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Abstract 

 
Advanced dispersants were discovered for the fabrication of homogeneous suspensions of 

multi-walled carbon nanotubes (MWCNT), graphene, and manganese dioxide (MnO2) in 

both ethanol and water. Thin films of MWCNT, graphene, MnO2, composite films of 

MWCNT-MnO2 and MWCNT-graphene were prepared using electrophoretic deposition 

(EPD) and electrolytic deposition (ELD) methods. The mechanisms of dispersion and 

deposition were investigated. Cathodic EPD was achieved for MWCNT and graphene 

using positively charged dispersants. Co-deposition of MWCNT and MnO2 was 

performed using a co-dispersant, which dispersed both MWCNT and MnO2 in ethanol. 

Composite films were tested for electrochemical supercapacitor (ES) purposes. 

Pulse ELD was used to deposit porous MnO2 coatings on Ni foam substrates from 

KMnO4 solutions. Cathodic deposition offered advantages, compared to anodic 

deposition, because the problems, related to anodic dissolution of metallic substrates, can 

be avoided. The pulse ON/OFF times had significant influence on the morphology and 

structure of MnO2 films, which further determined the capacitive performance. The 

influence of MnO2 film thickness on specific capacitance (SC) was investigated.  

Porous and conductive vanadium nitride (VN) was synthesized using melamine as a 

reducing agent. To further improve film conductivity and specific surface area, MWCNT 

were incorporated into VN matrix during synthesis. VN-MWCNT composite electrodes 

and VN-MWCNT/MnO2-MWCNT asymmetric supercapacitor cells were fabricated and 

tested. The electrodes and cells exhibited excellent electrochemical capacitive 

performance with good cyclic stability. The asymmetric supercapacitor device showed a 
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voltage window up to 1.8 V, which was the combination of voltage window of VN-

MWCNT (-0.9 V-0 V) and MnO2-MWCNT (0 V-0.9 V).  

Polypyrrole (PPy) coated MWCNT were synthesized in ethanol with ammonium 

peroxydisulfate (APS) solution as an oxidant. The effects of dopants to PPy morphology 

and conductivity was investigated. Dopants with electrochemical active groups were 

selected for the synthesis of PPy nanoparticles, where dopants also contributed to the 

capacitance of the polymer based materials. Both PPy-MWCNT/PPY-MWCNT 

symmetric supercapacitors and VN-MWCNT/PPY-MWCNT asymmetric supercapacitors 

were fabricated and tested, where the voltage windows were 0.9 V for the former and 1.3 

V for the later. The increase of voltage window was ascribed to the asymmetric structure 

and negative voltage window of VN-MWCNT composite. 
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Chapter 1 Introduction 

 
The concern of the depletion of fossil energy results in vast interest in technologies in 

renewable energy such as solar cells, wind farms, tidal electricity generations etc.[1, 2] 

For the discontinuous producing of electricity and uneven electricity usage during a day, 

efficient and reliable energy storage systems are needed.[3] With the development of 

electric vehicles and hybrid vehicles, energy storage systems need to meet high capacity 

and high power to satisfy the requirements for mileage and speed. Batteries and 

supercapacitors are in the front line of electrochemical energy storage systems. In past 

decades, spectacular advances in electrochemistry resulted in the invention of lithium ion 

(Li-ion) batteries and nickel-metal hydride (Ni-MH) batteries.[4, 5] These new batteries 

have both high energy density and power density and hence widely used in many fields 

such as vehicles, computers, portable entertainment and telecommunication devices. 

Electrochemical supercapacitors (ES) have also been undergoing decades development 

since the conception was proposed by Conway B.E. in 1970s but with much less 

attraction from electrochemical community until very recently.[6] The uprising of 

investigations in ES was caused from the need in improvement of  power of batteries,[3] 

which is desperately needed for many applications such as flash light in cameras, hybrid 

and  electric vehicles. ES intrinsically have the ability of high power density, even though 

its energy density is one magnitude less than that of Li-ion battery (Fig.1.1). The 

coupling of battery and supercapacitor can provide steady energy supply and peak power 

demands. Electrochemical double-layer capacitors (EDLC) have advantages of the use of 

low cost and environmental friendly raw materials  and extremely long cycle life etc.[7] 
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Fig.1.1 Specific power against specific energy, also called a Ragone plot, for various 

electrical energy storage devices.[3] 

The total capacitance of ES is determined by two different energy storage mechanisms, 

double-layer capacitance and pseudocapacitance. The double-layer capacitance origins 

from electrostatic storage of separated charges at Helmholtz double layers, where one 

layer at electrode surface and another layer in electrolyte. Pseudocapacitance is caused by 

redox reaction where electrons transfer between electrolyte and electrode in a faradaic 

process. The total capacitance is estimated to be the sum of double-layer capacitance and 

pseudocapacitance. However, one of these two mechanisms always dominates the total 
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capacitance, such as double-layer capacitance for carbon electrodes including activated 

carbon (AC), carbon nanotubes (CNT), graphene etc., and pseudocapacitance for 

transition metal oxide and conducting polymers, such as MnO2, RuO2, NiO, polyaniline, 

polypyrrole etc. Carbon materials have advantages in specific surface area and 

conductivity. On the other hand, pseudocapacitive materials have high specific 

capacitance (SC). Therefore, it is beneficial to utilize both high surface area and 

conductivity of carbon materials and high SC of pseudocapacitive materials by 

combining them together to form composite materials. 

The surface area and conductivity of carbon materials and SC of pseudocapacitive 

materials have to be maintained during synthesis to optimize capacitive performance. 

Carbon materials and pseudocapacitive materials can form morphologies of either 

nanoscale mixtures or core-shell structures, which provide highest contacting surface 

between carbon materials and pseudocapacitive materials. Electrophoretic deposition 

(EPD) is a promising method for the fabrication of composites with morphology of 

nanoscale mixture and in situ chemical synthesis is a good method to synthesize core-

shell structures. To achieve these morphologies, both carbon materials and 

pseudocapacitive materials are needed to be dispersed into solvent homogeneously. 

Criteria in choosing dispersants for CNT, graphene, and other pseudocapacitive materials 

must be developed. It is important to note that some dispersants for CNT can cause 

dramatic aggregation and agglomeration of MnO2 nanoparticles, therefore co-deposition 

of CNT and MnO2 couldn’t be achieved. 

ES includes both anode and cathode immersed in electrolyte and separated by a 

membrane separator. Symmetric ES include the same anode and cathode materials, while 
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asymmetric ES has two different materials for anode and cathode. To achieve the best 

capacitive performance, the capacitance of cathode and anode must be matched to equal 

each other. Pseudocapacitive oxide materials, such as MnO2 and RuO2 are under 

investigation for applications in anodes, while the most important materials for cathode 

are carbons (e.g. AC, CNT, graphene). Pseudocapacitive materials have great advantage 

in SC but carbon materials have much better capacitance retention, which makes it very 

difficult to balance the capacitance of both anode and cathode in whole charge/discharge 

rates range. The low SC and density of carbon materials make the cathode much larger 

and heavier than anode, so the gravimetric and volumetric capacitance of whole device 

are substantially reduced. Therefore advanced cathode materials must be found to fit the 

SC and retention of anode made of pseudocapacitive materials.  

In this investigation, advanced dispersants were discovered and chosen for dispersing 

CNT, graphene, polypyrrole (PPy), and MnO2 in water and ethanol solvents. Advanced 

dispersants were developed for co-dispersion of different materials, such as MnO2, CNT 

and graphene. In the synthesis of electrochemically active materials, dispersants also 

played roles of sacrificing agents in synthesis of MnO2 and dopants for PPy to improve 

its capacitive performance. The morphologies obtained at different conditions were 

analyzed and optimized in order to achieve the best electrochemical performance. MnO2 

nanoparticles and CNT were mixed together on the nanoscale using co-dispersants and 

the films prepared by EPD method from the mixed suspensions showed good capacitive 

performance. PPy was coated on the surface of CNT using additives which could disperse 

CNT in ethanol and work as dopant for PPy. Vanadium nitride was chosen as cathode 

material for the fabrication of MnO2/VN asymmetric supercapacitor and PPy/VN 
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asymmetric supercapacitor. The capacitance of both anode and cathode and capacitance 

retention in whole charge/discharge rates range were fitted very well. 
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Chapter 2 Literature Review 

 

2.1 The development of capacitors and supercapacitors 

From the ancient Greece story of rubbed amber with fur attracting dust to the invention of 

Leyden jar in the middle 18 century, which was credited as the first artificial capacitor, 

human being spent thousands years in understanding the mechanism of static electricity. 

Benjamin Franklin improved the design of Leyden jar to flat capacitor during his work on 

electricity, which substantially reduced capacitor volume and increased convenience and 

reliability. In 1881, von Helmholtz reached a key conclusion that Faraday’s laws implied 

that a fundamental unit of electrical charge was universally involved.[1] His great 

contribution paved the way for development of the quantitative and more fundamental 

science of electrochemistry and for a quantitative science of the electrical nature of 

matter. 

The principle that a capacitor can store electrical energy has been known from 1745. If a 

voltage is applied to a two-plate capacitor, a charge of +Q on positive plate and a charge 

of -Q on negative plate are accumulated, where the stored energy (E) is ½ CV2, where C 

is the capacitance of this capacitor. The proposal of using this principle for storing 

electrical energy was firstly claimed and patented by Becker in 1957, in which two 

porous carbon electrodes and aqueous electrolyte was used and the capacitance of double 

layer, Cdl, arose from the electrode/electrolyte interfaces.[2] This capacitor is lately 

categorized into EDLC, where carbon is ideal material for it. Carbon black and 

amorphous carbon have such a high surface to volume ratio that the SC of carbon can 

reach as high as 200 F g-1.[3] Carbon can also provide good mechanical integrity and is 
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unreactive in many electrolytes and has ideal capacitative behavior in a large potential 

voltage range (~ 1.0 V in aqueous electrolyte and ~ 3.5 V in non-aqueous electrolyte).[4] 

A different principle of developing ES was originated from 1975 by Conway in 

Ottawa[5], which based on the concept developed by D. Craig. The new ES is called 

“pseudocapacitor”, where “pseudocapacitance”, Cφ, arise from the potential dependence 

of electrochemical adsorption or electrochemical deposition. Then potential dependence 

of oxide redox systems is also discovered and utilized for pseudocapacitor, especially 

those with large degree of reversibility and high cyclability (higher than 105 cycles). 

For pseudocapacitor, there is a continuous dependence of charge, Q, from Faradaic 

oxidation or reduction, upon the electrode potential, V, where the derivative (dQ/dV) 

corresponding to the pseudocapacitance, Cφ, which is directly measurable and utilizable. 

Compared with conventional capacitors, EDLC and pseudocapacitor have a capacitance 

of as high as tens of Farads, rather than mF, in a very small area or volume, e.g., 1 cm2 or 

cm3. For this reason, the terms “supercapacitor” or “ultracapacitor” was used for these 

two types of devices. Recently, a more general term “electrochemical capacitors” has 

been used to refer these systems. 

2.2 Classification of capacitors 

The capacitors can be generally classified as follows: (i) electrostatic capacitors, (ii) 

electrolytic capacitor, (iii) EDLC, (iv) ES based on pseudocapacitance, and (v) hybrid 

supercapacitor, in aspects of energy storage mechanism, capacitor construction, and 

electrode materials. The classification is in general and the differences of different 

categories are not strict. 
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(i) Electrostatic capacitors 

An electrostatic capacitor is composed by two metal electrodes paralleling to each other 

and separated by a dielectric (Fig.2.1). The dielectric is an insulator inserted between two 

metal plates. The strength of dielectric determines the potential field the capacitor can 

endure. The field over this value can breakdown the capacitor, causing permanent 

damage. So a proper dielectric is critical for a capacitor, for example, air has a dielectric 

strength of 3×106 V m-1 and paper has a dielectric strength around 16×106 V m-1. The 

increase of dielectric strength can improve the operating voltage window of a capacitor 

and hence more charges can be stored in two metal plates. The capacitance (C) with unit 

of Farad (F) is defined as the ratio between charges (Q) with unit of coulomb on plate and 

the potential difference (U), C=Q/C. 

 

Fig.2.1 Schematic illustration of charged electrostatic capacitor with a plate area of A, 

distance between two plate of d and surface charge of Q and a dielectric inserted between 

two plates. 

(ii) Electrolytic capacitor 

Different from conventional capacitor, electrolyte was used to be one electrode for 

electrolytic capacitor to achieve high capacitance. The construction of electrolytic 

capacitor was shown in Fig.2.2, which included two conducting metal foils, where one of 
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them was coated with a layer of insulating oxide to work as dielectric. A piece of paper 

soaked in electrolyte was used as a spacer. The foil with an oxide layer works as anode. 

The electrolyte and the other foil worked as cathode. The most used metal for electrolytic 

capacitor is aluminum, where the aluminum oxide has a dielectric constant of ~ 10, which 

is much larger than polymer insulators. The dielectric strength of aluminum oxide is ~ 25

×106 V m-1.[6] For the electrolyte aspect, boric acid and sodium borate are commonly 

used as electrolytes for electrolytic capacitor, usually with adding of sugar or ethylene 

glycol to suppress evaporation. The capacitance of electrolytic capacitance varies from 

less than 1 μF to ~ 1 F with working voltage up to several hundred volts. Due to its large 

working voltage and capacitance, it has much larger energy density than conventional 

capacitor. 

 

Fig.2.2 Diagram of electrolytic capacitor showing internal construction  

(iii) Electrochemical Double Layer Capacitor 

Double layer capacitance was firstly researched and proposed by von Helmholtz in 19th 

century. The Fig.2.3c schematically illustrated the double-layer interface model 
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(Grahame model),[7] which is a combination of two different charges distribution models, 

Helmholtz model (Fig.2.3a) and Gouy–Chapman point charge model (Fig.2.3b), which is 

also called diffusing layer. Between ion layer and electrode surface, one layer or multiple 

layers of solvents, highly oriented and polarized, attached on the electrode surface. In the 

new model, the Helmholtz layer was separated into two different layers. The inner layer, 

from electrode surface to compactly attached solvent layer, was named Inner Helmholtz 

Plane (IHP). The second layer, from attached solvent to solvated ions, was named Outer 

Helmholtz Plane (OHP). The layer beyond the OHP was still called diffusing layer. The 

total capacitance of the double-layer inter face was given in Eq.2.1, 

1

𝐶𝑑𝑙
=

1

𝐶𝐼𝐻𝑃
+

1

𝐶𝑂𝐻𝑃
+

1

𝐶𝑑𝑖𝑓𝑓
                              (Eq.2.1) 

corresponding to a series relationship between CIHP, COHP, and Cdiff as illustrated in the 

following circuit. 

 

Apparently, the total capacitance C would be dominated by the smallest capacitance 

among CIHP, COHP, and Cdiff on account of the reciprocal form. However, Cdiff was usually 

much larger than CIHP and COHP so the contribution of diffusion layer to the double-layer 

capacitance was neglected in many cases. The IHP could be considered as a dielectric 

layer so the CIHP and COHP could be combined to CH, which was a fairly reasonable 

estimation of double-layer capacitance and could be calculated using equation C= εA/d. 

In EDLC, the electrodes are porous carbon materials with extremely large specific 

surface area (e.g. 1000– 2000 m2/cm3).[8] The dielectric layer is replaced with a 
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molecular layer of electrolyte, which results in nanometer d. Two extremes in specific 

surface area and separation distance results in extremely high capacitance.  

 

Fig.2.3 Models of the electrical double layer at a positively charged surface: (a) the 

Helmholtz model, (b) the Gouy–Chapman model, and (c) the Stern model, showing the 

IHP and OHP.[7]  

(iv) Electrochemical capacitors based on pseudocapacitance 

Pseudocapacitance arises from reversible electrochemical reactions on electrode surface. 

The pseudocapacitance originates from the thermodynamic relationship between extent 

of charge (∆Q) and the change of potential (∆U), C=∆Q/∆U or C=dQ/dV. The 

fundamental difference between battery and ES is time of charging and discharging, 

which is in the order of seconds for ES and hours for battery. The energy storage 

mechanism for both battery and pseudocapacitor is Faradaic process, which is different 

form non-Faradaic process of EDLC. So the energy storage in EDLC is lower than that of 
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battery in order of several magnitudes. Fig.2.4 shows the specific energy versus charging 

time for EDLC, pseudocapacitor, and battery in general.[9] The specific energy of battery 

is optimized when charging time is longer than ~ 10 min. Short charging time causes 

resistive losses of energy and generates much heat, which could lead to explosion and 

result in safety issues. The EDLC has no safety problem on fast charging-discharging due 

to its extremely small internal resistance, usually on the level of several micro Ohms, 

which is several Ohms for battery. However, the specific energy of EDLC is kept on a 

much lower level than battery. Between EDLC and battery there is a region of best 

performance in the time domain of ~ 10 s to ~ 10 minutes, which is the region for 

pseudocapacitive materials. The motivation of researching pseudocapacitance is to find 

or fabricate a pseudocapacitive materials with both high energy density and power 

density, a combination of advantages of both battery and EDLC. 

 

Fig.2.4 Energy vs. charging time for an EDLC and a lithium-ion battery. The region 

between 10 s and 10 minutes represents the time domain where high-rate 

pseudocapacitive materials could offer higher energy and power densities than lithium-
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ion batteries and EDLCs.[9]  

Electrochemical mechanisms which can result in pseudocapacitance were investigated by 

B. E. Conway in 1970s and classified into three different groups, (i) underpotential 

deposition (Fig.2.5a), (ii) redox pseudocapacitance (Fig.2.5b), and (iii) intercalation 

pseudocapacitance (Fig.2.5c).[10] Underpotential deposition is a phenomenon of 

electrochemical deposition of ions on electrode surface forming a layer of adsorbed ions 

at potential above the Nernst equilibrium potential for reduction process, or vice versa. 

Redox pseudocapacitance arises from electrochemical adsorption of ions on electrode 

surface with a concomitant faradaic charge transfer process. Intercalation 

pseudocapacitance is a result of ion intercalation into tunnels or layers of a redox-active 

material, accompanied with faradaic charge transfer process but with no crystallographic 

phase change.  

 

Fig.2.5 Different types of reversible redox mechanisms that give rise to 

pseudocapacitance: (a) underpotential deposition, (b) redox pseudocapacitance, and (c) 

intercalation pseudocapacitance. 

For all three mechanism, the extent of charge and potential have an electrochemical 
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relationship (Eq.2.2) due to electrochemical reactions at electrode/electrolyte interface, 

𝐸~𝐸0 −
𝑅𝑇

𝑛𝐹
𝑙𝑛 (

𝑋

1−𝑋
)                               (Eq.2.2) 

where E is potential, E0 is standard electrode potential, R is the ideal gas constant (8.314 

J mol-1 K-1), T is absolute temperature, n is the number of transferred charges, F is the 

Faraday constant (96 485 C mol-1), and X is the fractional extent of reaction. The charge, 

Q, is directly related to the extent of reaction, X. So the capacitance, C=dQ/dV, can be 

expressed in Eq.2.3, 

𝐶 = (
𝑛𝐹

𝑚
)

𝑋

𝐸
                                               (Eq.2.3) 

where m is the molecular weight of the active material.  

Table 2.1 Comparison between double-layer capacitance and pseudocapacitance  

Double-layer capacitance Pseudocapacitance 

Non Faradaic Involves Faradaic process 

20–50 μF cm–2 
2000 μF cm–2 for single-state process; 200–500 

μF cm–2 for multi-state, overlapping processes 

C fairly constant with potential, 

except through the point of zero 

charge (p.z.c.) 

C fairly constant with potential for RuO2; for 

single-state process, exhibits marked maximum 

Highly reversible 

charging/discharging 

Quite reversible but has intrinsic electrode kinetic 

rate limitation determined by potential dependent 

faradaic leakage resistance (Rf). 

Has restricted voltage range (in 

contrast to non-electrochemical 

electrostatic capacitor) 

Has restricted voltage range 

Exhibits mirror-image 

voltammograms 
Exhibits mirror-image voltammograms 

 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

15 

 

(v) Hybrid supercapacitor 

In a supercapacitor system, both the storage mechanism of EDLC and pseudocapacitor 

are observed simultaneously even though one of them dominates over the other.[11] The 

comparison of EDLC and pseudo-capacitor is shown in the Table 2.1.[12] 

Table 2.2 Summary of the different types of hybrid supercapacitors[13] 

Type of 

supercapacitor 
Electrode material 

Dominate charge 

storage mechanism 

Advantages/ 

disadvantages 

Asymmetric 

hybrid 

supercapacitor 

Anode: 
Pseudocapacit

ive materials 
Pseudocapacitance High energy 

density and 

power density, 

good cyclability Cathode: Carbon 
Double-layer 

capacitance 

Symmetric 

hybrid 

supercapacitor 

Anode: 

Redox metal 

oxide or 

polymer 

Pseudocapacitance High energy 

density, 

moderate cost 

and stability Cathode: 

Redox metal 

oxide or 

polymer 

Pseudocapacitance 

Battery-like 

hybrid 

supercapacitor 

Anode: 

Li-ion 

intercalation 

materials 

Lithiation/delithiation High energy 

density, high 

cost 
Cathode: Carbon 

Double-layer 

capacitance 

 

Both double-layer capacitance and pseudocapacitance can be utilized in single ES device 

to form a hybrid system. Because both Faradaic process and non-Faradaic process are 

used, better energy and power performance is achievable, with extra benefits such as 

cycling stability. The hybrid system can be divided into three categories, asymmetric 

hybrid supercapacitor, symmetric hybrid supercapacitor, and battery-like hybrid 

supercapacitor. Asymmetric hybrid supercapacitor has one electrode where double-layer 
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capacitance dominates and another electrode where pseudocapacitance dominates. 

