseudocapacitors involve reversible redox reaction (faradaic) combined 

with electrostatic effect during charging or discharging process. For the same surface area, 

the value of pseudocapacitance could be 100 times larger than that of electric double layer 

capacitance because of the contribution of faradaic reaction[3]. In this faradaic process, the 
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charges pass through the electrode/electrolyte interface whereas the charges just 

accumulate at the electrode/electrolyte interface in EDLCs.  

Figure 2.3 shows several faradaic mechanisms, proposed by Conway, which can result in 

psedocapacitive behavior in capacitors[4-9]. The first one is underpotential deposition 

(UPD), which occurs when metal ions form an adsorbed monolayer at a different metal 

surface well above their redox potential. The deposition of lead on the gold surface is a 

representative example of UPD. The second one is redox pseudocapacitance. This occurs 

during the process of the electrochemical absorption of ion on the surface or near the 

surface of a material accompanied by a faradaic charge transfer. Transitional metal 

oxides/oxide-hydroxides, such as RuO2[10, 11], MnO2[12-14], Mn3O4[15, 16], NiO[17], 

Co3O4[18, 19], Ni(OH)2[20, 21], Co(OH)2[22, 23], FeOOH[24, 25], etc, as well as 

conductive polymers, such as poly(3,4-ethylenedioxythiophene) (PEDOT)[26, 27], 

polyaniline (PANI)[28, 29] and polypyrrole (PPy)[30-32], are classified as the redox 

pseudocapacitive materials. The third one is intercalation pseudocapacitance. This results 

from intercalation of ions into the tunnels or layers of a redox active material with a 

concomitant faradaic charge transfer but without crystallographic phase change. 
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Figure 2.3 Various reversible redox mechanisms for pseudocapacitance 

2.2.3 Asymmetric supercapacitors 

Typically, electric double layer capacitors (EDLCs) and pseudocapacitors can be classified 

as symmetric supercapacitors as both the positive and negative electrodes uses the same 

kind of material. However, in order to maximize the electrochemical performance of the 

capacitors, hybrid supercapacitors, coupled with one electric double electrode with another 

pseudocapacitive electrode or assembled by two different pseudocapacitive electrode, have 

received a great deal of attentions recently. This kind of hybrid cells combine the high 

power density of EDLCs with the high energy density of pseudocapacitors. As it is shown 

in Figure 2.4, the hybrid supercapacitors with relatively high specific energy as well as high 

specific power fill the gap between symmetric supercapacitors and Li-ion batteries. 
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Figure 2.4 Ragone plot of three major electrochemical energy storage devices and time 

constants are shown in dashed line, by dividing the specific energy with specific power[33] 

2.3 Electrode materials 

The type of electrode materials has a great influence on the electrochemical performance 

of electrochemical capacitors. Normally, carbon based electrode materials, whose energy 

storage is based on electrostatic mechanism, are used in EDLCs, whereas metal 

oxide/oxide-hydroxide and conductive polymer are used as pseudocapacitive materials in 

pseudocapacitors where the charge storage is based on redox reaction. In order to fully 

utilize the merits of both the carbon based electrode materials and pseudocapacitive 

materials, composite electrodes combining these two kinds of material attract a lot of 

attention. Significant advancement in the development of composite electrodes has been 

achieved recently. 
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2.3.1 Carbon based electrode materials 

Carbon based electrode materials offer several significant advantages, such as high 

chemical stability, abundant source in nature, non-toxic for environment, relatively low 

cost and wide operating temperature range. Therefore, researchers focus on investigating 

different kinds of carbon based electrode materials, like carbon nanotubes[34, 35], 

graphene[36, 37], activated carbons[38], carbon aerogels[39, 40], graphite[41] and other 

related nano-structured carbon materials[42-44]. 

In EDLCs, as the charges are stored at the electrode/electrolyte interface, the specific 

surface area, pore size distribution as well as the shape and structure of pore result in 

different electrochemical performance[45]. Especially, the specific surface area and pore 

size distribution affect the electrochemical performance greatly. 

2.3.2 Transition metal oxides/oxide-hydroxides 

Compared to carbon-based material, transition metal oxides/oxide-hydroxides are more 

attractive for ECs application because of their high specific capacitance. Normally, 

transition metal oxides/oxide-hydroxides offer two or more oxidation states for charge 

transfer without involving phase change. These oxidation states allow for energy storage 

not only electrostatically but also via faradaic reaction[46]. In the transition metal oxide, 

RuO2 is widely recognized as the most promising candidate for ECs because of its high 

conductivity, high specific capacitance as well as good reversible electrochemical 

properties[3, 47]. However, its limited availability, high cost and toxic nature significantly 

limits its application in our real life. Therefore, RuO2 was normally extensively investigated 

for military applications where the cost is not the major concern. Other metal oxides/oxide-
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hydroxides materials, such as MnO2, Mn3O4, Co3O4, NiO, V2O5, Co(OH)2, Ni(OH)2, 

FeOOH, etc, have been explored to replace RuO2 in the application of ECs. However, many 

metal oxides/oxide-hydroxides, such as Co3O4, NiO, V2O5, Co(OH)2, Ni(OH)2, etc, are not 

environmentally friendly and low capacitance of Mn3O4 particles limits their applications. 

Among all these metal oxides/oxide-hydroxides materials, MnO2 and FeOOH with a 

relative high theoretical capacitance abundant source and environmental friendly properties, 

have been considered as the promising candidates for fabrication of positive and negative 

electrodes for  ECs[4, 48-50] . However, their nature of low electronic conductivity needs 

to be enhanced by combining with different kinds of conductive media, such as carbon 

nanotube, carbon black, graphene, etc. 

2.3.3 Conductive polymers 

Another family of potential electrode material based on faradaic charge mechanism for 

pseudocapacitors are conductive polymers, such as Poly(3,4-ethylenedioxythiophene) 

(PEDOT)[27, 51], polyaniline (PANI)[52, 53] and polypyrrole (PPy)[30, 54, 55]. In 1990s, 

conductive polymers were first introduced to fabricate pseudocapacitive electrodes because 

of their high conductivity, low cost, light weight, relatively high theoretical capacitance, 

and simple fabrication methods. Moreover, it was reported that conductive polymer was 

beneficial for fabricating portable, flexible, pressable and lightweight modern electronic 

devices which have promising market demands in our real life. Currently, lots of ECs 

devices with relative high energy density as well as high power density have been fabricated 

using conductive polymer based electrodes[56]. Among these conductive polymers, PPy 

shows a promising future because it could be operated in mild electrolyte, whereas PANI 
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and PEDOT needs acidic electrolytes which are not environmental friendly, more corrosive 

and less safe. Significant progress on the development of PPy electrodes using different 

kinds of dopants and synthesized methods has been reported. In this research, PPy was 

selected as the electrode material by combining with FeOOH for fabrication of negative 

electrodes. 

2.3.4 Composite electrodes 

Generally, carbon based electrode materials, which store energy through electrostatic 

mechanism without involving faradaic reaction, can achieve ultra-long cycle life and high 

power density due to their high conductivity, high surface area and good chemical stability. 

However, these electrodes have a limitation of low energy density that greatly restricts their 

applications. On the contrary, pseudocapacitive electrode materials (transition metal 

oxides/oxide-hydroxides and conductive polymers) based on faradaic reaction charge 

mechanism, can achieve high energy density because of their high theoretical specific 

capacitance. However, these materials also have their limitations, such as low conductivity 

of transition metal oxides and low mechanical stability of conductive polymers. 

Therefore, aiming to address the limitations of the aforementioned materials, composite 

electrodes based on carbon based materials and pseudocapacitive materials are widely 

utilized in electrochemical capacitors, which can achieve a high power density, high energy 

density, good mechanical stability as well as good cyclic stability[57-59]. Significant 

progress on the development of composite electrodes, such as MnO2-MWCNT, MnO2-

carbon black, Mn3O4-MWCNT, V2O5-MWCNT, NiO-MWCNT, PPy-MWCNT, PPy-

Graphene, FeOOH-MWCNT, PPy-FeOOH-MWCNT, has been achieved recently.  
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2.4 Electrolytes 

Electrolytes play an important role on electrochemical performance of ECs, involving 

EDLCs, pseudocapacitors and hybrid ECs. Significant efforts have been contributed to 

investigate the ionic conductivity, ion mobility, viscosity, ion size, potential window, 

concentration, stabilization and temperature of electrolytes on the effect of electrochemical 

performance of ECs, such as ESR, capacitance, power density, etc. Electrolytes could be 

mainly divided into following groups: (1) aqueous electrolytes, (2) organic electrolytes and 

(3) ionic liquids based electrolytes. Aqueous electrolytes and the organic electrolytes are 

the most common electrolytes for ECs applications. 

2.4.1 Aqueous electrolytes 

Compared to organic electrolytes, aqueous electrolytes are commonly used in energy 

storage devices owing to their advantages of low cost and facile handling [60]. Normally, 

the conductivity of organic electrolytes is at least one order of magnitude lower than that 

of aqueous electrolytes. For instance, 1M H2SO4 has a conductivity of 0.8 S cm-2 at 

25 [61]. The main drawbacks of aqueous electrolytes are attributed to their small 

electrochemical stable potential window, which easily results in the issue of water 

decomposition[62].  Aqueous electrolytes can primarily be divided into three groups, 

including acidic electrolytes, alkaline electrolytes and neutral electrolytes. H2SO4, KOH 

and Na2SO4, which are commonly used, are the representatives for acidic electrolytes, 

alkaline electrolytes and neutral electrolytes, respectively. Compared to other acidic 

electrolytes, H2SO4 is commonly used in the academic investigations owing to its relatively 

high ionic conductivity, providing lower ESR of ECs with regards to neutral 
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electrolytes[60].  It was found that the ionic conductivity of H2SO4 is dependent on its 

concentration and temperature. The maximum value should be achieved at a certain 

concentration and temperature. For similar reason, KOH represents the basic electrolytes 

owing to its relatively higher ion conductivity with regards to other basic electrolytes, such 

as LiOH and NaOH[60]. It has been reported that the capacitance of EDLCs electrodes was 

increased when the basic electrolytes was used compared to neutral electrolyte. This is 

because the pseudocapacitance was contributed to the charge storage in alkaline electrolyte 

environment. Although acidic and basic electrolytes show great ionic conductivity, their 

drawbacks of corrosion and safety limit  their further development especially at a high 

temperature condition[63-65]. Therefore, neutral electrolytes play an important role in 

these fields. Extensive efforts have been focused on development of various neutral 

electrolytes for ECs, such as K2SO4, Li2SO4, Na2SO4, KCl, LiCl, NaCl, etc[60]. Among 

these electrolytes, Na2SO4 has been considered as the promising candidates for 

pseudocapacitors electrodes, especially for MnO2. Neutral electrolytes are not only 

beneficial for pseudocapacitive materials but also for hybrid ECs with a higher operation 

voltage window owing to their electrochemical stability for many materials. Moreover, 

neutral electrolytes have advantages of environmental friendless and low cost. 

2.4.2 Organic electrolytes 

Although aqueous electrolytes are popularly investigated in academic work, their low 

operating voltage window (1.4-2V) results in low energy density of the devices. Therefore, 

the ECs assembled with organic electrolytes, providing typically higher operation voltage 

window (2.5-2.8V), shows great demands in the commercial markets[60, 66]. The energy 
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density of ECs is enhanced when using organic electrolytes with larger operative voltage 

window. Moreover, organic electrolytes based ECs can be packaged in cheaper ways, such 

as using cheaper packages and current collectors. However, organic electrolytes based ECs 

also show their limitations of lower conductivity, smaller capacitance, higher cost, 

flammable property, and toxic effects. Moreover, they can easily suffer from the problems 

of large self-discharge rate and significant degradation of performances because of the 

impurity effect caused by complex purification processing. The electrochemical 

performance of organic electrolytes based ECs are dependent on the ion size, viscosity, 

conductivity, electrochemical stable potential windows of the organic electrolytes used in 

the systems[3]. 

2.5 Manufacturing methodologies 

2.5.1 Colloidal techniques for fabrication of bulk electrodes and thin film s 

Composite materials are necessary for achieving desired electrochemical performance of 

ECs electrodes, which require high electrical conductivity, high surface area and high 

capacitance. Normally, active materials, such as MnO2[67], Mn3O4[15], NiO[17], V2O3[68] 

MoO3[69], FeOOH[25], PPy[70], etc, have very low electronic conductivity, which is far 

away for ECs electrodes applications, especially at a high active mass loading condition 

and high charge-discharge rates. Therefore, combining with conductive additive, such as 

MWCNT and graphene, are required to enhance their performance[70, 71]. For ECs 

applications, colloidal techniques are common strategies for fabrication of advanced 

composite which are achieved by efficient dispersion of different individual components. 
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2.5.1.1 Co-dispersion method 

Co-dispersion method is a simple strategy to disperse the active materials and the 

conductive additives at the same time in one pot using only one dispersing agent. For 

example, it was found that celestine blue dye is an efficient co-dispersing agent for 

BiMn2O5 and MWCNT[72]. The dispersion of MWCNT is attributed to the electrosteric 

interactions and p-p interactions between MWCNT and celestine blue dye whereas the 

dispersion of BiMn2O5 is attributed to the strong adsorption of celestine blue on BiMn2O5 

particles surface providing the electrosteric stabilization. Therefore, the BiMn2O5-

MWCNT composite electrodes with a high capacitance of 6 F cm-2 (2mV s-1) was reported 

at a very low resistance. Shi et al. reported that safranin (SAF) is an efficient dispersing 

agent  for co-dispersing MWCNT and PPy (Figure 2.5)[73]. These PPy-MWCNT 

composite electrodes with a high active mass loading of 27 mg cm-2 showed a high 

capacitance of 7.8 F cm-2. These co-dispersing suspensions showed a promising potential 

in the deposition of thin films by electrophoretic deposition (EPD). 

 

Figure 2.5 Co-dispersion of PPy-MWCNT by SAF[73]. 
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2.5.1.2 Heterocoagulation technique 

Heterocoagulation technique is one of the facile strategies to create strong linking between 

the active materials and the conductive additives for improving the contact of the individual 

components in these composites. They are mainly classified into following two groups: (1) 

heterocoagulation based on electrostatic interaction[74, 75] and (2) heterocoagulation 

based on Schiff based reaction[16, 67]. 

For example, Figure 2.6 shows the MnO2-MWCNT composite fabricated by 

heterocoagulation based on electrostatic interaction[74]. In this strategy, phosphate ester 

and m-cresolsulfonphthalein dye were used as the dispersing agents for MWCNT and 

MnO2 particles, respectively. Therefore, MWCNT and MnO2 imparted positive and 

negative charge on their surface, respectively, which created links between MWCNT and 

MnO2 by electrostatic interaction. Advanced MnO2-MWCNT composite has been 

successfully fabricated. The electrodes showed a high areal capacitance of 5.3 F cm-2 at a 

scan rate of 2 mV s-1. 

 

Figure 2.6 MnO2-MWCNT composite fabricated by heterocoagulation based on 

electrostatic interaction[74]. 
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Figure 2.7 shows that MnO2-MWCNT composite can be fabricated by heterocoagulation 

based on Schiff base reaction between 3,4-Dihydroxybenzaldehyde (DHB) and new 

fuchsin (NF), which were used for dispersion of MnO2 and MWCNT, respectively. The 

strong link created by the Schiff base reaction mechanism facilitated a good contact of the 

active materials MnO2 particles and conductive MWCNTs additives. Therefore, these 

MnO2-MWCNT composite showed good electrochemical performance. 

 

Figure 2.7 MnO2-MWCNT composite fabricated by heterocoagulation based on Schiff 

based reaction between (A) new fuchsin (NF) and (B) 3,4-Dihydroxybenzaldehyde 

(DHB)[67]. 

2.5.1.3 Particle extraction through liquid -liquid interface (PELLI)  method 

PELLI method is one of the most important colloidal strategies for transferring different 

materials, such as metal oxides, metal hydroxides, metal oxide-hydroxides and metal 

particles between two immiscible phases. PELLI techniques allow extraction of particles 

form the synthesized media to the organic media which are beneficial for device processing. 

PELLI techniques attracts more and more attention because of their ability for fabricating 
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high electrochemical performance composite electrodes, such as MnO2-MWCNT[14, 76] 

and Mn3O4-MWCNT[16]. These were achieved by reducing agglomeration of particles and 

improving contact between the active materials and the conductive media. Poon et al.[16] 

demonstrated that Mn3O4 could be extracted from aqueous phase to the organic phase using 

lauryl gallate. Advanced Mn3O4-MWCNT composite has been fabricated for ECs 

applications. Wallar et  al.[14] also reported that lauryl gallate (LG) could be used as an 

extractor for extraction of Ag particles and MnO2 for further processing with MWCNT, 

which were well dispersed in the organic phase, to fabricate advanced Ag-MnO2-MWCNT 

ternary composite electrodes for ECs (Figure 2.8). Moreover, Clif ford et al. demonstrated 

that agglomeration-free hydroxyapatite nanorods prepared by PELLI method could be used 

for fabrication of thin films by EPD.  

 

Figure 2.8 (A) MnO2 precipitation, (B) MnO2 extracted by LG in 1-butanol, (C) MWCNT 

dispersion in 1-butanol, (D) MnO2-MWCNT extracted in 1-butanol and (E) Ag extracted 

by LG in 1-butonal[14]. 
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2.5.1.4 Electrophoretic deposition (EPD) 

Electrophoretic deposition (EPD) technique is widely used in the field of surface 

engineering for fabrication of composite and ceramic films with designed functions for 

specific applications, such as corrosion protection[77], flame-retardant[78, 79], biomedical 

applications[80-83], sensors[84] and energy storage[71, 85, 86]. EPD technique has 

emerged as promising manufacturing method owing to the advantages of facile control 

processing, low cost and high quality of film formation.  

Figure 2.9 demonstrates the schematics of electrophoretic deposition of thin films for ECs 

applications. Firstly, the stable suspensions were prepared using safranin (SAF) as the co-

dispersing  and charging agent for dispersing and charging MWCNT, graphene and PPy 

particles[71]. Subsequently, two electrodes, one reference electrode and other working 

electrode for deposition, were immersed in the suspension separated by a certain distance. 

When a specific voltage is applied to these two electrodes, an electric field is formed 

between them. The charging particles in the suspension would allow them to be deposited 

on the working electrodes by the electric force introduced by the electric field. High quality 

composite thin films with improved electrochemical performance compared to the films 

formed by the single component, were obtained by EPD for ECs applications. Moreover, 

Clifford et al. [87] demonstrated that agglomeration-free hydroxyapatite nanorods prepared 

by PELLI could be used for preparation of stable suspension for depositing thin film by 

EPD for biomedical applications. 
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Figure 2.9 Co-dispersion of MWCNT-graphene and PPy-graphene and their applications 

for film formation by EPD[71]. 

2.5.1.5 Screen printing 

Flexible, compressible, wearable and portable electronic devices are emerged as necessary 

products for human being in modern society[54, 88-90]. In order to scale-up the fabrication 

of these devices, facile techniques with low cost could be found to meet the market demands. 

Various printing techniques, such as screen printing[91, 92], inkjet printing[93] and roll-

to-roll printing[90], shows their promising potential for fabrication of electronic devices. 

These printing techniques are mainly based on the transferring of the printing inks to the 

given substrates for assembly of electronic devices. Among all the printing techniques, 

screen printing is one of the most facile and inexpensive printing techniques for the 

fabrication of electronic devices.  

Figure 2.10 shows the schematic of screen printing. The setup mainly consists of squeegee, 

screen plate, stencil and substrate. During the push-release process, the printable inks will  
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be transferred from the screen plate to the substrate by squeegee through the mess openings 

of the stencil. Similar patterns could be achieved on the substrate according to the 

designable patterns of mesh opening on the stencil. Currently, screen printing techniques 

have been widely used for fabrication of different kinds electronic devices, such as solar 

cell, battery and electrochemical capacitors. In the process of screen printing, fabrication 

of printing inks is significantly important for printing electronic devices with desired 

properties. Normally, toxic solvents are required for fabrication of stable printing inks. 

Therefore, extensive efforts should be devoted to the development of environmental 

friendliness printing inks in near future. 

 

 

Figure 2.10 Schematic of screen printing[90]. 
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3 Research objective 

New colloidal techniques are necessary for manufacturing of advanced composites for 

achieving desired properties for applications of electrochemical capacitors and thin film 

fabrication. For ECs applications, composite electrodes are important to be designed with 

properties of high electronic conductivity for electron transfer, high surface area for ions 

absorption and high capacitance of non-agglomerated active material.  

The main objective is to fabricate advanced composite electrodes and supercapacitor 

devices with high active mass loadings, high ratio of the active material mass to the current 

collector mass, high capacitance, good capacitance retention at high charge-discharge rates 

and low impedance. The main objective is based on short-term objectives 3.1-3.6. 

3.1 Liquid liquid extraction of oxide particles by head-tail extractor 

hexadecylphosphonic acid 

In Chapter 4, the background information of particle extraction through liquid-liquid 

interface (PELLI) and experimental works are presented to demonstrate  the benefits of 

PELLI for synthesis of reduced agglomeration particles with head-tail extractor 

hexadecylphosphonic acid and improved mixing with conductive media for 

electrochemical supercapacitors with high active mass loading and high active material to 

current collector mass ratio. The results discussed in this chapter are reproduced from 

Liquid-liquid extraction of oxide particles and application in supercapacitors, 92, 1-9, 2017, 

Journal of Materials Research, Ri Chen, Mustafa S. Ata, Xinya Zhao, Ishwar K. Puri and 

Igor Zhitomirsky, https://doi.org/10.1557/jmr.2017.92, Copyright 2019, with permission 
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from Materials Research Society. The author of this thesis is the first author and the main 

contributor of this publication. 