Symmetric hybrid supercapacitor has two different electrodes where for both of them 

pseudocapacitance dominates. For battery-like hybrid supercapacitor, one electrode is Li-

ion battery electrode, where Li ions intercalation is the main mechanism for energy 

storage, while the other electrode is using capacitance to store energy. A summary of all 

different hybrid supercapacitors is given in Table 2.2.[13]  

Many combinations of anode and cathode had been tested in either aqueous or organic 

electrolyte. Pseudocapacitive electrode materials were widely used to improve the energy 

density of ES devices, usually with sacrifice of capacitance retention and cycling stability 

due to its low conductivity and redox reactions during charge-discharge. In the meantime, 

capacitance of both anode and cathode should be balanced to match each other to obtain 

the highest device capacitance, since the total capacitance of ES device was dominated by 

the electrode with lower capacitance (1/Ctotal = 1/Canode + 1/Ccathode). However, due to 

different capacitance retention versus charge-discharge rates, capacitance of anode and 

cathode could not be matched at all charge-discharge rates. 

The hybrid system could extend the voltage window of ES device. By using AC as 

cathode and MnO2 as anode, an ES with voltage window up to 2 V in aqueous electrolyte 

was achieved. The high voltage window was ascribed to overvoltage of water 

decomposition on MnO2 and high specific surface area of carbon.[14] Another example 

was that combination of carbon electrode and PbO2 electrode resulted in a voltage 

window of 2.1 V in H2SO4 electrolyte.[15] 
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2.3 Energy storage and power performance of ES 

To store energy (E) into a capacitor, work (W) must be done to separate or store charges 

in anode and cathode. For an ideal capacitor, the total work of charging a capacitor is the 

energy the capacitor stored, as given in Eq.2.4 

𝐸 = 𝑊 = ∫ 𝑈𝑑𝑞
𝑄

0
= ∫

𝑞

𝑐
𝑑𝑞

𝑄

0
=

𝑄2

2𝐶
=

1

2
𝐶𝑈2              (Eq.2.4) 

where Q is the total stored charges, C is the capacitance, and U is the working voltage of 

the capacitor. The power (P) of a capacitor is the instant energy delivery ability, which 

depends on the fluctuating voltage (U(t)), as given in Eq.2.5 

𝑃 =
𝑑𝑊

𝑑𝑡
=

𝑑

𝑑𝑡
(

1

2
𝐶𝑈2) = 𝐶𝑈(𝑡)

𝑑𝑈

𝑑𝑡
                      (Eq.2.5) 

So stored energy and power of capacitors are positively linear proportional to the 

capacitance C. Voltage window of capacitors have strong influence on both energy and 

power. To increase energy storage and power of a capacitor, it is necessary to increase its 

capacitance and voltage window. 

In scientific papers, maximum power (Pmax) is widely used to characterize power delivery 

performance of an ES. In this case, a simple RC circuit is considered, where ESR (Rs) is 

equivalent series resistance, corresponding to total resistance related to ionic resistance of 

electrolyte, electrode resistance of electrode, resistance due to ion penetration through 

membrane separator, and interface resistance between electrode and current collector. 
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The discharge current (I) can cause the reduction of initial voltage (Ui) to the real time 

voltage U=Ui-IRs. The corresponding power P=UI=UiI-I
2Rs. To reach the maximum 

power, dP/dI=0. So IPmax=Ui/2Rs and VPmax=Ui-IRs=Ui/2. Then the Pmax has the formula 

as given in Eq.2.6, 

𝑃𝑚𝑎𝑥 =
𝑈𝑚𝑎𝑥

2

4𝑅𝑠
                                                (Eq.2.6) 

Fig.2.6 shows the construction of a supercapacitor, which consists of two current 

collectors, two electrodes, electrolyte, and a membrane separator. The internal resistance 

of an ES was directly related to ESR. To improve the power performance, the ESR, more 

specifically the internal resistance, must be minimized. The internal resistance was 

determined by resistance of current collector, electrode materials, and electrolyte, and the 

interfacial resistance of current collector/electrode, and electrode/electrolyte. 

 

Fig.2.6 Illustration of discharged (left) and charged (right) supercapacitor 

(i) Current collector 

To minimize the internal resistance and maximize the SC of an ES, proper current 
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collector must be chosen. Current collectors must be highly conductive and stable under 

high potential in different electrolytes. There should also be a good interface contact 

between current collector and active materials. To achieve these goals, surface treatment 

for metal current collector was necessary. It was proven that polished aluminum current 

collector could reduce the interfacial resistance between active material and aluminum 

current collector. A further surface treatment could even improve its stability in 

electrolyte at high potential.[16]  

Unlike metal foils, which only one layer active material could be deposited or pasted on, 

Ni foam had great advantages in increasing interfacial area between current collector and 

active materials, hence the internal resistance was controlled in a reasonable range. The 

active material loading reached as high as 50 mg cm-2, which was hundreds times heavier 

than that on metal foils.[17, 18] Other current collectors using the same mechanism 

included Ni plaque,[19] carbonized sponge,[20] carbon aerogel,[21] vertical grown CNT 

etc.[22] Unlike Ni foam, carbon current collectors had great advantages in 

electrochemical stability under high potential, large specific surface area, high SC, low 

density, and environmental friendly,  which made carbon-based materials an ideal 

candidate for current collector, such as AC carbon aerogel, carbon fibers, aligned CNT, 

and layered graphene. 

(ii) Membrane separator 

The purpose of membrane separator in an ES was to separate anode and cathode to 

prevent short circuit, which can trigger the conversion of chemical energy to heat and 

cause irreversible damage to ES devices. In the meantime, membrane contained 

numerous pores and tunnels to enable free pass through diffusion of ions and electrolyte 
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molecules. The important parameters of a membrane separator are thickness, 

permeability, absorbency, chemical stability, pore sizes, puncture resistance, tensile 

strength, and thermal properties. 

The membrane should have good permeability because the internal resistance was 

proportional to the permeability. The permeability reflected how easily ions and 

molecules moving through it. Absorbency is the ability to absorb electrolyte, which 

directly reveal the wetting ability of membrane separator to electrolyte. Good absorbency 

could substantially reduce internal resistance. Moreover, membrane separator should 

have good chemical stability in different electrolyte and cycling stability under high 

potential, which had great influence on ES and battery life.  

There were requirements on thickness, tensile strength and puncture resistance for 

membrane separators. Electrodes and current collectors were not smooth and the rough 

edges were strong enough to pierce separator if it was not thick enough. However, 

thickness of membrane separator had influence to internal resistance and permeability. So 

the thickness must be chosen after testing.  

(iii) Electrolyte 

Electrolyte for ES can be categorized into aqueous, organic, and liquid salts (ionic 

liquids). Electrochemical stability and ionic conductivity are the two main criteria for 

selection of an electrolyte. Electrochemical stability determines the voltage window and 

hence has great influence on energy and power density. Ionic conductivity, on the other 

hand, affects the internal resistance and further influences the power density as shown in 

Eq.2.6. 
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Aqueous electrolyte includes acid (e.g. H2SO4, HCl), alkali (e.g. KOH, NaOH), and 

neutral pH solution (e.g. Na2SO4, Li2SO4). Aqueous electrolytes have high ionic 

conductivity (up to ~ 1 S cm-1), and hence high power performance is achievable. 

However, water has an electrochemical stability window of 1.23 V, which results in a 

narrow voltage window for ES, usually less than 1 V, and hence low energy density.[23] 

In comparison to aqueous electrolytes, organic electrolytes have much larger 

electrochemical stability voltage window, which is up to ~ 3 V, with the sacrifice of ionic 

conductivity and SC (Table 2.3, Fig.2.7).[24, 25] The high voltage window results in 

high energy density as indicated by Eq.2.6. For this reason, most commercial ES 

industries use organic electrolytes. Propylene carbonate and acetonitrile are widely used 

solvents for organic electrolytes and tetraethylammonium tetrafluoroborate is the 

commonly used salt to dissolve into solvents. The ionic conductivity of organic 

electrolyte increases with the concentration of dissolved salt until the maximum 

conductivity is reached.[26] Ionic liquids are molten salts in room temperature, which 

recently have been considered as a promising electrolytes for ES. Advantages of ionic 

liquids include low vapor pressure, broad electrochemical stability window, and good 

thermal property etc.[27-30] But it has limitation in ionic conductivity, especially on 

room temperature, which substantially reduces the power performance.[31]   

Table 2.3 The specific capacitance of selected electrode materials[24] 

Material Electrolyte F g-1 F cm-3 

Carbon 

cloth 

KOH 200 70 

Organic 100 35 

Particulate 

from SiC 

KOH 175 126 

Organic 100 72 

Particulate 

from TiC 

KOH 220 110 

Organic 120 60 
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Fig.2.7 Cyclic voltammograms of activated glassy carbon electrodes at 100 mV s-1 in 3M 

H2SO4 (aq.) and in 1 M TEABF4 in acetonitrile. Both electrodes received the same 

electrochemical activation.[25] 

2.4 Electrode materials for ES 

SC of an ES is strongly depended on electrode materials. Developing materials with high 

SC can substantially improve the energy storage. Electrode resistance is a key component 

of ESR, so electrode with high conductivity can result in better power performance. In 

some cases, electrode materials can enlarge the voltage window of an ES. So there is a 

necessary to investigate electrode materials. 

(i) Carbon materials    

Carbon materials included AC, carbon nanofibers, and graphene, corresponding to 0, 1, 

and 2 dimensions materials. For carbon materials, the dominated capacitance mechanism 

was double-layer capacitance.  

The SC has strong relationship with specific surface area of electrode materials. However, 

not all area contributes to SC. The area with contribution to SC is places with good 

contact to electrolyte, which is referred accessible surface. It is for this reason, SC 

doesn’t increase linearly with specific surface area.[32-34] Pore size plays a key role in 
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determining accessible specific surface area.  

 

Fig.2.8 SC normalized by specific surface area as a function of pore size for different 

carbon samples tested in same electrolyte.[14]  

Obviously, particles with smaller pore size have larger specific surface. However, it is 

suggested that solvated ions could not access pores with diameter less than 0.5 nm, even 

1 nm for some larger hydrated ions and solvated ions in organic electrolyte.[33, 35, 36] 

As the pore size increased to 2 to 5 nm, which was about 2 times larger than a solvated 

ion, capacitance started increasing with pore numbers moderately.[37, 38] However, 

research showed that particles with balanced microporosity (<2 nm) and mesoporosity (2-

50 nm) resulted in best capacitive performance. These experiments indicated that 

desolvated ions could access micropores and hence contributed to SC of ES.[39] In an 

experiment where mean pore size could be fine-tuned,[40] the normalized capacitance 

was gradually declining with mean pore size until a critical value of ~ 1.5 nm, then the 
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normalized capacitance increased sharply with reducing of mean pore size to the ion size 

(Fig.2.8). Different models are applied for different zones in Fig.2.8. 

The general purpose of increasing porosity was to increase specific surface area for better 

capacitive performance. However, during the process of increasing porosity, other 

aspects, such as pore shape, pore size distribution, surface functional group, and electrical 

conductivity, had to be taken into consideration as well. Electrode materials with large 

porosity leaded to low density, and hence the volumetric capacitance could even be 

reduced for high porosity materials.[41] So a compromise between gravimetric 

capacitance and volumetric capacitance existed for electrode materials with high porosity.  

Except specific surface area, introducing surface functional groups was considered as 

another way to improve capacitive performance, including alcohol, carbonyl, epoxide, 

and carboxylic acid etc.[42-46] It was suggested that functional groups or heteroatoms (O, 

N, B, S etc.) in carbon materials could help absorbing ions from electrolyte. For the bad 

wetting performance of carbon materials, the introducing of functional groups could 

significantly ameliorate their hydrophilicity/lipophilicity, leading to high 

electrode/electrolyte contacting area and hence improve their capacitive performance. 

The methods of introducing surface functional groups included oxidation using strong 

acid (e.g. nitric acid) or alkali hydroxide (e.g. KOH).[25] Treated carbon materials with 

surface functional group could have a SC improvement of 5-10 %.[47] However, these 

functional groups might gradually decompose into electrolyte after many cycles, 

especially those oxygen-containing acidic groups.[48] Another problem with introducing 

functional groups was the rising of electrical resistance due to increasing defects in 

carbon materials, especially in single-walled CNT and single-layered graphene. The 
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existence of functional groups and heteroatoms in their structure blocked the 

transportation of electrons.  

AC was the most widely used electrode materials for supercapacitors, especially in 

industry, due to its low price, high specific surface, and moderate conductivity. Electrons 

transportation between different particles was inefficient by either hopping to trap states 

of neighbor particles or diffusing within the extended states.[49] In contrast, carbon 

nanofibers, including CNT, had a continuous pathway of electron transportation along the 

longitude direction, and hence substantially reduced electrode resistance. It was for this 

reason, CNT and carbon fibers were better electrode materials than AC for ES application 

with good power performance. Relatively high specific surface area was also reachable 

for carbon nanofibers, which resulted in acceptable capacitive performance. Graphene, 

graphene oxide, and reduced graphene oxide were also used as electrode materials for ES. 

In comparison to AC and carbon fibers, graphene and its derivatives had much higher 

specific surface area and electronic conductivity, both of them were beneficial to ES and 

hence they attracted researchers’ attention immediately when it was first discovered in 

2004.[50] Reduced graphene oxide, which was rich in surface functional groups and 

hydrophilic, while high electronic conductivity was maintained, also attracted significant 

attention as electrode material, with even higher SC than graphene and graphene oxide. 

(ii) Transition metal oxides 

For all transition metal oxides, pseudocapacitance was the dominated contribution to total 

capacitance. These oxides included MnO2, NiO, Co2O3, TiO2, V2O5, RuO2 etc. The 

fundamental requirements of metal oxide for ES were (i) electric conductivity, (ii) 

oxidation state change with no phase change, and (iii) reversible redox reaction. In most 
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cases, metal oxides were coupled with carbon materials for the using of electrode 

materials for ES. The purposes of introducing carbon materials included increasing 

specific surface area and increasing electrode conductivity.  

 

Fig.2.9 (a) CVs for RuO2 in 1 M aqueous H2SO4 showing mirror image symmetry and 

responses to successive switching along the scanned potential range. (b) CVs for Pb-

PbCl2 battery electrode showing typical irreversibility arising with 3-dimensional 

materials undergoing chemical phase changes.[51] 

Some of the metal oxides were also used in battery, such as MnO2 and Co2O3. The 

difference between battery and supercapacitor was that, for supercapacitor a linear 

potential change with time could generate a steady current. s=dU/dt, which resulted in a 

mirror image cyclic voltamogram (CV). However, such a mirror voltamogram is not 

observed in the case of battery materials (Fig.2.9).[51] The mechanism for this difference 
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was that electrochemical reactions in ES were reversible. In contrast, battery type process 

were rarely reversible, and substantially different voltage range was required for its 

oxidation and reduction processes. 

Metal oxides for ES should have several conjunctive reversible redox reactions to form 

wide operating range of potential. It was proven by the intercalation of Li+ into MoO2 

shown in Fig.2.10. Under extremely slow scan rate, the CV of Li+ intercalation showed 

two identical peaks, corresponding to two different stages of its quasi-2-dimensional 

intercalation of Li+ into MnO2.[51] However, scan rates for ES, usually in the range of 1-

500 mV s-1, were much faster than that of batteries. For this reason, distinguished peaks 

were absent, but continuous and constant current was observed (Fig.2.11). The deviation 

from constant current and rectangular shape was caused by many reasons, including 

reversibility of redox reaction, electrode resistance, potential scan rates etc. 

 

Fig.2.10 Slow CV (9μV s-1) for pseudocapacitance associated with Li+ intercalation into 

MoO2.[51] 
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Fig.2.11 The schematic of CV for a MnO2 electrode cell in mild aqueous electrolyte (0.1 

M K2SO4) shows the successive multiple surface redox reactions leading to the pseudo-

capacitive charge storage mechanism.[14] 

MnO2 was firstly studied in 1999 for the application in pseudocapacitors.[52] The 

theoretical SC of MnO2 was 1380 F g-1.[53] However, the high capacitance could only be 

obtained in nanoscale thin film electrodes.[53, 54] So far, only 10% to 30% of the 

theoretical value could be achieved for electrodes with thick MnO2 films. The redox 

reaction of MnO2 in charge-discharge was given in Fig.2.11. MnO2 electrode materials 

have advantages of low cost, resource abundance, environmental friendly, and good 

capacitive performance. However, its electronic conductivity was depended on its 

crystalline structure, but generally very low, from 10-7 to 10-3 S cm-1.[55] So the 

transporting length of free electron in MnO2 was very short, and hence only thin layer on 

MnO2 particle surface had contribution to its pseudocapacitance.[53] Another problem 

with MnO2 electrodes was than Mn3+ formed during redox reaction, no matter what 

electrolyte was used. This process caused a dissolution of MnO2 electrode and loss of 
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capacity. So the cycling performance of MnO2 electrode was worse than that of 

EDLC.[56]  

RuO2 was the first electrode material thoroughly researched for pseudocapacitance in 

1970s.[57] Unlike MnO2, RuO2 possessed good electronic conductivity (~ 104 S cm-1 for 

bulk single crystal). It also has high theoretical SC of ~ 1500 F g-1. It was for these 

reasons, RuO2·nH2O electrode with mass loading up to 30 mg cm-2 resulted in a SC as 

high as 720 F cm-2.[58] Once it was coupled with AC to improve both conductivity and 

specific surface area, the SC of RuO2 was improved to 1340 F g-1 for thin film electrode, 

which was close to its theoretical value.[59] The drawback of RuO2 for electrode 

materials was the price and resource abundance, which was why RuO2 supercapacitors 

were only used for military applications. 

Oxides with spinel structure were also widely used for ES, including Mn3O4,[60] 

Fe3O4,[61] and Co3O4,[62] and mixed metal spinel such as MnFe2O4.[63] Spinel crystal 

structure has a molecular form of AB2O4, with tremendous 3-dimentional passways for 

ion diffusion. Like MnO2, Mn3O4 , MnFe2O4 also had poor electronic conductivity, which 

lead to low SC for heavy mass loading electrodes, varying from 10 to 300 F g-1 with a 

rectangular CVs.[60, 63] However, Co3O4 had a combined behaviors of both ES and 

battery due to the formation of oxyhydroxides during charge-discharge, as shown in 

Eq.2.7.[64] 

M3O4 + OH- + H2O ↔ 3MOOH +e-                             (Eq. 2.7) 
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Fig.2.12 CVs for a composite electrode consisting of Co3O4 nanowires in 1 M KOH from 

5 to 50 mV s−1. The inset shows the linear dependence of the anodic peak on the sweep 

rate, indicative of pseudocapacitive behavior.[64]  

The reaction of forming oxyhydroxides is a two phase reaction, involving phase 

transition and hence constant potential during charge-discharge. The phase transition 

limited the cycling and power performance of ES based on Co3O4, even though energy 

density could be larger than conventional ES. The metal oxyhydroxide could be further 

oxidized to metal oxide particles as shown in Eq.2.8. The CVs of Co3O4 are presented in 

Fig.2.12, where several redox peaks were observed, corresponding to phase transition 

reactions and oxidation reaction. Thus the energy storage of such kind materials 

combined pseudocapacitance and battery contribution. 

MOOH + OH- ↔ CoO2 + H2O + e-                                 (Eq.2.8) 

(iii) Transition metal nitrides 

Transition metal nitrides shared many common properties with transition metal oxides or 

oxyhydoxides, such as two or more oxidation states, and highly reversible 
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electrochemical reaction. Unlike metal oxides, nitrides have a voltage window in 

negative range, and high electronic conductivity. Because of high SC and density, the 

volumetric capacitances of nitrides were much higher than that of EDLC. So nitrides 

could substitute carbon materials in the fabrication of ES devices.  

 

Fig.2.13 The (a) CVs of VN nanocrystals synthesized at 400 ℃ at various scan rates (2-

100 mV s-1) in 1 M KOH electrolyte (∆V: 0 to -1.2 V) and (b) specific capacitance versus 

scan rates with different active material loading.[65] 

VN was firstly reported to have pseudocapacitive behavior in 2006.[65] The electronic 

conductivity of VN was up to 82 S cm-1, much higher than that of V2O5 (10-6 S cm-1). The 
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CVs of VN in KOH electrolyte are given in Fig.2.13, where obviously several redox 

peaks existed. The voltage window was extended from 0 to -1.2 V. The highest SC of 

1340 F g-1 was achieved at 2 mV s-1 (Fig.2.13).[65] However, SCs from other 

experiments only varied from 50 to 300 F g-1.[66-69] 

The origin of pseudocapacitance was believed to be attributed to the coating layer of 

V2O5 on VN particles, as illustrated in Fig.2.14. The three redox peaks of CVs were 

ascribed to transition of oxidation states from II, III and IV in an alkali electrolyte.[65, 70] 

XPS experiments proved the existence of vanadium oxide in the particles and a transition 

of oxidation states of vanadium atoms during charge/discharge. So the following charge-

discharge (Eq.2.9) mechanism was proposed 

VNxOy + OH- ↔ VNxOy║OH- + VNxOy-OH                          (Eq. 2.9) 

where VNxOy║OH- represented the double layer of hydroxide ions adsorbed on no 

specific sites of the surface of VNxOy. VNxOy-OH stood for successive oxidation of 

VNxOy by hydroxyl species, which arose much pseudocapacitance.  

 

Fig.2.14 Illustration of vanadium oxide coated VN.[65] 

Other nitrides included TiN,[71] and MoN,[69] with negative voltage window and 

pseudocapacitance. The common limitation of transition metal nitrides was the cycling 
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performance. One thousand cycles in aqueous electrolyte could result in only 10 to 60 % 

of their original SC.[22, 65, 72] It was found that potential window had great influence 

on the capacitance retention for VN. Small voltage window resulted in a better cycling 

performance, with sacrifice of SC.[68] Further investigations regarding to transition 

metal nitride were focused on improving cycling stability and capacitive performance.  

(iv) Conducting polymers 

Conducting polymers were polymers with conjugated bonds along their backbones. The 

conjugated bonds provided conductivity to polymer. The most studied polymer for 

application of ES were PPy (Fig.2.15F), polyaniline (Fig.2.15D), and other derivatives of 

polythiophene (Fig.2.15).[73]  

 

Fig.2.15 Various conducting polymer structures. (A) Trans-poly(acetylene), (B) cis-

poly(acetylene), (C) poly(p-phenylene), (D) polyaniline (PAni), (E) poly(n-methyl 
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aniline) (PNMA), (F) polypyrrole (PPy).  

Table 2.4 summarized these polymers with their dopant level, theoretical SC, and 

typically measured SC.[74] The reason that conducting polymers had higher SC than 

carbon materials was because they underwent redox reactions during charge-discharge, 

not simply adsorption/desorption of ions as existed in carbon materials. But the 

improvement of SC was associated with sacrifice of power performance since redox 

reaction took longer time than adsorption/desorption. The conductivity of conducting 

polymers was highly depended on dopant level, from 1 S cm-1 to 103 S cm-1.[75, 76] 

Nevertheless, it was still much higher than that of transition metal oxides or nitrides, 

which paved the way for good power performance. Other advantages of conducting 

polymers included low cost, resource abundance etc. 

Table 2.4 Theoretical and experimental specific capacitances of conducting polymers.[74] 

Conducting 

polymer 

Mw 

(g mol-1) 

Dopant 

level 

Potential 

range (V) 

Theoretical 

SC (F g-1) 

Measured 

SC (F g-1) 

PAni 93 0.5 0.7 750 240 

PPy 67 0.33 0.8 620 530 

PTh 84 0.33 0.8 485 - 

PEDOT 142 0.33 1.2 210 92 

 

Conducting polymers could be either p-doped with anions (A-) (Eq.2.10) when oxidized 

or n-doped with cations (C+) (Eq.2.11) when reduced. The discharge reaction was the 

reverse of these reactions. The doping-undoping process was the charge-discharge 

process, which essentially was the insertion-deinsertion of counter ions in polymer chains. 

The conductivities of conducting polymers were highly depended on doped states. 

However, they were more conductive than most metal oxides in general, which resulted 
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in better capacitance retention and power performance. Table 2.5 summarized 

conductivity of different polymers.[74] 

Cp + nA- → Cpn+(A-)n + ne- (p-doping)                           (Eq. 2.10) 

Cp + ne- + nC+ → Cpn-(C+)n (n-doping)                           (Eq. 2.11) 

Table 2.5 Typical conductivity of different conducting polymers 

Polymer Conductivity (S cm-1) 

PAni 0.1 - 5[77-79] 

PPy 10 - 50[80] 

Polythiophene (PTh) 300-400[75] 

 

(v) Composite materials 

Double-layer capacitive materials had good capacitance retention, power performance, 

and cycling stability for its high conductivity and high specific surface area, but with 

drawbacks of low energy density. Pseudocapacitive materials offered high energy density 

with sacrifice of cycling stability and power delivery because of its redox reactions 

during charge-discharge and low conductivity. Hybrid system could be used to combine 

advantages of both double-layer capacitive materials and pseudocapacitive materials to 

produce composites with good capacitive, cycling stability, power, and energy storage 

performances.  

The general idea was using the high conductivity and high specific surface area carbon 

materials and high SC of pseudocapacitive materials. As stated above, MnO2 had a 

theoretical SC of 1380 F g-1.[53] Because of its low conductivity, the high SC could only 

be achieved for thin film electrodes with a thickness of nanometers. The total energy 

stored in the electrodes was very low due to limitation of MnO2 mass loading. However, 
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if the MnO2 nanoparticles were distributed on carbon materials with large specific surface 

area, the high SC of MnO2 and large mass loading could be achieved simultaneously, as 

proposed in Fig.2.16.[14] 

 

Fig.2.16 Possible strategies to improve both energy and power densities for 

electrochemical capacitors. Decorating activated carbon grains (a) with pseudo-capacitive 

materials (b). Achieving conformal deposit of pseudo-capacitive materials (d) onto highly 

ordered high-surface-area CNT (c).[14] 

2.5 Fundamentals of electrophoretic and electrolytic deposition 

Electrophoretic deposition (EPD) is one of the methods of preparing thin film electrode 

for ES. To achieve a successful EPD, particles must be dispersed in one solvent 

homogeneously to form a stable suspension. The stability of particles in a suspension is 

predicted by the DLVO theory, which is named after Dejaguin, Landau, Verwey, and 

Overbeek. 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

37 

 

Fig.2.17 illustrates the interaction between two particles in a suspension. The total energy 

of two particles in a suspension is dominated by two energies, energy due to van der 

Waals attraction energy (VA) and energy due to electrostatic double layer repulsion 

energy (VR). The total internal energy between the two particles (VT) in suspension was 

given in Eq.2.12. 

VT = VA + VR                                                      (Eq.2.12) 

The VA and VR were expressed in detail in Eq.2.13 and Eq.2.14, respectively. 

𝑉𝐴 =
−𝐴

12𝜋𝐷2
                                                         (Eq.2.13) 

𝑉𝑅 = 2𝜋𝜀𝑎𝜉2𝑒−κ𝐷                                                   (Eq.2.14) 

Where A is the Hamaker constant, D is the particle separation, a is the particle radius, π is 

the solvent permeability, ξ is the zeta potential, and κ is a function of the ionic 

composition.  

 

Fig.2.17 Schematic illustration of interaction between two particles in suspension. 

The Debye length is defined as κ-1, which is expressed in Eq.2.15 and showed in Fig.2.17. 

κ = (
e0

2 ∑ nizi
2

εε0kT
)1/2                                                  (Eq.2.15) 
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where e0 is the electron charge, k is the Boltzmann constant, T is the absolute temperature, 

ni is the concentration of ions with valence zi. The increase of free ion concentration 

and/or valence causes a reduction of Debye length and hence repulsive energy.  

VT varies with the D, with their relationship showed schematically in Fig.2.18. The 

primary minimum in the interaction energy curve results at particle/particle contact (D=0). 

As particles separation increases, the role of repulsive energy increases and becomes the 

domination of total internal energy. An energy barrier (EB) exists, which prevents particle 

coagulation and agglomeration in suspension. Beyond the energy barrier, a secondary 

shallow minimum develops. Particles could form a reversible coagulation at the distance 

secondary minimum. However, once particles have enough energy to pass the energy 

barrier, irreversible coagulation occurs. 

To maintain stability of a suspension, the repulsive energy should be the dominate factor 

in the total internal energy. Electrostatic, steric, and electrosteric stabilization are widely 

used to improve stability of colloidal suspension. The steric stability involves the adding 

of polymer to a colloidal suspension. The polymer molecules are attached to the particles 

and prevent them from contacting each other. Electrostatic stability is using the 

electrostatic force between particles to avoid contacting of particles. Colloidal particles 

adsorb ions and carry same charges in the suspension. The same charges create 

electrostatic repulsive force and hence improve colloidal stability. Polymer with 

appropriate functionalities can improve colloidal stability with both steric stabilization 

and electrostatic stabilization, which is referred as electrosteric stabilization. Such 

polymers are named ionic polymeric dispersants.[81] 
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Fig.2.18 Schematic of the interaction energy as a function of separation between two 

particles in suspension.[82]  

EPD is a colloidal process of moving stable dispersed colloidal particles from suspension 

to electrode forming coating on substrates. The schematic process is shown in Fig.2.19. 

The motivation of particles movement is the DC field and particles charges.  

EPD is a combination of two process, electrophoresis and deposition. Electrophoresis is 

the motion of charged particles in a suspension under influence of an electric field. 

Deposition is the coagulation of particles to a dense mass on a substrate. In order to 

achieve efficient EPD, particles must be dispersed into solvent forming a stable colloidal 

suspension, where charged particles are free to move inside the suspension. Compared to 
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other techniques, EPD is versatile for many applications. It also has precise control of 

film thickness and quality by adjusting voltage, concentration, and dispersants. 

Depending on which electrode the EPD film forming on, the EPD could be categorized 

into anodic EPD and cathodic EPD. 

 

Fig.2.19 Schematic drawing of EPD cell showing the process[82] 

Electrolytic deposition (ELD) is the procedure of producing ceramic thin films from 

solutions of metal salts. According to the places of electrode reaction, ELD can be 

categorized to cathodic ELD and anodic ELD. The mechanism of ELD can be explained 

by DLVO theory. Applied voltage causes ions movement and creates regions with high 

ion concentration. According to the DLVO theory, flocculation is observed once 

electrolyte concentration exceeds its critical value. The deposition during ELD is caused 

by formation of a flocculate introduced by the electrolyte.[83]  
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In cathodic ELD, cathodic reaction generates large amount of OH- groups. Therefore the 

local pH increases near electrode. Metal ions adsorb OH- and hydrolyzed on electrode 

surface to form colloidal particles (Eq.2.16). The particles coagulated and deposited on 

the electrode gradually. In the bulk solution, metal ions are stable in the environment of 

low pH. 

Mn+ + n(OH-)  M(OH)n↓                                   (Eq.2.16) 

 Anodic ELD is an oxidation process, where metal ion in lower oxidation state is oxidized 

to higher oxidation state (Eq.2.17). So the criteria of electrolyte is that metal ion in lower 

oxidation state is stable. Metal ion in higher oxidation state is rapidly hydrolyzed to yield 

metal oxide or hydroxide (Eq.2.18). 

Mz+  M(z+∆)+ + ∆e-                                       (Eq.2.17) 

M(z+∆)+ + (z+∆) OH-  M(OH)z+∆  MO(z+∆)/2↓ + (z+∆)/2 H2O       (Eq.2.18) 

2.6 Applications of ES 

ES were used when high power delivery and long cycle life were needed, such as power 

buffers and energy recovery systems. Supercapacitors were not invented to substitute 

batteries in market, but as a complementary for batteries to provide uninterruptible power 

supply. Because of small ESR compared with battery, the power delivery of ES was 

much faster than that of battery, which made ES to supply large amount of energy in a 

very short time without side effects such as heating and reducing lifetime. Another 

advantage of ES was its extremely long cycle life, up to 106 times, under fast charge-

discharge.[24, 84] For comparison, Li-ion batteries had a cycle life of only hundreds 

times, which could even be dramatically reduced under fast charge-discharge because of 
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degradation of active materials in electrode.[9] The comprehensive comparison between 

battery and supercapacitor was listed in Table 2.6.[85] So the ES was also widely used in 

applications where long cycle life was demanded, such as wind farm. 

Table 2.6 Comprehensive comparison between supercapacitor and battery[85] 

Attribute Supercapacitor Battery 

Power Density >1000 W kg-1 <500 W kg-1 

Energy Density < 20 Wh kg-1 10-300 Wh kg-1 

Cold Temperature <-40 ℃ -20 ℃ 

Hot Temperature +65 ℃ +40 ℃ 

Columbic Efficiency 98% 95% 

Charging Time <1 min >30 min 

Energy Efficiency 88%-98% 70%-85% 

Self-Discharge Hours Days 

Cycle life 106-108 102-103 

Lifetime 8-14 years 1-5 years 

Toxicity Non-toxic Partially 

Monitoring Not Required Sophisticated 

Handing Human Handing Requires Equipment 

 

Uninterruptible power supply was demanded in many systems including microelectronics 

and electronic vehicles. However, peak power demands were frequently needed in many 

circumstances, such as flash light of cameras and engine cranking. Batteries couldn’t 

afford such high power demands because of intrinsic limitations such as large internal 

resistance, or frequent peak power supply could dramatically reduce batteries lifetime. 

Power density for supercapacitor typically ranges from 103 to 104 W kg-1. In contrast, 

power density for the Li-ion battery is typically from 300 to 1500 W kg-1. The role of ES 

is to supply pulse power demand and maintain a constant current output from battery, 

which could result in a longer lifetime for battery. 
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Fig.2.20 High power LED supercapacitor solution block diagram[86] 

Fig.2.20 shows the circuit using ES to power LED flash for high resolution camera 

phones.[86] When LED flash was not in use, battery was charging the supercapacitor 

series. Once charged, supercapacitor series was capable to deliver high current in a very 

short time (<0.2 s) to power the LED flash. Once discharge finished, the battery started to 

charge the supercapacitor series again. With the use of supercapacitor, battery doesn’t 

participate in the peak power supply for LED flash and hence the lifetime was extended. 

Other usage of ES included backup power for computer memories, power for cordless 

tools such as screwdrivers and electric cutters.  

The ERS of ES was much smaller than that of battery and fuel cell, so the ES could be 

charged or discharged with extremely high current without heating problem. In 

comparison, the overheating was inevitable for battery under large current 

charge/discharge, so the charge/discharge current must be limited. Another advantage of 

supercapacitor is that it can accept a large range of charging/discharging currents. The 

energy of a supercapacitor is dependent on its voltage. So the monitoring of an ES is 

simpler and cheaper. The properties of an ES are determined by electrolytes, such as 
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electrochemical stability voltage, freezing point of electrolyte and ion mobility in 

electrolyte. The temperature range of an ES varies from -45 ℃ to 60 ℃ with no 

significant changes of capacitance and ESR.[87] In contrast, the Li-ion battery has a 

dramatically decrease of performance under 0 ℃.[88] These features of ES makes 

them suitable for energy recycling applications. For conventional vehicles, braking 

energy is transformed to heat and wasted. The regenerative braking application can 

transfer braking energy to electric energy with high current, which can be absorbed by 

and stored in supercapacitor.[89]  

Comparing with battery, ES has much longer cycle life and lifetime as indicated in Table 

2.6. The good cycling performance (106-108 cycles) and long lifetime (~15 year) make 

the ES a good candidate for hybrid vehicles to improve fuel economy and reduce 

emission gas in the whole lifespan of this vehicle.[90, 91] Moreover, ES are 

environmental friendly in operating, and waste disposing. So the use of ES for hybrid 

vehicles brings no environmental pollution.[92]  
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Chapter 3 Problem statements and proposals 

 

3.1 Problem statements 

(i) Challenges of EPD technology for films forming of nanostructured materials 

EPD is an important colloidal technique for the fabrication of inorganic, polymer and 

composite films for electronic, catalytic, biomedical, energy storage and other 

applications.[1] EPD is achieved via motion of charged particles in a suspension under an 

applied electric field, followed by particle coagulation and deposition at the electrode 

surface[2]. EPD technology has faced a new challenge with increasing interest in 

nanostructured materials[3]. The dispersion of nanoparticles in suspensions presents 

difficulties, attributed to their high surface area and strong tendency for agglomeration. It 

was found that particle size reduction introduced problems related to electric field 

induced agglomeration during EPD[4]. Moreover, stirring of suspensions containing very 

fine particles promoted their agglomeration and sedimentation, which reduced the EPD 

yield[4].  

Despite the impressive progress achieved in the EPD of various materials, there is a need 

for simple and versatile methods for efficient chemical modification, dispersion, charging 

and deposition of colloidal nanoparticles. The chemical interactions of inorganic 

nanoparticles with charging or dispersing agents are especially important and must be 

well understood to predict the adsorption mechanism and dispersion efficiency[5].  

(ii) Problems related to cathodic EPD of composite films  
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The electrochemical strategies for the fabrication of composite materials combined EPD 

of CNT or graphene and various electrochemical methods for the electrodeposition of 

inorganic and organic materials[6]. Composite films were obtained by cathodic and 

anodic EPD[7]. It is important to note that anodic EPD introduces inherent problems 

related to anodic oxidation and dissolution of non-noble metallic substrates. Moreover, 

anodic deposition has limited applications for the fabrication of composites. It is in this 

regard that metals can be deposited by cathodic electroplating methods. Various 

electrochemical techniques were developed for the cathodic electrosynthesis of oxides 

and hydroxides[4], whereas only limited number of oxide materials can be produced by 

anodic electrosynthesis methods.  

(iii) Problems related to the forming of composite films 

There is increasing interest in the EPD of nanocomposites, combining advanced 

functional properties of oxide nanoparticles and CNT[8]. EPD is especially attractive for 

the fabrication of MnO2-CNT or MnO2-graphene composites for application in 

electrochemical supercapacitors (ES). The interest in application of MnO2 for electrodes 

of ES is attributed to high specific capacitance of this material. However, difficulties are 

attributed to the dispersion of MnO2 nanoparticles and fabrication of suspensions of 

sufficient concentration [9] for application in EPD. CNT or graphene are usually added to 

MnO2 in order to increase the electronic conductivity of the composite electrodes and 

improve the power density of ES[10]. The use of CNT or graphene as conductive 

additives offers benefits of their high surface area and low percolation threshold. 

However, the specific capacitances of CNT and graphene are low. Therefore, the 
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fabrication of MnO2-CNT or MnO2-graphene electrodes requires efficient dispersion of 

CNT and graphene and optimization of the CNT and graphene contents in the composites. 

Significant effort has been invested in the development of functionalization strategies, 

which included both covalent and supramolecular approaches[11]. However, polymer 

“wrapping” and supramolecular dispersion methods often result in the formation of CNT 

and graphene bundles[12]. Many attempts have been made to improve wetting properties 

of CNT in solvents by oxidation in strong acids or mixtures of acids[13]. It was shown 

that under acidic conditions, defective sites in the CNT and graphene are attacked, 

resulting in the formation of fragmented CNT and graphene decorated with carboxylic 

and other oxygen-containing groups on their surface. These acidic groups 

electrostatically stabilized the CNT and graphene in suspensions and provided a negative 

charge for EPD[7]. However, the oxidation and functionalization strategies introduce 

defects on its sidewalls and reduce its electronic conductivity. In another approach, the 

charging of CNT for EPD was achieved by adsorption of metal ions from added metal 

salts[7]. It should be noted that the addition of metal salts results in lower suspension 

stability, attributed to increasing ionic strength of the suspension. The metal ions usually 

incorporate into the cathodic deposits as corresponding hydroxides and contaminate the 

deposits. However, metal hydroxides[14] or polymers[12] incorporated into the deposits 

provided improved film adhesion, due to their binding properties. 

(iv) Additives with dual roles of dopants for PPy and dispersants for MWCNT 

The success in application of PPy for energy storage in ES devices will depend largely on 

the development of efficient electrodes with high specific capacitance at high PPy mass 

loadings. However, it was found that the increase in active mass loading resulted in 
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increased electrode resistance and reduced capacitance[15]. Moreover, high active 

material loading results in worse capacitance retention at high scan rates or fast charge-

discharges[16]. To solve this problem, composite electrodes of PPy and CNT were 

proposed[17], utilizing high capacitance of PPy and high conductivity of CNT. 

The development of advanced dopants for PPy polymerization is a subject of intense 

experimental work[18]. It was demonstrated that with the variation of the dopant anion, 

the conductivity of the PPy thin films can differ by three orders of magnitude[19]. 

Considerable attention[20] has been given to the development of polyaromatic dopants, 

which promoted preferred orientation of pyrrole ring parallel to the electrode or growth 

surface and allowed enhanced conductivity. It was found[21] that dopants showed 

significant influence on the size and shape of PPy particles, electrochemical performance, 

voltage window and cyclic stability of PPy, prepared by chemical polymerization. 

The use of polyaromatic dopants offers additional benefits for the fabrication of PPy -

MWCNT composites. The dispersion of MWCNT in the PPy matrix is important for the 

fabrication of efficient electrodes. A critical property of the dispersant is its adsorption on 

the MWCNT surface. 

(v) Improving energy and power density through enlarging voltage window 

The voltage windows of aqueous symmetric ES, containing two similar MnO2[22], 

PPy[23], or PPy-CNT composite[24] electrodes are typically about 0.9 V. The 

improvement in power-energy characteristics of ES can be achieved by the increase of 

voltage window. Larger voltage windows were achieved in asymmetric ES, containing 

polypyrrole based composites as positive electrodes and activated carbon as negative 

electrodes[25]. However, difficulties were attributed to low specific capacitance of 
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activated carbon electrodes, especially at high mass loadings[26]. Recent studies revealed 

high capacitance of VN-MWCNT electrodes at relatively high active mass loadings in the 

negative potential range in the Na2SO4 electrolyte. Therefore, VN-MWCNT composites 

are promising materials for the fabrication of asymmetric ES with increased voltage 

window. 

3.2 Proposals and approaches  

The objective of this investigation was the development and testing of supercapacitor 

electrodes and devices. It was achieved by 

(i) Development of new methods for dispersion, electrophoretic deposition and co-

deposition of MWCNT and MnO2. 

(ii) Development of new methods for cathodic deposition of MWCNT-graphene 

composites. 

(iii) Development of pulse electrolytic deposition of porous MnO2 

(iv) Development of VN-MWCNT synthesis and its application for ES 

(v) Discovery of new dopants and electrochemical active dopants for PPy 

(vi) Synthesis of PPy coated MWCNT and its application for ES. 