3.2 Bottom-up and top-down PELLI of oxide particles and 

electrophoretic deposition of thin films 

In Chapter 5, Bottom-up and top-down liquid-liquid extraction methods have been 

developed for the transfer of colloidal metal oxide particles, synthesized in an aqueous 

phase, to organic phases by head tail extractors. The extracted non-agglomerated particles 

have been developed for fabrication of supercapacitor electrodes and thin films by 

electrophoretic deposition. The results discussed in this chapter are reproduced from 

Strategies for liquid-liquid extraction of oxide particles for applications in supercapacitor 

electrodes and thin films, 499, 1-8, 2017, Journal of Colloid and Interface Science, Ri Chen, 

Mustafa S. Ata, Xinya Zhao, Amanda Clifford, Ishwar K. Puri and Igor Zhitomirsky, 

https://doi.org/10.1016/j.jcis.2017.03.095, Copyright 2019, with permission from Elsevier. 

The author of this thesis is the first author and the main contributor of this publication. 

3.3 Effect of extractors and active mass loading on the electrochemical 

performance of electrochemical capacitors 

In Chapter 6, head tail extractors with different functional groups have been developed to 

synthesize small size particles by PELLI for fabrication of supercapacitor electrodes. The 

goal is to achieve a high area normalized capacitance, low impedance and enhanced 

capacitance retention at high charge-discharge rates. The results discussed in this chapter 

are reproduced from MnO2-carbon nanotube electrodes for supercapacitors with high active 
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mass loadings, 164(9), A1673-A167, 2017, Journal of  Electrochemical Society, Ri Chen, 

Ryan Poon, Rakesh P. Sahu, Ishwar K. Puri and Igor Zhitomirsky, doi: 

10.1149/2.1491707jes, Copyright 2019, with permission from  ECS -- The Electrochemical 

Society. The author of this thesis is the first author and the main contributor of this 

publication. 

3.4 Multifunctio nal extractor for liquid -liquid extraction of oxide 

particles and applications in supercapacitors, electrophoretic 

deposition and screen printing 

In Chapter 7, head tail head extractor and head tail extractor have been developed for 

extraction of oxide particles with reduced agglomeration for fabrication of supercapacitors 

bulk electrodes. Stable colloidal suspension prepared by PELLI with head tail head 

extractor has been developed for electrophoretic deposition thin film and screen printing of 

thin electrodes. The results discussed in this chapter are reproduced from Influence of 

molecular structure of extractor molecules on liquid-liquid extraction of oxide particles and 

properties of composites, 44, 15714-15720, 2018, Ceramics International, Ri Chen, 

Zhengzheng Wang, Rakesh P. Sahu, Ishwar K. Puri and Igor Zhitomirsky, 

https://doi.org/10.1016/j.ceramint.2018.05.244, Copyright 2019, with permission from 

Elsevier. The author of this thesis is the first author and the main contributor of this 

publication. 



44 

 

3.5 High areal capacitance of FeOOH-carbon nanotube negative 

electrodes for asymmetric supercapacitors 

In Chapter 8, FeOOH-CNT negative electrodes have been developed by PELLI with head 

tail head extractor and head tail extractor. Comparable capacitance of negative electrodes 

and positive electrode has been achieved at similar mass loading and efficient asymmetric 

supercapacitors has been developed. The results discussed in this chapter are reproduced 

from High areal capacitance of FeOOH-carbon nanotube negative electrodes for 

asymmetric supercapacitors, 44, 18007-18015, 2018, Ceramics International, Ri Chen, 

Ishwar K. Puri and Igor Zhitomirsky, https://doi.org/10.1016/j.ceramint.2018.07.002, 

Copyright 2019, with permission from Elsevier. The author of this thesis is the first author 

and the main contributor of this publication. 

3.6 Polypyrrole-carbon nanotube-FeOOH composites for negative 

electrodes of asymmetric supercapacitors 

In Chapter 9, polypyrrole (PPy) coated carbon nanotubes (CNT) were combined with 

FeOOH to fabricate advanced negative supercapacitor electrodes. High efficient 

asymmetric supercapacitor devices have been fabricated using PPy-FeOOH-CNT ternary 

composite and MnO2-CNT binary composite as the negative and positive electrodes, 

respectively. The results discussed in this chapter are reproduced from Polypyrrole-carbon 

nanotube-FeOOH composites for negative electrodes of asymmetric supercapacitors, 166 

(6), A935-A940, 2019, Journal of  Electrochemical Society, Ri Chen, Ishwar K. Puri and 

Igor Zhitomirsky, doi: 10.1149/2.0281906jes, Copyright 2019, with permission from  ECS 
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-- The Electrochemical Society. The author of this thesis is the first author and the main 

contributor of this publication. 
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4 Liquid  liquid  extraction of oxide particles by head-

tail  extractor  hexadecylphosphonic acid 

This chapter is reproduced from Liquid-liquid extraction of oxide particles and application 

in supercapacitors, 92, 1-9, 2017, Journal of Materials Research, Ri Chen, Mustafa S. Ata, 

Xinya Zhao, Ishwar K. Puri and Igor Zhitomirsky, https://doi.org/10.1557/jmr.2017.92, 

Copyright 2019, with permission from Materials Research Society. The author of this thesis 

is the first author and the main contributor of this publication. 

4.1 Abstract 

Many manufacturing techniques require the use of non-aqueous colloidal suspensions, 

containing well dispersed oxide particles and various water insoluble functional 

components. We report an efficient method for the direct transfer of MnO2 and titania 

particles, synthesised in water, to an organic solvent through the interface of two 

immiscible liquids. Particle agglomeration during the drying stage was avoided and stable 

suspensions of non-agglomerated particles in the organic phase were obtained. The 

advantages of this method were demonstrated by the fabrication of advanced composite 

MnO2-multiwalled carbon nanotube electrodes, containing a polymer binder, for 

electrochemical supercapacitors with high active mass loading and high active material to 

current collector mass ratio. The electrodes showed a capacitance of 5.13 F cm-2 and low 

impedance. High extraction efficiency from concentrated suspensions was achieved by the 

use of an advanced extractor, which allowed strong adsorption on the particles by the 

polydentate bonding. The extraction mechanism is discussed. 

https://doi.org/10.1557/jmr.2017.92
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4.2 Introduction  

Particle extraction through liquid-liquid interface (PELLI) is emerging as a new method of 

technological and scientific interest. PELLI has been utilized for the separation of rare earth 

fluorescent powders[1], alumina and zircon[2].  Size-dependent transfer of gold particles 

allowed obtaining suspensions with narrow particle size distribution[3]. PELLI has been 

utilized in the hydrometallurgy of cassiterite[4] and other mineral particles[5]. Luminescent 

CdTe and HgTe quantum dots, synthesized in an aqueous media were transferred to non-

polar organic solvents for the fabrication of photovoltaic and optoelectronic devices[6].  

Various organic molecules were used as extractors for PELLI applications. The chemical 

structures of such molecules contained hydrophobic hydrocarbon chains and functional 

groups, which provided electrostatic or chemical interactions with inorganic particles. 

Investigations were focused on the use of ionic surfactants[1-5], which had an electric 

charge, opposite to that of inorganic particles. In this case, the surfactant adsorption was 

governed by electrostatic interactions with inorganic particles. Ion-pair interactions of 

carboxylate-modified gold nanoparticles and cationic surfactants resulted in the particle 

transfer from water to toluene[7]. The adsorption of other extractors, such as thiol based 

molecules and fatty acids, on inorganic particles involved chemical interactions. The 

molecules, containing thiol groups allowed for partial extraction of CdTe and HgTe 

quantum dots[6]. The chemical interactions of carboxylic groups of fatty acids with iron 

atoms on the particle surface allowed for magnetite particle extraction[8]. Long chain 

surfactants, containing amino groups were investigated for extraction of gold[9-11] and 

silver[12] nanoparticles.  It was found that polymer molecules can also be used as 
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extractors[13].  The extraction efficiency was enhanced in the presence of co-solvents, such 

as sub-oil phase[5] or acetone[6]. In another strategy[14], PELLI was triggered by changes 

of the temperature.  The temperature increase from the room temperature to 80ºC resulted 

in the reduction of the solubility of the polymer extractor in an aqueous phase and transfer 

of the adsorbed particles to an organic phase[14].  

Previous PELLI research has been mainly focused on nanoparticles of metals and 

semiconductor quantum dots. The development of PELLI methods for oxide nanoparticles 

offers benefits for many applications. Various applications of oxide materials in thin film 

electronic devices, protective coatings, sensors, biomedical implants, aqueous batteries and 

supercapacitors require the use of water insoluble organic components, such as binders, 

film forming agents and functional organic molecules[15, 16]. In many manufacturing 

procedures, oxide nanoparticles must be dispersed in an organic solvent, containing 

dissolved functional organic molecules or macromolecules, which are insoluble in water. 

It is important to note that many important techniques for the oxide nanoparticle synthesis 

are based on aqueous processing. The synthesized nanoparticles are usually dried and then 

re-dispersed in an organic solvent.  However, the drying of the oxide or hydroxide particles 

results in their agglomeration. The reduction of particle surface area and condensation of 

surface OH groups are major driving forces for particle agglomeration. The important task 

is the development of PELLI methods for the transfer of synthesized oxide nanoparticles 

directly from an aqueous phase to an organic phase, avoiding the drying procedure. 

However, poor adsorption of extractor molecules on oxide particles and low extraction 

efficiency are still major obstacles in achieving this goal. 
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The selection of extractor molecules with strong adsorption on particle surface is of critical 

importance for the development of PELLI methods. The approach, based on electrostatic 

interaction of surfactants and particles has limitations related to the control of particle 

charge in water as well as in organic phases and low recovery efficiency, attributed to weak 

surfactant adsorption on particles. The extractor molecules, containing carboxylate, amino 

and thiol groups allow for relatively weak bonding and poor adsorption on the oxide 

particles.  

The goal of this investigation was the development of efficient PELLI method for oxide 

particles. The approach is based on the use of hexadecylphosphonic acid (HDPA) as an 

advanced extractor molecule.  The chemical structure of HDPA (Figure 4.1A) contains a 

phosphonate group. Literature data indicates that phosphonates exhibit strong adsorption 

in water on various inorganic materials[17-23], such as hydroxyapatite, Fe3O4, SiO2, ZnO, 

Al 2O3 and TiO2,  clay, calcium carbonate, indium tin oxide.  The oxygen atoms of the 

phosphonate ligand allow for bi- or tri-dentate bonding (Figure 4.1B), which results in 

significantly stronger adsorption, compared to monodentate bonding[24] of many extractor  

and  dispersant molecules.  The chelation bonding (Figure 4.1B(a,b)) involves the 

formation of the coordination bonds between two or three oxygen atoms of HDPA and a 

metal atom on the particle surface.  The oxygen atoms of the phosphonate ligand can also 

be bonded to different metal atoms (Figure 4.1B(c,d)).  
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Figure 4.1 (A) Chemical structure of HDPA (B) adsorption mechanisms of HDPA, 

involving (a) chelating bidentate bonding, (b) chelating tridentate bonding, (c) bridging 

bidentate bonding, (d) bridging tridentate bonding, (C) schematic of the PELLI method: (a) 

particles, precipitated in aqueous phase, (b) transfer through liquidïliquid interface, (c) 

formation of a stable suspension of particles in n-butanol. 

We report the synthesis of MnO2 and titania particles in aqueous solutions and their 

extraction to the n-butanol phase (Figure 4.1C), containing dissolved HDPA. In this 

strategy, water insoluble HDPA molecules adsorbed on oxide particles at the water-n-

butanol interface. The results presented below indicated high extraction efficiency and 

reduced particle agglomeration. An important outcome of this study was the fabrication of 

MnO2-multiwalled carbon nanotube (MWCNT) composites for application in electrodes of 

electrochemical supercapacitors, which showed promising capacitive properties 
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4.3 Experimental procedures 

Hexadecylphosphonic acid (HDPA), poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) 

(PVB, average Mw=50,000-80,000), NaMnO4, TiOSO4, NaOH, Na2SO4, n-butanol 

(Aldrich) and multiwalled carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm, length 1ï2  

ɛm, Bayer, Germany)  were used. Ni foams with 95 % porosity were provided by Vale 

Company. 

The synthesis of MnO2 particles was performed by a chemical precipitation method using 

aqueous NaMnO4 solutions and n-butanol as a reducing agent. Previous investigations[25-

27] showed that various alcohols, such as ethanol, isopropanol, methanol and other alcohols, 

miscible with water, can be used as reducing agents for the synthesis of MnO2 from 

permanganate solutions. In this investigation, water-immiscible n-butanol was used as a 

reducing agent for NaMnO4. The addition of n-butanol to aqueous solutions and stirring 

during 1 h resulted in the precipitation of MnO2 in an aqueous phase (Figure 4.2a,b). Further 

addition of HDPA solution in n-butanol and stirring resulted in the extraction of MnO2 from 

the aqueous phase to n-butanol phase (Figure 4.2c). The MnO2 particles formed a stable 

suspension in the n-butanol phase. The synthesis of titania was performed using aqueous 

TiOSO4 solutions. The pH of the solutions was adjusted pH=6 by NaOH. The addition of 

HDPA solution in n-butanol and stirring resulted in the extraction of titania from the 

aqueous phase to n-butanol phase (Figure 4.2d,e). The extracted titania formed a stable 

suspension in n-butanol. The mass of extracted MnO2 or titania particles was varied in the 

range of 0.3-1.0 g. The mass ratio of HDPA:oxide was 0.2-0.3. The extraction efficiency 

was above 95%. 
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Figure 4.2 (a) NaMnO4 solution, (b) precipitation of MnO2 after mixing of NaMnO4 with 

n-butanol, (c) extraction of MnO2 to the n-butanol solvent after addition of HDPA solution 

in n-butanol and mixing, (d) as-precipitated titania in water, (e) extraction of titania to the 

n-butanol solvent after addition of HDPA solution in n-butanol and mixing, red arrows 

show the interface of water and n-butanol. 

Electron microscopy investigations were performed using a JEOL JSM-7000F scanning 

electron microscope (SEM). X-ray diffraction (XRD) studies were performed using a 

powder diffractometer (Nicolet I2, monochromatized CuKŬ radiation). The materials for 

the XRD and SEM studies were prepared using suspensions, shown in Figure 4.2b,d. The 

suspensions were filtrated, washed with water and ethanol and then dried in air for 72 h. 

FTIR studies were performed on Bruker Vertex 70 spectrometer. For the preparation of 

samples for the FTIR studies, the suspensions, shown in Fig.2c,e were filtrated and the 

obtained materials were dried in air.  Dynamic light scattering (DLS, DelsaMax Pro: 

Beckman Coulter) was used for the particle size distribution analysis. The suspensions of 
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particles in n-butanol, separated from the aqueous phase, were diluted with ethanol for the 

particle distribution analysis.  

The suspension of MWCNT in n-butanol was added to MnO2 suspension in order to obtain 

the MnO2: MWCNT mass ratio of 4:1. The organic suspension was separated from the 

aqueous phase, ultrasonicated and then the solution of PVB binder in ethanol was added.  

Obtained suspension was used for the fabrication of MnO2-MWCNT electrodes by 

impregnation of the Ni foam current collectors. The active mass loading of the electrodes 

was 35.5 mg cm-2.  

Cyclic voltammetry and impedance spectroscopy investigations were performed using a 

potentiostat (PARSTAT 2273, Princeton Applied Research, USA). Capacitive behavior of 

the electrodes was studied in three-electrode cells using 0.5 M Na2SO4 aqueous solutions. 

The area of the working electrode was 1 cm2. The counter electrode was a platinum gauze, 

and the reference electrode was a standard calomel electrode (SCE). Cyclic voltammetry 

(CV) studies were performed at scan rates of 2-100 mV sī1. The integral capacitances 

CS=Q/ȹVS and Cm= Q/ȹVm were calculated using half the integrated area of the CV curve 

to obtain the charge Q, and subsequently dividing the charge Q by the width of the potential 

window ȹV and electrode area S or active mass m.  The alternating current measurements 

of complex impedance Z*=Z'-iZ'' were performed in the frequency range of 10 mHz to 100 

kHz at the amplitude of the signal of 5 mV. The complex differential capacitance CS
*
=CS

'-

iCS
''  was calculated[28] from the impedance data as CS

'=Z''/ɤ|Z|2S and CS'' =Z'/ɤ|Z|2S, 

where ɤ=2ˊf (f-frequency). 
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4.4 Results and discussion 

The successful extraction of MnO2 and titania from water to n-butanol was achieved using 

HDPA as an advanced extractor. The polydentate bonding of the phosphonate groups of 

HDPA to the metal atoms on the particle surface allowed for strong adsorption, which was 

confirmed in several experiments, discussed below. After synthesis, the MnO2 particles 

accumulated in the aqueous phase (Figure 4.2b) and precipitated. Figure 4.2b shows clear 

supernatant n-butanol solvent without MnO2 particles. However, the addition of HDPA 

solution in n-butanol allowed for the bottomïup extraction of MnO2 particles from the 

bottom aqueous phase to the top organic phase against the force of gravity (Figure 4.2c). 

The titania particles showed a similar behavior (Figure 4.2e). Our approach is different 

from the top-down strategy[29], where gravitation force promoted transfer of destabilized 

agglomerated particles from water to an organic liquid with higher density. The colloidal 

stabilization of the particles in the n-butanol solvent indicated that adsorbed HDPA 

provided a steric stabilization. The extracted particles have also been analyzed by the FTIR 

method. Figure 4.3 compares the FTIR spectra of the extracted particles and HDPA. The 

absorptions in the range of 2800-3000 cm-1 in the spectra of MnO2 and titania particles are 

attributed to stretching vibrations[30, 31] of CH2 and CH3 groups of adsorbed HDPA. The 

FTIR spectrum of pure HDPA showed similar absorptions. The adsorptions at 1469 cm-1 

in the spectra of particles and corresponding adsorption at 1471 cm-1 in the spectrum of 

pure HDPA resulted from the deformation C-H vibrations[31] of HDPA. The strong 

adsorption of HDPA was critical for the extraction. The insolubility of HDPA in water is 
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another important factor, which was considered for the selection of this molecule as an 

extractor.  

 

 

Figure 4.3 FTIR spectra of (a) HDPA and of extracted materials: (b) MnO2 and (c) titania. 

The extraction mechanism involved the adsorption of HDPA on the particles at the interface 

of the two immiscible liquids and transfer of the inorganic particles to the n-butanol phase 

by the adsorbed HDPA.  In our investigation, n-butanol was used as a reducing agent for 

the synthesis of MnO2 and as a receiving liquid in the PELLI method. However, the 

influence of the nature of the receiving liquid and liquid-liquid interface on the extraction 

process is not well understood. It should be noted that the adsorption of organic molecules 

on the particle surface is influenced by a solvent[32, 33].  Other observations indicated that 

the modification of water-oil mixtures by the sub-oil phases was beneficial for the particle 

transfer through the interface[5]. It is known that the surfactant concentration increases at 

the liquid-liquid interface[29]. From this point of view the accumulation of HDPA at the 
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interface was beneficial for interaction with particles and their extraction. In many 

investigations, the liquid-liquid interface was used as a platform for the 2D assembly of 

particles[34, 35]. It was found that the driving force for particle accumulation at the 

interface is the reduction of the interface surface energy between two liquids[34, 36]. 

However, in our experiments, MnO2 particles precipitated in the aqueous phase (Figure 

4.2b). The stirring and ultrasonication promoted their transfer to the liquid-liquid interface, 

where HDPA molecules adsorbed on the particles. It is known that  the adsorption of 

surfactant molecules on the particle surface at the liquid-liquid interface[34] can result in 

reduced interfacial energy. It is in this regard that liquid-liquid interface provides unique 

conditions, which facilitate various chemical reactions[34, 36, 37].  The modification of 

particles at the liquid-liquid interface with adsorbed HDPA promoted particle transfer from 

water to n-butanol in the PELLI method.  

It is important to note that many PELLI applications were limited by the use of relatively 

dilute suspensions[3, 10, 12]. In our investigation, the application of HDPA as an advanced 

extractor allowed the use of suspensions of significantly higher concentrations.  The typical 

particle concentration in the n-butanol phase was 15-50 g L-1. The experimental results 

presented below indicated that concentrated suspensions are beneficial for practical 

applications for the fabrication of supercapacitor electrodes by impregnation of current 

collectors with an active material.      

The MnO2 and titania particles, synthesized in aqueous phases showed poor colloidal 

stability and precipitated immediately after stirring or ultrasonic agitation. In contrast, the 

extracted particles showed good colloidal stability in the n-butanol phase.  The good 
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dispersion of particles and suspension stability are critical for colloidal processing of oxide 

materials and composites[38].  

The suspensions, shown in Figure 4.2b,d were filtrated, washed in water, dried in air for 72 

h and studied by XRD and SEM. The XRD patterns (Figure 4.4) showed that MnO2 and 

titania were mainly amorphous. However, small broad peaks of the birnessite phase were 

observed in the XRD pattern of MnO2. The peak broadening resulted from the small particle 

size. The formation of mainly amorphous MnO2, containing a small amount of a birnessite 

phase was also observed in other investigations, where KMnO4 was reduced with different 

alcohols, such as ethanol[39] or isopropanol[40].  

 

Figure 4.4 XRD patterns of (a) MnO2 (¶-JCPDS file 87-1497) and (b) titania. 

The SEM studies (Figure 4.5a) showed that MnO2 powder contained relatively small 

particles with a typical size of 0.1 ɛ m and agglomerates. The size of the agglomerates was 

in the range of 0.2-5 ɛ m. The SEM images of the titania powder (Figure 4.5b) showed 

relatively large agglomerates with a typical size of 2-20 ɛ m.  In contrast, the investigation 
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of extracted particles by dynamic light scattering method showed that the average radius of 

MnO2 and titania particles was 90.6 and 188.1 nm, respectively (Figure 4.6).  The extracted 

particles showed relatively small polydispersity indexes of 11.3 and 11.7% for MnO2 and 

titania, respectively. Multiple testing experiments showed well repeatable results due to the 

use of stable suspensions. In contrast, the re-dispersion of dried powders, shown in Fig. 5 

in ethanol, resulted in unstable suspensions. The analysis of particles in such suspensions 

by the dynamic light scattering method presented difficulties due to rapid sedimentation of 

the particles. The sedimentation resulted in significant variations of the measured particle 

average sizes and the polydispersity indexes with time.  

 

Figure 4.5 SEM images of (a) MnO2 and (b) titania, prepared from suspensions, shown in 

Figs. 2(b) and 2(d), respectively, after filtration, washing with water, and drying in air for 

72 h. 
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Figure 4.6 Particle size distributions for (a) MnO2 and (b) titania, extracted using HDPA 

and (c) SEM image of MnO2-MWCNT composite. 

The ability to transfer MnO2 and titania particles to an organic solvent and avoid particle 

agglomeration during the drying stage offers benefits for many applications, utilizing 

advanced properties of such materials. Of particular importance is the application of the 

PELLI method for the fabrication of advanced electrodes for electrochemical 

supercapacitors. As a step in this direction, we investigated MnO2 particles, prepared using 

the PELLI method.  

The charge storage properties of MnO2 are related to the redox reaction[41]: 

                                            MnO2 + A+ + e- źMnO2A                                                 (4-1) 

where A+= Na+, K+, H+.  The use of MnO2 as a charge storage material offers the 

advantages[41-43] of high theoretical specific capacitance (1370 F g-1)  and nearly ideal 

capacitive behavior in a voltage window of ~0.9 V in mild aqueous electrolytes, such as 

K2SO4 or Na2SO4. The Equation (4-1) indicates that high electronic and ionic conductivities 

of the electrode material are important for the efficient charge-discharge behavior. 

Conductive additives, such as MWCNT are usually added to MnO2 in order to improve 

electronic conductivity. However, the specific capacitance of MWCNT is low. Therefore, 



60 

 

the amount of MWCNT in the composite electrode must be optimized. An important task 

is to avoid MnO2 particle agglomeration and achieve good electrolyte access to the active 

material. Good dispersion and mixing of MnO2 and MWCNT is extremely important for 

the electrode performance. The ability to achieve high capacitance at high active mass 

loadings is one of the challenges in the supercapacitor technology. Literature data indicates 

that gravimetric capacitance decreased by one order of magnitude with an increase of 

electrode mass due to poor utilization of the capacitive properties of MnO2[44-47]. Another 

important parameter is the ratio of active material mass to the current collector mass (Rm). 

Relatively high specific capacitances were achieved in thin films with active mass of 0.005-

2 mg cm-2, deposited on foil substrates[45-48]. However, Rm for such films is only 5³10-5 

to 5³10-2. Relatively small areal capacitance can be achieved at such small mass loadings.  

The extracted MnO2 formed stable concentrated suspensions, suitable for the impregnation 

of Ni foam current collectors and fabrication of the supercapacitor electrodes. MWCNT 

were added to the suspensions with mass ratio of MnO2: MWCNT=4:1. The PVB binder 

was added in order achieve 3% mass content of PVB in the composite electrode. The 

suspension was impregnated into the Ni foam.  The total mass of the impregnated materials 

after drying was 35.5 mg cm-2 and Rm was 0.5.   

Figure 4.7a shows CVs at different scan rates for the composite MnO2-MWCNT electrodes. 

The nearly ideal box shape CVs and increase of current with increasing scan rate indicated 

good capacitive behavior. The electrodes showed relatively high gravimetric capacitance 

(Figure 4.7b) at high active mass loading (35.5 mg cm-2), which was comparable with 

capacitance, achieved in literature at small mass loadings (0.1-2 mg cm-2)[46, 47, 49]. The 
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highest capacitance Cm of 144.5 F g-1 was obtained at a scan rate of 2 mV s-1.  However, 

due to the use of high active material loading we were able to achieve high areal capacitance 

CS of 5.13 F cm-2 at a scan rate of 2 mV s-1.  At high scan rates we observed significant 

improvement in capacitance retention, compared to the electrodes, prepared using 

advanced co-dispersants for MnO2 and MWCNT[50]. The use of the PELLI method 

allowed ~2 times higher CS  at 50 and 100 mV s-1, compared to CS achieved at the same 

scan rates at higher mass loading[50] of 40 mg cm-2.  

 

Figure 4.7 (A) CVs at scan rates of (a) 2, (b) 10, and (c) 20 mV s-1, (B) CS and Cm, calculated 

from the CVs data at different scan rates. 

The analysis of the impedance data (Figure 4.8a) revealed good capacitive behavior, as 

indicated by nearly 90º slope of the Nyquist plot. The electrodes showed an advantage of 

low resistance R= Z'.  The low Z'' values resulted from high capacitance. The frequency 

dependences of the components of complex capacitance, calculated from the impedance 

data are presented in Figure 4.8b,c. The real component of the differential capacitance CS
' 

at low frequencies was slightly lower than the integral capacitance CS at low scan rates.  It 

should be noted that differential capacitance was measured at significantly lower voltages 

(5 mV).  It was mentioned in the previous investigation[51] that lower differential 
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capacitance can result from limited electrolyte access to some active sites of the capacitive 

material at low voltages. It is important to note, that integral capacitance depends of scan 

rate, whereas the differential capacitance is a function of frequency. The frequency 

dependences of the components of differential capacitance showed a relaxation type 

dispersion, as indicated by the reduction of CS
' with frequency and a maximum in the 

frequency dependence of CS
'' . The relatively high relaxation frequency, corresponding to 

the CS
''  maximum, indicates good capacitive behavior at high charge-discharge rates. 

 

Figure 4.8 (a) Nyquist plot for complex impedance and frequency dependences of (b) CS
' 

and (c) CS
''  calculated from the impedance data for MnO2-MWCNT electrodes. 

4.5 Conclusions 

New PELLI method has been developed for the fabrication of stable MnO2 and titania 

suspensions in n-butanol. The extraction efficiency above 95% was achieved from 

concentrated suspensions using HDPA as an advanced extractor. The important factors for 

the efficient extraction are water insolubility of HDPA and its strong adsorption on the 

inorganic nanoparticles, involving the polydentate bonding. The extraction mechanism was 

based on the interaction of HDPA and the inorganic particles at the liquid-liquid interface. 

The problems, related to the particle agglomeration during the drying stage were avoided 
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in the PELLI method. The ability to transfer synthesized particles from water to the organic 

solvent and obtain concentrated and stable suspensions allowed for the impregnation of Ni 

foam current collectors using slurries of MnO2 and MWCNT, containing a solution of water 

insoluble PVB binder.  The reduced agglomeration and efficient mixing of MnO2 and 

MWCNT allowed for the fabrication of advanced electrodes with high active mass loading 

and high active material to current collector mass ratio, which showed good capacitive 

performance and low impedance.  The capacitance of 5.13 F cm-2 was achieved at a scan 

rate of 2 mV s-1. The electrodes prepared by the PELLI method are promising for energy 

storage in electrochemical supercapacitors. The PELLI method can be used for other 

applications, which require agglomerate-free colloidal processing of oxide materials and 

composites. 
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5 Bottom-up and top-down PELLI of oxide particles 

and electrophoretic deposition of thin films  

This chapter is reproduced from Strategies for liquid-liquid extraction of oxide particles 

for applications in supercapacitor electrodes and thin films, 499, 1-8, 2017, Journal of 

Colloid and Interface Science, Ri Chen, Mustafa S. Ata, Xinya Zhao, Amanda Clifford, 

Ishwar K. Puri and Igor Zhitomirsky, https://doi.org/10.1016/j.jcis.2017.03.095, Copyright 

2019, with permission from Elsevier. The author of this thesis is the first author and the 

main contributor of this publication. 

5.1 Abstract 

Bottom-up and top-down liquid-liquid extraction methods have been developed for the 

transfer of colloidal metal oxide particles, synthesized in an aqueous phase, to organic 

phases. In such methods the agglomeration of the particles during the drying stage was 

avoided. Hexadecylamine was used as an extractor for MnO2 particles in the bottom-up 

extraction to the 1-butanol phase and top-down extraction to the dichloromethane phase. 

The reduction of particle agglomeration facilitated the fabrication of MnO2-carbon 

nanotube composite electrodes for electrochemical supercapacitors with enhanced mixing 

of the individual components and active mass as high as 35 mg cmī2. Electrochemical 

testing results showed superior performance of the composite MnO2-carbon nanotube 

electrodes, prepared by the bottom-up strategy. The new strategies allowed the fabrication 

of advanced electrodes, which showed a capacitance of 5.48 F cmī2 at a scan rate of 2 mV 

sī1, good capacitance retention at high scan rates and low resistance. In another 
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conceptually new bottom-up strategy colloidal titania particles were modified during 

synthesis with 2,3,4-trihydroxybenzaldehyde, which allowed strong catecholate-type 

bonding to the Ti atoms on the particle surface. The Schiff base reaction with 

hexadecylamine at the liquid-liquid interface allowed for particle extraction. The extraction 

strategies developed in this investigation pave the way for agglomerate-free processing of 

advanced films, coatings and devices by colloidal methods. 

5.2 Introduction  

Colloidal processing in organic solvents is widely used for the fabrication of moisture-

stable composite films, coatings and devices, combining functional properties of inorganic 

and organic materials. Typical slurry formulations for the fabrication methods usually 

include inorganic particles, dispersed in organic solvents, which contain dissolved 

polymers and other functional organic materials[1] that are insoluble in water. Various non-

aqueous colloidal techniques, such as spin casting[1, 2], spray deposition[3], dip coating[4], 

electrophoretic deposition [5]and other techniques[6] have been used to manufacture thin 

films and coatings. Organic solvents offer processing advantages for many colloidal 

methods, such as electrophoretic deposition[7] and tape casting[8]. The use of organic 

solvents for electrophoretic deposition allows for reduced gas evolution at the electrodes 

and low porosity of the films and coatings[9]. Non-aqueous slurries offer many advantages 

for the tape casting technology[8] due to the superior properties of the polymer binders, 

which are soluble in organic solvents, as compared to water soluble binders. The use of 

organic solvents is critical for the development of electrodes of aqueous supercapacitors 
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[10, 11], batteries[12], biomedical scaffolds[13] and other devices that contain water-

insoluble functional polymers or polymer binders. 

Many techniques for the synthesis of semiconductor quantum dots and particles of metals, 

oxides, hydroxides and other functional inorganic materials are based on aqueous 

processing. Following synthesis, washing and drying, these particles must be re-dispersed 

in an organic solvent. However, the drying can result in particle agglomeration, which is 

detrimental for many applications. Particle agglomeration is governed by the reduction in 

particle surface area and condensation of the surface OH groups. The drying procedure and 

particle agglomeration can be avoided by extracting the particles from an aqueous phase to 

an organic phase. Particle extraction through the liquid-liquid interface (PELLI) is a 

promising method for the colloidal processing of materials and composites. Previous 

investigations successfully extracted metals[14, 15] and quantum dots[16] through the 

interface lying between two immiscible liquids. Various interactions of organic extractor 

molecules and inorganic particles have been explored for the extraction, such as 

electrostatic[14], covalent[17, 18] and ion-pair[15] interactions. Different organic solvents 

have been used for the particle extraction[17]. Gold nanoparticles were extracted from an 

underneath aqueous phase into top lower density organic liquids such as toluene, hexane 

and diethyl ether[17]. In the case of chloroform solvent, which has higher density than 

water, the extraction was performed from the top aqueous phase into the bottom organic 

phase[17]. The extraction efficiency was enhanced by including co-solvents[16, 19]. In 

another approach[20], the extraction was triggered by a temperature increase from the room 

temperature to 80 °C, which resulted in the reduction of the solubility of the polymer 
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extractor in an aqueous phase and transfer of the adsorbed particles to an organic phase. 

The extraction efficiency of gold nanoparticles has been found to be influenced by the alkyl 

chain length of the extractor molecules[17]. Larger particles required longer extractor 

molecules for the phase transfer[17]. There is increasing interest in new applications of the 

PELLI method for photoelectronic and optoelectronic devices[16], separation of rare earth 

fluorescent powders[21] and magnetic devices[22]. It has been found that the adsorption of 

the extractor molecules on particles at the liquid-liquid interface can provide partial de-

agglomeration of the particles, synthesized in an aqueous phase[22]. 

Previous investigations have primarily focused on the use of very dilute suspensions of 

metal nanoparticles. Thus, an important task is the development of efficient extractors for 

the particles of functional oxides in concentrated suspensions. However, the major 

difficulty in particle extraction is poor adsorption of the extractor molecules on the oxide 

particles. 

The goal of this investigation was the development of PELLI strategies for the extraction 

of oxide materials. MnO2 and titania, which exhibit a variety of functional properties, were 

used as model oxide materials for this study. Bottom-up and top-down strategies were 

explored for the extraction of MnO2 using a 1-hexadecylamine (NH2Rǋ) as an extractor 

molecule. The benefits of the PELLI method were demonstrated using the extracted MnO2 

particles to fabricate electrodes of electrochemical supercapacitors, which showed high 

areal capacitance and good capacitance retention at high charge-discharge rates. 

Electrochemical testing results correlated with particle size measurements and revealed the 

advantages of bottom-up extraction. Due to the poor adsorption of NH2Rǋ on titania, we 
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developed another extraction strategy. The titania particles were modified in-situ by a 

catecholate type 2,3,4-trihydroxybenzaldehyde (Rǋǋ-CHO) molecule in the aqueous phase, 

which allowed for strong bonding to the titania surface. The Schiff base reaction of Rǋǋ-

CHO, adsorbed on the particle surface and NH2Rǋ, dissolved in the organic phase allowed 

for the liquid-liquid extraction. The advantages of this method were demonstrated by the 

fabrication of composite films. The PELLI strategies were applied to suspensions of 

relatively high concentrations and can be used for extraction of other functional oxides. 

5.3 Experimental procedures 

NaMnO4, TiOSO4, NaOH, Na2SO4, 1-hexadecylamine (NH2Rǋ), 2,3,4-

trihydroxybenzaldehyde (Rǋǋ-CHO), poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) 

(PVB, average Mw = 50,00080,000), 1-butanol, dichloromethane, (Aldrich) and 

multiwalled carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm, length 1ï2 ɛm, Bayer, 

Germany) were used. Ni foams with 95% porosity were provided by Vale Limited. Ni 

foams were cleaned by ultrasonication in water, acetone and finally in ethanol. 

The synthesis of MnO2 particles was performed by a chemical precipitation method using 

aqueous NaMnO4 solutions and 1-butanol as a reducing agent. The reduction of Mn7+ was 

achieved at the liquid-liquid interface, because 1-butanol is a water immiscible solvent. The 

addition of 1-butanol to the aqueous NaMnO4 solution and stirring during 1 h resulted in 

the precipitation of MnO2 in an aqueous phase. After stirring, phase separation of the 

aqueous phase and 1-butanol was observed. The synthesis of titania was performed using 

aqueous TiOSO4 solutions. The pH of the solutions was adjusted to pH = 6 by NaOH. 
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In the bottom-up extraction strategy 1-butanol was used as a receiving solvent, which has 

lower density, compared to the density of water. Dichloromethane, which has a higher 

density than the water density, was used for the top-down extraction. The concentration of 

particles in the extracted suspensions was 10ï15 g Lī1. The mass ratio of NH2Rǋ /oxide 

particles and Rǋǋ-CHO /oxide particles was 0.2ï0.3. 

For the fabrication of supercapacitor electrodes, the suspensions of extracted MnO2 in 1-

butanol or dichloromethane were separated from the aqueous phase and then MWCNT 

were added. After ultrasonication of the mixed suspensions, the solution of PVB binder in 

ethanol was added. The mass ratio of MnO2:MWCNT:PVB was 80:20:3. Obtained 

suspensions were used to fabricate MnO2-MWCNT supercapacitor electrodes by 

impregnating the Ni foam current collectors. The active mass loading of the electrodes was 

35 mg cmī2. Titania suspensions in 1-butanol obtained by liquid-liquid extraction were 

mixed with 2 g Lī1 PVB solution in 1-butanol for the deposition of coatings on stainless 

steel foils by dip coating method[23, 24]. 

Electron microscopy investigations were performed using a JEOL JSM-7000F scanning 

electron microscope (SEM). X-ray diffraction (XRD) studies were performed using a 

powder diffractometer (Nicolet I2, monochromatized CuKŬ radiation). FTIR studies were 

performed on Bruker Vertex 70 spectrometer. Dynamic light scattering (DLS, DelsaMax 

Pro: Beckman Coulter) was used for the particle size distribution analysis. 

Cyclic voltammetry and impedance spectroscopy investigations were performed using a 

potentiostat (PARSTAT 2273, Princeton Applied Research, USA). The capacitive behavior 
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of the electrodes was studied in three-electrode cells using 0.5 M Na2SO4 aqueous solutions. 

The area of the working electrode was 1 cm2. The counter electrode was a platinum gauze, 

and the reference electrode was a standard calomel electrode (SCE). Cyclic voltammetry 

(CV) studies were performed at scan rates of 2ï100 mV sī1. The integral capacitances CS 

= Q/ȹVS and Cm = Q/ȹVm were calculated using half the integrated area of the CV curve 

to obtain the charge Q, and subsequently dividing the charge Q by the width of the potential 

window ȹV and electrode area S or active mass m. The alternating current measurements 

of complex impedance Z* = Zǋī iZǌwere performed in the frequency range of 10 mHz to 

100 kHz at the amplitude of the signal of 5 mV. The complex differential capacitance CS
* 

= CS
ǋ ī iCS

ǌ was calculated[25, 26] from the impedance data as CSǋ = Zǌ/ɤ|Z|2S and CSǌ = 

Zǋ/ɤ|Z|2S, where ɤ = 2 f (f-frequency). 

5.4 Results and discussion 

MnO2 and titania, precipitated in the aqueous phases were washed with water, filtrated and 

dried. X-ray diffraction studies of the MnO2 powder showed (Figure 5.1) relatively small 

peaks of the birnessite phase. The formation of poorly crystallized MnO2 birnessite phase 

by precipitation was also reported in other investigations[27]. However, the material also 

contained an amorphous phase. The as-precipitated titania was amorphous (Figure 4.4b).  
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Figure 5.1 X-ray diffraction pattern of manganese dioxide (Ɏ- JCPDS file 87-1497). 

Figure 5.2 shows SEM images of the MnO2 and titania powders after drying. The MnO2 

powders contained submicron particles and large agglomerates with a typical size of 1ï5 

µm. The SEM images of titania showed a large number of agglomerates with a typical size 

of 10ï100 µm. 
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Figure 5.2 SEM images of (A) manganese dioxide and (B) titania powders. 

With a desire to reduce agglomeration, we developed extraction methods (EM) for MnO2 

and titania. In this investigation 1-butanol was used as a reducing agent for the synthesis of 

MnO2. After the synthesis, a two-phase mixture was obtained, which contained MnO2 in 

the bottom aqueous phase, separated from the 1-butanol top phase. Figure 5.3A shows a 

chemical structure of NH2Rǋ, which was used as an extractor. NH2Rǋ is a typical head-tail 

surfactant, containing a hydrophilic NH2 group and a hydrophobic hydrocarbon group. 

Figure 5.4A shows a schematic of the bottom-up EM1. The particles, precipitated in the 

aqueous phase (Figure 5.4A(a)) were extracted to the 1-butanol phase after the addition of 

NH2Rǋ. It is suggested that similar to other head-tail surfactants, NH2Rǋ accumulated at the 

liquid-liquid interface with hydrophilic groups exposed to water and hydrophobic tail 

extended out of the water phase into the 1-butanol phase. The accumulation and orientation 

of the NH2Rǋ molecules at the liquid-liquid interface promoted their adsorption on the 

inorganic particles and extraction (Figure 5.4 A (b and c)). Fig. 3B shows the possible 

mechanisms of the NH2Rǋ  adsorption, such as chemisorption[28] (Figure 5.3B(a)) or an 

electrostatic interaction, involving surface OH groups[29] (Figure 5.3B(b)). Fig. 4B shows 
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MnO2 suspension before and after extraction. Practically all MnO2 material was extracted 

to the 1-butanol phase. The results indicate that EM1 allows for the use of relatively 

concentrated suspensions. In this bottom-up method the particles were transferred to the 

top 1-butanol phase against the force of gravity. The stirring and ultrasonic agitation 

promoted interaction of NH2Rǋ with the particles and facilitated the phase transfer. 

 

Figure 5.3 (A) Chemical structure of NH2Rǋ, (B) adsorption mechanisms of NH2Rǋ  on oxide 

surface: (a) chemisorption and (b) electrostatic interactions, involving surface OH groups 

(C) Schiff base reaction of Rǋǋ-CHO and NH2Rǋ, (D) chemical structure of Rǋǋ-CHO, (E-G) 

schematics of the Schiff base reaction for Rǋǋ-CHO, adsorbed on particle surface by 

different mechanism: (E) chelation, (F) bridging inner sphere complex and (E) bridging 

outer sphere complex. 
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Figure 5.4 (A) Schematic of (a) precipitation and different steps in extraction in EM1, (B) 

manganese dioxide suspension (a) before and (b) after extraction. 