(vii) Analysis and optimization of microstructure of new materials 

(viii) Fabrication and testing of symmetric and asymmetric devices, investigation of 

capacitance, impedance, power-energy characteristics, capacitance retention at different 

charge-discharge rates and cyclic stability. 
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Chapter 4 Experimental Procedures 

 

4.1. Materials synthesis   

(i) MnO2 nanoparticles 

MnO2 nanoparticles were prepared by reduction of KMnO4 using ethanol (Eq.4.1).  

4MnO4
− +3CH3CH2OH→ 4MnO2 + 3CH3COO − + OH − +4H2O            (Eq.4.1) 

50 mL dehydrated ethanol was added into 100 mL 0.21 M KMnO4 solution under 

vigorous stirring for 24 hours. The black precipitation was collected using filtration and 

washed using 2 L water and 0.5 L dehydrated ethanol to remove ions and organics. The 

final powder was further dried in air for 48 hours and stored in desiccator. The full 

process is schematically shown in Fig.4.1 MnO2 nanoparticles obtained using this method 

had an diameters varying from 30 to 60 nm.[1] 

 

Fig.4.1 Schematic illustration of MnO2 synthesizing process 

(ii) VN nanoparticles and VN-MWCNT composite 

The method for the fabrication of VN from V2O5 and melamine was similar to that 

described in the literature.[2, 3] In a typical procedure 0.5 g of V2O5 was dissolved in 80 

mL of 0.14 M oxalic acid aqueous solution. After drying, the obtained powder was mixed 
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with 2.5 g of melamine and annealed at 800 ℃ in N2 gas atmosphere during 3 h. This 

procedure was modified for the fabrication of a composite, containing VN (67 wt%) and 

MWCNT (33 wt%). In the modified procedure, MWCNT were dispersed in the oxalic 

acid solution, containing dissolved V2O5, using ultrasonication. After drying and mixing 

with melamine the obtained material was annealed at 800 ℃ in N2 gas atmosphere during 

3 h. The full process was illustrated schematically in Fig.4.2. 

 

Fig.4.2 Schematic illustration of VN-MWCNT synthesizing process 

(iii) PPy nanoparticles PPy coated MWCNT 

In this synthesis, additives played both roles of dispersants for MWCNT and graphene 

and dopants for PPy. The additives used for the preparation of PPy included sulfanilic 

acid azochromotrop (SPADNS), sulfonazo III sodium salt (CHR-BS), 4-amino-5-

hydroxynaphthalene-2,7-disulfonic acid monosodium salt hydrate (AHDA), and diamine 

green black (DAGB). 

The method for the synthesis of PPy coated MWCNT (PPy-MWCNT) was based on the 

use of anionic dopants for PPy polymerization and dispersants for MWCNT.  In a typical 

procedure, 1.25 g L-1 MWCNT was dispersed in 80 ml of ethanol using 5 mM dispersants 

(e.g. SPADNS, CHR-BS, AHDA, DAGB etc.) to form a homogeneous suspension under 

ultrasonication. The suspension was kept in ice-water bath for 1 hour under magnetic 
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stirring and then pyrrole (Py) was added. The MWCNT:PPy mass ratio was in the range 

of 1:9 to 3:7. Polymerization was performed by very slow addition of 55 mM APS to the 

suspension with the adding rate of 2 mL per minute. The reaction was performed during 

24 h using ice-water bath. The precipitate was filtrated and dried in air for 24 hours. PPy 

nanoparticles were synthesized in the same way without MWCNT. 

4.2 Film preparation using EPD and ELD techniques 

ELD and EPD were performed using a constant current/constant voltage power supply 

(EPS 2A200, Amersham Biosciences). The whole procedure was schematically 

illustrated in Fig.4.3, where solvent was used for ELD and suspension was used for EPD. 

Stainless steel foils (2.5×5 cm) and Ni foams (1×3 cm) were used as substrates with 

platinum counter electrode. The distance between substrate and platinum counter 

electrode was 15 mm. Depending on whether it was cathodic reaction or anodic reaction, 

proper potential difference was applied to two electrodes. The deposition yield was 

measured using balance with 0.01 mg accuracy. The deposition yield-deposition time, 

deposition yield-concentration, and deposition yield-deposition voltage could be obtained 

with varying proper parameters during EPD and ELD. 

 

Fig.4.3 Schematic illustration of the procedure for EPD and ELD. 

For pulse EPD and ELD (Keithley modle 2400 series sourcemeter), the voltage was 
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controlled to apply and stop for a very short time (less than 1 s). The ON time and OFF 

time and the ratio between them had great influence to the morphology of deposited film.   

4.3 Materials characterization techniques 

 (i) Crystallinity study  

X-ray diffraction (XRD) investigations were carried out using Bruker D8 diffractometer 

and Co Kα radiation.  

(ii) Morphology study 

Electron microscopy studies were performed using JEOL JSM-7000F scanning electron 

microscope (SEM) and FEI Tecnai Osiris transmission electron microscope (TEM) 

equipped with super X field emission gun (X-FEG) and ChemiSTEMTM X-ray detection 

system for energy-dispersive X-ray (EDX) spectroscopy. High angle annular dark field 

(HAADF) method in the STEM mode was used to form images and perform EDX 

analysis. The Esprit software was used for elemental mapping. 

(iii) Composition study 

Fourier transform infrared spectroscopy (FTIR) studies were performed on Bio-Rad FTS-

40 instrument. The Ultraviolet-Visible (UV-vis) spectra were obtained using a Cary-50 

UV-Vis spectrophotometer. The thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA) investigations were carried out in air at a heating rate of 5 ℃ 

min-1 using a Netzsch STA-409 thermoanalyzer. 

(iv) In-situ deposit yield study 

The deposition kinetics has been investigated in-situ using a quartz crystal microbalance 
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(QCM 922, Princeton Applied Research) controlled by a computer. The deposit mass Δm 

was calculated using Sauerbrey’s equation (Eq.4.2).[4, 5] 

∆𝐹 =
2𝐹0

2

𝐴√𝜌𝑞𝜇𝑞
× ∆𝑚                                         (Eq.4.2) 

where ΔF is the frequency decrease of the QCM, F0 is the parent frequency of QCM (9 

MHz), A is the area of the gold electrode (0.2 cm2), ρq is the density of quartz (2.65 gcm-3) 

and µq is the shear modulus of  quartz ( 2.95 1011 dyne cm-2). 

4.4 Electrode fabrications using EPD and ELD 

(i) MWCNT-MnO2 composite films using 1-pyrenebutyric acid (PBH) as dispersant. 

PBH was dissolved in water at pH=8. The pH of the solutions was adjusted using NaOH.  

The aqueous EPD baths for deposition of PBH and composite films contained 0.1-2 g L-1 

PBH, 0-1 g L-1 MWCNT and 0-4 g L-1 MnO2. Before the deposition, the suspensions, 

containing MWCNT and MnO2, were ultrasonicated for 30 min to achieve a 

homogeneous dispersion. Electrophoretic deposits were obtained on various conductive 

substrates, such as stainless steel and Pt foils and platinized silicon wafers (3050 mm). 

The deposition was performed at constant voltages of 1-10 V. The deposition time was 

varied in the range of 0-10 min. After deposition, the deposits were dried in air for 48 h. 

(ii) MWCNT-MnO2 composite films using calconcarboxylic acid (CCA) as a dispersant 

Electrophoretic deposits were obtained on stainless steel substrates (2550 mm) using 

suspensions, containing 0-1 g L-1 MWCNT and 0-10 g L-1 MnO2 in ethanol. The 

concentration of chromotrope FB (CFB) and CCA in the suspensions was varied in the 

range of 0-1 g L-1. Before the deposition, the suspensions were ultrasonicated for 30 min 
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to achieve a homogeneous dispersion. The deposition was performed at constant voltages 

of 20-60 V. The deposition time was varied in the range of 0-10 min. After deposition, 

the deposits were dried in air for 48 h. 

(iii) MWCNT-graphene composite film using crystal violet as a dispersant 

EPD was performed from aqueous 0.1-1 g L-1 crystal violet solutions containing 0-1 g L-1 

MWCNT or graphene. The solutions were ultrasonicated for 10 min in order to achieve 

homogeneous dispersions of MWCNT or graphene. The deposition voltage for MWCNT 

dispersions was varied in the range of 1-10V, whereas the deposition from graphene 

dispersions was achieved at voltages of 10-50V. Cathodic deposits were obtained on 

stainless steel and platinized silicon wafer substrates. The deposition time was varied in 

the range of 0-10 min. After deposition, the deposits were dried in air for 48 h.   

(iv) MWCNT-graphene composite film using methyl violet as a dispersant 

The deposition of methyl violet was performed at constant voltages in the range of 5-20 

V from aqueous 0.1-1 g L-1 MV solutions. The deposition process was studied using CV 

at a scan rate of 20 mV s-1.  Aqueous MWCNT and graphene suspensions for EPD, 

containing dissolved methyl violet as dispersant, were ultrasonicated for 30 min to 

achieve homogeneous dispersions. EPD was performed at deposition voltages of 1-11 V 

and 20-50 V for MWCNT and graphene suspensions, respectively, from their aqueous 

suspensions with concentrations varying in the range of 0.1-1 g L-1. Stainless steel foils 

(2.5×5 cm) were polished, washed with distilled water and used as substrates for EPD. A 

constant voltage EPD was performed using a power supply. The deposits were dried in 

air for 24 hours. 
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(v) Pulse deposition of porous MnO2 films on Ni foam electrode 

Commercial Ni plaques with 80% volume porosity and thickness of 1.8 mm (Vale 

Company) were used as substrates. Pulse electrosynthesis was performed from prepared 

10 mM KMnO4 solutions, containing 50 mM Na2SO4 as a supporting electrolyte. 

Electrosynthesis was performed in a pulse regime at a current density of 1 mA cm-2 

during the ON time, which was varied from 0.01 to 0.5 s, and ON/OFF time ratio of 0.5. 

4.5 Electrode and ES device fabrications using impregnation 

Powder was fabricated into electrode using slurry impregnation. In a typical procedure, 

nanoparticles of electrochemical active materials (e.g. MnO2, VN etc.) and carbon 

materials (e.g. AC, MWCNT, graphen etc.) with proper mass ratio were mixed under 

grinding in ethanol with 5 wt% PVB (Polyvinyl butyral) binder. The slurry was then 

pasted on Ni foam current collector (95 vol% porosity) in an area of 11 cm2 with an 

areal density from 5 mg cm-2 to 50 mg cm-2. Once dried, the electrode was pressed into 

20% of its original thickness using roller to improve contacting between electrode 

material and current collector.  

Different types of ES devices were prepared. The separator of all ES device was a porous 

polyethylene membrane (mean pore size 0.4 m, Vale, Canada). The coin cell devices 

(CR2032 type, MTI Corporation, USA) were sealed using a hydraulic crimping machine 

(MSK-110, MTI Corporation, USA). The fabricated devices included (i) VN-

MWCNT/MnO2-MWCNT asymmetric ES device, (ii) PPy-MWCNT/PPy-MWCNT 

symmetric ES device, and (iii) VN-MWCNT/PPy-MWCNT symmetric ES device. 
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4.6 Electrochemical characterization 

(i) Cyclic voltammetry 

Cyclic voltammety (CV) of single electrodes, coin cell devices, and modules of several 

devices was tested using a potentiostat (PARSTAT 2273, Princeton Applied Research). 

Single electrodes were tested using three electrodes setup (Fig.4.4), where the reference 

electrode and counter electrode were the standard calomel electrode (SCE) and platinum 

gauze, respectively.  

 

Fig.4.4 Three electrodes sensor topology. 

CV was performed in 0.5 M Na2SO4 aqueous electrolyte. The scan rates for CVs were 

varying from 2 mV s-1 to 100 mV s-1. The SC was calculated using half the integrated 

area of the CV curve to obtain the charge (Q), and subsequently dividing the charge by 

the width of the potential window (∆U) and film mass (m) for gravimetric SC (Cm, Eq.4.3) 

or area (S) for areal SC (CS, Eq.4.4). 

𝐶𝑚 =
𝑄

∆𝑈∙𝑚
                                                    (Eq.4.3) 

𝐶𝑆 =
𝑄

∆𝑈∙𝑆
                                                      (Eq.4.4) 
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(ii) Electrochemical impedance spectroscopy 

The electrochemical impedance spectroscopy (EIS) was also tested using a potentiostat 

(PARSTAT 2273, Princeton Applied Research) in a frequency (f) range of 10 mHz-100 

kHz under sinusoidal signal with amplitude of 5 mV to obtain the complex impedance 

(Eq.4.5). The EIS in Nyquist plot were simulated using a ZSimpWin (Princeton Applied 

Research) and equivalent circuit was given to each Nyquist plot. 

Z*=Z'-i·Z''                                                        (Eq.4.5) 

The complex capacitance (C*, Eq.4.6) was calculated from corresponding impedance data. 

The real part (C', Eq.4.7) reflected the capacitance performance and the imaginary part 

(C'', Eq.4.8) reflected the energy dispersion of ES electrode or device.[6] 

C*=C'-iC''                                                         (Eq.4.6) 

𝐶′ =
𝑍′′

2𝜋𝑓𝑍2
                                                      (Eq.4.7) 

𝐶′′ =
𝑍′

2𝜋𝑓𝑍2
                                                     (Eq.4.8) 

(iii) Cyclic charge-discharge 

Cyclic charge-discharge is a technique to characterize capacitive performance and cyclic 

stability of ES devices. A complete charge and discharge loop is called one charge-

discharge cycle. 

The charge-discharge loops were conducted at constant current (I) varying from 0.1 mA 

to 50 mA with voltage limits (∆U) of 0.9 V for PPy-PPY devices, 1.3 V for PPy-VN 

devices, and 1.8 V for MnO2-VN devices using charge-discharge analyzer (BST8, MTI 
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Corporation). The total charge (Q) was calculated (Q=I·t, t-discharging time) from each 

cycle and the capacitance (C) is calculated from Eq.4.3 and Eq.4.4. 

The energy density (Ed) and power density (Pd) was calculated from Eq.4.9 and Eq.4.10, 

respectively, for each charge-discharge at different constant currents, where t is the 

discharging time and m is the electrode mass. Ragone plot was obtained from energy 

density and power density data. 

𝐸𝑑 =
∫ 𝑈𝐼𝑑𝑡
𝑡

0

𝑚
                                                      (Eq.4.9) 

𝑃𝑑 =
𝐸𝑑

𝑡
                                                        (Eq.4.10) 
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Chapter 5 Pulse electrosynthesis of MnO2 

electrodes for supercapacitors 

 

5.1 Electrosynthesis of MnO2 from KMnO4 solution using pulse ELD 

Cathodic electrosynthesis allowed the impregnation of Ni plaques with MnO2. Fig.5.1 

shows electrosynthesis yield data for various conditions. The deposit mass increased with 

increasing deposition time (Fig.5.1A), indicating the possibility of mass loading variation 

in the range of 0.1-13 mg cm-2. The deposition rate increased with increasing pulse 

duration (ON) in the range of 0.01-0.1 s and remained nearly constant at higher pulse 

duration (Fig.5.1B). The result indicated that the use of Ni plaque current collectors 

allowed significantly higher deposition yields, compared to the metal foil substrates[1, 2].   

It is in this regard that for commercial applications in supercapacitors, materials loading 

of about 10 mg cm-2 are required[3]. The results presented in Fig.5.1A indicated that such 

materials loadings can be achieved by cathodic electrosynthesis using KMnO4 solutions. 

In this strategy, the difficulties related to anodic electrodeposition on non-noble 

substrates with high surface area can be avoided. Anodic electrodeposition on non-noble 

substrates of high surface area presents difficulties, related to the anodic oxidation and 

dissolution of the substrates. 

The deposition yield in the impregnation process is influenced by various factors. The 

method used in this investigation involved the application of anionic MnO4
- species for 

cathodic electrosynthesis of MnO2. Therefore, electric field provided electromigration of 

the anionic species away from the electrode. When a negatively charged MnO4
- ion is 

reduced cathodically, it has to approach the cathode by diffusion against an adverse 
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potential gradient. However, electric screening effect can be expected inside the porous 

metallic Ni plaque structure. The OFF time in the pulse deposition process was essential 

for the supply of MnO4
- ions to the inner surfaces of the Ni plaque substrates. 

 

Fig.5.1 Deposit mass (A) versus total deposition (ON) time at a pulse duration (ON) of 

0.05 s and (B) versus pulse duration at a total deposition time of 2 h. 

5.2 Morphology study of electrosynthesized MnO2 film on Ni plaques 

The Ni plaques, impregnated with MnO2 were studied by SEM. Fig.5.2 shows 

impregnated Ni plaque with MnO2 loading of 3 mg cm-2. The SEM images shown in 

Fig.5.2A,B indicated that individual Ni particles were coated with MnO2 and large pores 

of Ni plaques remained open. Such pores are beneficial for good electrolyte access to the 

active material. The SEM image at higher magnification (Fig.5.2C) showed that MnO2 
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formed porous coating on Ni particles with typical pore size of about 50 nm. Further 

increase in materials loading resulted in gradual filling the voids between the individual 

Ni particles.  

 

Fig.5.2 (A, B, C) SEM images at different magnifications for impregnated Ni plaque with 

MnO2 loading of 3 mg cm-2. 
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Fig.5.3 shows SEM images at different magnifications for impregnated Ni plaque with 

materials loading of 13 mg cm-2. The low magnification image (Fig.5.3A) indicates 

significant reduction in porosity, compared with Fig.5.2(A), however many large pores 

remained open. The MnO2 surface layer showed cracks. The observation of a cracked 

area (Fig.5.3B) indicated that relatively dense surface layer was formed, however inner 

layer has higher microporosity. Figs.5.3C,D shows microstructures of porous inner layer 

and dense surface layers, respectively, at higher magnification. The inner layer has 

typical pores of about 200-300 nm (Fig.5.3C). The pore size of the surface layer was 

below 20 nm.  

 

Fig.5.3 (A, B, C, D) SEM images at different magnifications for impregnated Ni plaque 

with  MnO2 loading of 13 mg cm-2, where (C) shows the structure of an inner porous 
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layer and (D) shows the structure of a surface dense layer. 

5.3 Electrochemical capacitive performance of porous MnO2 films 

Fig.5.4 shows typical CVs for electrodes prepared by pulse electrosynthesis. The box 

shape of the CVs obtained at a scan rate as high as 200 mV s-1 indicated good capacitive 

behavior. The electrodes, prepared at a pulse duration of 0.05 s showed improved CV 

shape and higher capacitance, compared to the electrodes prepared at pulse duration of 

0.5 s. Good capacitance retention was observed in the range of 2-200 mV s-1. The 

electrodes with mass loading of 1.5 mg cm-2 showed a specific capacitance of 252 F g-1 at 

a scan rate of 2 mV s-1 for single electrode. 

 

Fig.5.4 (A) CVs at a scan rate of 200mV s-1 and (B) specific capacitance versus scan rate 

for 1.5 mg cm-2 MnO2 electrodes prepared at pulse duration of (a) 0.05 s and (b) 0.5 s. 
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Fig.5.5 compares CV data for electrodes of different mass prepared at a pulse duration of 

0.05 s.  The box shape CVs and the increase in current with increasing scan rate and 

increasing mass loading indicated good capacitive behavior.  

 

Fig.5.5 CVs for electrodes with mass loading of (A)0.6, (B)1.2, (C)3.0 and (D) 13  mg 

cm-2 prepared at a pulse duration of 0.05 s at scan rates of (a) 2, (b) 10 and (c) 50 mV s-1.  

The specific capacitance was calculated from the CV data and presented in Fig.5.6. The 

electrodes with mass loading of 0.6 and 1.2 mg cm-2 showed Cm of 320 and 270 F g-1, 

respectively at a scan rate of 2 mV s-1. The electrodes showed a capacitance retention 

above 90% at a scan rate of 100 mV s-1 and above 85% at a scan rate of 200 mV s-1. In 

contrast, thin film electrodes[1] with mass loading of 0.1 mg cm-2 showed a capacitance 

retention of only 28% at a scan rate of 100 mV s-1. The increase in film mass above 0.1 
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mg cm-2 resulted in further reduction of  capacitance retention[1]. Fig.5.6 indicates that 

electrodes with mass loading of 3 and 13 mg cm-2 showed Cm of 248 and 199 F g-1 and 

capacitance retention of 68 and 40%, respectively, at a scan rate of 100 mV s-1. Therefore, 

the use of Ni plaques allowed significant increase in materials loading, relatively high Cm 

and improved capacitance retention. 

 

Fig.5.6 (A) Cm and (B) Cs versus scan rate for electrodes with mass loading of (a)0.6, 

(b)1.2, (c)3.0 and (d) 13  mg cm-2 prepared at a pulse duration of 0.05 s. 

It is important to note that high mass normalized specific capacitance Cm doesn’t 

necessarily indicate good capacitive behavior[3]. High Cm can be achieved in thin films 

with low materials loadings at low scan rates. The increase in materials loadings and 

increasing scan rates results in lower Cm. The analysis of area normalized specific 
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capacitance (Cs) showed that limited electrolyte access to the bulk of a thick dense film 

resulted in poor capacitive behavior[4]. Such a bulk layer behaved as a capacitor with 

low capacitance, connected in series with a capacitive surface layer, and reduced the total 

capacitance of the film. In the previous investigations the increase in electrode mass 

resulted in increasing Cs at low scan rate, but decreasing Cs at high scan rates[4]. In 

contrast, the experimental results, presented in Fig.5.6B, indicated that the increase in 

mass loading resulted in increasing Cs at scan rates in the range of 2-200mVs-1. The Cs of 

2.6 F cm-2 was achieved at materials loading of 13 mg cm-2. 

 

Fig.5.7 (A) Cs' and (B) Cs'' calculated from EIS data versus frequency for MnO2 

electrodes with mass loadings of (a) 3 and (b) 13 mg cm-2. 