Figure 5.5A shows a schematic of the top-down EM2 process. Prior to the extraction, the 

aqueous phase was separated from the 1-butanol phase and then dichloromethane was 

added. The top aqueous phase, containing MnO2, and bottom dichloromethane phases 

showed a separation (Figure 5.5A(a) and B(a)). The MnO2 particles remained in the 

aqueous phase. After addition of NH2Rǋ solution in dichloromethane to the 

dichloromethane phase the extraction of MnO2 was achieved. The accumulation and 

orientation of the NH2Rǋ molecules at the liquid-liquid interface and sedimentation of the 

MnO2 in the aqueous phase under the force of gravity promoted surface modification of the 

MnO2 particles and their extraction to the 1-butanol phase. However, stirring and ultrasonic 
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agitation accelerated the extraction process. The MnO2 particles were practically 

completely extracted to the dichloromethane solvent (Figure 5.5A and B). 

 

Figure 5.5 (A) Schematic of (a) precipitation and (b,c) different steps in extraction in EM2, 

(B) manganese dioxide suspension (a) before and (b) after extraction 

The suggested extraction mechanism was confirmed by the results of the FTIR studies of 

the extracted materials. Figure 5.6(a c) compares the FTIR spectra of as-received NH2Rǋ 

and extracted MnO2 particles. The FTIR spectrum of NH2Rǋ (Figure 5.6(a)) shows 

absorptions at 2851, 2916 and 2955 cmī1, which resulted from the CH2 symmetric 

stretching, CH2 asymmetric stretching and CH3 out-of-plane stretching, respectively[30, 

31]. Similar absorptions were observed in the spectra of MnO2 particles, extracted by EM1 
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and EM2 (Figure 5.6(b and c)). Therefore, the results of FTIR studies confirmed that NH2Rǋ 

was adsorbed on the MnO2 particles. The adsorbed NH2Rǋ allowed for particle extraction. 

 

Figure 5.6 FTIR spectra of (a) as-received NH2Rǋ and (b-d) particles, extracted by methods 

(a) EM1, (b) EM2 and (c) EM3 

The analysis of extracted powders in non-aqueous suspensions by the dynamic light 

scattering method (Figure 5.7A and B) showed smaller size of the particles, prepared by 

EM1. The radius of the particles extracted in EM1 was generally below 100 nm. The 

suspensions, prepared using EM2, contained many particles with radii in the 100ï150 nm 

range. As discussed above, the particle extraction in the EM1 is achieved against the force 

of gravity. Therefore, EM1 favors the extraction of smaller particles. As also pointed out 

above, the adsorption of extractor molecules on particles at the liquid-liquid interface can 
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provide partial particle de-agglomeration[22]. These particles can be extracted to the top 

organic phase. In contrast, during the EM2 process, the force of gravity facilitates the 

penetration of the liquid-liquid interface by the larger particles. However, for both methods 

the size of the extracted particles was significantly lower, as compared to the size of the 

dried agglomerates, shown in Figure 5.2A. 

The reduced agglomeration of the MnO2 particles is beneficial for applications in the 

electrodes of electrochemical supercapacitors. The non-agglomerated particles provide 

larger surface area for the electrochemical charge storage reactions. However, it is 

important to note that BET surface area usually does not correlate[32-35] with capacitance, 

because very small pores can become inaccessible to the electrolyte. 

 

Figure 5.7 Particles size distributions for (a) manganese dioxide particles, extracted by  

EM1, (b) manganese dioxide particles, extracted by  EM2, (c) titania particles, extracted 

by EM3. 

Figure 5.8(A and B) shows CVs for the MnO2-MWCNT electrodes, prepared using EM1 

and EM2. The reduction of particle agglomeration was beneficial for fabricating electrodes 

that had an active mass as high as 35 mg cmī2. The electrodes, prepared using EM1 showed 

larger CV areas, compared to the electrodes, prepared using EM2. The larger CV area 
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indicated higher capacitance. The CVs for electrodes, prepared using EM1 were of nearly 

ideal box shape (Figure 5.8A). The capacitances were calculated from the CV data at 

different scan rates (Figure 5.8C). The electrodes, prepared using EM1 showed capacitance 

of 5.48 F cmī2 (152.5 F gī1) at a scan rate of 2 mV sī1 and capacitance retention of 38.3% 

at 100 mV sī1. The obtained capacitance was significantly higher than that reported in the 

literature[36] The electrodes, prepared using EM2, showed a capacitance of 5.13 F cmī2 

(141.8 F gī1) and capacitance retention of 21.4% at 100 mV sī1. Fig. 8C indicates that EM1 

allowed for superior capacitive performance at scan rates above 20 mV sī1. The capacitance 

of 2.1 F cmī2, obtained at 100 mV sī1 and mass loading of 35 mg cmī2 was two times 

higher, compared to the capacitance[37] obtained at the same scan rate at mass loading of 

40 mg cmī2 by the method, based on the use of co-dispersants for MnO2 and MWCNT. It 

is suggested that the reduced agglomeration of the particles allowed for improved mixing 

of MnO2 and MWCNT, which resulted in better electrolyte access to the MnO2 surface and 

improved electronic conductivity, which led to enhanced capacitance.  

 

Figure 5.8 (A,B) CVs for manganese dioxide-MWCNT electrodes, prepared using (A) 

EM1 and (B) EM2 at scan rates of (a) 2, (b) 10 and (c) 20 mV s-1, (C) CS and Cm for 

manganese dioxide-MWCNT electrodes, prepared using (a) EM1 and (b) EM2. 
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The analysis of the impedance data (Figure 5.9A), presented in the Nyquist plot showed 

lower resistance R = Zǋ of the electrode, prepared by EM1. Analysis of the differential 

capacitances, calculated from the impedance data showed a relaxation type dispersion[38], 

as indicated by the reduction of the real part CS
ǋ of capacitance (Figure 5.9B) with frequency 

and relaxation maxima (Figure 5.9C) in the frequency dependences of the imaginary CS
ǋǋ 

components. The relaxation frequencies, corresponding to the CS
ǋǋ maxima were 63 and 40 

Hz for electrodes, prepared using EM1 and EM2, respectively. The higher relaxation 

frequency for the electrodes, prepared by EM1 indicates better capacitive performance at 

high charge-discharge rates, which is in agreement with the CV data. The improved 

capacitive performance of the electrodes prepared using EM1 correlates with smaller size 

of the extracted particles. However, EM1 did not permit titania extraction due to poor 

adsorption of NH2Rǋ on the titania particles. This problem was addressed in EM3 by the 

chemical modification of titania prior to its extraction. 

 

Figure 5.9 (A) Nyquist plot of complex impedance, (B,C) frequency dependences of  (B) 

CS
ǋ and (C) CS

ǋǋ for manganese dioxide-MWCNT electrodes, prepared using (a) EM1 and 

(b) EM2. 
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In EM3 we used NH2Rǋ as an extractor for titania particles, which were modified with Rǋǋ-

CHO. Using this strategy, Rǋǋ-CHO was added to the TiOSO4 solutions prior to the titania 

precipitation. The addition of the alkali resulted in the formation of a dark-red suspension, 

containing titania particles with adsorbed Rǋǋ-CHO (Figure 5.10A(a) and B(a)). The Schiff 

base reaction (Figure 5.3C) at the liquid-liquid interface linked the extractor molecules to 

the modified particles and allowed for the extraction (Figure 5.10A(b) and B(b)). The 

extracted particles had a red color.  

 

Figure 5.10 (A) Schematic of (a) precipitation in the presence of Rǋǋ-CHO, involving Rǋǋ-

CHO  adsorption on particles (b) particle extraction in EM3, involving Schiff base reaction 

at the liquid-liquid interface, (B) titania suspension (a) before and (b) after extraction 

Figure 5.3D shows the chemical structure of Rǋǋ-CHO. It contains an aldehyde group, which 

allows for the chemical bonding of this molecule to the amino group of the NH2Rǋ extractor 

in the Schiff base reaction. The OH groups, which bonded to the aromatic ring allowed for 

adsorption of Rǋǋ- CHO on the titania surface. It is important to note that molecules with 

similar structure, such as catecholates and gallates, containing phenolic OH groups bonded 

to adjacent carbon atoms of the aromatic rings, exhibit unique adsorption properties. The 



88 

 

interest in catecholate and gallate adhesives resulted from the fundamental investigations 

[39-41] of mechanisms of strong mussel adhesion to different surfaces in seawater, which 

involved protein macromolecules, containing catecholic amino acid, L-3,4-

dihydroxyphenylalanine. Further investigations of catecholates and gallates resulted in the 

development of advanced capping and dispersing agents[42] for the synthesis and 

dispersion of inorganic nanoparticles. Figure 5.3(E G) illustrates Schiff base reactions for 

different adsorption mechanisms of Rǋǋ-CHO, involving chelation, inner sphere and outer 

sphere bonding mechanisms, suggested in the literature for the catecholate-type 

bonding[42]. 

It is important to note that titania particles, prepared without Rǋǋ-CHO showed poor 

colloidal stability. The addition of Rǋǋ-CHO allowed for the formation of stable suspensions. 

This is not surprising, because various catecholates and gallates were used as efficient 

dispersing and capping agents for inorganic particles[42]. The color change from white to 

red resulted from the adsorption of Rǋǋ-CHO on the particle surface. A similar color change 

was observed for the colloidal titania particles, modified with catecholates[42, 43]. The 

improved colloidal stability of the titania particles, as well as accumulation and orientation 

of NH2Rǋ at the liquid-liquid interface, was beneficial for the modification of the particles 

with the extractor molecules in the Schiff base reaction and extraction. The results of the 

FTIR studies confirmed the suggested extraction mechanism. The FTIR spectrum (Figure 

5.6(d)) of the extracted titania particles showed absorption at 2849, 2918 and 2955 cmī1, 

attributed to CH2 symmetric stretching, CH2 asymmetric stretching and CH3 out-of-plane 

stretching. Similar absorptions were observed in the spectrum of pure NH2Rǋ (Figure 5.6(a)). 
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The radii of the particles, extracted by EM3 were below 100 nm (Figure 5.7C). The sizes 

of the extracted particles were significantly smaller than the sizes of the agglomerates 

shown in Figure 5.2B. The SEM images of the composite titania-PVB films showed a 

smooth morphology, without agglomerates (Figure 5.11). The ability to avoid particle 

agglomeration can also be beneficial for the deposition of other oxide materials by various 

colloidal techniques. EM1 offers the advantage of a simple one-step extraction, but EM3 

allows the particles to be modified during synthesis. In this approach Rǋǋ-CHO and other 

molecules can potentially reduce the particle growth during synthesis. 

 

Figure 5.11 SEM image of a titaniaïPVB film. 

5.5 Conclusions 

Advanced extractors and PELLI strategies, developed in this investigation allowed for the 

extraction of MnO2 and titania particles, which were synthesized in aqueous phases, into 

organic phases. Thus particle agglomeration during the drying stage can be avoided. In 

contrast to previous investigations[14, 18, 44] focused on the use of dilute suspensions, 

these findings open practical PELLI applications for concentrated suspensions of oxide 
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particles. New PELLI strategies allowed the reduction of particle size, enhanced co-

dispersion and mixing of MnO2 and MWCNT. The important outcome of this study was 

the fabrication of supercapacitor electrodes with active mass loading as high as 35 mg cmī2, 

which showed excellent electrochemical performance. The bottom-up EM1 produced 

smaller particle sizes, compared to the top-down EM2. As a result, the MnO2-MWCNT 

electrodes, prepared by EM1 showed an improved capacitive behavior. The electrodes 

showed a capacitance of 5.48 F cmī2 at a scan rate of 2 mV sī1, good capacitance retention 

at high scan rates and low resistance. In another conceptually new bottom-up strategy, 

colloidal titania particles were modified during synthesis with Rǋǋ-CHO, which has strong 

catecholate-type bonding to the Ti atoms on the particle surface. The Schiff base reaction 

with hexadecylamine at the liquid-liquid interface allowed for particle extraction. This 

strategy can potentially reduce particle growth during synthesis and extract smaller 

particles. Further development of PELLI techniques will facilitate the colloidal processing 

of advanced nanomaterials and nanocomposites for application in energy storage devices 

and films with enhanced performance. 
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6 Effect of extractors and active mass loading on the 

electrochemical performance of electrochemical 

capacitors 

This chapter is reproduced from MnO2-carbon nanotube electrodes for supercapacitors 

with high active mass loadings, 164(9), A1673-A167, 2017, Journal of  Electrochemical 

Society, Ri Chen, Ryan Poon, Rakesh P. Sahu, Ishwar K. Puri and Igor Zhitomirsky, doi: 

10.1149/2.1491707jes, Copyright 2019, with permission from  ECS -- The Electrochemical 

Society. The author of this thesis is the first author and the main contributor of this 

publication. 

6.1 Abstract 

MnO2-carbon nanotube electrodes with high active mass loadings for supercapacitors have 

been fabricated with the goal of achieving a high area normalized capacitance, low 

impedance and enhanced capacitance retention at high charge-discharge rates. Interface 

synthesis and liquid-liquid extraction of MnO2 particles produced non-agglomerated MnO2 

particles which allowed the fabrication of electrodes with good dispersion of carbon 

nanotubes in the MnO2 matrix. This strategy was used to fabricate electrodes with active 

mass loadings in the range of 21ï50 mg cmī2 and mass ratios of active material to the nickel 

foam current collector of 0.33ï0.78. The comparison of the experimental data for different 

extractor molecules provided an insight into the influence of the molecular structure, 

adsorption mechanism and interface phenomena on particle size and electrode performance. 

The analysis of capacitance data at different charge-discharge rates and different mass 
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loadings was utilized to optimize electrode performance. The highest capacitance of 7.52 

F cmī2 was achieved at a scan rate of 2 mV sī1 and active mass loading of 47 mg cmī2. 

Electrodes with mass loading of 35 mg cmī2 showed improved capacitance retention at 

high scan rates and the highest capacitance of 2.63 F cmī2 at a scan rate of 100 mV sī1. 

6.2 Introduction 

Electrochemical supercapacitors[1-5] are being developed for novel applications in electric 

and hybrid vehicles, buses, aircrafts and various electronic devices. The success of the 

supercapacitor technology will depend largely on the ability to utilize high specific 

capacitance of advanced charge storage materials in the electrodes with high active mass 

loadings[6, 7]. MnO2 is one of the most promising materials for charge storage[8-13] due 

to its high theoretical specific capacitance of 1400 F gī1 in a relatively large voltage window. 

However, due to the low electronic conductivity of MnO2 and poor electrolyte access to the 

material surface, the specific capacitance decreased drastically[14] with increasing active 

mass loading, particularly at high charge-discharge rates. The investigation of charge-

discharge behavior by the cavity microelectrode technique highlighted the importance of 

electrode porosity and conductive additives for the manufacturing of efficient electrodes 

with enhanced performance at high cycling rates[15]. Hence, MnO2 is usually mixed with 

conductive additives in order to increase the electronic conductivity[14]. The gravimetric 

capacitance of composite MnO2-carbon nanotube electrodes[16-19] with mass loading in 

the range of 0.2ï4.2 mg cmī2 was typically 150ï200 F gī1. The important task is to achieve 

good electrochemical performance at a high ratio of the active material mass to the current 

collector mass (Mr). Metallic current collectors offer the benefits of high conductivity and 
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low contact resistance[20]. However, the typical Mr values for 1 mg cmī2 films of active 

materials, deposited on metal foil current collectors lie below 0.01ï0.02. Significantly 

higher active mass loadings and Mr values are required for practical applications[7]. The 

area normalized capacitance is another important parameter for the characterization of 

capacitor electrodes with high active mass loadings[7]. A high area normalized capacitance 

must be achieved with low electrical resistance of the electrodes. 

The development of advanced microstructures that provide good electrolyte access to the 

active material is a promising basis for the fabrication of efficient electrodes with high 

active mass loading. Previous investigations[21-24] have shown that the specific 

capacitance does not correlate with the BET surface area, since some very small pores are 

inaccessible by the electrolyte. However, small particle sizes, low agglomeration and good 

mixing of active materials with conductive additives are of critical importance for 

fabricating advanced electrodes with high active mass loadings, high capacitance, good 

capacitance retention at high charge-discharge rates and low impedance. 

MnO2 particles are typically prepared by precipitation from aqueous solutions. The 

synthesized particles are dried and then re-dispersed in an organic solvent, containing 

conductive additives and dissolved organic binder, which is insoluble in water. However, 

MnO2 particles agglomerate during drying. The reduction of surface energy and 

condensation of surface OH groups are major driving forces of particle agglomeration. This 

problem can be addressed by the particle extraction from an aqueous phase directly into an 

organic phase, thus avoiding the drying stage and related particle agglomeration. This 

strategy can potentially result in improved mixing of MnO2 with conductive additives. 
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Particle extraction through liquid-liquid interface (PELLI) is emerging as a method of 

technological and scientific interest. The selection of extractor molecules that can be 

strongly adsorbed on the particle surface is of critical importance for the development of 

PELLI methods. Previous investigations have successfully extracted metals[25, 26] and 

quantum dots[27]. Various interactions between the inorganic particles and extractor 

molecules were utilized for the extraction, such as electrostatic[25], covalent[28, 29] and 

ion-pair interactions[26]. The extraction efficiency was enhanced in the presence of co-

solvents[27, 30]. Extraction can also be triggered by the temperature changes[31], where a 

temperature increase reduces the solubility of the polymer extractor in an aqueous phase 

and promotes the particle transfer to an organic phase. 

Previous PELLI research has been mainly focused on the extraction of metals and quantum 

dots from dilute suspensions. The selection of new extractor molecules with strong 

adsorption on oxide particle surfaces is a promising strategy for the further development of 

PELLI and its application to supercapacitor technology. 

In a previous investigation[32], 1-hexadecylamine was used as an extractor for MnO2 and 

TiO2 particles. It was found that extraction of MnO2 can be performed by bottom-up or top-

down methods, using different organic solvents as receiving liquids. The bottom-up method 

allowed for smaller particle size and higher capacitance of the MnO2 based electrodes. 

However, 1-hexadecylamine did not allow for extraction of TiO2. Therefore, TiO2 particles 

were modified with 2,3,4-trihydroxybenzaldehyde, which provided strong catecholate-type 

bonding to Ti atoms on the particle surface. The Schiff base reaction of 2,3,4-

trihydroxybenzaldehyde, adsorbed on the TiO2 surface, with 1-hexadecylamine at the 
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liquid-liquid interface allowed for particle extraction. These studies highlighted the 

importance of the investigation of new extractor molecules with different sizes and 

different bonding mechanisms. 

The goal of this investigation was to fabricate MnO2-multiwalled carbon nanotube 

(MWCNT) electrodes for supercapacitors using advanced PELLI strategies and analyze the 

influence of extractor molecules on the morphology and performance of the resulting 

composite electrodes. We investigated decylphosphonic acid (DPA) and tetradecylamine 

(TDA) as new extractors for MnO2. Testing results provided an insight into the influence 

of the functional groups of the extractor molecules on the extraction mechanism and 

capacitive performance. The use of TDA as an extractor allowed for significant increase in 

capacitance and capacitance retention at high scan rates, compared to DPA and 1-

hexadecylamine at similar active mass loadings. The use of TDA allowed the fabrication 

of electrodes with high active mass loading in the range of 21ï50 mg cmī2 and mass ratios 

of active material to the nickel foam current collector of 0.33ï0.78. Another important 

finding was the possibility of variation of particle sizes of the extracted MnO2 by variation 

of the ratio of the extractor mass to the mass of NaMnO4 precursor. We provided detailed 

analysis of the influence of active mass loading on the capacitive behavior at different scan 

rates. It was found that electrolyte diffusion limitations in thick MnO2-MWCNT electrodes 

can result in reduction of area normalized capacitance with increasing active mass, 

especially at high charge-discharge rates. The results indicate that the use of TDA as a new 

extractor for the PELLI method allowed the fabrication of electrodes with high area 
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normalized capacitance, relatively high ratio of active mass to current collector mass, low 

impedance and good capacitance retention at high charge-discharge rates. 

6.3 Experimental procedures 

Decylphosphonic acid (DPA), tetradecylamine (TDA), NaMnO4, n-butanol, poly(vinyl 

butyral-co-vinyl alcohol-co-vinyl acetate) (PVB, average Mw = 50,000-80,000), Na2SO4 

(Aldrich), multiwalled carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm, length 1ï2 ɛm, 

Bayer, Germany) were used. Ni foams with 95% porosity were provided by Vale Limited. 

In this work, n-butanol was used as a reducing agent for Mn7+ in the MnO2 synthesis and a 

water immiscible solvent in the extraction procedure. 

Aqueous solutions, containing 200 mg of NaMnO4 in 40 ml of water (concentration Cm = 

5 g Lī1) were prepared. After addition of 10 ml of n-butanol and stirring, the precipitation 

of MnO2 in the aqueous phase was observed (Figure 6.1Aa, 1Ba, 1Ca). In this procedure, 

the reduction of Mn7+ was achieved at the liquid-liquid interface.  
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Figure 6.1 (A) Schematic of (a) precipitation and (b,c) different steps in extraction, (B) 

MnO2 suspensions (a) before and (b) after extraction using DPA and (C) MnO2 suspensions 

(a) before and (b) after extraction using TDA for Cm = 5 g Lī1 and Rep = 0.25. 

50 mg of TDA or DPA were dissolved in 10 ml of n-butanol and added to the two-phase 

mixture, containing precipitated MnO2 as a bottom phase below a top n-butanol phase. 

After stirring, the extraction of MnO2 into the n-butanol phase was observed (Figure 

6.1Ab,c, 1Bb, 1Cb). In order to investigate the influence of Cm on particle size of 

synthesized MnO2, Cm was varied in the range of 0.5ï5 g Lī1 and the corresponding ratio 

(Rep) of the extractor mass to the mass of NaMnO4 precursor was 0.25ï2.5. 

The material, shown in Figure 6.1Ba was filtrated, washed with water and dried. The 

obtained powder was used for the X-ray diffraction and electron microscopy analysis of 

unmodified MnO2. 
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The MnO2 materials for the electrochemical testing experiments were prepared from 

solutions with Cm = 5 g Lī1, and Rep = 0.25. For the fabrication of supercapacitor electrodes, 

the suspensions of extracted MnO2 in n-butanol were separated from the aqueous phase and 

then MWCNT were added. After ultrasonication of the mixed suspensions, the PVB binder 

solution in ethanol was added. The mass ratio of MnO2:MWCNT:PVB was 80:20:3. The 

resulting suspensions were used to fabricate MnO2-MWCNT supercapacitor electrodes by 

impregnating the Ni foam current collectors. The impregnated Ni foams were pressed in 

order to achieve thickness of 0.34 mm. The active mass loadings of the electrodes after 

drying and corresponding Mr factors were in the ranges of 21ï50 mg cmī2 and 0.33ï0.78, 

respectively. 

Electron microscopy investigations were performed using a JEOL JSM-7000F scanning 

electron microscope (SEM). X-ray diffraction (XRD) studies were performed using a 

powder diffractometer (Nicolet I2, monochromatized CuKŬ radiation). FTIR studies were 

performed on Bruker Vertex 70 spectrometer. Dynamic light scattering (DLS, DelsaMax 

Pro: Beckman Coulter) was used for the particle size distribution analysis. 

Cyclic voltammetry and impedance spectroscopy investigations were performed using a 

potentiostat (PARSTAT 2273, Princeton Applied Research, USA). The capacitive behavior 

of the electrodes was studied in three-electrode cells using 0.5 M Na2SO4 aqueous solutions. 

The area of the working electrode was 1 cm2, both sides of the electrode were in contact 

with the electrolyte. The counter electrode was a platinum gauze, and the reference 

electrode was a standard calomel electrode (SCE). Cyclic voltammetry (CV) studies were 

performed at scan rates of 2ï100 mV sī1. The integral capacitances CS = Q/ȹVS and Cm = 
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Q/ȹVm were calculated using half the integrated area of the CV curve to obtain the charge 

Q, and subsequently dividing the charge Q by the width of the potential window ȹV and 

electrode area S or active mass m. Alternating current measurements of complex impedance 

Z* = Zǋ-iZǋǋwere performed in the frequency range of 10 mHz - 100 kHz at the amplitude of 

the signal of 5 mV. The complex differential capacitance CS
* = CS

ǋ-iCS
ǋǋ was calculated[33] 

from the impedance data as CS
ǋ= Zǋǋ/ɤ|Z|2S and CSǋǋ= Zǋ/ɤ|Z|2S, where ɤ = 2ˊf (f-frequency). 

6.4 Results and discussion 

In this investigation, n-butanol was used as a reducing agent for the synthesis of MnO2 from 

the NaMnO4 solutions. The XRD pattern of as-precipitated MnO2 showed relatively small 

peaks of the birnessite phase (Figure 6.2). However, the precipitated material also contained 

an amorphous phase. The XRD analysis indicated the formation of preferentially a not well 

crystallized powder. Similar XRD test results were reported for the MnO2 powders, 

prepared using other alcohols as reducing agents for KMnO4 solutions[34, 35]. 

Precipitation of MnO2 by other methods[36] is also known to result in poorly crystallized 

MnO2 materials. The SEM studies of the MnO2 powder showed the formation of 

agglomerates with a typical size in the range of 1ï3 microns (Figure 6.3A), but larger 

agglomerates were also observed (Figure 6.3B). The agglomerates contained 

submicrometer primary particles. The formation of such agglomerates is detrimental for 

the fabrication of supercapacitor electrodes, due to poor electrolyte access to the active 

MnO2 material. Moreover, MnO2 agglomeration generates problems with the formation of 

conductive composites with good dispersion of MWCNT in the MnO2 matrix. Therefore, 

PELLI methods were investigated to reduce particle agglomeration. 
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Figure 6.2 X-ray diffraction pattern of precipitated MnO2 (Ɏ- JCPDS file 87-1497). 

 

Figure 6.3 (A,B) SEM images of MnO2 powder. 

The PELLI strategies used in this investigation were based on the application of DPA and 

TDA molecules as extractors. Both molecules are insoluble in water, but are soluble in n-

butanol. Figure 6.4 shows the chemical structures of the molecules and their adsorption 

mechanisms. DPA and TDA are typical head-tail surfactants, containing hydrophobic 
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hydrocarbon tails. The hydrophilic properties of DPA and TDA are related to their PO3H2 

and NH2 groups, respectively. The PO3H2 groups of DPA can be adsorbed on oxide 

particles by bridging (Figure 6.4Ba,b) or chelation (Figure 6.4Bc,d) mechanisms[37]. TDA 

can be adsorbed on particle surfaces through different mechanisms, such as 

chemisorption[38] (Figure 6.4Da) or an electrostatic interaction[39] (Figure 6.4Db), 

involving surface OH groups. 

 

Figure 6.4 (A) Chemical structure of DPA, (B) DPA adsorption on particle surface: (a,b) 

bridging, (c,d) chelation of metal atoms (M) on the particle surface, (C) chemical structure 

of TDA, (D) TDA adsorption mechanisms: (a) chemisorption and (b) electrostatic 

interaction, involving a surface OH group. 
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It was found that, using DPA and TDA molecules as extractors, the precipitated MnO2 

particles can be transferred from water into the n-butanol phase. The extracted MnO2 

particles were studied by the FTIR method. Figure 6.5 compares FTIR spectra of as-

received DPA and TDA with the spectra of extracted MnO2 particles. The absorption peaks 

at 2849, 2918 and 2957 cmī1 in the spectrum of DPA (Figure 6.5a) and at 2849, 2916 and 

2955 cmī1 in the spectrum of TDA (Figure 6.5c) resulted from the CH2 symmetric 

stretching, CH2 asymmetric stretching and CH3 out-of-plane stretching[40, 41], 

respectively. Similar absorption peaks were observed in the spectra of MnO2 particles, 

extracted using DPA (Figure 6.5b) and TDA (Figure 6.5d). Therefore, the results of the 

FTIR studies confirmed the adsorption of the extractor molecules on the particles. 

 

Figure 6.5 FTIR spectrum of (a) DPA, (b) MnO2, extracted using DPA, (c) TDA and (d) 

MnO2, extracted using TDA. 
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Figure 6.6 shows particle size distribution of the extracted particles for Rep = 0.25. The 

size of the particles was significantly smaller than the size of agglomerates, shown in Figure 

6.3. Examination of the data shown in Figure 6.6A, 6B indicated that the use of TDA 

allowed smaller particle sizes. The material extracted using TDA primarily contained 

particles with radii below 60 nm, whereas the material, extracted using DPA mainly 

contained particles with the radii in the range of 60ï80 nm. The sizes of the extracted MnO2 

particles were larger than the sizes of metallic particles, prepared previously through 

aqueous synthesis and PELLI[25, 29, 42]. However, the concentrations of the precursors 

used in the literature[25, 29, 42] were significantly lower than the NaMnO4 concentration 

in our experiments. The relatively high concentration of NaMnO4 in the solutions allowed 

for high concentration of synthesized particles in suspensions, which was beneficial for the 

impregnation of the Ni foam current collectors and fabrication of supercapacitor electrodes 

with high active mass loadings. However, the method used in this investigation can also be 

potentially used for the fabrication of smaller particles. Decreasing the NaMnO4 

concentration in the solutions from 5 to 0.5 g Lī1 and a corresponding increase of Rep from 

0.25 to 2.5 resulted in significantly smaller sizes of the extracted MnO2 particles.  
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Figure 6.6 Particle size distribution for MnO2 particles, extracted using (A) DPA and (B) 

TDA for Cm = 5 g Lī1 and Rep = 0.25. 

Figure 6.7 shows the particle size distribution for MnO2 prepared from 0.5ï3.75 g Lī1 

NaMnO4 solutions and extracted into the n-butanol phase using TDA. The analysis of the 

data indicated that particles size decreased with decreasing concentration of NaMnO4. The 

radii of MnO2, prepared from 0.5 g Lī1 NaMnO4 solutions (Rep = 2.5) were in the range of 

40ï60 nm. It is important to note that in our experiments the DPA and TDA molecules 

were added after MnO2 synthesis. Small particles of other materials are usually prepared 

using organic capping agents[42, 43], which limit particle growth during synthesis. 

However, many organic molecules cannot be used as capping agents for MnO2 synthesis 

from NaMnO4 solutions, because NaMnO4 is a strong oxidant that reacts with organic 

materials. 
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Figure 6.7 Particle size distribution for MnO2 particles, extracted using TDA for different 

Rep: (A) 0.33, (B) 0.5, (C) 1.0 and (D) 2.5. 

The PELLI methods, developed in this investigation were beneficial for reducing 

agglomeration of MnO2 and improving the mixing of MnO2 with MWCNT. The asï

received MWCNT contained large agglomerates with typical sizes of 0.5ï1 mm. However, 

the SEM investigation (Figure 6.8) of the MnO2-MWCNT composites impregnated into 

the Ni foam current collector showed well dispersed MWCNT in the MnO2 matrix. This 

was achieved by avoiding MnO2 agglomeration in the PELLI method, and through co-

dispersion and mixing of MnO2 and MWCNT in the organic phase. The reduced 

agglomeration and improved mixing of these individual components allowed good 

electrochemical performance of electrodes at high active mass loadings. 
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Figure 6.8 SEM images of the MnO2-MWCNT composites, prepared by the extraction 

methods using (A) DPA and (B) TDA for Cm = 5 g Lī1 and Rep = 0.25. 

Figure 6.9A, 9B shows CVs for the electrodes with a mass loading of 35 mg cmī2. The 

nearly box shapes of the CVs indicated good capacitive behavior. The area normalized 

capacitance of the electrodes, prepared using DPA and TDA was 5.81 F cmī2 at a scan rate 

of 2 mV sī1. The capacitance decreased with increasing scan rate. The capacitance retention 

at 100 mV sī1 was 27 and 45%, for the electrodes, prepared using DPA and TDA, 

respectively. Electrodes prepared using TDA showed a remarkably high capacitance of 

2.63 F cmī2 at a scan rate of 100 mV sī1. 

 

Figure 6.9 (A,B) CVs for MnO2-MWCNT electrodes with active mass loading of 35 mg 

cmī2, prepared using (A) DPA and (B) TDA at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1, 

(C) CS and Cm for MnO2-MWCNT electrodes, prepared using (a) DPA and (b) TDA. 
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Figure 6.10A shows the electrochemical impedance data, presented in the Nyquist plot. The 

electrodes, showed relatively low resistance R = Z, which was below 0.5 Ohm. The slope 

of the curves was close to 90 , indicating good capacitive behavior. The low resistance, 

achieved at high active mass loadings indicated good utilization of conductive properties 

of MWCNT due to the reduced agglomeration and good mixing of MnO2 and MWCNT. 

The frequency dependence of the components of the complex capacitance (Figure 

6.10B,10C) showed a relaxation type dispersion[44]. The real components of the complex 

capacitance decreased with frequency and the corresponding imaginary components 

showed maxima. The relaxation frequencies, corresponding to the maxima of the imaginary 

components were found to be 50 and 79 mHz for electrodes, prepared using DPA and TDA, 

respectively. The test results presented in Figure 6.9 and Figure 6.10 showed that electrodes, 

prepared using TDA performed better as compared to those, prepared using DPA. The 

electrodes, fabricated with TDA showed improved capacitance retention at high scan rates, 

higher relaxation frequency and lower resistance. This difference likely resulted from the 

smaller size of the MnO2 particles, prepared using TDA. It was suggested that larger size 

of the TDA molecules or stronger interaction of NH2 groups of TDA with MnO2 allowed 

for reduced particle agglomeration and improved electrode performance. Therefore, further 

investigations were focused on the application of TDA for the fabrication of electrodes with 

higher active mass loadings. 
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Figure 6.10 (A)Nyquist plot of complex impedance, inset shows a high frequency range, 

(B) CS
ǋ versus frequency and (C) CS

ǋǋ versus frequency for MnO2-MWCNT electrodes with 

active mass loading of 35 mg cmī2, prepared using (a) DPA and (b) TDA. 

Figure 6.11A shows CVs for the electrodes with active mass loading of 47 mg cmī2. Nearly 

box shapes of CV were observed at such high active mass loading. A capacitance of 7.52 

F cmī2 was achieved at a scan rate of 2 mV sī1. However, the capacitance retention (Figure 

6.11B) at 100 mV sī1 was only 17%. It is important to note that the increase in active mass 

loading from 35 to 47 mg cmī2 allowed for significant increase in capacitance at 2 mV sī1. 

However, the increase in the active mass loading resulted in the lower capacitance at 100 

mV sī1, which was found to be 1.3 F cmī2.  
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Figure 6.11 (A) CVs at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1 and (B) capacitance 

versus scan rate for MnO2-MWCNT electrodes with active mass loading of 47 mg cmī2, 

prepared using TDA. 

Figure 6.12A shows impedance data for the 47 mg cmī2 electrode, presented in the Nyquist 

plot. The electrode showed relatively low resistance, the slope of the curve was close to 

90°, thus indicating good capacitive behavior. The real and imaginary components of 

complex capacitance showed a relaxation type dispersion (Figure 6.12B,12C). The 

relaxation frequency was found to be 40 mHz. The comparison with the data for the 35 mg 

cmī2 electrode indicated that the increase in electrode mass resulted in decreasing 

relaxation frequency. 
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Figure 6.12 (A) Nyquist plot of complex impedance, inset shows a high frequency range, 

(B) CS
ǋ versus frequency and (C) CSǋǋ versus frequency for MnO2-MWCNT electrodes with 

active mass loading of 47 mg cmī2, prepared using TDA. 

The experimental data presented in Figure 6.13 provided additional information on the 

influence of active mass loading on the electrochemical capacitance of the electrodes. The 

data was presented for mass loadings in the range of 21ï50 mg cmī2 (Mr in the range of 

0.33ï0.78). The area normalized capacitance, calculated from the CV data at 2 and 5 mV 

sī1 increased with increasing active mass loadings from 21 to 47 mg cmī2 and slightly 

decreased at higher active mass loadings. The capacitances, measured at 50 and 100 mV 

sī1 showed maxima at a mass loading of 35 mg cmī2. It was suggested that the diffusion 

limitations of electrolytes in pores at high charge-discharge rates resulted in poor 

electrolyte access to the bulk of the active material. In this case the bulk material behaved 

as a capacitor with low capacitance that was connected in series with a highly capacitive 

surface layer, and reduced the total capacitance of the electrode material. Testing results 

indicated that the active mass loading for electrodes, prepared by the PELLI method, can 

be optimized at 35 mg cmī2 (Mr = 0.55) in order to achieve good performance at high 

charge-discharge rates. However, the highest capacitance of 7.52 F cmī2 can be achieved 

at a scan rate of 2 mV sī1 and active mass loading of 47 mg cmī2 (Mr = 0.74). 
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Figure 6.13 Capacitance versus active mass loading for MnO2-MWCNT electrodes at scan 

rates of (a) 2, (b) 5, (c) 50 and (d) 100 mV sī1. 

6.5 Conclusions 

The results of this investigation indicated that DPA and TDA can be used as extractors for 

MnO2 particles. The PELLI method facilitated the fabrication of MnO2-MWCNT 

composites with reduced agglomeration and improved mixing of the individual 

components. The use of TDA allowed for smaller MnO2 particle sizes and improved 

electrode performance. The enhanced mixing of the individual components of the 

composite materials facilitated the formation of electrodes with high capacitance and low 

impedance at high active mass loadings in the range of 21ï50 mg cmī2 and Mr of 0.33ï

0.78. The capacitance increased with increasing mass loading in the range of 21ï35 mg 

cmī2 at scan rates of 2ï100 mV sī1. At higher mass loadings the capacitance behavior was 

strongly influenced by scan rate due to diffusion limitations of the electrolyte in the 
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electrode material. The highest capacitance of 7.52 F cmī2 was achieved at a scan rate of 2 

mV sī1 and active mass loading of 47 mg cmī2. Electrodes with mass loading of 35 mg 

cmī2 showed improved capacitance retention at high scan rates and the highest capacitance 

of 2.63 F cmī2 at a scan rate of 100 mV sī1. 
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7 Multifunctional  extractor for  liquid -liquid  extraction 

of oxide particles and applications in 

supercapacitors, electrophoretic deposition and 

screen printing 

This chapter is reproduced from Influence of molecular structure of extractor molecules on 

liquid-liquid extraction of oxide particles and properties of composites, 44, 15714-15720, 

2018, Ceramics International, Ri Chen, Zhengzheng Wang, Rakesh P. Sahu, Ishwar K. 

Puri and Igor Zhitomirsky, https://doi.org/10.1016/j.ceramint.2018.05.244, Copyright 

2019, with permission from Elsevier. The author of this thesis is the first author and the 

main contributor of this publication. 

7.1 Abstract 

Interest in particle extraction through liquid-liquid interface (PELLI) technology is 

motivated by the need to transfer particles directly from the synthesis medium to the device 

processing medium. This method avoids the difficulty encountered by conventional re-

dispersion methods where particles agglomerate during the drying stage. We develop 

PELLI strategies to transfer MnO2, ZnO and CeO2 particles that are synthesized in aqueous 

media into 1-butanol using extractors containing phosphonate and carboxylic groups. We 

demonstrate that, in addition to head-tail (HT) surfactants, molecules containing two 

hydrophilic end groups (HTH) can also be employed as extractors, a finding that opens new 

PELLI applications. We demonstrate this new approach using multifunctional HTH 

molecules as both PELLI extractors and charged dispersing agents for the electrophoretic 
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deposition (EPD) of particles that are transferred to an EPD processing medium. Using the 

HTH extractors for PELLI, we fabricate MnO2-based bulk electrodes for electrochemical 

supercapacitors (ES) that exhibit superior electrochemical performance. These high active 

mass loading ES electrodes have a capacitance of 5.7 F cmī2 (157 F gī1) and 2.5 F cmī2 

(67 F gī1) at 2 and 100 mV sī1 scan rates, respectively, with low impedance. In another 

strategy, the use of HTH extractor for particle transfer to screen printing processing medium 

facilitates the fabrication of efficient thin film SC electrodes. Measurements provide insight 

into the influence of anchoring groups and extractor molecule structure on the extraction 

efficiency and electrochemical performance. 

7.2 Introduction  

While many important methods of inorganic particle synthesis are based on aqueous 

processing, non-aqueous solvents are necessary to produce moisture-stable films and 

coatings. Moreover, organic solvents are required to manufacture functional devices that 

can operate reliably in aqueous media, such as aqueous batteries and supercapacitors[1-4]. 

During device fabrication, the particles must be dispersed in organic solvents that contain 

water insoluble binders, film forming agents and other organic components. Therefore, 

particles that are synthesized in aqueous media are typically dried and then re-dispersed in 

organic solvents. 

Particle extraction through liquid-liquid interface (PELLI)[5] has gained considerable 

attention recently because the technique allows direct particle transfer from a synthesis 

medium to a device processing medium, thus eliminating the particle drying process that 
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often results in irreversible agglomeration of the inorganic particles. The agglomeration 

occurs because of surface condensation reactions and a reduction in particle surface energy. 

Particle agglomeration must be strictly avoided for many applications, such as energy 

storage devices, catalysis and printed electronics. 

Progress has been made in applying PELLI, to extract metals[6-9] and quantum dots[10]. 

Organic molecules have been used as reducing agents to synthesize metal particles at the 

liquid-liquid interface and subsequently transfer the particles to an organic phase[11]. It is 

possible to extract metal oxides and hydroxide particles from an aqueous synthesis medium 

into an organic phase[11-15]. Bottom-up[5, 16] and top-down [5, 15] techniques have been 

developed. This work generated interest in the agglomerate-free processing of advanced 

ceramic materials. The extraction of titania, Mn3O4 and Al(OH)3 particles based on a two-

step procedure has involved particle modification during synthesis, and subsequent Schiff 

base reaction with an extractor at the liquid-liquid interface[12, 17]. Phase transfer can be 

facilitated in one-step PELLI procedures by adsorbing extractor molecules on the titania 

and Mn3O4 particles that converge at the liquid-liquid interface[12]. HT extractors 

containing hydrocarbon tails and hydrophilic anchoring head groups have been used, such 

as lauryl gallate[11-13], phosphonic acids[13, 14, 18, 19], fatty amines[5, 18], fatty 

acids[15, 20] and octanohydroxamic acid[16] to extract hydroxyapatite, MnO2 and iron 

oxides. Organic solvents used as particle-receiving liquids include 1-butanol[17], 

dichloromethane[5], toluene[20] and ionic liquids[14]. 

Since PELLI applications are yet limited to a few materials thus far, the important challenge 

is to further develop PELLI methods for the agglomerate-free processing of functional 
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ceramic materials. Oxide extraction requires extractors containing anchoring groups that 

have affinity for specific metal atoms. Thus, understanding extraction mechanisms and 

searching for new extractors are critical factors for the development and application of 

PELLI methods. 