Fig.5.7A,B shows frequency dependencies of components of complex AC capacitance, 
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calculated from the EIS data. Fig.5.7A indicates that Cs' decreased with increasing 

frequency, indicating relaxation type of frequency dispersion[5]. The Cs'' for 13 mg cm-2 

electrode showed (Fig.5.7B) well defined relaxation maximum[5].  The increase in mass 

loading resulted in increasing Cs'.  

It is important to compare the specific capacitances derived from the CV and EIS data. 

Such data analysis is usually performed at the same time scale, because the voltammetric 

capacitance depends on a scan rate, whereas AC capacitance depends on frequency. The 

comparison of experimental data at the same time scale showed that Cs'=1.09 F cm-2  at 

56 mHz is comparable with Cs=0.97 F cm-2  obtained at a scan rate of 100 mV s-1 for the 

electrode with mass loading of 13 mg cm-2. 

Fig.5.8A,B  shows galvanostatic charge-discharge behavior at different current densities 

for 3 and 13 mg cm-2 electrodes. The charging and discharging curves were nearly linear 

and symmetrical, indicating good capacitive performance.  The reduced discharge times 

for 13 mg cm-2 electrode, compared to 3 mg cm-2 electrode, was attributed to lower Cm in 

agreement with the data presented in Fig.5.6A. The Power density and Energy density, 

calculated from the galvanostatic discharge data were presented in a Ragone plot, shown 

in Fig.5.8C. The reduction in Cm, Power density and Energy density with increasing 

materials loading is usually attributed to diffusion limitation of electrolyte in pores of 

electrode materials[6]. The analysis of the Ragone plots indicated that SE of 20 Wh kg-1 

and SP of 28 kW kg-1 for 13 mg cm-2 electrodes are relatively high in comparison with 

the literature data[3]. The electrode with lower mass showed higher Power density and 

Energy density. 
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Fig.5.8 (A,B) Galvanostatic charge-discharge curves at currents of (a) 0.39, (b) 0.78, (c) 

3.9 and (d) 7.8 A g-1 for electrodes with MnO2 mass loading of (A) 3 and (B) 13 mg cm-2. 

(C) Ragone plots for electrodes with MnO2 mass loading of (a) 3 and (b) 13 mg cm-2. 

According to the literature [7-10] MnO2 electrodes with high materials loading exhibit 

low capacitance and low power-energy characteristics due to the insulating properties of 

MnO2. Improved capacitive behavior is usually achieved using conductive additives, such 
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as carbon nanotubes and graphene[7, 8].  Difficulties are attributed to relatively high cost 

of such additives and their poor dispersibility. In contrast, in this investigation relatively 

high capacitance, good capacitance retention at high scan rates and good power-energy 

characteristics were achieved without additives.  Therefore the MnO2 electrodes prepared 

by the pulse deposition method using Ni plaque current collectors are promising for 

application in supercapacitors. 

5.4 Conclusions 

Cathodic pulse deposition method has been developed for the electrosynthesis of MnO2 

electrodes using porous Ni plaque current collectors. The method allowed the variation of 

materials loading in the range of 0.1-13 mg cm-2. The Cs of 2.6 F cm-2 (199 F g-1), Energy 

density of 20 Wh kg-1 and Power density of 28 kW kg-1 were achieved for 13 mg cm-2 

electrodes.  The electrodes with lower mass loadings showed higher specific capacitance 

and higher power-energy characteristics. The electrodes showed improved capacitance 

retention at high scan rates. 

Good electrochemical performance of MnO2 electrodes was achieved without conductive 

additives. The Ni plaque based MnO2 electrodes are promising for energy storage 

applications in electrochemical supercapacitors. 
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Chapter 6 Electrophoretic nanotechnology of 

composite electrodes for ESs 

 
6.1 Structure comparison between CCA and CFB 

Fig.6.1A,B compares structures of CFB and CCA used in this investigation. CFB and 

CCA are aromatic compounds with conjugated bonds. The anionic properties of CFB 

(Fig.6.1A) are related to SO3
- groups, whereas the anionic properties of CCA (Fig.6.1B) 

are attributed to SO3
- and COO- groups. The structures of CFB and CCA include OH 

groups bonded to the aromatic rings.  CFB and CCA were investigated for the dispersion 

of MnO2 and MWCNT in ethanol and EPD of MnO2, MWCNT and composite films. 

 

Fig.6.1 (A) Chemical structure of CFB, (B) chemical structure of CCA and (C) 

mechanism of CCA adsorption on MnO2 particles. 
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6.2 Adsorption mechanism of CCA on MnO2 nanoparticles 

The suspensions of MnO2 in ethanol were unstable and showed significant sedimentation 

10h after the ultrasonic agitation. The addition of 0.05-0.8 g L-1 CFB or 0.05-0.15 g L-1 

CCA to the MnO2 suspensions resulted in reduced suspension stability. However, stable 

suspensions of MnO2 were obtained at CCA concentrations of 0.3-0.8 g L-1. Fig.6.2a,b 

shows 4 g L-1 MnO2 suspensions without CCA and containing 0.8 g L-1 CCA 3 months 

after the ultrasonic agitation. Fig.6.2b indicates excellent colloidal stability of the MnO2 

suspension, containing CCA. It is known that the formation of stable suspensions of 

MnO2 nanoparticles with concentration above 1 mM (0.09 g L-1) presents difficulties[1]. 

The dilute suspensions with MnO2 concentration below 1mM cannot be used for practical 

applications of EPD because the deposition rate in the EPD process is proportional to the 

particle concentration in the suspensions[2]. The use of CCA allowed the formation of 

stable suspensions of MnO2 with concentration of 1-10 g L-1. 

 

Fig.6.2 Suspensions of MnO2: (a) without CCA and (b) containing CCA and suspensions 

of MWCNTs: (c) without CCA and (d) containing CCA. Suspensions (b) and (d) were 

stable for more than 3 months. 
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EPD from MnO2 suspensions in ethanol resulted in the formation of cathodic deposits, 

indicating that MnO2 particles were positively charged in the suspensions. However, as 

pointed out above, the suspensions exhibited very poor stability. As a result, the cathodic 

deposits obtained from the MnO2 suspensions were non-uniform and contained 

agglomerated particles. The mechanism of inorganic particle charging in ethanol was 

discussed in the literature. Damodaran and Moudgil have proposed[3] a mechanism, in 

which the alcohol, adsorbed on a particle, ionized into a protonated alcohol and an 

alkoxide ion, followed by the dissociation of the protonated alcohol. Pure alcohols can 

ionize in the following way 

                   RCH2OH + RCH2OH →RCH2O
- + RCH2OH2

+                      (Eq.6.1) 

The dissociated alcohol and alkoxide ion desorbed into the solution, leaving a proton on 

the particle surface. This resulted in the formation of positively charged particles in the 

suspensions. This mechanism can also explain the positive charge of MnO2 particles in 

ethanol suspensions.  

The addition of CFB to the MnO2 suspensions resulted in a reduced deposition rate and 

no deposition, either cathodic or anodic, was observed at CFB concentrations higher than 

0.15 g L-1. The addition of CCA to MnO2 suspensions also resulted in the reduced 

cathodic deposition rate (Fig.6.3A) in the concentration range of 0-0.15 g L-1 CCA. 

However, anodic deposition was observed at higher CCA concentrations. The anodic 

deposition rate increased with increasing CCA concentration in the range of 0.15-0.8 g L-

1 CCA. The anodic deposition resulted in the formation of uniform films. The formation 

of anodic deposits indicated that MnO2 nanoparticles were negatively charged at CCA 

concentrations above 0.15 g L-1. The film mass increased with increasing deposition time 
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(Fig.6.3B). Therefore, films of different mass can be obtained and deposition yield can be 

controlled.  

 

Fig.6.3 (A) deposit mass versus CCA concentration in the 4 g L−1 MnO2 suspensions for 

(a) cathodic deposits and (b) anodic deposits at a deposition voltage of 20 V and 

deposition time of 2 min; (B) deposit mass versus CFB concentration in the 4 g L−1 MnO2 

suspensions for cathodic deposits at a deposition voltage of 20 V and deposition time of 2 

min; (C) deposit mass versus deposition voltage for anodic deposits obtained from 4 g 

L−1 MnO2 suspensions containing 0.4 g L−1 CCA for the deposition time of 2 min; (D) 

deposit mass versus deposition time for anodic deposits obtained from 4 g L−1 MnO2 

suspensions containing 0.4 g L−1 CCA at a deposition voltage of 20 V. 

The reduction of the cathodic deposition yield with increase of CFB and CCA 
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concentration in the range of 0-0.15 g L-1 can be attributed to the adsorption of anionic 

CFB and CCA on the positively charged MnO2 particles and charge compensation. The 

electrostatic attraction of the anionic molecules and positively charged MnO2 promoted 

the adsorption of the molecules on the particle surfaces. However, the electrostatic 

interactions cannot explain the charge reversal of the MnO2 particles at CCA 

concentrations above 0.15 g L-1. Turning again to the structures of CFB and CCA, shown 

in Fig.6.1, it can be concluded that the electrostatic interactions are governed by the 

COO- and SO3
- functional groups of the organic molecules. The dissociation of the 

organic molecules resulted in the formation of corresponding anions and Na+ or H+. 

Therefore, a competitive adsorption of the anions and Na+ or H+ on the MnO2 particles 

can be expected. However, only anionic CCA showed strong adsorption to the MnO2 

particles, which resulted in charge reversal and improved suspension stability. In contrast, 

the adsorption of CFB on MnO2 nanoparticles was weak. As a result, no charge reversal 

was observed and the suspensions were unstable. The comparison of the chemical 

structures of CFB and CCA indicated that strong adsorption of CCA is attributed to the 

salicylate type of bonding[4, 5], involving COOH and OH groups. It should be noted that 

previous investigation[6] showed that the addition of benzoic acid to MnO2 suspensions 

resulted in an increasing cathodic deposition rate. This was attributed to weak interaction 

of COO- groups of benzoic acid with MnO2 nanoparticles and preferred adsorption of H+ 

on the particle surface. The analysis of the experimental data for CCA, containing COOH 

and OH groups bonded to the aromatic ring, and benzoic acid[6] without OH groups, 

indicated that that OH groups play an important role in the adsorption of the CCA 

molecules. It is known that the salicylic acid, containing COOH and OH groups bonded 
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to adjacent carbon atoms of the aromatic ring, is a powerful complexing agent[4, 5]. It is 

able to coordinate metals with complete deprotonation of the COOH and OH groups. 

Similar to salicylic acid, CCA was found to be a strong complexing agent, which was 

used for the voltammetric determination of Co, Cu, Ni, Ca, Zn, Pb and Hf in solutions[7, 

8]. The suggested mechanism of salicylate type bonding of CCA to MnO2 particles is 

shown in Fig.6.1C. It involves the complexation of Mn atoms on the MnO2 surface.  

6.3 Adsorption mechanism of CCA on MWCNT 

CFB and CCA were also investigated for the dispersion and deposition of MWCNT. The 

suspensions of MWCNT in ethanol were unstable and showed rapid sedimentation 

immediately after the ultrasonic agitation. No EPD was achieved from such suspensions. 

The addition of CFB and CCA allowed the formation of stable suspensions. Fig.6.2c,d 

compares the MWCNT suspensions without CCA and with CCA. The suspension, 

containing CCA, was stable for more than 3 months.  

It is suggested that CFB and CCA adsorbed on the MWCNT and provided electrosteric 

stabilization. The chemical structure of the molecules was beneficial for their adsorption 

on the MWCNT. It is in this regard that aromatic molecules are known[9-11] to interact 

strongly with sidewalls of CNTs through π-π stacking. It was demonstrated[9] that the 

adsorption affinity of the phenolic molecules to CNT increased with the increasing 

number of aromatic rings and OH groups. As a result 1-naphthol and pyrogallol showed 

better adsorption on CNT[9] compared to phenol. Small cationic and anionic aromatic 

molecules from the catechol and pyrogallol families were investigated for the EPD of 

MnO2-MWCNT composites[6, 12]. However, no EPD of pure MWCNT films was 
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achieved. It was found that electric field promoted MWCNT aggregation and 

sedimentation. The electric field induced agglomeration was also observed during EPD of 

ceramic nanoparticles[13]. These investigations highlighted the importance of efficient 

dispersing agents for the application in electrophoretic nanotechnology. 

 

Fig.6.4 (A) Deposit mass versus CCA concentration in 1 g L−1 MWCNT suspension at a 

deposition voltage of 60 V and deposition time of 5 min.; (B) deposit mass versus 

deposition voltage for 1 g L−1 MWCNT suspension, containing 0.8 g L−1 CCA and 

deposition time of 10 min; (C) deposit mass versus deposition time for 1 g L−1 MWCNT 

suspension, containing 0.8 g L−1 CCA at a deposition voltage of 60 V. 

A critical property of a dispersant is its adsorption on the material surface. Due to the 

strong adsorption of CFB and CCA on the MWCNT, the MWCNT suspensions showed 
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excellent stability in an electric field. In contrast to the results of previous investigations 

of aromatic molecules from the catechol and pyrogallol families[6, 12], the use of CFB 

and CCA as charging and dispersing agents allowed the formation of pure MWCNT 

films by EPD. The EPD method provided controlled deposition of MWCNT films. 

Fig.6.4A shows film mass versus CCA concentration in suspensions. The increase in 

CCA concentration in the suspensions resulted in increasing deposition yield. The data 

indicated that the increase in the CCA concentration in the suspension resulted in an 

increasing amount of adsorbed CCA, which provided electrosteric stabilization and 

electric charge for EPD of MWCNT. The increase in the deposition voltage resulted in 

significant increase of the deposition yield (Fig.6.4B). Relatively high deposition yield 

can be achieved at deposition voltages of 40-60 V. 

6.4 FTIR characterization of CCA adsorptions  

The results presented above indicated that CCA is an efficient dispersing and charging 

agent for EPD of two different materials: MnO2 and MWCNT. However, CFB cannot be 

used for the EPD of MnO2. Therefore, further investigation was focused on the use of 

CCA. The adsorption of CCA on MnO2 and MWCNT was confirmed by the FTIR 

method. Fig.6.5 shows FTIR spectra for the deposits obtained from MnO2 and MWCNT 

suspensions, containing CCA. The peak assignments are presented in Table 6.1. The 

FTIR spectrum of MnO2 deposit showed absorptions attributed to stretching vibrations of 

the aromatic ring, SO3
- group and other vibrations of adsorbed CCA. The SO3

- vibrations 

of adsorbed CCA were observed in the spectrum of deposited MWCNT. The FTIR 

results confirmed that CCA was adsorbed on two different materials: MnO2 and 

MWCNT. The CCA adsorption on MnO2 was attributed to calicylate type of bonding. 
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The mechanism of CCA adsorption on MWCNT was related to π-π interactions. 

 

Fig.6.5 FTIR spectra of (a) a deposit prepared from 4 g L-1 MnO2 suspensions containing 

0.4 g L-1 CCA and (b) a deposit  prepared from 1 g L-1 MWCNTs suspensions containing 

0.4 g L-1 CCA. 

Table 6.1 Band assignments for MnO2 and MWCNT deposits obtained using CCA 

additive.  

MnO2 MWCNT Band assignment 

3405 3419 ν (O−H )[14] 

2923, 2852 2916, 2850 ν (C−H)[14] 

1733 1729 ν (C=O)[15] 

1627, 1558 1646,1617,1552 ν (C−C)[16] 

1453 1456 ν (C−C)[16, 17] 

1394, 1234 1340, 1216 δ (C−OH)[17] 

1185 1153 ν (SO3-)[18, 19] 

1040 1040 ν (SO3-)[19, 20] 

756 749, 658 δ (C−H)[21] 

511  ν (Mn−O)[22] 

The wavenumbers were given in cm-1. ν-stretching mode, δ-bending mode 

The adsorbed CCA provided a charge, required for the electrophoresis of MnO2 and 

MWCNT.  The fundamental aspects of electrophoresis of charged particles were 

discussed in many investigations[2, 23]. The concept of zeta potential was developed for 

hard particles. In contrast, the equations for electrophoretic mobility of polymers or 
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ceramic nanoparticles, containing adsorbed organic molecules do not include zeta 

potential[24, 25]. It was shown that the concept of zeta potential, which is important in 

the electrokinetics of hard particles, loses its physical meaning in the electrokinetics of 

soft particles[26]. The high particle charge or high zeta potential of particles are 

important factors controlling suspension stability.  However, high charge or high zeta 

potential of ceramic particles does not necessarily allow their EPD. The particles must 

coagulate at the electrode surface in order to form a film. It was shown that mutual 

repulsion of the charged particles or polymer macromolecules, accumulated at the 

electrode surface due to electrophoresis, can prevent their coagulation and deposition[27]. 

However, using CCA as a dispersing and charging agent, efficient deposition of MnO2 

and MWCNT was achieved. It is important to note that for ES applications, that depends 

on the electronic conductivity of CNTs, the use of CCA for MWCNT dispersion and 

charging offers advantages, because this approach does not introduce defects on the 

MWCNT sidewalls. This in contrast to other methods, which are based on CNT chemical 

functionalization[28] and oxidation in acidic solutions[29, 30]. 

6.5 Co-deposition of MWCNT and MnO2 nanoparticles 

The possibility of deposition of MnO2 and MWCNT using CCA as a co- dispersing agent 

paves the way for the fabrication of composite MnO2-MWCNT materials by EPD. The 

composite films were obtained from the suspensions containing MnO2 and MWCNT, 

which were dispersed using CCA. The amount of MnO2 and MWCNT in the suspensions 

was varied. Fig.6.6 shows deposit mass versus MWCNT concentration in the 1 g L-1 

MnO2 suspensions at a deposition voltage of 40 V and deposition time of 2 min. The 

addition of MWCNT to the MnO2 suspension resulted in increased deposition yield, 
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indicating co-deposition of MnO2 and MWCNT. The increase in MWCNT concentration 

in the suspensions in the range of 0-0.53 g L-1 resulted in continuous increase in the 

deposit mass in the range of 0.11-0.47 mg cm-2, attributed to increased amount of the 

deposited MWCNT. Therefore, the amount of MWCNT in the deposits can be varied. 

 

Fig.6.6 (A) Deposit mass versus MWCNT concentration in 2 g L−1 MnO2 suspensions, 

containing 0.4 g L−1 CCA at a deposition voltage of 40 V and deposition time of 2 min; 

(B) deposit mass versus deposition time for 2 g L−1 MnO2 suspensions, containing 0.4 g 

L−1 CCA and 0.5 g L−1 MWCNT at a deposition voltage of 40 V. 
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6.6 Morphology study of MnO2-MWCNT composite films 

The films prepared by the EPD method were investigated by SEM. Fig.6.7A shows a 

surface of the MnO2 deposit. The deposit was crack free and contained MnO2 

nanoparticles. The porosity can be attributed to packing of the particles and gas evolution 

at the electrode. Fig.6.7B shows a surface of a MWCNT deposit. The deposit was porous 

with a typical pore size of 100 nm. The MWCNT were non-agglomerated due to the use 

of CCA dispersant. The SEM images of the deposits prepared from MnO2 suspensions, 

containing MWCNT, showed that the deposits contained MnO2 particles and MWCNT. 

A typical image of a composite MnO2-MWCNT film is shown in Fig.6.7C.  

 

Fig.6.7 SEM images of films prepared from (A) 4 g L-1 MnO2 suspensions (B) 1 g L-1 

MWCNT suspensions (C) 1 g L-1 MnO2 suspensions, containing 0.13 g L-1 MWCNT. 
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6.7 Composition study of MnO2-MWCNT composite films 

The formation of composite electrodes was confirmed by TGA and DTA studies. Fig.6.8 

shows TGA and DTA data for the deposit, prepared from the 1g L-1 MnO2 suspension, 

containing 0.13 g L-1 MWCNT and 0.2 g L-1 CCA. The TGA data showed several steps in 

mass loss below 600ºC. The mass loss below 200ºC can be mainly attributed to 

dehydration. The corresponding DTA data showed a broad endotherm centered at 100ºC. 

The mass loss at higher temperatures can be mainly attributed to burning out of MWCNT. 

However, the mass loss can be partially attributed to burning out of CCA, which was 

adsorbed on MnO2 particles and MWCNT and incorporated into the deposit. The DTA 

data showed exothermic peaks at 305, 467, and 556 ºC, which corresponded to different 

steps in mass loss. The total mass loss at 700ºC was found to be 38% of the initial sample 

mass, indicating that MnO2 content in the composite material was 62%. 

 

Fig.6.8 (a) TGA and (b) DTA data for the deposit obtained from 1g L-1 MnO2 

suspensions, containing 0.13 g L-1 MWCNT at a constant voltage of 40 V. 
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6.8 Capacitive performance of MnO2-MWCNT composite films 

The composite films prepared by EPD were investigated for application in ES. The 

charge-discharge behavior of MnO2 is given by the following reaction[31]: 

                                         MnO2 + A+ + e− ↔ MnO2A
+                                  (Eq.6.2) 

where A+ = Li+, Na+, K+, H+. Eq.6.2 indicates that high electronic and ionic conductivity 

are necessary in order to utilize capacitive properties of MnO2. The incorporation of 

MWCNT into the MnO2 matrix allowed improved electronic conductivity of the 

composite material. The porous structure of the composite was beneficial for Na+ ion 

access from the electrolyte to the MnO2 particles.  