The goal of this investigation was the development of efficient extractors and PELLI 

strategies to process ZnO, CeO2 and MnO2. We analyzed and compared different extractors, 

i.e., octadecylphosphonic acid (ODPA) containing phosphonate anchoring groups, stearic 

acid (SA) containing carboxylic groups, and 16-phosphonohexadecanoic acid (16PHA) 

containing both: phosphonate and carboxylic acid end groups. Test results provided insight 

into the influence of the structure of the extractor molecules on particle extraction from an 

aqueous synthesis medium to an organic processing medium. We demonstrated the benefits 

of PELLI for the agglomerate free processing of materials for three applications. The 

particles were prepared in aqueous solutions and transferred by PELLI to different 

processing media, such as suspensions for the electrophoretic deposition (EPD) of thin 

films, slurries for impregnation of porous current collectors and fabrication of bulk ES 

electrodes, and slurries for screen printing of thin film ES electrodes. An important finding 

was that particle extraction using 16PHA is possible, which is a fundamentally different 

extractor from those used in previous investigations. This allows the development of 

advanced extractors that have enhanced functionality. For instance, we have developed a 

conceptually new approach to fabricate suspensions for EPD using 16PHA as the extractor 

for PELLI, as well as the dispersing and charging agent for EPD. We analyzed the influence 

of the extractor molecule structures on the charge storage properties of extracted MnO2, 
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where MnO2ïmultiwalled carbon nanotube (MWCNT) bulk composite electrodes with 

high active mass loading were fabricated and tested for energy storage in ES. These 

electrodes, prepared using 16PHA as an extractor for PELLI, showed superior capacitive 

performance compared to other electrodes. We also demonstrated the benefits of PELLI 

for screen printing of advanced ES thin film electrodes. 

7.3 Experimental procedures 

KMnO4, Zn(NO3)2, Ce(NO3)3·6H 2O, Na2SO4, 1-butanol, NaOH, 16-

phosphonohexadecanoic acid (16PHA), octadecylphosphonic acid (ODPA), stearic acid 

(SA), poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB, average Mw = 50,000ï

80,000) (Aldrich), carbon black (CB, average particle size 15 nm, Cabot) and multiwalled 

carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm, length 1ï2 Õm, Bayer) were used. Ni 

foams with 95% porosity were provided by Vale Company. 

MnO2 was obtained by reducing aqueous 0.06 M KMnO4 solution with 1-butanol [11], 

where stirring facilitated the reduction reaction at the liquid-liquid interface. ZnO was 

prepared by a chemical precipitation method from 0.26 M Zn(NO3)2 solutions in water at a 

temperature of 70 ÁC. The pH of the solutions was adjusted to pH =8 using NaOH. CeO2 

was prepared through the hydrothermal method using a Teflon-lined stainless-steel 

autoclave. An aqueous 0.06 M Ce(NO3)3 solution was prepared and the pH of the solutions 

was adjusted to pH = 12 using NaOH. Synthesis was performed at 100°C f or 24 h. 

1-butanol was used as a particle-receiving organic liquid for the PELLI method. The mass 

ratio of extractor:oxide was in the range extending from 1:3 to 1:1. The concentration of 
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the extracted particles in the 1-butanol suspensions was 5.5g Lī1. Electrophoretic 

deposition (EPD) experiments were performed using suspensions of these extracted oxide 

particles. The deposition voltage was 50 V, and the distance between stainless steel 

substrates and Pt counter electrodes was 15 mm. A powder diffractometer (Nicolet I2, 

CuKŬ radiation) was used for X-ray diffraction (XRD) investigations. Scanning electron 

microscopy (SEM) studies were performed using a JEOL JSM-7000F microscope. A 

Bruker Vertex 70 spectrometer was used for the FTIR studies. 

The MnO2 suspensions, prepared by PELLI were used to fabricate bulk and thin film 

electrodes for ES. For bulk electrodes, the slurry containing MnO2, MWCNT and PVB was 

impregnated into Ni foam current collectors. The total mass of the impregnated material 

after drying was 36.6 mg cmī2. The mass ratio of MnO2 and MWCNT in the composite 

electrodes was 4:1. The electrodes contained 3% PVB as a binder. The fabrication of thin 

film electrodes was performed by screen printing on stainless steel substrates using a plain 

weave mesh (mesh count ï 156; mesh opening ï 90 Õm), purchased from Ryonet 

Corporation. The mass ratio of MnO2:CB:PVB was 65:30:5. The screen printed film mass 

was 0.3 mg cmī2. 

A potentiostat (PARSTAT 2273, Princeton Applied Research, USA) was used for cyclic 

voltammetry (CV) studies at scan rates of 2ï100 mV sī1 and impedance spectroscopy 

studies in the frequency range of 10 Hzï100 kHz in 0.5 M Na2SO4 aqueous electrolyte. The 

three-electrode cell contained a working electrode with a 1 cm2 area, a platinum gauze 

counter electrode and a saturated calomel electrode (SCE) as a reference. The areal CS = 

Q/ȹVS and gravimetric Cm = Q/ȹVm capacitances were obtained using half of the 
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integrated area under the CV curve to calculate the charge Q in the potential window ȹV 

for electrodes with area S and mass m of the impregnated material. The complex differential 

capacitance CS*= CS
' ī iCS

'' at AC voltage amplitude of 5 mV was calculated[1, 21] from 

the impedance data as CS
'= Z''/ɤ|Z|2S and CS'' = Zǋ/ɤ|Z|2S, where ɤ = 2ˊf and f denotes the 

frequency. 

7.4 Results and discussion 

Figure 7.1 shows X-ray diffraction patterns of the as-prepared powders after they were 

dried in air. MnO2 showed broad diffraction peaks corresponding to the JCPDS file 87-

1497, but the material also contained an amorphous phase. The X-ray diffraction pattern of 

CeO2 showed peaks matching JCPDS file 34-0394. The XRD data for ZnO showed peaks 

corresponding to JCPDS file 36-1451. 

 

Figure 7.1 X-ray diffraction pattern of as-precipitated (a) MnO2 (Ɏ- JCPDS file 87-

1497), (b) CeO2 (Å-JCPDS file 34-0394) and (c) ZnO (ǅ -JCPDS file 36-1451). 
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The oxide particles prepared in aqueous solutions were transferred to 1-butanol using the 

PELLI method and different extractor molecules, 16PHA, ODPA and SA, were employed. 

Figure 7.2AïC shows the chemical structures of the extractor molecules. The chemical 

structures of ODPA and SA contain PO3H2 and COOH groups, respectively, and long 

hydrocarbon chains. The chemical structure of 16PHA contains PO3H2 and COOH end 

groups as well as a hydrocarbon chain. Fig. 2D(aïd) shows different mechanisms[22] for 

ODPA adsorption on particle surfaces involving the PO3H2 groups of ODPA and metal 

atoms (M) on the particle surface. The adsorption can be based on either bridging (Figure 

7.2D(a and b)) or chelation (Figure 7.2D(c and d)) mechanisms. The adsorption of SA 

involved bridging (Figure 7.2D(e)) or chelation (Figure 7.2D(f)) of COOH groups[23, 24]. 
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Figure 7.2 (AïC) Chemical structures of (A) 16PHA, (B) ODPA and (C) SA; (D) 

adsorption mechanisms, involving metal (M) atoms on the particle surface and (aïd) 

phosphonic acid group of ODPA or (e, f) carboxylic acid group of SA: (a, b, e) bridging, 

(c, d, f) chelation. 

Previous PELLI investigations have focused on the use of HT surfactants containing a 

hydrophilic anchoring head group and a hydrophobic hydrocarbon tail. It is conceivable 

that, similar to other HT surfactants, the ODPA and SA molecules also accumulated at the 

liquid-liquid interface with the hydrophilic groups exposed to water and hydrophobic 

hydrocarbon chains extending into the 1-butanol phase. Such an accumulation and 

orientation of the molecules facilitated their adsorption on inorganic particles at the liquid-

liquid interface, as well as the particle transfer from water to the 1-butanol phase (Figure 
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7.3AïC). However, the structure of 16PHA contains two end hydrophilic groups (HTH 

structure, Figure 7.2A), both of which can potentially be involved in 16PHA adsorption on 

particles at the liquid-liquid interface. 

 

Figure 7.3  Schematic of PELLI method: (A) particles, precipitated in aqueous phase, (B) 

transfer through liquid-liquid interface, (C) formation of a stable suspension of particles in 

n-butanol, (D) (a) as-prepared MnO2, (bïe) extraction of MnO2 to the 1-butanol solvent, 

using (b) 16PHA, (c) ODPA, (d, e) SA for mass ratio of extractor:MnO2 of (b, c, d) 1:3 and 

(e) (1:1). 

It was found that 16PHA and ODPA extracted MnO2, CeO2 and ZnO from water to 1-

butanol efficiently when the mass ratio of extractor:oxide was 1:3. However, the oxide 

particles remained in aqueous phase for a SA:oxide mass ratio of 1:3. It was found that the 

particle extraction also occurs with an SA:oxide mass ratio of 1:1. Fig. 3D illustrates an 

extraction experiment with MnO2 particles. Similar results were obtained for CeO2 and ZnO 
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particles. The differences in extraction efficiency can result from stronger adsorption of 

PO3H2 groups on the particle surface as compared to COOH groups. 

The adsorption of 16PHA, ODPA and SA on oxide particles was confirmed by FTIR 

studies of the extracted particles. Figure 7.4 compares FTIR spectra of as-received extractor 

molecules and extracted particles. The absorptions at 2849 and 2916 cmī1 in the spectrum 

of 16PHA, 2851 and 2918 cmī1 in the spectrum of ODPA, 2851 and 2918 cmī1 in the 

spectrum of SA were attributed to CH2 symmetric and asymmetric stretching, respectively 

[18]. Similar absorptions were observed in the spectra of extracted MnO2, CeO2 and ZnO 

particles, which all indicated that extracted particles contained adsorbed 16PHA, ODPA 

and SA. 

 

Figure 7.4 (aïl) FTIR spectra for (a) 16PHA, (c) ODPA, (e) SA, (b, d, f) MnO2, extracted 

using 16PHA, ODPA and SA, respectively, (g, h, i) CeO2, extracted using 16PHA, ODPA, 

and SA, respectively, (j, k, l) ZnO, extracted using 16PHA, ODPA, and SA, respectively. 

The feasibility of particle extraction with 16PHA indicates that HTH molecules can be used 

as extractors in addition to HT surfactants for PELLI. Therefore, the search for extractors 

should be focused on molecules of other types with advanced functionality that can advance 



137 

 

PELLI applications. Hence, we employed 16PHA not only as an extractor for PELLI, but 

also as a dispersing and charging agent for EPD. With this conceptually new approach, the 

particles extracted into the organic phase using 16PHA as an extractor, were 

electrophoretically deposited from the organic phase by also using 16PHA as a dispersing 

and charging agent. The formation of stable suspensions of charged non-agglomerated 

particles is critical for EPD[25-28], where organic solvents offer advantages due to the 

reduced gas evolution at the electrode. 

The particles extracted with 16PHA had enhanced suspension stability in the 1-butanol 

phase, compared to the same particles extracted using ODPA and SA. It is reasonable to 

suggest that 16PHA adsorption occurs via bonding of the PO3H2 groups whereas 

dissociated COOH end groups impart a negative charge to the particles and facilitate their 

electrostatic dispersion. However, the dispersion is also attributed to the steric effect. EPD 

experiments confirmed that MnO2, CeO2 and ZnO particles extracted with 16PHA were 

negatively charged and deposited on the anode surface. Figure 7.5 shows SEM images of 

the deposited films, which are relatively smooth, dense and agglomerate-free. 

 

Figure 7.5 SEM images of (A) MnO2, (B) CeO2 and (C) ZnO films, which were 

electrophoretically deposited from suspensions, prepared using PELLI and 16PHA 

extractor. 
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The use of PELLI facilitated the fabrication of advanced slurries to impregnate Ni-foam 

current collectors and develop MnO2-MWCNT bulk electrodes with high active mass 

loadings and good electrochemical performance. It is challenging[29-31] to obtain high Cm 

and CS at high mass loadings due to poor electrolyte access to the active material surface 

and the increasing electrode electrical resistance with increasing mass. The agglomerate-

free processing of MnO2 was a key factor for improving material utilization at high active 

mass loading and enhanced mixing of MnO2 with MWCNTs, which were used as a 

conductive additive. Measurements of Cm and CS, coupled with impedance spectroscopy 

data showed significant improvement in the performance of electrodes prepared using 

PELLI. 

Figure 7.6 compares CV data for MnO2-MWCNT bulk electrodes, prepared without PELLI 

and using PELLI with different extractors. The electrodes, prepared without PELLI showed 

poor capacitive behavior, as indicated by low CV areas. The CVs were tilted and deviated 

significantly from the ideal box shape. In contrast, the electrodes, prepared using PELLI 

showed significant increase in CV area. Nearly ideal box-shape CVs were obtained at 

different scan rates. The box shape CVs and increase in current with increasing scan rate 

indicated good capacitive behavior. The larger area of CVs for electrodes prepared using 

16PHA was attributed to the higher capacitance. The capacitances of the electrodes were 

calculated from the CV data and presented in Figure 7.7. 
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Figure 7.6 CVs at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1 for bulk MnO2-MWCNT 

electrodes, prepared (A) without extraction, and (BïD) by PELLI using (B) 16PHA, (C) 

ODPA and (D) SA extractors. 
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Figure 7.7 Capacitances CS and Cm calculated from the CVs for bulk MnO2-MWCNT 

electrodes, prepared (a) without extraction, and (bïd) by PELLI using (b) 16PHA, (c) 

ODPA and (d) SA extractors. 

The electrodes, prepared without PELLI showed capacitances of 3.2 F cmī2 (87 F gī1) and 

0.5 F cmī2 (13 F gī1) at scan rates of 2 and 100 mV sī1, respectively. The electrodes showed 

significant decrease in capacitance with increasing scan rate, which resulted in capacitance 

retention of 15% at a scan rate of 100 mV sī1. The low capacitance of the electrodes and 

their low capacitance retention indicated poor active material utilization[32]. In contrast, 

the use of PELLI resulted in a significant increase in capacitance with the highest 

capacitance achieved using 16PHA as an extractor. The use of PELLI and 16PHA as an 

extractor allowed the fabrication of electrodes with capacitances of 5.7 F cmī2 (157 F gī1) 

and 2.5 F cmī2 (67 F gī1) at scan rates of 2 and 100 mV sī1, respectively. The capacitance 

retention at a scan rate of 100 mV sī1 was 43%. The difference in CS and Cm for electrodes, 

prepared with different extractors, can be attributed to influence of the molecular structure 

of the extractors on particle dispersion. It is in this regard that molecules with PO3H2 groups 
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showed enhanced adsorption on particles, which was beneficial for particle dispersion. 

Moreover, 16PHA molecules of the HTH type with two anionic groups provided better 

dispersion, compared to the molecules of HT type. 

Figure 7.8A shows Nyquist plots of complex impedance for the MnO2-MWCNT bulk 

electrodes. The electrodes, prepared without PELLI showed relatively high resistance 

R = Zǋ, which can explain the tilted CVs in Figure 7.6A. In contrast, the electrodes prepared 

using PELLI showed significantly lower resistance, where the slopes of the Nyquist plots 

were close to 90° and indicated good capacitive behavior. The components of complex 

capacitance were calculated from the CV data and plotted in Figure 7.8B and C. The 

frequency dependences of complex capacitance showed a relaxation type dispersion, as 

indicated by the reduction of CS' with frequency and relaxation maxima in the frequency 

dependencies of CS'' . The electrodes prepared using 16PHA as an extractor for PELLI 

showed the highest CS
' in agreement with the corresponding CV data. Moreover, the use of 

PELLI resulted in the highest relaxation frequency, corresponding to the maximum in the 

frequency dependence of CS
'' . This indicated improved capacitance retention at high 

frequencies. 
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Figure 7.8 (A) Nyquist plots of complex impedance and frequency dependences of (B) real 

CS
' and (C) imaginary CS''  components of complex capacitance, calculated from the 

impedance data for MnO2-MWCNT electrodes, prepared (a) without extraction and (bïd) 

by PELLI using (b) 16PHA, (c) ODPA and (d) SA extractors. 

Figure 7.9 contains an SEM image of the electrode, prepared using 16PHA, showing 

MWCNTs were well mixed with non-agglomerated MnO2. The use of PELLI facilitated 

good mixing of non-agglomerated MnO2 particles with MWCNT and the fabrication of 

these advanced electrodes that have good performance at high active mass loadings. 
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Figure 7.9 SEM image of MnO2-MWCNT composite, prepared by PELLI using 16PHA 

extractor. 

The use of PELLI facilitated the fabrication of inks containing non-agglomerated MnO2 

particles for the deposition of thin film ES electrodes using screen printing. Figure 7.10 

shows CVs at different scan rates and capacitance data for the fabricated MnO2-CB 

electrodes with a mass loading of 0.3 mg cmī2. The capacitance of 35 mF cmī2 (137 F gī1) 

was obtained at a scan rate of 2 mV sī1. The capacitance retention at a scan rate of 

100 mV sī1 was 34%. Figure 7.11 shows impedance spectroscopy data for the thin film 

electrodes. The Nyquist plot showed higher resistance as compared to the bulk electrodes. 

The lower resistance of the Ni-foam based electrodes can result from the improved contact 

of the Ni foam with the active material and the lower amount of binder required for 

electrode fabrication. The real component of capacitance CS
' calculated from the impedance 
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data at low frequencies was close to the CS values measured at low scan rates. The 

imaginary part showed a relaxation maximum at a frequency of 30 mHz. 

 

Figure 7.10 (A) CVs at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1, (B) CS and Cm for thin 

film MnO2-CB electrode, prepared by screen printing. 

 

Figure 7.11 (A) Nyquist plot of complex impedance, (B) CSǋ and (C) CS
ǋǋ versus frequency 

for thin film MnO2-CB electrodes, prepared using screen printing method. 

7.5 Conclusions 

16PHA, ODPA and SA allowed extraction of ZnO, CeO2 and MnO2 particles from the 

aqueous synthesis media to the 1-butanol phase in the PELLI method. The ability to extract 

oxide particles using 16PHA paves the way for application of extractor molecules of new 

types that do not belong to the HT surfactant category. Therefore, it is expected that further 
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investigations will create a larger pool of extractor molecules suitable for PELLI 

applications. The use of extractor molecules with advanced functionality opens new and 

unexplored PELLI applications. Therefore, we have developed a conceptually new 

approach based on the use of multifunctional 16PHA molecules not only as extractors, but 

also as dispersing and charging agents for EPD of particles that are transferred to the EPD 

processing medium. The use of 16PHA as an extractor for PELLI allowed superior 

electrochemical performance of MnO2 based bulk electrodes for ES. Good electrochemical 

performance resulted from the phase transfer of non-agglomerated MnO2 particles and their 

improved mixing with MWCNT. We have fabricated ES bulk electrodes with high active 

mass loading, which showed a capacitance of 5.7 F cmī2 (157 F gī1) and 2.5 F cmī2 

(67 F gī1) at scan rates of 2 and 100 mV sī1, respectively, and low impedance. The use of 

PELLI for developing an ink for screen printing facilitated the fabrication of efficient thin 

film SC electrodes. 
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8 High areal capacitance of FeOOH-carbon nanotube 

negative electrodes for asymmetric supercapacitors 

This chapter is reproduced from High areal capacitance of FeOOH-carbon nanotube 

negative electrodes for asymmetric supercapacitors, 44, 18007-18015, 2018, Ceramics 

International, Ri Chen, Ishwar K. Puri and Igor Zhitomirsky, 

https://doi.org/10.1016/j.ceramint.2018.07.002, Copyright 2019, with permission from 

Elsevier. The author of this thesis is the first author and the main contributor of this 

publication. 

8.1 Abstract 

The relatively low capacitance of negative electrodes, as compared to the capacitance of 

advanced positive electrodes, poses a serious problem, since this limits the development of 

asymmetric supercapacitor (SC) devices with a large voltage window and enhanced power-

energy characteristics. We fabricate negative SC electrodes with a high capacitance that 

match the capacitance of advanced positive electrodes at similar active mass loadings, as 

high as 37 mg cmī2. Cyclic voltammetry, impedance spectroscopy, galvanostatic charge-

discharge data and the power-energy characteristics of the asymmetric SC device exhibit 

good electrochemical performance for a voltage window of 1.6 V. Our approach involves 

the development and application of particle extraction through liquid-liquid interface 

(PELLI) methods, new extraction mechanisms and efficient extractors to synthesize Ŭ-

FeOOH and ɓ-FeOOH electrode materials. The use of PELLI allows agglomerate-free 

processing of powders, which facilitates their efficient mixing with multiwalled carbon 
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nanotubes (MWCNT) and allows improved electrolyte access to the particle surface. 

Experiments to determine the properties of FeOOH-MWCNT composites provided insight 

into the influence of the electrode material and the structure of extractor molecules on the 

composite properties. The highest capacitance of 5.86 F cmī2 for negative electrodes and 

low impedance were achieved using Ŭ-FeOOH-MWCNT composites and a 16-

phosphonohexadecanoic acid (16PHA) extractor. This extractor allows adsorption on 

particles, not only at the liquid-liquid interface, but also in the bulk aqueous phase and can 

potentially be used as a capping agent for particle synthesis and as an extractor in the PELLI 

method. 

8.2 Introduction  

The development of efficient electrode materials that work in a negative potential range is 

a serious challenge for the fabrication of asymmetric aqueous supercapacitors (SC). The 

capacitances of negative electrodes are typically lower than those of positive electrodes at 

similar active mass loadings. Therefore, the important task is to match the capacitive 

performance of cathodes and anodes and enhance device performance over an enlarged 

voltage window. 

There is substantial interest in investigating FeOOH and composite materials for negative 

electrodes. Recent studies have focused on crystalline Ŭ-FeOOH[1-3], ɓ-FeOOH[4-6] and 

ɔ-FeOOH[7, 8] phases, as well as amorphous FeOOH[9, 10] materials. The capacitive 

behavior of individual electrodes and cells has been studied in different electrolytes, such 

as KOH[1, 9, 11], NaOH[9, 12], LiOH[13], Li2SO4[14], Na2SO4[2], Na2SO3[9] and others 
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[15, 16]. Investigations have emphasized advantages[2] of a mild Na2SO4 electrolyte for 

the fabrication of individual electrodes and asymmetric devices. Particular attention was 

focused on the synthesis and application of particles with nanorod shapes[1, 4, 17], which 

allow improved capacitive performance. Various conductive additives, such as carbon 

black[1, 18], polypyrrole[19], carbon nanotubes[20]and graphene[15, 20-22] have 

facilitated the fabrication of electrodes with high capacitance and reduced impedance. 