 

Fig.6.9 SC versus scan rate and (inset) corresponding CVs at 10 mV s-1 for the films, 

prepared from 1g L-1 MnO2 suspensions, containing 0.2 g L-1 CCA: (a) without MWCNT 

and (b) with 0.13 g L-1 MWCNT, sample mass 0.15 mg cm-2. 

Fig.6.9 compares capacitive behavior of the MnO2 and composite films. The box shape of 

the CVs indicated capacitive properties of the films in the voltage window of 0-0.9 V. 

The larger area of the CV of the composite film was attributed to higher SC compared to 

pure MnO2 film. The SC calculated from the CV data decreased with increasing scan rate 
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due to the electrolyte diffusion limitations in the pores of the composite material. The 

composite material showed higher SC in the scan rate of 2-100 mVs-1 compared to SC of 

pure MnO2 films. The highest SC of 290 F g-1 was obtained at a scan rate of 2 mV s-1.  

 

Fig.6.10 Nyquist plot of complex impedance Z*=Z'-iZ'' for the films, prepared from 1 g 

L-1 MnO2 suspensions, containing 0.2 g L-1 CCA: (a) without MWCNT and (b) with 0.13 

g L-1 MWCNT, sample mass 0.15 mg cm-2, inset shows equivalent circuit, used for 

simulation. 

Impedance spectroscopy data for the MnO2-MWCNT composite and pure MnO2 films 

are presented in Fig.6.10. The Nyquist plots for the complex impedance Z*=Z'-iZ'' 

showed significantly lower impedance values for composite films, compared to the 

corresponding values for pure MnO2 films.  The equivalent circuit[32] of the electrode 

included bulk electrolyte resistance (RB), double layer capacitance, represented by a 

constant phase element (QDL), charge transfer resistance (RCT) and Warburg element (W). 

The lower impedance of the composite films containing MWCNT resulted in higher SC 

(Fig.6.9). However, further optimization of the deposition conditions and deposit 

composition would be beneficial for the fabrication of MnO2-MWCNT composite 

electrodes for ES.  The approach developed in this investigation can be used for the 
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fabrication of other composites containing oxide nanoparticles and CNT. 

6.9 Conclusions 

New EPD method has been developed for the fabrication of MnO2-MWCNT composites. 

CFB and CCA showed strong adsorption on MWCNT, allowed good MWCNT 

dispersion in the bulk of suspensions and controlled EPD of MWCNT films. The 

adsorption of CCA on MnO2 nanoparticles allowed the formation of concentrated 

suspensions of well dispersed MnO2 nanoparticles and fabrication of MnO2 films. The 

mechanism of CCA adsorption on MWCNT was related to π-π interactions. The CCA 

adsorption on MnO2 was attributed to calicylate type of bonding.  It was found that CCA 

can be used as a co-dispersing and charging agent for EPD of two different types of 

materials: MWCNT and MnO2. Composite MnO2-MWCNT films prepared by EPD 

showed capacitive behavior in the 0.5M Na2SO4 aqueous electrolyte. The composite 

films showed higher SC compared to SC of pure MnO2 films. The improved capacitive 

behavior was attributed to lower impedance of the composite films. The composite films 

showed a SC of 290 F g-1 and can be used for the fabrication of electrodes of ES. The 

EPD method developed in this investigation can be utilized for the fabrication of other 

composites containing ceramic particles and CNT. 
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Chapter 7 Cataphoretic assembly of cationic dyes 

and deposition of CNT and graphene films 

 

7.1 Mechanism of crystal violet film formation using ELD 

Thin films were obtained by cathodic ELD from 0.1-1 g L-1 crystal violet solutions. The 

deposition process involved the dissociation of crystal violet in aqueous solutions, 

formation of cationic crystal violet (Fig.7.1A) species and their electrophoretic transport 

towards cathode. The pH at the cathode surface increased due to electrochemical 

decomposition of water 

                                          2H2O + 2e- → H2 + 2OH-                                      (Eq.7.1) 

and other cathodic reactions discussed in ref.[1]. The following cathodic reduction 

reaction[2] resulted in charge neutratization and deposition (Fig.7.1A): 

 Cationic crystal violet + OH- → Crystal violet                   (Eq.7.2) 

It is suggested that charge neutralization in reaction (Eq.7.2) prevented mutual 

electrostatic repulsion of cationic crystal violet species at the electrode surface and 

promoted film formation. Fig.7.1B shows deposit mass measured in situ during the 

deposition process versus deposition time. The QCM data at a deposition voltage of 5 V 

revealed small mass gain during the first 11 min of deposition, then deposit mass 

increased rapidly with increasing deposition duration. The deposition rate decreased with 

increasing deposition time at deposition times above 20 min. The reduction in the 

deposition rate was attributed to the formation of electrically insulating deposit and 

reduced voltage drop in the bulk of the solution[3]. The QCM data at 10 V showed very 
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small mass gain during the first 2 min, and then significant increase in deposit mass was 

observed.  The deposition rate decreased with time at deposition times above 8 min. The 

deposition yield achieved at 10 V was higher, compared to that at 5 V.  

 

Fig.7.1 (A) Cathodic reaction of cationic crystal violet with electrogenerated OH- ion and 

(B) deposit mass measured in-situ using QCM versus time for films prepared from 0.1 g 

L-1 crystal violet solutions at deposition voltages of (a) 5 and (b) 10 V. (C) crystal violet 

data for Pt electrode in 0.1 g L-1 crystal violet solution at a scan rate of 20 mV s-1 (arrow 

shows increasing cycle number).  
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The low deposition yield at the initial stage of deposition is in agreement with literature 

data[4-6], which showed that a certain period (critical time) has to elapse before the 

formation of a deposit starts. It was suggested that such a critical time is necessary for the 

accumulation of sufficient amount of material at the electrode surface. However, it can 

also be attributed to the formation of high pH surface layer by OH- generation[6] in 

reaction (Eq.7.1). Higher deposition voltage promoted electromigration of cationic crystal 

violet species and their accumulation at the electrode surface[6]. Moreover, higher 

voltage promoted OH- generation. As a result, the increase in the deposition voltage 

resulted in the reduced critical time (Fig.7.1B). It is important to note, that such a critical 

time was observed only in dilute solutions at low deposition voltages. 

The deposition process was also studied using crystal violet. Fig.7.1C shows the CV data 

obtained by potential cycling of a Pt electrode in the crystal violet solution. The first 

cycle showed cathodic peak at -0.55 V, which can be attributed to reaction (Eq.7.2). A 

thin film was formed at the working electrode at a potential of -0.9 V. The cathodic 

current and intensity of the peak decreased with increasing cycle number. The decrease in 

current with increasing cycle number indicated growth of non-conductive crystal violet 

films. 

7.2 Morphology study of crystal violet films 

The films prepared from crystal violet solutions were studied by SEM. Fig.7.2 shows 

films surface at different magnifications. The films (Fig.7.2A) contained particles with 

diameters in the range of 0.2-0.5 m. The SEM image at higher magnification (Fig.7.2B) 

revealed necks formation between the individual particles.  
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Fig.7.2 (A and B) SEM images of film surfaces at different magnifications for the films 

prepared from 1 g L-1 crystal violet solutions at a deposition voltage of 5 V, arrows show 

neck formation between the particles. 

The analysis of film cross sections at different magnifications (Fig.7.3A,B) showed that 

most of the particles had a rod-like shape with the long axis perpendicular to the substrate 

surface. The diameter of some particles increased from bottom to the top (Fig.7.3B). The 

increase in particle diameter resulted in the formation of necks between the particles. 

Such particles limited the growth of some small particles nucleated at the substrate 

surface (Fig.7.3B). The formation of rod-like particles can be attributed to π-π 

interactions of the crystal violet dyes. It is in this regard that anisotropic particle growth 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

113 
 

was also observed in investigations focused on chemical assembly of other polyaromatic 

molecules. The π-π interactions of molecules from pyrene family allowed the fabrication 

of fibers, nanotubes, nanowires and nanorods by chemical assembly methods.[7-11] Such 

materials exhibited advanced and tunable photovoltaic, optical and fluorescence 

properties.  

 

Fig.7.3 (A and B) SEM images of film cross-sections at different magnifications for the 

films prepared from 1 g L-1 crystal violet solutions at a deposition voltage of 5 V, up 

arrows show small crystal violet particles nucleated at the substrate surface, down arrows 

show top of growing particles with increased diameter. 
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The results of our investigation indicated that electrochemical cathodic assembly can be 

used for synthesis of similar particles. Moreover, electrochemical assembly allowed the 

formation of films, containing oriented rod-like particles. The π-π stacking of crystal 

violet molecules resulted in anisotropic particle growth during electrophoretic deposition. 

7.3 Dispersion of MWCNT and graphene using crystal violet  

The results of EPD of pure crystal violet paved the way for the fabrication of MWCNT 

and graphene films by cathodic EPD. The use of crystal violet as a dispersing agent 

allowed efficient dispersion of MWCNT and graphene. The aqueous suspensions of 

MWCNT and graphene without crystal violet were unstable and showed rapid 

precipitation (Fig.7.4). In contrast, the addition of crystal violet allowed the formation of 

stable suspensions, which didn’t show precipitation for more than 3 months.  

 

Fig.7.4 (a) Crystal violet solution, (b) MWCNT in water, (c) MWCNT dispersed in 

crystal violet solution, (d) graphene in water, (e) graphene dispersed in crystal violet 

solution. 
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Fig.7.5 Deposit mass for films prepared from 1 g L-1 MWCNT suspension at a deposition 

time of 2 min versus (A) crystal violet concentration at the deposition voltage of 5 V and 

(B) deposition voltage at crystal violet concentration of 0.3 g L-1. 

7.4 Fabrication of MWCNT films using EPD 

Adsorbed crystal violet provided electrosteric stabilization of MWCNT and graphene and 

allowed their cathodic EPD. The deposit mass of MWCNT increased with increasing 

crystal violet concentration (Fig.7.5A) at a constant deposition voltage and deposition 

time. It is important to note that efficient dispersion and deposition of MWCNT can be 

achieved at relatively low crystal concentrations. The crystal violet/MWCNT mass ratio 

was by 1-2 orders of magnitude lower compared to surfactant/CNT mass ratio reported 

for various CNT dispersions, containing cationic surfactants.[12-15] The film mass 
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increased with increasing deposition voltage (Fig.7.5B). The slope of the curve increased 

at deposition voltages above 4 V. The influence of deposition voltage on the deposition 

rate was discussed in the literature.[16, 17] In the EPD process, electric field drives 

particles towards the electrode.  Therefore, the increase in the deposition voltage results 

in increasing deposition yield. However, a certain value of electric field is necessary in 

order to overcome interparticle interactions and to allow particle bonding to the substrate. 

Such interparticle interactions can result in reduced deposition rates at low voltages. 

7.5 Morphology study of MWCNT films 

The MWCNT films prepared by EPD were studied by SEM. Fig.7.6 compares SEM 

images at different magnifications for MWCNT films prepared from MWCNT 

suspension with different concentrations of crystal violet. The SEM images at lower 

magnification (Fig.7.6A,C,E) indicated that the deposition method resulted in the 

formation of continuous films. The images at higher magnifications (Fig.7.6B,D,F) 

showed that the films were porous with typical pore size of 100-200 nm. The SEM image 

(Fig.7.6D) for the deposit prepared from the MWCNT suspension, containing 0.6 g L-1 

crystal violet, shows larger  diameters of MWCNT, compared to the deposit prepared 

from MWCNT suspension, containing 0.2 g L-1 crystal violet. This observation indicated 

that the increase in crystal violet concentration in the solutions resulted in the formation 

of crystal violet coatings on MWCNT. Further increase in the crystal violet concentration 

resulted in the formation of crystal violet coatings on MWCNT and deposition of crystal 

violet in the voids between MWCNT (Fig.7.6F).  
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Fig.7.6 SEM images at different magnifications for films prepared from 1 g L-1 MWCNT 

suspensions containing (A,B) 0.2, (C,D) 0.6 (E,F) 1.0 g L-1 crystal violet at a deposition 

voltage of 5 V and deposition time of 2 min, arrows show (B, D, F) MWCNT diameter 

and (F) crystal violet  in voids between MWCNT. 
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The analysis of SEM images of films obtained at different voltages showed that the 

increase in the deposition voltage promoted crystal violet deposition (Fig.7.7). The SEM 

image of MWCNT film, prepared from the MWCNT suspension, containing 0.3 g L-1 

crystal violet at a deposition voltage of 5 V, shows only MWCNT (Fig.7.7A). The film 

prepared from the same suspension at a deposition voltage of 10 V shows MWCNT and 

rod-like crystal violet particles (Fig.7.7B). The MWCNT penetrated the rod-like crystal 

violet particles (Fig.7.7B). 

 

Fig.7.7 SEM images of MWCNT films deposited from 1 g L-1 MWCNT suspensions, 

containing 0.3 g L-1 crystal violet at deposition voltages of (A) 5 V and (B) 10 V, arrows 

show crystal violet particles. 
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7.6 Fabrication of graphene films using EPD and morphology study 

EPD from the graphene suspensions, containing crystal violet allowed the formation of 

cathodic deposits. The deposit mass increased with increasing crystal violet concentration 

in the suspensions and deposition voltage (Fig.7.8). The deposition of graphene was 

achieved at higher voltages, compared to the voltages used for the deposition of MWCNT. 

The difference in the deposition voltages was due to larger mass of graphene particles 

compared to that of MWCNT.  

 

Fig.7.8 Deposit mass for films prepared from 1 g L-1 graphene suspension at a deposition 

time of 2 min versus (A) crystal violet concentration at a deposition voltage of 30 V and 

(B) deposition voltage at crystal violet concentration of 0.5 g L-1. 
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Fig.7.9 shows SEM images of films prepared from graphene suspensions with different 

crystal violet concentrations. The SEM images of the films prepared from graphene 

suspensions, containing 0.4 g L-1 crystal violet, showed the formation of continuous films 

(Fig.7.9A,B). The increase in the crystal violet concentration in the solutions resulted in 

enhanced deposition of crystal violet. The comparison of the SEM images at low 

magnification (Fig.7.9A,C) revealed the formation of crystal violet particles at crystal 

violet concentration of 0.6 g L-1 (Fig.7.9C). Moreover, crystal violet covered graphene 

particles. Fig.7.9D shows pin holes in such crystal violet layers on the graphene particles. 

Such pin holes resulted from hydrogen gas evolution at the cathode surface during EPD. 

Further increase in the crystal violet concentration resulted in increasing number of 

crystal violet particles. Fig.7.9E,F showed that the shape and size of the particle was 

similar to those shown in Fig.7.2 and Fig.7.3. The crystal violet particles covered the 

graphene particles. 

The results presented above showed that the use of crystal violet offers many benefits for 

EPD of CNT and graphene. Crystal violet allowed efficient dispersion and charging of 

MWCNT and graphene. As pointed out above the critical property of dispersant is its 

adsorption on particle surface. It is suggested that π-π interactions promoted crystal violet 

adsorption on MWCNT and graphene. As a result, efficient dispersion was achieved at 

relatively low crystal violet concentrations, compared to cationic surfactants with long 

hydrocarbon chains[12-15]. Adsorbed cationic crystal violet allowed electrophoretic 

transport of MWCNT and graphene to the electrode surface. The discharge of cationic 

crystal violet in reaction (Eq.7.2) promoted film formation. Moreover, the film forming 

properties of crystal violet were beneficial for deposition of MWCNT and graphene. It is 
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suggested that crystal violet formed at the electrode surface acted as a binder promoting 

coagulation of MWCNT and graphene and their binding to the substrate surface.  

 

Fig.7.9. SEM images at different magnifications for films prepared from 1 g L-1 graphene 

suspensions containing (A and B) 0.4, (C and D) 0.6 (E and F) 1.0 g L-1 crystal violet at a 

deposition voltage of 30 V and deposition time of 2 min, arrows show (C) crystal violet 
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particles and (D) pin holes in crystal violet layers on graphene particles. 

However, the amount of crystal violet in the suspensions and deposition voltage must be 

optimized in order to minimize the amount of crystal violet in the deposits. The EPD and 

graphene can be combined with other cathodic electrodeposition strategies for the 

deposition of metals and oxides and fabrication of advanced nanocomposites. Moreover, 

the results of this investigations pave the way for the fabrication of MWCNT-graphene 

nanocomposites using crystal violet as a dispersing agent for both materials. Such 

graphene-MWCNT nanocomposites are currently under intensive investigation for 

application in solar cells, electrochemical supercapacitors and other energy storage 

devices[18]. 

7.7 Conclusions 

Cathodic EPD method has been developed for the fabrication of thin films from aqueous 

solutions of crystal violet dyes. The films contained rod-like particles with a long axis 

perpendicular to the substrate surface. The deposition mechanism involved cataphoresis 

of charged cationic crystal violet species, base generation in cathodic reactions, charge 

neutralization and film formation. The assembly of rod-like particles was governed by π-

π interactions of polyaromatic crystal violet molecules. The efficient dispersion of 

MWCNT and graphene was achieved in crystal violet solutions of relatively low 

concentration. The feasibility of cathodic EPD of MWCNT and graphene using crystal 

violet as a dispersing, charging and film forming agent has been demonstrated. The 

deposition yield measurements revealed relatively high deposition yield, which can be 

varied by the variation of deposition time, voltage and crystal violet concentration. SEM 
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data showed that at low crystal violet concentrations in MWCNT and graphene 

suspensions and low deposition voltages the films contained MWCNT and graphene. The 

increase in the crystal violet concentration and/or deposition voltage resulted in enhanced 

deposition of crystal violet. The EPD method developed in this investigation paves the 

way for the fabrication of advanced nanocomposites by cathodic electrodeposition 

methods.  
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Chapter 8 Electrophoretic deposition of graphene, 

carbon nanotubes and composite films using 

methyl violet dye as a dispersing agent 

 

8.1 Mechanism of MV deposition 

Fig.8.1 shows a chemical structure of the methyl violet (MV) dye, which includes 3 

aromatic rings and sp2 hybridized central carbon atom (Fig.8.1A). The cationic properties 

of MV are attributed to the -NH+ group. It was found that electrodeposition from 0.1-1 g 

L-1 MV solutions resulted in the formation of films on the cathodic substrates. The 

suggested deposition mechanism is based on the literature data on behavior of MV in 

basic solutions [1].  

 

Fig.8.1 (A) Cathodic reaction of MV with hydroxide groups, (B) schematic of MV 

adsorption on the surface of MWCNT. 
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It is known that cationic MV molecules react with hydroxide groups in basic environment 

as shown in Fig.8.1A. This reaction results in charge neutralization and the changes from 

sp2 to sp3 hybridization of the central carbon atom. It is suggested that electric field 

provided electrophoresis of cationic MV towards the cathode. The following cathodic 

reaction resulted in the pH increase at the cathode surface:  

2H2O + 2e- → H2 + 2OH-                                              (Eq.8.1) 

 

Fig.8.2 SEM images of cathodically deposited MV films from 1 g L−1 MV solutions at (A, 

C) 5 V and (B, D) 20 V. 

The charge neutralization (Fig.8.1A) in the high pH region at the cathode promoted MV 

film formation. Fig.8.2A,C shows the microstructures of deposited MV films for different 
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magnification at 5 V, which were porous and contained MV particles with an average 

diameter of ~ 100 nm. The increase in the deposition voltage from 5 to 20 V resulted in 

reduced porosity (Fig.8.2B,D). The reduction in porosity was attributed to faster 

deposition at higher deposition voltage, which led to the necks formation between the 

particles and filling voids between the particles. 

The deposition process was studied by potentiodynamic cycling. Fig.8.3 shows the CVs 

in the 0.1 g L-1 MV aqueous solution in the potential range from -0.9 to 0 V versus SCE. 

Fig.8.3 shows a peak at ~ -0.55 V versus SCE which was attributed to the 

electrochemical reduction (Fig.8.1A) of MV molecules. Thin film formation was 

observed after the first cycle. The decrease of current with cycle number indicated the 

formation of insulating film on the cathodic substrate.  

 

Fig.8.3 CV data for Pt electrode in 0.1 g L−1 MV solution at a scan rate of 20 mV s−1 for 

cycles 1–3. 

8.2 EPD of MWCNT and graphene  

MV was investigated for the dispersion of MWCNT and graphene in aqueous 

suspensions. The suspensions of MWCNT and graphene in water were unstable and 
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showed rapid sedimentation immediately after ultrasonic agitation. No EPD was achieved 

from such suspensions. The addition of MV to the suspensions of MWCNT and graphene 

resulted in improved suspension stability. The suspensions were stable for more than 2 

months. It is suggested that MV was adsorbed on MWCNT and graphene and provided a 

positive charge for electrostatic stabilization. The adsorption of MV on MWCNT and 

graphene was governed by π-π interactions. Fig.8.1B shows a schematic of adsorption of 

polyaromatic MV molecule on the MWCNT surface. 

 

Fig.8.4 Deposit mass for films prepared from 1 g L−1 MWCNT suspension at a deposition 

time of 2 min versus (A) MV concentration at the deposition voltage of 5 V and (B) 

deposition voltage at MV concentration of 0.5 g L−1.  