Improved capacitive performance can also be achieved using doped FeOOH[17]. 

It is important to note that FeOOH electrodes were tested in positive[11, 23-25] and 

negative voltage windows[26]. The highest capacitances in negative voltage windows were 

achieved using KOH and Na2SO4 electrolytes. A capacitance of 463.18 F gī1 was 

reported[1] in a KOH electrolyte with a relatively narrow voltage window from ī 0.6 to 

ī1.0 V versus a saturated calomel electrode (SCE). The charge-discharge characteristics 

in the KOH electrolyte deviated significantly from ideal capacitive behavior[1, 6]. 

Improved capacitive behavior was also observed for FeOOH-graphene composites[22]. A 

capacitance of 160 F gī1 was reported for FeOOH electrodes in Na2SO4 electrolyte[2]. 

These investigations of electrodes with low active mass loadings indicated that FeOOH is 

a promising material for negative electrodes. 

An important challenge is to achieve good performance of electrodes with high active mass 

loadings[27]. The mass normalized capacitance (Cm) of various electrode materials[27] 

decreased drastically with increasing active mass due to poor electrolyte access to the active 

material and low electronic conductivity of the electrodes. The critical requirement for 

practical applications[27] is good active material performance at mass loadings above 10ï
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20 mg cmī2. An important characteristic of electrodes with high active mass loadings is the 

areal capacitance (CS). The increase in active material loading[28] allowed the fabrication 

of negative FeOOH electrodes with CS = 6.5 F cmī2 in KOH electrolyte. The highest CS of 

3.3 F cmī2 in a Na2SO4 electrolyte in the negative potential range was obtained using Ti 

doped FeOOH composites containing quantum dots and bacterial cellulose[21]. 

Despite the impressive progress in the development of FeOOH and its composite materials, 

further advances in synthesis and electrode fabrication can result in better utilization of 

FeOOH properties in the SC devices. The use of water insoluble binders facilitates the 

fabrication of electrodes for stable operation in aqueous electrolytes. During a typical 

electrode fabrication procedure, the binder must be well dissolved in an organic solvent in 

order to facilitate mixing with FeOOH and to minimize the binder content in the electrode. 

FeOOH particles, synthesized in an aqueous phase are usually dried and then re-dispersed 

in an organic solvent, containing a water insoluble binder. However, particle drying results 

in the formation of hard agglomerates, which is driven by the reduction of total particle 

surface energy and surface condensation reactions. Particle agglomeration is detrimental 

for their mixing with conductive additives and for electrolyte access to the particle surface. 

The goal of this investigation was the fabrication of efficient FeOOH-multiwalled carbon 

nanotube (MWCNT) negative electrodes with high active mass loadings for application in 

advanced asymmetric SC devices. Agglomerate-free processing of FeOOH particles was 

achieved by particle extraction through the liquid-liquid interface (PELLI) technique. In 

this approach, the FeOOH particles synthesized in an aqueous phase were directly 

transferred to an organic solvent. Therefore, the drying procedure and related 
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agglomeration were avoided. We developed and tested efficient extractors for FeOOH, 

which contained phosphonic or/and carboxylic anchoring groups. Two extraction methods 

have been developed, which involve particle modification at the liquid-liquid interface or 

in an aqueous phase. We compared the electrochemical performance of Ŭ-FeOOH-

MWCNT and ɓ-FeOOH-MWCNT electrodes at high active mass loading. The test results 

presented below indicated that CS as high as 5.86 F cmī2 can be achieved at a low 

impedance in a wide negative voltage window using Ŭ-FeOOH-MWCNT electrodes and 

Na2SO4 electrolyte. The capacitance of Ŭ-FeOOH-MWCNT negative electrodes matched 

the capacitance of advanced MnO2-MWCNT positive electrodes at the same active mass 

loading of 37 mg cmī2. As a result, the asymmetric SC device showed improved capacitive 

performance. 

8.3 Experimental procedures 

FeCl3·6H 2O, NaOH, Na2SO4, 16-phosphonohexadecanoic acid (16PHA), 

hexadecylphosphonic acid (HDPA), palmitic acid (PA), poly(vinyl butyral-co-vinyl 

alcohol-co-vinyl acetate) (PVB, Mw = 50,000ï80,000), 1-butanol (Aldrich), MWCNT 

(4 nm ID, 13 nm OD, 1ï2 Õm length, Bayer, Germany), and Ni foams (95% porosity, Vale 

Canada) were used. 

Chemical precipitation of FeOOH was performed from aqueous FeCl3 solutions, which 

were adjusted to pH = 7 using NaOH. The synthesis of Ŭ-FeOOH was performed at room 

temperature, whereas reaction at 70 ÁC resulted in the formation of ɓ-FeOOH. In the 

PELLI-1 method, the solutions of 16PHA, HDPA and PA in 1-butanol were added to the 
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aqueous phases containing precipitated particles. The stirring of the mixtures resulted in 

particle transfer to the 1-butanol phase. In the PELLI-2 method, a solution of 16PHA in 

NaOH was added to the FeCl3 solution. The precipitation was performed at pH = 7. The 

addition of 1-butanol resulted in the FeOOH extraction to the 1-butanol phase. The mass 

ratio of FeOOH: extractor was 3:1 in both methods. 

To fabricate supercapacitor electrodes, suspensions of the extracted FeOOH in 1-butanol 

were separated from the aqueous phase and then MWCNT were added. After 

ultrasonication of the mixed suspensions, a solution of PVB binder in ethanol was added. 

The mass ratio of FeOOH:MWCNT:PVB was 80:20:3. The suspensions thus obtained were 

used to fabricate FeOOH-MWCNT supercapacitor electrodes by impregnating the Ni foam 

current collectors. The active mass loading of the electrodes was 37 mg cmī2. The MnO2-

MWCNT electrodes of similar mass were prepared using PELLI by the method described 

by us previously[29]. 

Electron microscopy investigations were performed using a JEOL JSM-7000F scanning 

electron microscope (SEM). X-ray diffraction (XRD) studies were performed using a 

powder diffractometer (Nicolet I2, monochromatized CuKŬ radiation). FTIR studies were 

performed on Bruker Vertex 70 spectrometer. Thermogravimetric analysis (TGA) was 

performed using a NETZSCH STA-409 thermoanalyser in air at a heating rate of 5 ÁC minī1. 

Cyclic voltammetry and impedance spectroscopy investigations were performed using a 

potentiostat (PARSTAT 2273, Princeton Applied Research, USA). The capacitive behavior 

of the electrodes was studied in three-electrode cells using 0.5 M Na2SO4 aqueous solution. 
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The area of the working electrode was 1 cm2. The counter electrode was a platinum gauze 

and the reference electrode was a standard calomel electrode (SCE). Cyclic voltammetry 

(CV) studies were performed at scan rates of 2ï100 mV sī1. FeOOHïMWCNT negative 

electrodes were combined with MnO2-MWCNT positive electrodes for the fabrication of 

asymmetric cells, which offer the advantage of an enlarged voltage window in aqueous 

solutions. The electrodes were separated by a porous polyethylene membrane with an 

average pore size of 0.4 Õm. 

The capacitances CS = Q/ȹVS and Cm = Q/ȹVm were calculated using half the integrated 

area of the CV curve to obtain the charge Q, and subsequently dividing the charge Q by the 

width of the potential window ȹV and electrode area S or active mass m of an electrode or 

device. The alternating current measurements of complex impedance Z* = Z'-iZ'' were 

performed in the frequency range of 10 mHz to 100 kHz with a signal amplitude of 5 mV. 

The complex differential capacitance CS
*= CS

'-iCS
''  was calculated from the impedance 

data as CS'= Zǋ'/ɤ|Z|2S and CS'' = Zǋ/ɤ|Z|2S, where ɤ = 2ˊf (f-frequency). The chargeï

discharge behavior of the cells was investigated using battery analyzers BST8-MA and 

BST8-3 (MTI corporation, USA) at current densities of 3ï50 mA cmī2. 

8.4 Results and discussion 

X-ray diffraction studies of the powders, precipitated at room temperature and at 70 ÁC, 

showed the X-ray diffraction peaks of Ŭ-FeOOH (Figure 8.1a) and ɓ-FeOOH (Figure 8.1b), 

respectively. Thermogravimetric analysis revealed mass loss of 22% and 16% related to 

the dehydration of Ŭ-FeOOH and ɓ-FeOOH, respectively (Figure 8.2). The dehydration 
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reaction resulted in the release of water and formation of Fe2O3. Both materials showed 

higher mass loss, compared to the theoretical mass loss of 10%. The additional mass loss 

resulted from the adsorbed water. The higher mass loss of Ŭ-FeOOH compared to that of 

ɓ-FeOOH was attributed to larger amount of adsorbed water. The difference can be 

attributed to different structures and synthesis conditions of the Ŭ-FeOOH and ɓ-FeOOH 

phases. 

 

Figure 8.1 X-ray diffraction patterns of as-precipitated (a) -FeOOH (Ɏ - peaks 

corresponding to JCPDS file 29713, aǋ - diagram of standard peaks of JCPDS file 29713), 

and (b) -FeOOH (- peaks, corresponding to JCPDS file 341266, bǋ  - diagram of standard 

peaks of JCPDS file 34ï1266). 
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Figure 8.2 TGA data for (a) Ŭ-FeOOH and (b) ɓ-FeOOH. 

SEM studies (Figure 8.3) of the dried powders showed significant agglomeration of Ŭ-

FeOOH and ɓ-FeOOH particles. The typical size of the agglomerates was about 2ï6 Õm. 

The formation of such agglomerates must be avoided in order to improve FeOOH mixing 

with MWCNT and facilitate electrolyte access to the FeOOH surface. Therefore, PELLI 

strategies have been developed to transfer the particles precipitated in an aqueous phase 

directly to an organic phase and avoid particle agglomeration due to drying. 
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Figure 8.3 SEM images of (A) Ŭ-FeOOH and (B) ɓ-FeOOH powders. 

PELLI is a relatively new technique for surface modification and agglomerate-free 

processing of oxide and hydroxide materials[30]. Current PELLI research is focused on the 

development of fundamental extraction mechanisms and analysis of phenomena at the 

liquid-liquid interface[30, 31]. Of particular importance is finding efficient extractor 

molecules for specific oxide and hydroxide materials and understanding particle-extractor 

interactions, which facilitate extractor adsorption on the particle surface[30, 31]. 

In this investigation we developed a PELLI technique for the extraction of FeOOH, 

prepared by chemical precipitation methods. We found that extractor molecules with 

phosphonic and carboxylic groups strongly adsorbed on the particle surface and facilitated 

extraction. Figure 8.4 shows chemical structures of the extractor molecules and suggested 

adsorption mechanisms. The chemical structures of 16PHA, HDPA and PA include a long 

hydrocarbon chain as well as phosphonic or/and carboxylic groups. The suggested 

adsorption mechanisms involved bridging or chelation of Fe atoms on the particle surface. 

The selected molecules allowed good extraction of Ŭ-FeOOH and ɓ-FeOOH with 
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extraction method 1. As an example, Figure 8.5 shows that Ŭ-FeOOH particles were 

transferred from the aqueous phase to 1-butanol after addition of the extractor solutions in 

1-butanol. The adsorption of 16PHA, HDPA and PA on Ŭ-FeOOH particles facilitated 

phase transfer. Figure 8.6 compares FTIR spectra of as-received 16PHA, HDPA and PA 

with the spectra of extracted particles. The absorptions in the range of 2800ï3000 cmī1 in 

the spectra of 16PHA, HDPA and PA were attributed to symmetric and asymmetric CH2 

vibrations. The FTIR spectra of the extracted particles showed similar absorptions, 

indicating that 16PHA, HDPA and PA were adsorbed on the particles. 

 

Figure 8.4 (AïC) Chemical structures of (A) 16PHA, (B) HDPA and (C) PA; (D) 

adsorption mechanisms, involving Fe atoms on the particle surface and (aïd) phosphonic 

acid group of HDPA or (e, f) carboxylic acid group of PA: (a, b,e) bridging, (c,d,f) chelation. 
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Figure 8.5 (A) as-prepared Ŭ-FeOOH, (BïD) extraction of Ŭ-FeOOH to the 1-butanol 

solvent, using (B) 16PHA, (C) HDPA and (D) PA. 

 

Figure 8.6 FTIR spectra of (a) 16PHA, (b) Ŭ-FeOOH, extracted using 16PHA, (c) HDPA 

and (d) Ŭ-FeOOH, extracted using HDPA, (e) PA, (f) Ŭ-FeOOH, extracted using PA. 

The behavior of particles at the liquid-liquid interface is of fundamental importance for the 

understanding of PELLI mechanisms. It is known[32] that small particles with 



163 

 

homogeneous surface chemical composition and properties can spontaneously accumulate 

at the interface of two immiscible liquids. The particle behavior at the liquid-liquid interface 

is influenced by particle weight, interfacial tension and hydrostatic pressure forces. 

Modeling results[32] have confirmed that, under thermodynamically favorable conditions, 

small colloidal particles with chemically homogeneous surfaces can spontaneously attach 

to the liquid interfaces. Moreover, it was found that colloidal particles can form two-

dimensional ordered structures, containing non-agglomerated particles at the liquid-liquid 

interface. It was demonstrated[32] that particle interactions at the interface are significantly 

different from their interactions in the bulk. Experimental data and modeling revealed long-

range repulsion forces, which facilitate particle de-agglomeration at the interface. The 

minimum energy required to detach a spherical particle with radius R from the interface of 

two immiscible liquids is proportional to R2. As a result, small non-agglomerated particles 

showed preferred detachment from the interface. The energy of particle detachment into 

organic solvent is smaller for hydrophobic particles, while the opposite is true for 

hydrophilic particles[32]. 

Extractor molecules can accumulate at the liquid-liquid interface and become adsorbed on 

the particle surfaces. HDPA and PA are typical head-tail surfactants, containing hydrophilic 

phosphonic (HDPA) or carboxylic (PA) groups and long hydrophobic hydrocarbon chains. 

It is suggested that, similar to other head-tail surfactants, the HDPA and PA molecules 

accumulate at the liquid-liquid interface with hydrophilic groups exposed to water and 

hydrophobic hydrocarbon chains extending into the 1-butanol phase. The HDPA and PA 

molecules were adsorbed on the FeOOH particles at the liquid-liquid interface. Stirring 



164 

 

promoted interaction between the extractor molecules and FeOOH particles. We cannot 

exclude the possibility that the accumulation of HDPA and PA at the liquid-liquid interface 

changed the interfacial surface tension, which, in turn, promoted particle accumulation. It 

is in this regard that the interfacial tension is one of the decisive factors for particle 

accumulation at the liquid-liquid interface[32]. The HDPA and PA adsorption imparted 

hydrophobic properties to the particles, and facilitated their detachment from the interface 

and transfer to the 1-butanol phase. Figure 8.7 shows a schematic of synthesis and 

extraction method 1. The mechanism A-B1-B2-D involved (A) particle precipitation in an 

aqueous phase, (B1) extractor molecule accumulation at the liquid-liquid interface, (B2) 

extractor molecule adsorption on the particles and (D) particle transfer to 1-butanol. 

 

Figure 8.7 Schematic of the extraction mechanisms A-B1-B2-D and A-C1-C2-D in the 

extraction method 1: (A) as-prepared FeOOH particles in an aqueous phase, (B1,C1) the 

solution of extractor molecules in 1-butanol is added and extractor molecules (B1) 

accumulated at or (C1) penetrated the liquid-liquid interface, (B2,C2) extractor molecules 
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are adsorbed on the particles (B2) at the liquid-liquid interface or (C2) in the bulk of an 

aqueous phase, (D) particles are extracted to 1-butanol. 

It is important to note that HDPA and PA are water insoluble molecules. In contrast, 16PHA 

is slightly soluble in water at pH = 7 and shows significant increase in solubility with pH 

increase. The chemical structure of 16PHA is different from the structures of HDPA and 

PA. It includes hydrophilic phosphonate and carboxylic end groups, which facilitate 

16PHA solubility in water at high pH. Both end groups can be involved in the 16PHA 

adsorption on the particles. The FeOOH particles can potentially be extracted to the 1-

butanol phase by the A-B1-B2-D mechanism using 16PHA. However, we suggest that 

16PHA partially dissolved in water (Figure 8.7C1) and adsorbed on the particle surface 

(Figure 8.7C2). The bonding of 16PHA to the Fe atoms resulted in the formation of water-

insoluble surface complexes and facilitated the transfer of the FeOOH particles, containing 

adsorbed 16PHA to the 1-butanol phase. In order to confirm the feasibility of the A-C1-

C2-D mechanism (Figure 8.7), we developed an extraction method 2, which is 

schematically shown in Figure 8.8. In this method (Figure 8.8), (A) 16PHA was dissolved 

in alkali and added to (B) FeCl3 solution to form (C) a suspension of FeOOH particles in 

water, which (D) were then spontaneously extracted to the added 1-butanol solvent. The 

feasibility of particle extraction in method 2 confirmed that 16PHA can be adsorbed on the 

FeOOH particles in aqueous phase and then transformed to the organic phase. Therefore, 

16PHA can be used not only as an extractor in the PELLI method, but also as a capping 

agent for the FeOOH synthesis. 
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Figure 8.8 Schematic of the extraction method 2: (A) 16PHA is dissolved in alkali and 

added to (B) FeCl3 solution, (C) FeOOH particles, modified with 16PHA are formed and 

(D) after addition of 1-butanol the modified particles are transferred to the 1-butanol phase. 

The extracted Ŭ-FeOOH and ɓ-FeOOH particles were used to fabricate composite FeOOH-

MWCNT electrodes, which were tested in the negative potential range. Figure 8.9A,B show 

CVs for Ŭ-FeOOH-MWCNT and ɓ-FeOOH-MWCNT electrodes prepared by the 

extraction method 1 using 16PHA as an extractor. The CVs for the ɓ-FeOOH-MWCNT 

electrodes (Figure 8.9A) deviated significantly from the ideal box shape and relatively low 

current was observed in the range of ī 0.25ï0 V. The Ŭ-FeOOH-MWCNT electrodes 

(Figure 8.9B) showed enhanced capacitive behavior, as indicated by an improved CV shape, 

higher currents and larger CV area, which resulted from higher capacitance. The Ŭ-FeOOH-

MWCNT electrodes, prepared by method 2 showed a similar behavior (Figure 8.9C). The 

capacitances of the electrodes calculated from the CV data at different scan rates are 

presented in Figure 8.9D. The Ŭ-FeOOH-MWCNT electrodes prepared by method 1 

showed significantly higher capacitance, compared to the capacitance of ɓ-FeOOH-
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MWCNT electrodes at the same electrode mass. The capacitance of ɓ-FeOOH-MWCNT 

electrodes decreased from 2.84 to 1.36 F cmī2 with increasing scan rate from 2 to 

100 mV sī1. The capacitance of Ŭ-FeOOH-MWCNT electrodes decreased from 5.34 to 

1.98 F cmī2 in the same scan rate range. This result is surprising taking into account TGA 

data, which showed lower Fe content in the Ŭ-FeOOH material. It is in this regard that 

capacitive behavior of FeOOH resulted from the reduction of Fe3+ species. The difference 

in the capacitive behavior of Ŭ-FeOOH-MWCNT and ɓ-FeOOH-MWCNT can be 

attributed to the different ionic conductivities and particle morphologies of Ŭ-FeOOH and 

ɓ-FeOOH. It is important to note that the detailed analysis of the particle morphology 

presented difficulties, because drying procedure was avoided and particles were directly 

transferred to the 1-butanol phase for the fabrication of electrodes. The Ŭ-FeOOH-MWCNT 

electrodes prepared using extraction method 2 showed a capacitance of 5.86 F cmī2 at a 

scan rate of 2 mV sī1. The capacitance decreased to 1.51 F cmī2 with an increase in the scan 

rate to 100 mV sī1. Comparison with literature data on the capacitance of FeOOH based 

electrodes, presented above in the Introduction, indicated that use of PELLI provides the 

highest capacitance in Na2SO4 electrolyte. 
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Figure 8.9 (AïC) CVs at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1 and (D) CS and Cm 

for (A, D(a)) ɓ-FeOOH-MWCNT, prepared using 16PHA and extraction method 1, (B, 

D(b)) Ŭ-FeOOH-MWCNT, prepared using 16PHA and extraction method 1, (C, D(c)) Ŭ-

FeOOH-MWCNT, prepared using 16PHA and extraction method 2. 

The analysis of the impedance data, presented in the Nyquist plot in Figure 8.10A revealed 

a relatively low resistance (Z =R), which is critically important for SC applications. The 

AC capacitance, calculated from the impedance data, showed a relaxation type 

dispersion[33], as indicated by the reduction of CS' with increasing frequency(Figure 8.10B) 

and relaxation maxima in the frequency dependences of CS
''  (Figure 8.10C). The 

investigations at low frequencies revealed higher CS
' of Ŭ-FeOOH-MWCNT electrodes as 

compared to ɓ-FeOOH-MWCNT electrodes (Figure 8.10B(a,b)), in agreement with the 
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corresponding capacitances calculated from the CV data. The Ŭ-FeOOH-MWCNT 

electrodes, prepared using the PELLI method 2 showed the highest capacitance at low 

frequencies (Figure 8.10B(c)). The higher frequency of the relaxation maximum for Ŭ-

FeOOH-MWCNT electrodes, prepared using PELLI-1 method, indicated better 

capacitance retention at higher frequencies (Figure 8.10C (b,c)). 