The adsorbed MV imparted a positive charge to the MWCNT and graphene and allowed 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

130 
 

their EPD. In this investigation, the EPD kinetics was studied by the analysis of 

deposition yield measurements due to limitations of zeta potential concept for application 

to particles, containing adsorbed organic molecules [2, 3]. The deposition yield of 

MWCNT was recorded to analyze the influences of both MV concentration (Fig.8.4A) 

and deposition voltage (Fig.8.4B). Under a constant deposition voltage of 5 V, the 

deposition yield of MWCNT increased with MV concentration as shown in Fig.8.4A. 

The data indicated that adsorbed MV allowed charging and deposition of MWCNT, even 

at MV concentration as low as 0.1 g L-1 in the 1 g L-1 MWCNT suspensions. The increase 

in MV concentration resulted in increasing adsorption of cationic MV molecules on 

MWCNT surface, and increased MV charge, which, in turn, resulted in higher deposition 

rate. The results indicated that deposition yield can be varied by variation of MV 

concentration. The deposition yield increased with increasing deposition voltage 

(Fig.8.4B). Nearly linear relationship dependence was observed in agreement with 

Hamaker equation [4].  

Similar dependences were observed for graphene suspensions, where the deposition yield 

increased with the MV concentration (Fig.8.5A) due to increased charge of the graphene 

particles, containing adsorbed MV molecules [5]. However, a higher deposition voltage 

was required for the deposition of graphene due to the larger mass of the graphene 

particles. A linear dependence of the deposition yield versus deposition voltage was 

observed in the range of 0-30 V, and significant deviation from the linear dependence 

was observed at higher voltage range (Fig.8.5B). The linear part is in agreement with 

Hamaker equation [4]. The deviation from the linear dependence can be attributed to 

different factors, such as deposit spalling, increased voltage drop in thick deposit and 
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corresponding reduction in electric field in the bulk of the suspensions, electrode 

reactions and other factors discussed in the literature [6]. The results indicated that the 

deposition yield for MWCNT films and graphene films can be controlled by changing 

MV concentration and deposition voltage.  

 

Fig.8.5 Deposit mass for films prepared from 1 g L−1 graphene suspension at a deposition 

time of 2 min versus (A) MV concentration at the deposition voltage of 30 V and (B) 

deposition voltage at CV concentration of 0.5 g L−1.  

8.3 Adsorption of MV on MWCNT and graphene 

FTIR studies were performed in order to confirm the MV adsorption. Fig.8.6 compares 

the FTIR spectra of MV, MWCNT, graphene and deposited materials. The absorption 

assignments are summarized in Table 8.1.  
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Fig.8.6 FTIR spectra of (a) MV, (b) pristine MWCNT, (c) deposited MWCNT, (d) 

pristine graphene, and (e) deposited graphene. 

Table 8.1 Band Assignments for MWCNT, graphene, and MV 

MV 
Pristine 

MWCNT 

Deposited 

MWCNT 

Pristine 

Graphene 

Deposited 

Graphene 
Band Assignments 

(cm-1) (cm-1) (cm-1) (cm-1) (cm-1)  

 1632 1632 1634 1630 
C-C stretch in 

CNT[7] 

1582 

1479 
 

1582 

1472 
 1582 

C=C in aromatic 

ring[8] 

1520  1514  1517 N-H stretch[8] 

 
1385 

1127 

1385 

1127 

1385 

1127 

1385 

1127 
C-O stretch[9] 

1359  1360  1360 C-H in CH3[8] 

1168  1168  1168 C-N stretch[8] 

 

In comparison with the spectra of pristine MWCNT and graphene, the spectra of 

deposited materials (Fig.8.6) showed additional absorptions at 1582, 1514, 1472, 1360 
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and 1168 cm-1 for deposited MWCNT and at 1582, 1517, 1360 and 1168 cm-1 for 

deposited graphene. Taking into account that similar absorptions were observed in the 

spectra of MV (Table 8.1), it was concluded that deposited MWCNT and graphene 

contained adsorbed MV. 

8.4 Co-deposition of MWCNT and graphene 

Fig.8.7 shows the SEM images of MWCNT (Fig.8.7A), graphene (Fig.8.7B), and 

MWCNT-graphene composite (Fig.8.7C). Fig.8.7A showed a continuous and uniform 

MWCNT film with an average pore size of ~ 100 nm. As shown in Fig.8.7B, graphene 

were dispersed from particles to sheets, and the substrate was fully covered. The 

possibility of deposition of MWCNT and graphene paved the way for the co-deposition 

of both materials from one suspension using MV as a charging and dispersing agent for 

both materials.  

Literature data [10, 11] indicates that mixed suspensions of CNT and graphene exhibit 

improved stability, compared to the suspensions of individual materials. The results of 

sedimentations tests of mixed MWCNT-graphene suspension without dispersants are in 

agreement with the literature data and indicate that MWCNT-graphene suspensions 

without MV were stable for 3-4 hours. In contrast, MWCNT-graphene suspensions 

containing MV as a dispersant were stable for more than 2 months.  

Mixed suspensions, containing MWCNT, graphene and MV dispersant were used for the 

formation of composite MWCNT-graphene films by EPD. The SEM image of the 

composite material shows graphene and MWCNT (Fig.8.7C). As pointed out above, the 

MWCNT-graphene composites have potential applications in many fields, including ES 
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[12] and batteries [13], due to improved electrolyte access to graphene layers, separated 

by MWCNT. 

 

Fig.8.7 SEM images of (A) MWCNT, (B) graphene and (C) composite films, deposited 

from (A) 1 g L-1 MWCNT and 0.5 g L-1 MV suspensions at 5 V, (B) 1 g L-1 graphene 
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and 0.5 g L−1 MV suspension at 30 V, and (C) 1 g L−1 MWCNT, 1 g L−1 graphene and 1 g 

L−1 MV suspension at 20 V. 

8.5 Electrochemical characterization of deposited films 

The capacitive behavior of the composite films was studied using CV. The CVs were 

obtained within the potential range between -0.4 and 0.6 V versus SCE. The SC was 

calculated at each scan rate from CV data and plotted in Fig.8.8A.  

 

Fig.8.8 (A) SC versus scan rate and (B) corresponding CV at 10 mV s−1 for (a) composite 

film, prepared from a suspension containing 1 g L−1 MWCNT, 1 g L−1 graphene and 1 g L

−1 MV (b) MWCNT film, prepared from 1 g L−1 MWCNT suspension, containing 0.5 g L−

1 MV. 
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At the scan rate of 2 mV s-1, a SC of ~ 130 F g-1 was achieved for a composite film with 

the mass loading of 0.04 mg cm-2. With the increase of the scan rate, the SC decreased to 

~ 63 F g-1 at 100 mV s-1. This decrease was attributed to diffusion limitations of the 

electrolyte in the pores of the composite material. For comparison, the graphene film and 

MWCNT film with approximately the same active material areal density only had a SC 

of ~ 55 F g-1 and ~ 81 F g-1, respectively, at a scan rate of 2 mV s-1, which indicated the 

benefaction of composite film in the application of ES.  

The Fig.8.8B shows CVs at 10 mV s-1 scan rate for graphene, MWCNT, and composite 

films. The CV of composite film has nearly box-shape, indicating good capacitive 

behavior. The CVs of graphene film and MWCNT film were both distorted in this 

potential range, which caused deterioration of capacitive performance. The smaller areas 

of these two samples indicated their less lower SC at a scan rate of 10 mV s-1, as shown 

in Fig.8.8A. 

The graphene, MWCNT, and composite films were studied by EIS and the data was 

shown in Fig.8.9. The equivalent circuit, presented in the inset of Fig.8.9, was used for 

the analysis of the impedance spectroscopy data. It included two RQ transmission lines, 

describing the porous electrode [14, 15]. The diffusion resistance of electrolyte inside the 

pores was represented by the Warburg impedance (W) [16, 17]. In this circuit, R1 element 

represented the electrolyte resistance while R2 represented the film resistance. Q elements 

represented the double-layer capacitance and pseudocapacitance of the composite film, 

with the consideration of microscopic roughness of the surface and capacitance 

dispersion of interfacial origin [12]. To simulate an impedance spectrum using an 

equivalent circuit, a minimum set of model parameters was used and good agreement of 
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the experimental data and the results of simulation was achieved. By comparing the EIS 

of three samples, it was found that composite film had the smallest film resistance, 

especially at low frequency range. For graphene and MWCNT films, Warburg diffusion 

resistance dominated impedance behavior at low frequency range. It was found that the 

mixing of MWCNT and graphene could improve the conductivity of composite film and 

hence enhance its capacitive behavior. 

 

Fig.8.9 Nyquist plot of a complex impedance Z* = Z – iZ in the frequency range of 0.1 

Hz–100 kHz for (a) composite, (b) MWCNT, and (c) graphene films; the suspensions for 

film preparation are the same as in Fig.8.8. The inset shows the equivalent circuit used 

for the simulation. 

EPD offers many processing advantages, compared to other methods for the fabrication 

of MWCNT-graphene composites. The EPD method is simple and suitable for controlled 

deposition of well dispersed MWCNT and graphene on high surface area substrates. This 

method is especially attractive for application in ES. The SC of composite films prepared 

by this method is comparable with SC of the MWCNT-graphene composites synthesized 

by other methods [11, 18]. The method developed in this investigation gives an 

alternative route to achieve nanoscale fabrication of MWCNT-graphene composites, 
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utilizing processing advantages of EPD technology. 

8.6 Conclusions 

Cathodic EPD method has been developed for the fabrication of MV films, which were 

deposited by a constant voltage EPD or potentiodynamically. The deposition mechanism 

involved electrophoresis of cationic MV, pH increase at the cathode due to the electrode 

reactions, charge neutralization of the cationic MV at the electrode surface and film 

formation. MV allowed efficient dispersion, charging and cathodic EPD of MWCNT and 

graphene at relatively low dispersant concentrations. The deposition yield can be varied 

by variation of dispersant concentration and deposition voltage. FTIR data proved the 

adsorption of MV molecules on MWCNT and graphene surface. The use of MV as a co-

dispersing agent for MWCNT and graphene allowed the fabrication of MWCNT-

graphene composite films for application in electrodes of ES. The composite films 

showed capacitive behavior. The SC of ~ 130 F g-1 was obtained at a scan rate of 2 mV s-

1. The MWCNT-graphene composites are promising materials for ES. 
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Chapter 9 Electrophoretic deposition of PBH and 

composite films 

 

9.1 Mechanism of electrodeposition of PBH 

Pyrenebutyric acid (PBH) films were deposited on anodic substrates from 0.1-2 g L-1 

PBH solutions. Fig.9.1A shows the deposition yield, measured using QCM. The deposit 

mass increased with increasing deposition time at a constant deposition voltage. 

Therefore, the amount of the deposited material can be varied and controlled. The 

deposition rate decreased with increasing time due to the increase in voltage drop in the 

growing film and corresponding decrease in electric field in the bulk of the solution[1].  

The PBH films were also obtained potentiodynamically. Fig.9.1B shows CVs obtained by 

potential cycling of a stainless steel electrode in the PBH solution. The first cycle showed 

anodic peaks, which can be attributed to oxidation of the stainless steel[2, 3]. A thin film 

was formed at the stainless steel electrode at a potential of ~ 1 V. The anodic peaks were 

not observed during the second and following cycles. This can attributed to the formation 

of PBH film, which prevented oxidation of the substrate. The decrease of current with 

increasing cycle number indicated film growth. Similar cycling behavior was observed 

during potentiodynamic deposition of other organic materials and attributed to film 

growth[4]. 
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Fig.9.1 (A) Deposit mass, measured using QCM, versus deposition time for 1 g L-1 PBH 

aqueous solution at a deposition voltage of 3 V, inset shows chemical structure of PBH; 

(B) cyclic voltammetry data for a stainless steel electrode in the 1 g L-1 PBH aqueous 

solution at a scan rate of 20 mV s-1, arrow shows increasing cycle number. 

The results indicated that EPD method can used for the deposition of small organic 

molecules, such as PBH. The deposition mechanism involved the electrophoresis of 

dissociated PBH molecules, electrode reactions and film formation. The dissolution of 

PBH in water at pH=8 resulted in the deprotonation of the COOH group (Fig.9.1A, inset): 

                              PBH → PB- + H+                                                   (Eq.9.1) 

The electrophoresis of negatively charged PB- resulted in the accumulation of PB- at the 

anode surface, where pH decreased due to the following reaction: 
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                              2H2O → O2 + 4H+ + 4e-                                                (Eq.9.2)         

The protonation and charge neutralization of PB- at the anode surface resulted in the 

deposition of PBH films: 

                                 PB- + H+ → PBH                                                   (Eq.9.3) 

It is important to note that PBH is insoluble in water at neutral and acidic pH. Therefore, 

the deposition process resulted in the formation of insoluble PBH films. The charge 

neutralization and formation of insoluble PBH are important factors, controlling film 

deposition.  

Fig.9.2 shows typical SEM images of (A) cross section and (B) surface of a PBH film. 

The analysis of SEM images showed that film thickness can be varied in the range of 0.1-

2 m by the variation of PBH concentration in the range of 0.1-2 g L-1, deposition 

voltage in the range of 1-10 V and deposition time 1-10 min. The SEM image of the film 

surface indicated that the film was porous and contained needle-shape particles with the 

typical width and length of 150-200 nm and 0.5-1.5 m, respectively. 

It is suggested that particle formation is governed by π-π interactions of the PBH 

molecules. Turning again to the chemical structure of PBH shown in Fig.9.1A, it should 

be noted that PBH is a polyaromatic molecule, containing conjugated bonds. The π-π 

stacking of such molecules can result in anisotropic particle growth during 

electrophoretic deposition. The anisotropic particle growth was observed in other 

investigations focused on chemical assembly of molecules from pyrene family. The π-π 

stacking interactions of pyrene moieties allowed the columnar self-assembly of pyrene-

containing oligo(glutamic acid)s[5]. The resulting fibrous materials showed tunable 
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fluorescence properties[5], which were utilized in new fluorescent devices.   

 

Fig.9.2 (A) Cross section of the PBH film (F) on a platinized silicon wafer substrate (S) 

and (B) surface of the PBH film, prepared from the 2 g L-1 PBH solution at a deposition 

voltage of 5 V and deposition time of 5 min. Black arrows show PBH particles. 

Pyrene directed chemical self-assembly is currently under intensive investigation for the 

fabrication of efficient small molecule bulk heterojunction solar cells[6]. The π-π 

stacking provided enhanced electron transfer between the molecules. This approach 

resulted in record-high efficiency of small molecule organic photovoltaic devices[6]. In 

another investigation[7] π-π stacking interactions of pyrene allowed the formation of 

nanorods by chemical self-assembly. The films prepared by this method were used for the 

fabrication of photovoltaic devices. Chemical self-assembly of pyrene containing cationic 
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amphiphiles[8] allowed the formation of uniform nanotubes for application in sensors 

and optoelectronic devices. Pyrene nanowires and nanorods with tunable optical 

properties were prepared by chemical synthesis[9]. Pyrene-derivative nanorods with 

tunable fluorescent properties were formed by chemical precipitation inside the 

microcapsules, which were used for biomedical applications[10]. These studies have 

generated tremendous interest in chemical self-assembly of pyrene based molecules[8-

11], formation of particles of special shapes with tunable properties, and investigation of 

physical properties of new materials. To this end, the electrochemical self-assembly 

approach offers new opportunities in the fabrication of advanced materials and devices.  

Compared to chemical self-assembly methods, electrochemistry provides significantly 

higher deposition rates. Electrochemical methods offer many other advantages, such as 

possibility of co-deposition of a large variety of materials, good control of film 

morphology, microstructure, particle size and composition. It is important to note that 

pyrene derivatives played a leading role[12] in immobilization of various electroactive 

materials on CNT for applications as diverse as fluorescent [13],  photovoltaic devices[12] 

and biosensors[14]. Therefore, new composite materials can be prepared by combined 

methods, based on electrochemical self-assembly and other electrochemical strategies. As 

a step in this direction, we utilized PBH for the fabrication of composite materials, 

containing MWCNT and MnO2 nanoparticles. 

9.2 EPD of MWCNT using PBH as a dispersant 

It is known that electronic conductivity and mechanical properties of organic and 

inorganic materials can be improved by the development of composites, containing CNT. 

However, the fabrication of composites by colloidal methods presents difficulties, 
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attributed to agglomeration of CNT. The dispersion of CNT in suspensions and in final 

products is of critical importance for the fabrication of advanced composites. 

 

Fig.9.3 (A) Deposit mass versus deposition voltage for 1 g L-1 MWCNT suspension and 

deposition time of 5 min, inset shows (a) MWCNT, (b) PBH and (c) MWCNT and PBH 

in water, (B) deposit mass versus PBH concentration in 1 g L-1 MWCNT suspension at a 

deposition voltage of 7 V, inset shows low concentration range. 

It was found that the suspensions of MWCNT in water were unstable and showed rapid 

precipitation immediately after the ultrasonic treatment. No EPD was achieved from such 

suspensions. In contrast, Fig.9.3A (inset) indicates good stability of the MWCNT 

suspension, containing PBH. The suspension was stable for more than 4 months. 

Moreover, EPD of MWCNT was achieved using PBH as a dispersing and charging agent. 

Fig.9.3A shows deposit mass as a function of deposition voltage for 1 g L-1 MWCNT 
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suspension, containing 1 g L-1 PBH. The deposition can be achieved at relatively low 

voltages with rapid increase in the deposition yield at voltages above 2 V (Fig.9.3A). The 

influence of PBH concentration on the deposition yield is shown in Fig.9.3B. It is seen 

that deposition can be achieved at relatively low PBH concentrations Fig.3B (inset). 

Significant increase in the deposition yield was observed (Fig.9.3B) at PBH 

concentrations above 0.4 g L-1.  

 

Fig.9.4 SEM images of deposits, prepared from 1 g L-1 MWCNT suspension, containing 

1 g L-1 PBH, at deposition voltages of (A) 1 and (B) 3 V. White arrows show MWCNT, 

black arrows show PBH particles. 
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9.3 Influence of deposition voltage on MWCNT morphology 

The films deposited at different conditions were studied by SEM. Fig.9.4 shows the 

influence of applied voltage on film microstructure and composition. EPD from 1 g L-1 

MWCNT suspension, containing 1 g L-1 PBH at a deposition voltage of 1 V, resulted in 

the formation of a continuous MWCNT film (Fig.9.4A).  

The increase in the deposition voltage resulted in significant changes in film 

microstructure and composition. SEM images of the films prepared at deposition voltages 

of 3-10V showed microstructures, containing MWCNT and relatively large PBH 

particles (Fig.9.4B). The size and shape of the PBH particles were similar to those shown 

in Fig.9.2B. The MWCNT were bonded to the surfaces of the PBH particles (Fig.9.4B). 

Moreover, the SEM investigations showed that some MWCNT were located inside the 

PBH particles. 

9.4 Influence of PBH concentration on MWCNT morphology 

The SEM analysis revealed the influence of PBH concentration on the film morphology 

and composition. Fig.9.5 compares the SEM images of films prepared at a deposition 

voltage of 7 V from the suspensions, containing different amounts of PBH. The film, 

prepared from 1 g L-1 MWCNT and 0.1 g L-1 PBH showed a porous microstructure, 

containing MWCNT (Fig.9.5A).  However, the SEM image at higher magnification 

(Fig.9.5B) indicated that MWCNT were coated with PBH. The coating was non-uniform 

with higher coating thickness at junctions of individual nanotubes. It is suggested that 

higher local current density at the junction points can result in enhanced deposition of 

PBH. The increase in the PBH concentration resulted in changes in film morphology and 
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composition. Fig.9.5C showed PBH particles in addition to MWCNT. The SEM image at 

higher magnification (Fig.9.5D) indicated that MWCNT were bonded to the surface of 

PBH particles or located inside the PBH particles. The increase in the PBH concentration 

in the suspension resulted in increasing amount of the particles in the deposit (Fig.9.5E). 

The comparison of the images at higher magnification (Fig.9.5D,F) showed that the 

increase in the PBH concentration in the suspension resulted in the larger size of the 

deposited particles. The size and shape of PBH particles shown in Fig.9.4B and Fig.9.5C-

F are comparable with those, presented in Fig.9.2B. 

SEM investigations showed that the deposits contained mainly MWCNT at low 

deposition voltages or low PBH concentrations. The increase in deposition voltage and 

PBH concentration in the solutions promoted the deposition of PBH particles. Such 

observations correlate with deposition yield data presented in Fig.9.3, which showed 

rapid increase in the deposition yield at deposition voltages above 2 V and PBH 

concentration above 0.4 g L-1.  However, the changes in the deposition yield cannot be 

solely attributed to the deposition of PBH particles. It is important to see that the 

deposition yield for MWCNT-PBH deposits (Fig.9.3) was significantly higher than that 

for pure PBH (Fig.9.1A). Therefore, the rapid increase in the deposition yield at 

deposition voltages above 2 V (Fig.9.3A) and PBH concentration above 0.4 g L-1 

(Fig.9.3B) can be attributed to enhanced deposition of both materials: MWCNT and PBH. 

Indeed, the electronic conductivity of PBH is low, therefore the charge transfer through 

the growing PBH film presents difficulties. The porous structure formed by conductive 

MWCNT facilitated charge transfer during electrodeposition and allowed a higher 

deposition rate.  It is in this regard that EPD method allowed significant increase in 
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thickness of composite MWCNT-polymer films, compared to pure polymer films[15]. 

 

Fig.9.5 SEM images at different magnifications for deposits prepared from 1 g L-1 

MWCNT suspension, containing (A and B) 0.1, (C and D) 0.2, and (E and F) 0.6 g L-1 

PBH at a deposition voltage of 7 V. White arrows show MWCNT, black arrows show 

PBH particles. 
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9.5 Advantages of using PBH as a dispersant for MWCNT 

The use of PBH as a dispersing and charging agent offers important advantages for EPD 

of MWCNT. In the previous investigations, various methods were developed for the 

dispersion, charging and EPD of CNT. It was found that adsorbed anionic and cationic 

polyelectrolytes provided charging of CNT in suspensions and allowed the formation of 

anodic or cathodic deposits by EPD[16]. Investigations were focused on the development 

of functionalization strategies, which included both covalent and supramolecular 

approaches[17-19]. However, polymer “wrapping” and supramolecular dispersion 

methods often result in the formation of CNT bundles.  

The interactions of CNT with charging additives and solvents are especially important for 

dispersion and charging[20]. Many attempts have been made to improve wetting 

properties of CNT in solvents by oxidation in strong acids or mixtures of acids[20, 21]. It 

was shown that under acidic conditions, defective sites in the CNT are attacked, resulting 

in the formation of fragmented CNT, decorated with carboxylic and other oxygen-

containing groups on their surface. These acidic groups electrostatically stabilized the 

CNT in suspensions and provided a negative charge for EPD. However, the oxidation and 

functionalization strategies introduce defects on the CNT sidewalls and reduce electronic 

conductivity of CNT. In another approach, the charging of CNT for EPD was achieved 

by adsorption of metal ions from added metal salts[20, 22]. It should be noted that the 

addition of metal salts results in lower suspension stability, attributed to increasing ionic 

strength of the suspension. The metal ions usually incorporate into the deposits as 

corresponding hydroxides or oxides and contaminate the deposits.  

The dispersion and EPD of CNT using surfactants is of special interest[19]. Sodium 
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dodecyl sulfate (SDS) is one of the most promising anionic surfactants for the fabrication 

of stable suspensions of charged CNT[19]. However, relatively large concentration of 

SDS is required for CNT dispersion and EPD[23]. SDS form micelles, which induce a 

depletion attraction between the nanotubes [24, 25]. The strength of the attraction 

increases with increasing micelle concentration. Therefore, the increase in SDS 

concentration results in CNT aggregation.  Van der Waals - induced aggregation at low 

SDS concentration and depletion-induced aggregation at high SDS concentration define 

an intermediate concentration range, where CNT can be homogeneously dispersed. The 

width of this SDS concentration range decreases drastically with increasing CNT 

concentration[24, 25], preventing the dispersion. It should be noted that the mechanism 

of PBH adsorption on MWCNT is different from the mechanism of SDS adsorption. The 

π-π interactions provided adsorption of polyaromatic PBH molecules on MWCNT. The 

dispersant adsorption is critical for efficient dispersion of MWCNT. PBH showed 

remarkable adsorption on SWCNT [26]. PBH offers other advantages for EPD, such as 

pH-dependent charge, film forming and binding properties. It is in this regard that 

colloidal stability and charge of MWCNT not necessarily allow for their deposition. 

Previous investigations showed that mutual electrostatic repulsions of particles at the 

electrode surface and poor particle adhesion to the electrode can prevent film 

formation[27]. Therefore, the pH-dependent charge, binding and film forming properties 

of PBH promoted the formation of MWCNT films. The co-deposition of MWCNT and 

materials from pyrene family, such as PBH, can be used for applications in electronic, 

photovoltaic and optical devices[5, 6, 9, 11], utilizing functional properties of pyrene 

based materials and high electronic conductivity of MWCNT.  The EPD of MWCNT is 
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of special interest for the fabrication of composite MnO2-MWCNT electrodes of 

electrochemical supercapacitors. The charging mechanism of MnO2 is given by the 

following equation[28]: 

                                 MnO2 +A+ + e- ↔MnOOA                                           (Eq.9.4)                       

where A+ = Li+, Na+, K+, H+. Equation (6) indicates that high electronic and ionic 

conductivities of the electrode material are important in order to utilize the high 

theoretical SC of MnO2 (1370 Fg-1[29]). A complicating factor in the application of 

MnO2 in ES is low electronic conductivity of this material. This problem can be 

addressed by the development of porous composites, containing MWCNT.  

9.6 Co-deposition of MWCNT and MnO2 nanoparticles 

MnO2 were negatively charged in aqueous suspensions at pH=8. EPD from the 

suspensions resulted in the formation of anodic deposits. In order to obtain composite 

MnO2-MWCNT films by EPD, PBH and MWCNT were added to the MnO2 suspensions. 

Fig.9.6A shows deposit mass as a function of deposition voltage for 4 g L-1 MnO2 

suspension, containing 1 g L-1 PBH. The deposit mass increased with increasing 

deposition voltage at a constant deposition time.  The deposit mass increased with 

increasing PBH concentration (Fig.9.6B). Such increase cannot be solely attributed to 

PBH deposition, because the deposition rate of pure PBH is relatively low (Fig.9.1A). It 

is suggested that anionic PB- was adsorbed on MnO2 particles in the suspension and 

promoted their anodic deposition. The adsorption mechanism is similar to that of benzoic 

acid adsorption on oxide particles [30]. It can be attributed to interactions of COO- group 

of PBH with Mn ions at the particle surface.  
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Fig.9.6 Deposit mass for 4 g L-1 MnO2 suspension and deposition time of 5 min versus 

(A) deposition voltage at PBH concentration of 1 g L-1 and (B) PBH concentration at a 

deposition voltage of 7 V. 

 

Fig.9.7 Deposit mass versus MWCNT concentration in 2 g L-1 MnO2 suspension, 

containing 0.5 g L-1 PBH, at a deposition voltage of 7 V and deposition time of 2 min. 
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The MnO2 deposits prepared from 2-4 g L-1 MnO2 suspensions, containing 0.1-1.0 g L-1 

PBH, at deposition voltages of 1-10 V were studied by SEM. In contrast to the SEM data 

for MWCNT deposits (Fig.9.4, 9.5), individual PBH particles were not observed in the 

MnO2 deposits. The addition of MWCNT to the MnO2 suspensions, containing PBH, 

resulted in increasing deposition rate, which indicated co-deposition of MnO2 and 

MWCNT (Fig.9.7). 

 

Fig.9.8 SEM images of deposits, prepared from 2 g L-1 MnO2 suspension, containing 0.5 

g L-1 MWCNT and (A) 0.1 and (B) 0.5 g L-1 PBH at a deposition voltage of 7 V. White 

arrows show MWCNT, black arrows show PBH particles, white-black arrows show 

MnO2 particles. 

The formation of composite deposits was confirmed by the SEM studies. Fig.9.8A shows 
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SEM image of the deposit, prepared from 2 g L-1 MnO2 suspension, containing 0.5 g L-1 

MWCNT and 0.1 PBH. The deposit was porous, it contained MnO2 particles and 

MWCNT. The increase in PBH concentration from 0.1 to 0.5 g L-1 resulted in the 

deposition of PBH particles (Fig.9.8B). As pointed out above, the PBH particles were not 

observed in the SEM images of MnO2 deposits, however similar particles were observed 

in the MWCNT deposits, prepared using PBH (Fig.9.4,9.5). 

9.7 Composition study of MWCNT-MnO2 composite film 

Fig.9.9 compares TGA and DTA data for PBH, MWCNT, MnO2, and composite deposits. 

The TGA data for PBH (Fig.9.9A) showed 2 steps in the mass loss in the range of 360-

400 and 500-650 ℃, attributed to burning out of PBH. The corresponding DTA data 

showed broad exotherms in the same temperature range in agreement with the TGA data. 

The thermal analysis of MWCNT (Fig.9.9B) showed mass loss in the range of 500-700 ℃ 

in the TGA data and corresponding broad exotherm in the DTA data, attributed to 

burning out of MWCNT.  

The TGA data for MnO2 showed a sharp reduction of sample mass below 200 ℃, and 

then, the sample mass decreased gradually with increasing temperature (Fig.9.9C). The 

reduction in sample mass was attributed to dehydration of the birnessite phase. The 

corresponding DTA data showed an endotherm at ~ 120 ℃. A small mass gain in the 

range of 430-475 ℃ and a corresponding exotherm in the DTA curve could be attributed 

to the oxidation of non-stoichiometric birnessite phase. The total mass loss at 800 ℃ was 

found to be 13.4%.  
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Fig.9.9 (a) TGA and (b) DTA data for (A) PBH, (B) MWCNT, (C) MnO2 and composite 

deposits prepared at a constant voltage of 7 V from suspensions, containing (D) 4 g L-1 

MnO2 and 1 g L-1 PBH, (E) 2 g L-1 MnO2, 0.5 g L-1 MWCNT and 0.1 g L-1 PBH, (F) 2 g 

L-1 MnO2, 0.5 g L-1 MWCNT and 0.5 g L-1 PBH. 

The TGA data (Fig. 9.9D) for deposit, prepared from 4 g L-1 MnO2 suspension, 
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containing 1 g L-1 PBH, showed significant mass loss below 300 ℃, at higher 

temperatures relatively small reduction in sample mass were observed. The 

corresponding DTA data showed exothermic peak at ~300 ℃. The total mass loss of 43.6% 

at 800 ℃ was attributed to burning out of PBH and dehydration of the birnessite phase of 

MnO2. Taking into account, the mass loss for MnO2 (Fig.9.9C), the PBH content in the 

composite sample calculated from the TGA data (Fig. 9.9D) was 34.9%. The TGA data 

were in agreement with deposition yield measurements, presented in Fig.9.6B and 

indicated co-deposition of MnO2 and PBH and the formation of composite films.  

Fig.9.9E and F shows TGA and DTA data for deposits, prepared from 2 g L-1 MnO2 

suspensions, containing 0.5 g L-1 MWCNT and 0.1 or 0.5 g L-1 PBH. The TGA data 

showed several steps in mass loss attributed to thermal dehydration of the birnessite 

phase of MnO2, burning out of MWCNT and PBH. The total mass loss was found to be 

(Fig.9.9E) 39.6 and (Fig.9.9F) 45.8%. The difference can be attributed to larger PBH 

content in the deposit prepared from the suspension with larger PBH concentration.  

The TGA data are in agreement with SEM observations of the same samples (Fig.9.8), 

which showed large amount of PBH particles in the sample prepared from the suspension 

containing 0.5 g L-1 PBH. The comparison of the TGA data for the deposit (Fig. 9.9D) 

without MWCNT and (Fig.9.9E and F) with MWCNT showed relatively large mass 

changes (Fig.9.9E and F) in the range above 300 ℃, which are especially evident 

(Fig.9.9E) for the deposit, prepared from the suspension with lower PBH concentration. 

This mass loss above 300 ℃ can mainly be attributed to burning out of MWCNT, 

because burning out of MWCNT was observed at higher temperatures (Fig.9.9B), 

compared to PBH (Fig.9.9A). Moreover, the corresponding DTA data (Fig.9.9E and F) 
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revealed additional exotherms, attributed to burning out of MWCNT in the range of 400-

600 ℃, which were not observed in Fig.9.9D. 

9.8 Capacitive performance of MWCNT-MnO2 composite film 

The composite films showed capacitive behavior in the 0.5M Na2SO4 electrolyte.  

Fig.9.10(A,B) presents SC versus scan rate dependencies and corresponding CVs at scan 

rate of 10 mVs-1 for 0.3 mg cm-2 samples. The deposit prepared from the 2 g L-1 MnO2 

suspension, containing 0.5 g L-1 MWCNT and 0.1 g L-1 PBH, showed a SC of 250 and 90 

Fg-1 at scan rates of 2 and 100 mV s-1, respectively. The decrease in SC with increasing 

scan rate is attributed to diffusion limitations of electrolyte in pores. The increase in the 

PBH concentration in the suspension from 0.1 to 0.5 g L-1 resulted in significant 

reduction in specific capacitance at high scan rates (Fig.9.10A). The corresponding CVs 

deviated significantly from box shape (Fig.9.10B). This can be attributed to increased 

resistance. Turning again to the SEM images for corresponding samples, shown in 

Fig.9.8, it should be noted that the deposition of PBH particles (Fig.9.8B) can result in 

reduced porosity of the deposit prepared from suspension, containing 0.5 g L-1 PBH. The 

reduced porosity led to diffusion limitation in pores and reduced capacitance, especially 

at high scan rates. The sample, prepared from the suspension containing 0.5 g L-1 PBH, 

but without MWCNT, showed a SC of 40 Fg-1 at a scan rate of 2 mVs-1 and significant 

reduction in the area of corresponding CV (Fig.9.10A,B)  
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Fig.9.10 (A) SC versus scan rate, (B) corresponding CVs at a scan rate of 10 mV s-1 and 

(C and D) Nyquist plots for complex impedance Z* = Z’ – iZ’’ for deposits prepared 

from 2 g L-1 MnO2 suspensions, containing (a) 0.5 g L-1 MWCNT and 0.1 g L-1 PBH, (b) 

0.5 g L-1 MWCNT and 0.5 g L-1 PBH, (c) 0.5 g L-1 PBH, solid lines are simulation results, 

obtained using an equivalent circuit shown in (D, inset), film mass 0.3 mg cm-2. 

The impedance spectroscopy data for corresponding samples were presented in Nyquist 

plots in Fig.9.10C,D. The equivalent circuit of ES (Fig.9.10D, inset) was discussed in 

several investigations[31-33]. It included RC-RQ transmission line, describing the porous 

electrode, and Warburg impedance W[33, 34], representing the diffusion resistance of 

electrolyte inside the pores. In this circuit, C elements represent double-layer capacitance 

and preudocapacitance, whereas R elements represent electrolyte resistance in pores, 
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Faradaic resistance and equivalent series resistance of the electrodes. The CPE element 

(Q)[35] describes a capacitor with microscopic roughness of the surface and capacitance 

dispersion of interfacial origin. Solution resistance is usually combined in series with RC-

RQ transmission line[36].   

The equivalent circuit should allow an optimum representation of the analyzed 

impedance data with a minimum set of model parameters. Conway and Pell described the 

impedance of the porous electrode using a five RC element circuit[31]. Good agreement 

of simulated and measured (Fig.9.10C,D) data was found for the equivalent circuit 

containing a transmission line with two RC(RQ) elements (Fig.9.10D, inset). The 

analysis of the impedance data, shown in Fig.9.10D, indicated significant increase in 

impedance with increased PBH concentration in the solution. This is in good agreement 

with corresponding SEM data, presented in Fig.9.8, which indicated that some pores can 

be blocked by PBH particles. The deposit prepared from suspension without MWCNT 

showed significantly higher resistance. The slope of the curve presented in Fig.10D is 

close to 45º, indicating significant contribution of Warburg impedance. The relatively 

high impedance (Fig.9.10C(b) and Fig.9.10D) of the deposits prepared from the 

suspensions containing 0.5 g L-1 PBH resulted in lower SC (Fig.9.10A(b,c)).   

The obtained SC (Fig.9.10Aa) was higher than that reported in a previous investigation 

[59] for MnO2-MWCNT electrodes of similar mass prepared by EPD. The difference can 

be attributed to improved dispersion of MWCNT, achieved using PBH as a dispersant. 

However, the SC is lower compared to that achieved in the redox method [60]. However, 

in the redox method, CNT are used as a sacrificial reducing agent. The degradation of 

CNT results in reduced conductivity. It is important to note that in Ref. [60], the SC was 
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presented for MnO2 component only, whereas in our investigation, the total mass of the 

deposited electrode material was used for SC calculation. 

9.9 Conclusions 

EPD method has been developed for the fabrication of PBH films from aqueous solutions. 

The films can be obtained at constant voltage or potentiodynamic conditions. The 

deposition mechanism involved the electrophoresis of anionic PB- species, pH decrease at 

the anode surface, charge neutralization and formation of insoluble PBH films. The film 

morphology and shape of the PBH particles are controlled by the π-π stacking mechanism 

of the polyaromatic PBH molecules. The use of PBH as a charging, dispersing and film 

forming agent allowed the fabrication of stable suspensions of MWCNT and their anodic 

deposition by EPD. The deposition yield, deposit microstructure and composition can be 

varied by the variation of deposition voltage and PBH concentration. The increase in the 

deposition voltage and PBH concentration in the suspensions promoted the co-deposition 

of PBH particles together with MWCNT. The new approach to the deposition of 

MWCNT was used for the fabrication of composite MnO2-MWCNT films for electrodes 

of ES, which showed a SC of 250 Fg-1. The EPD method developed in this investigation 

paves the way for the deposition of other organic molecules and composites and their 

applications in new materials and devices, utilizing the functional properties of the 

organic molecules, CNT and other advanced materials. 
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Chapter 10 Asymmetric MnO2-MWCNT/VN-

MWCNT supercapacitors 

 

10.1 Synthesis of VN-MWCNT composites 

Fig.10.1A shows an SEM image of the V2O5 powder, used in this investigation. The 

particle size of V2O5 was in the range of 0.2-1.0 m. The SEM image of the VN powder 

(Fig.10.1B) showed that primary particle size is on the nanometric scale. However, some 

particles formed agglomerates. The size of the agglomerates was comparable with the 

size of V2O5 particles (Fig.10.1A), used for the synthesis of VN. Such agglomerates were 

not observed in the SEM images of VN-MWCNT composites.  

 

Fig.10.1 SEM images of (A) V2O5, (B) VN, (C) VN-MWCNT composite, arrows show 

MWCNT, and (D) XRD spectrum of VN, ▼- peaks corresponding to JCPDS 35-0768 
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file. 

Fig.10.1C shows the typical SEM image of a VN-MWCMT composite. The 

microstructure of the composite included fibrous nanoparticles of VN, which had smaller 

diameter, compared to the diameter of MWCNT. The XRD studies confirmed the 

formation of pure VN phase. The XRD pattern of VN corresponds to the JCPDS 35-0768 

file (Fig.10.1D).  

10.2 Electrochemical capacitive performance of VN-MWCNT electrodes 

The VN electrodes with mass loading of 15 mg cm-2 showed a Cm of 38.5 F g-1 (Cs =0.58 

F cm-2) in 0.5 M Na2SO4 electrolyte at a scan rate of 2 mV s-1. The MWCNT electrodes 

of the same mass showed a Cm of 49.8 F g-1 (Cs=0.75 F cm-2). The SC decreased with 

increasing scan rate due to diffusion limitations of the electrolyte in pores. The VN-

MWCNT composite electrode with mass loading of 15 mg cm-2 showed Cm of 160.3 F g-1 

(Cs=2.4 F cm-2) at a scan rate of 2 mV s-1. The SC decreased with increasing scan rate, 

showing Cm=65 F g-1 (Cs =0.97 F cm-2) at a scan rate of 100 mV s-1. The corresponding 

CVs, used for SC calculations are presented in Fig.10.2B. Nearly box shape CVs 

indicated good capacitive behavior in the voltage window of -0.9 ─ 0 V versus SCE. The 

increase in current with increasing scan rate indicated good capacitance retention. The 

higher SC of the composite, compared to VN electrode, can be attributed to lower 

agglomeration of VN particles and higher conductivity of the VN-MWCNT composite. It 

is suggested that the MWCNT network provided improved electronic conductivity of the 

composite material, which was beneficial for the charge-discharge reactions.  
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Fig.10.2 (A) CVs for VN-MWCNT electrode at scan rates of (a) 5, (b) 10, and (c) 20 mV 

s-1, (B) Cm and Cs versus scan rate for (a) VN, (b) CNT, and (c) VN-MWCNT composite 

electrodes, (C) Nyquist plot of complex impedance and corresponding simulation data for 

the VN-MWCNT composite electrode, inset shows the equivalent circuit used for the 

simulation, (D) real and imaginary components of capacitance for the VN-MWCNT 

composite electrode, calculated from the impedance data. Mass loading for all electrodes 

is 15 mg cm-2. 

The EIS data presented in a Nyquist plot of Z'' versus Z' showed nearly linear dependence 

with the line slope close to 90º, indicating good capacitive behavior and low resistance 

R=Z'. The Nyquist plot was simulated using an equivalent circuit shown in the inset of 

Fig.10.2C, which included two R-Q transmission lines, describing the porous electrode [1, 

2]. In this circuit, R1, R2 and R3 represented the electrolyte resistance, electrode material 
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resistance and charge transfer resistance, respectively. Q1 and Q2 elements represent 

pseudocapacitance and double-layer capacitance [3, 4], respectively, with consideration 

of surface roughness and capacitance dispersion of interfacial origin. Fig.10.2D shows 

frequency dependence of components of AC capacitance, calculated from the EIS data. 

The electrodes showed a Cs' of 1.3 F cm-2 at a frequency of 0.01Hz, comparable with Cs, 

calculated from the CV data at a similar charge-discharge period. The spectrum revealed 

relaxation type of dispersion[5, 6] at frequencies above 0.1 Hz, as indicated by the 

reduction of Cs' with increasing frequency and corresponding maximum in Cs'' at 0.2 Hz.  

 

Fig.10.3 (A) Capacitance retention for 30 mg cm-2 VN-MWCNT composite electrode at a 

scan rate of 50 mV s-1, inset shows CVs for 10th and 1000th cycles. (B) Nyquist plot of 

complex impedance, inset shows encircled high frequency range, (C) Cs', and (D) Cs'', 

calculated from the impedance data after (a) 250th, (b) 500th, (c) 750th, and (d) 1000th 
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cycle.  

The investigation of the cycling behavior of the VN-MWCNT electrodes showed that 

capacitance increased by 15.9 % after 1000 cycles (Fig.10.3A). The inset in Fig.10.3A 

shows increased area of the CV after 1000 cycles. Similar capacitance increase was 

observed for other materials, it was attributed to microstructure changes during cycling[5]. 

The analysis of the impedance data (Fig.10.3B) showed small changes in