 

Figure 8.10 (A) Nyquist plot of complex impedance and frequency dependences of (B) real 

CS
' and (C) imaginary CS''  components of complex capacitance, calculated from the 

impedance data for (a) ɓ-FeOOH-MWCNT, prepared using 16PHA and extraction method 

1, (b) Ŭ-FeOOH-MWCNT, prepared using 16PHA and extraction method 1, (c) Ŭ-FeOOH-

MWCNT, prepared using 16PHA and extraction method 2. 

The use of PELLI methods allowed significant improvement in the capacitive behavior of 

Ŭ-FeOOH-MWCNT electrodes. Fig. 11A shows CVs for Ŭ-FeOOH-MWCNT electrodes 

prepared by a traditional method, which involved drying of Ŭ-FeOOH and re-dispersion in 

alcohol. The CV data showed low currents, especially in the range from ī 0.3ï0 V, which 

resulted from low capacitance. The use of PELLI with HDPA and PA extractors allowed 

improved capacitive behavior, as indicated by higher currents and larger CV area (Figure 

8.11B,C). However, the highest capacitance was obtained using PELLI with the 16PHA 

extractor. The capacitances of the Ŭ-FeOOH-MWCNT electrodes prepared without PELLI 
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(Figure 8.11D(a)), using PELLI and HDPA extractor (Figure 8.11D(b)) and using PELLI 

and PA extractor (Figure 8.11D(c)) were lower than the capacitances obtained using PELLI 

with 16PHA extractor (Figure 8.9D(b)). The use of PELLI significantly reduced the 

electrode resistance (Figure 8.12A) and improved capacitive behavior, especially at 

frequencies between 10 mHz ī 1 Hz (Figure 8.12B,C). 

 

Figure 8.11 (AïC) CVs at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1 and (D) CS and Cm 

for Ŭ-FeOOH-MWCNT, prepared (A, D(a)) without extraction, (B, D(b)) using HDPA and 

extraction method 1, (C, D(c)) using PA and extraction method 1. 
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Figure 8.12 (A) Nyquist plot of complex impedance and frequency dependences of (B) real 

CS
' and (C) imaginary CS''  components of complex capacitance, calculated from the 

impedance data for Ŭ-FeOOH-MWCNT, prepared (a) without extraction, (b) using HDPA 

and extraction method 1, (c) using PA and extraction method 1. 

This investigation provides evidence that PELLI facilitated the fabrication of FeOOH-

MWCNT electrodes with enhanced electrochemical performance at high active mass 

loadings. The ability to avoid powder drying by phase transfer allowed for reduced particle 

agglomeration. It is known[34] that drying often leads to the complete loss of the ability to 

re-disperse particles. Moreover, the literature data for particle behavior at liquid-liquid 

interfaces[32], discussed above, indicated that particle transfer through the interface can 

promote de-agglomeration of soft agglomerates formed in an aqueous phase. The reduced 

agglomeration facilitated FeOOH mixing with conductive MWCNT. Figure 8.13 compares 

microstructures of the Ŭ-FeOOH-MWCNT electrodes prepared without PELLI and using 

the PELLI method 1 and 16PHA as an extractor. The analysis of the SEM image of the 

composite, prepared without PELLI showed large agglomerates and poor mixing of the 

components. In contrast, SEM studies indicated that good mixing of Ŭ-FeOOH and 

MWCNT can be achieved using PELLI. The reduced Ŭ-FeOOH agglomeration allowed 

efficient mixing with MWCNT and facilitated electrolyte access to the particle surface. As 
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a result, we achieved a relatively high capacitance for a negative Ŭ-FeOOH-MWCNT 

electrode in Na2SO4 electrolyte, which matched the capacitance of advanced positive 

MnO2-MWCNT electrodes[29] in the same electrolyte and at similar active mass loadings. 

Therefore, the results of this investigation illustrate a way to fabricate advanced asymmetric 

devices. Such devices showed nearly ideal box shape CVs in enlarged voltage window of 

1.6 V (Figure 8.14A). The capacitance was calculated from the CV data at different scan 

rates, from impedance data at different frequencies and from galvanostatic discharge data 

at different current densities. The integral capacitance CS in the voltage window of 1.6 V, 

calculated from the CV data was 2.64 F cmī2. The capacitance decreased with increasing 

scan rate due to electrolyte diffusion limitations in the electrodes and a membrane (Figure 

8.14B). The CS at a scan rate of 100 mV sī1 was found to be 0.58 F cmī2.  

 

Figure 8.13 SEM image of Ŭ-FeOOH-MWCNT composite, prepared (A) without PELLI 

and (B) by the PELLI method 1 using 16PHA. 
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Figure 8.14 (A) CVs at scan rates of (a) 2, (b) 10 and (c) 20 mV sī1 (B) CS and Cm versus 

scan rate for an asymmetric supercapacitor cell, containing MnO2-MWCNT positive 

electrode and Ŭ-FeOOH-MWCNT negative electrode. 

Figure 8.15A shows impedance data, presented in a Nyquist plot. The resistance R = Z of 

the device was higher than of the individual electrodes. It included the resistances of the 

individual electrodes and the resistance of the electrolyte in the pores of the membrane 

material. The frequency dependencies of the components of the complex AC capacitance 

showed (Figure 8.15B,C) a relaxation type[33] dispersion. The real part of the capacitance 

at 10 mHz was found to be 1.80 F cmī2. The lower relaxation frequency, corresponding to 

the CS'' maximum (Figure 8.15C), compared to the relaxation frequency of the individual 

electrodes can result from a larger cell resistance[35].  
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Figure 8.15 (A)Nyquist plot of complex impedance, and frequency dependences of (B) real 

CS
' and (C) imaginary CS''  components of complex capacitance, calculated from the 

impedance data for an asymmetric supercapacitor cell, containing MnO2-MWCNT positive 

electrode and Ŭ-FeOOH-MWCNT negative electrode. 

The charge-discharge behavior of the SC device was analyzed at different current densities 

in the range from 3 to 50 mA cmī2 and at a cell voltage of 1.6 V. The galvanostatic charge-

discharge curves (Figure 8.16A) were of nearly ideal symmetric triangular shape, which 

indicated good capacitive behavior. The capacitance (Figure 8.16B) decreased with 

increasing current density in the range from 2.91 to 2.19 F cmī2. Testing results indicated 

that the differential AC capacitance measured at a voltage of 5 mV was lower than the 

integral capacitance calculated from the CV or galvanostatic charge-discharge data in the 

voltage window of 0ï1.6 V. The difference in the differential and integral capacitances can 

be attributed to various factors discussed in the literature[36-38] [36], such as poor access 

of ions to redox sites at low voltages, physical heterogeneity of the electrodes and other 

factors. The galvanostatic discharge data was used for the analysis of power-energy 

characteristics of the SC device at different current densities in the range of 3ï50 mA cmī2. 

The device showed (Figure 8.16C) areal energy density of 0.62ï0.97 mW h cmī2 and power 

density of 2.2ï31.8 mW cmī2. 
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Figure 8.16 (A) Charge-discharge curves at current densities of (a) 3, (b) 5, (c)7, (d) 10, (e) 

20, (f) 30, (g) 40 and (h) 50 mA cmī2, (B) CS and Cm calculated from the charge-discharge 

curves versus current density and (C) Ragone plot for an asymmetric supercapacitor cell, 

containing MnO2-MWCNT positive electrode and Ŭ-FeOOH-MWCNT negative electrode. 

8.5 Conclusions 

PELLI strategies have been developed for the fabrication of Ŭ-FeOOH and ɓ-FeOOH for 

energy storage in negative SC electrodes. PELLI allowed agglomerate-free processing of 

powders, which facilitated their efficient mixing with MWCNT and improved electrolyte 

access to the particle surface. 16PHA, HDPA and PA showed strong adsorption on particle 

surface and allowed for efficient extraction. Two different extraction methods have been 

developed, which involved extractor adsorption on particles at the liquid-liquid interface or 

in an aqueous phase. The use of PELLI allowed for significant improvement in capacitive 

properties. The important finding was the ability to achieve high electrochemical 

performance of negative electrodes at active mass loadings as high as 37 mg cm-2.  Ŭ-

FeOOH-MWCNT electrodes showed higher capacitance, compared to ɓ-FeOOH-MWCNT 

electrodes. The highest capacitance of 5.86 F cm-2 for negative electrodes and low 

impedance were achieved using Ŭ-FeOOH-MWCNT and 16PHA as an extractor. The 

capacitance of negative Ŭ-FeOOH-MWCNT electrodes matched the capacitance of 
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advanced MnO2-MWCNT positive electrodes at similar active mass loading. This opened 

a way for the fabrication of advanced asymmetric SC devices for operation in a voltage 

window of 1.6 V. Cyclic voltammetry, impedance spectroscopy and galvanostatic charge-

discharge data showed high capacitance, low impedance and good power-energy 

characteristics. The approach, developed in this investigation is promising for agglomerate-

free processing of other powder materials and their application in advanced composites. 
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9 Polypyrrole-carbon nanotube-FeOOH composites for 

negative electrodes of asymmetric supercapacitors 

This chapter is reproduced from Polypyrrole-carbon nanotube-FeOOH composites for 

negative electrodes of asymmetric supercapacitors, 166 (6), A935-A940, 2019, Journal of  

Electrochemical Society, Ri Chen, Ishwar K. Puri and Igor Zhitomirsky, doi: 

10.1149/2.0281906jes, Copyright 2019, with permission from  ECS -- The Electrochemical 

Society. The author of this thesis is the first author and the main contributor of this 

publication. 

9.1 Abstract 

For the first time, polypyrrole (PPy) coated carbon nanotubes (CNT) were combined with 

FeOOH to fabricate negative supercapacitor (SC) electrodes. The synergistic effects of 

PPy-CNT and FeOOH resulted in enhanced electrochemical performance at high active 

mass loading of 37 mg cmī2 in a voltage window of ī0.8 ï +0.1 V versus a saturated 

calomel electrode. Particle extraction through liquid-liquid interface (PELLI) was utilized 

for the agglomerate-free processing of FeOOH, which improved FeOOH mixing with PPy-

CNT and contributed to the enhanced capacitive behavior of the composite. 

Tetradecylamine (TDA) was found to be an efficient extractor for FeOOH. Cyclic 

voltammetry and impedance spectroscopy data at different electrode potentials provided an 

insight into the synergistic effects of PPy-CNT and FeOOH, and influence of PELLI on 

electrode performance. An areal capacitance of 4.5 F cmī2 and nearly ideal capacitive 

behavior were achieved at a low electrode impedance. The important finding was that 
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capacitances of the negative PPy-CNT-FeOOH and positive MnO2-CNT electrodes can be 

matched in different voltage windows to fabricate advanced asymmetric devices, which 

exhibited promising electrochemical performance in a voltage window of 1.6 V at high 

active mass. 

9.2 Introduction  

PPy - metal oxide (MO) and PPy - metal hydroxide (MOH) composites combine advanced 

functional properties of PPy, MO and MOH. Various PPy-MO composites have been 

developed, containing individual MO components, such as Fe3O4[1], SnO2[2], TiO2[3], 

V2O5[4], NiO[5], ZnO[6], MnO2[7], CuO and Cu2O[8]. Complex oxides, such as 

MnCo2O4[9], NiCo2O4[10], LiCoO2[11] and ZnFe2O4[12] have also been used to develop 

advanced PPy-MO composites. PPy-MOH composites have been fabricated with 

Co(OH)2[13] FeOOH[14] and Ni(OH)2[15]. Of particular interest are materials, containing 

PPy and various iron oxides and hydroxides that have been investigated to fabricate 

actuators[16], batteries[17], magnetic and microwave absorption devices[1], drug delivery 

systems[18], electrocatalytic[19] and water purification devices[20], tumor targeting 

biomaterials[14], imaging guided photothermal cancer therapy devices[21], sensors[22] 

and supercapacitors (SC)[23]. 

The use of PPy has also facilitated the fabrication of flexible devices[24]. The high 

conductivity and redox-active properties of PPy are being explored to manufacture 

functional composites[25].The use of PPy as a conductive binder and film forming agent 

offers advantages for various energy storage devices and thin film applications. A number 
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of studies have examined the synergistic effect[16, 26, 27] of PPy, MO and MOH. Major 

focus areas include improvement in microstructure, formation of hierarchical materials, 

design of composite particles and fibers[4, 11, 17, 28]. Investigation revealed the crucial 

need in efficient dispersion of MO and MOH particles in the PPy matrix[26]. Emphasis 

was placed on the development of advanced dispersion techniques, new colloidal and 

surface modification technologies[29]. 

The high conductivity, flexibility and redox properties of PPy have been utilized for energy 

storage in the positive electrodes of SC[30, 31]. Many attempts have been made to enhance 

electrochemical performance using fibrous, nanowire, nanotube and nanorod composite 

materials[32-34]. A wire-shaped flexible SC[30], containing PPy-MnO2 positive electrodes 

displayed a capacitance of 0.613 F cmī2. RuOx particles were deposited on PPy 

nanorods[31] and obtained electrodes showed a capacitance of 0.419 F cmī2. 

Electrochemical performance was enhanced using carbon nanotube additives[35]. 

PPy-Fe2O3 composites have also been developed to fabricate negative SC electrodes[36], 

where a capacitance of 0.382 F cmī2 was achieved. PPy was utilized to fabricate binderless 

negative electrodes[37]. PPy-FeOOH-carbon fiber[38] negative electrodes showed 

relatively high specific capacitance for low mass loading and high resistance. Many recent 

investigations have been limited to very low mass loadings (below 1ï3 mg cmī2), which 

are not suitable for practical SC applications[39]. Therefore, an emphasis has been 

placed[40, 41] on the electrode performance at practical mass loadings above 10ï20 mg 

cmī2 and the fabrication of electrodes with high areal capacitance and high power. 



186 

 

The high active mass loading is beneficial to obtain low relative mass of current collectors 

and other passive components of the SC devices. An increase in the active mass loading 

from 1ï3 mg cmī2 to 10ï20 mg cmī2 requires a proportionally larger amount of charge to 

be delivered over a significantly larger electrode thickness[39]. As a result of limited 

electrolyte access to the active material and low electronic conductivity, the mass 

normalized capacitance decreases drastically with increasing active mass. Reducing 

particle agglomeration and improving the mixing of the components of an electrode can 

potentially enhance electrolyte access to the active material and improve electrode 

performance. 

The capacitances of negative electrodes are usually significantly lower than the 

capacitances of positive electrodes, limiting the capacitance and energy storage properties 

of the asymmetric SC. Further progress in the development of negative electrodes is crucial 

for improving asymmetric SC technology. 

The goal of this investigation was to develop advanced negative electrodes with high active 

mass loading for the fabrication of asymmetric SC devices and improve capacitance 

matching of positive and negative electrodes at similar active mass. In order to improve the 

capacitive behavior of PPy and widen the working voltage window, we developed 

composite PPy-CNT-FeOOH electrodes. The fabrication of FeOOH involved particle 

extraction through liquid-liquid interface (PELLI)[42] method which reduced 

agglomeration and improved mixing of the components. Tetradecylamine (TDA) was 

found to be an efficient extractor for FeOOH. The analysis of capacitive behavior gives 

insight into the synergistic effects provided by each component of the composite electrodes. 
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It was found that impedance analysis of differential capacitance and resistance at different 

electrode potentials is an important tool for investigating of the synergistic effects of PPy 

and FeOOH. The results presented below show that an areal capacitance of 4.5 F cmī2 and 

nearly ideal capacitive behavior were achieved at active mass loading of 37 mg cmī2. 

Efforts to enhance the performance of PPy-CNT-FeOOH electrodes allowed better 

capacitance matching of the negative and positive electrodes. The asymmetric devices, 

based on negative PPy-CNT-FeOOH electrodes and positive MnO2-CNT electrodes 

showed promising electrochemical performance at high active mass. 

9.3 Experimental procedures 

FeCl3·6H 2O, NaOH, Na2SO4, tetradecylamine (TDA), sulfonazo III sodium salt (SF), 

pyrrole (Py), poly(vinyl butyral) (PVB), 1-butanol (Aldrich), ammonium peroxydisulfate 

(AP, Fisher Scientific), and carbon nanotubes (CNT, multiwalled, inner and outer diameters 

of Ḑ4 and 13 nm, respectively, and lengths in the range of 1ï2 ɛm, Bayer, Germany) were 

used. Ni foam current collectors (thickness 1.6 mm, porosity 95%) were supplied by Vale 

(Canada). 

The synthesis of PPy coated CNT (PPy-CNT) was performed by a chemical polymerization 

method[43] using SF as a dopant for polymerization of PPy and as a dispersant for CNT. 

In this process, CNT were dispersed by SF under ultrasonication in ethanol to achieve a 

homogeneous CNT suspension. The mass ratio of CNT:SF was 2:1. The suspension was 

stirred in an ice bath for 1 h and then 310 mg Py was added. The mass ratio of Py:CNT was 

4:1. Then 1.275g AP was dissolved in 10ml DI water and the AP solution was added to the 
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CNT suspension, containing Py. The reaction was performed during 24 h using iceïwater 

bath. The precipitate was filtered and dried in an oven at 70°C. 

The FeOOH synthesis procedure involved chemical precipitation from FeCl3 solutions at 

pH = 7. The solution pH was adjusted using an aqueous NaOH. TA was used as an extractor 

and 1-butanol was utilized as a receiving solvent for PELLI. The concentration of FeOOH 

particles in the extracted suspensions was 15 g Lī1. The mass ratio of extractor: particles 

was 1:3. 

For the fabrication of PPy-CNT-FeOOH, the suspensions of extracted FeOOH in 1-butanol 

were separated from the aqueous phase and then CNT were added. After ultrasonication of 

the mixed FeOOH-CNT suspensions, the PPy-CNT powder and the solution of PVB binder 

in ethanol were added. The mass ratio of PPy:FeOOH was 1:1. 

The CNT content in all electrodes was 20%. The content of PVB was 3% of total electrode 

mass. The obtained suspensions were used to fabricate the supercapacitor electrodes by 

impregnating of the Ni foam current collectors, which were then calendered to 30% of 

original thickness. The active mass loading of the working electrode (WE) was 37 mg cmī2, 

which is close to upper practical limit for given thickness of the calendered Ni foam. The 

fabrication of positive MnO2-CNT electrodes was described previously[44]. 

The phase content of the materials was tested by XRD with a Nicolet I2 diffractometer 

(CuKŬ radiation). A Bruker Vertex 70 spectrometer was used for FTIR studies. 

All electrochemical measurements were performed using a potentiostat (PARSTAT model 

2273, Ametek, USA) and BST8 battery analyzers (MTI, USA). A three electrode cell 
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contained a WE (area 1 cm2), a saturated calomel electrode (SCE) and a Pt counter electrode. 

The two electrode cells consisted of positive MnO2-CNT and negative PPy-CNT-FeOOH 

electrodes. An aqueous 0.5 M Na2SO4 solution was used as an electrolyte. Cyclic 

voltammetry (CV) studies at scan rates of 2ï100 mV sī1 were used to calculate the integral 

capacitances CS = Q/ȹVS and Cm = Q/ȹVm of individual electrodes and devices, where Q, 

ȹV, S and m are charge, potential window (or cell voltage), electrode area and total active 

mass (individual electrodes or devices), respectively. The AC complex impedance Z* = Z

-iZ  of individual electrodes and devices was measured at the signal amplitude of 5 mV in 

the frequency (f) range of 0.01 Hz-100 kHz. The impedance of individual electrodes was 

measured at different applied potentials. The complex differential capacitance CS
* = CS

ǋ-

iCS
ǌ was obtained as CSǋ = Zǌ/2 f |Z|2S and CSǌ = Zǋ/2 f |Z|2S. The integral capacitances 

of devices were also calculated from the galvanostatic discharge data as CS = It/ VS and 

Cm = It/ Vm where I denoted discharge current and t the discharge time. 

9.4 Results and discussion 

Figure 8.1a presents the X-ray diffraction pattern of a dried FeOOH powder, where the 

peaks corresponded to JCPDS file 29ï713 for Ŭ-FeOOH. A major issue in the development 

of FeOOH nanocomposites is particle agglomeration resulting from the drying of 

precipitated particles, which generates difficulties in particle re-dispersion in organic 

solvents for device fabrication. To avoid drying, PELLI was used for the particle extraction 

from the aqueous suspension of as-prepared FeOOH particles to the 1-butanol phase. 

PELLI is a convenient means for improving the mixing of non-agglomerated FeOOH 
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particles with CNT or PPy-CNT in the organic solvent, which is necessary for the 

dissolution of the PVB binder. The ability of PELLI to extract particles depends on the 

availability of efficient extractors, which must be adsorbed on the particle surface. Figure 

9.1A shows the chemical structure of TA used as an extractor. The long hydrocarbon chain 

facilitates TA dissolution in 1-butanol. The TA adsorption on FeOOH can result from 

Ref.[44] chemisorption or electrostatic attraction (Figure 9.1B(a,b)). Figure 9.1C-F shows 

the FeOOH suspensions before and after extraction and also presents a schematic of the 

extraction mechanism, which involved phase transfer of FeOOH particles, containing 

adsorbed TA, from water to 1-butanol. The TA adsorption on FeOOH was confirmed by 

the FTIR spectrum of extracted FeOOH particles, which shows absorptions at 2851, 2920 

and 2957 cmī1, resulting from the vibrations of CH2 and CH3 groups of adsorbed TDA. 

Similar absorptions at slightly lower wavenumbers were observed in the spectrum of as-

received TDA (Figure 9.2). 

 

Figure 9.1 (A) Chemical structure of TDA, (B) TDA adsorption mechanisms involving a 

surface OH group: (a) chemisorption and (b) electrostatic interaction, (C) precipitated 














































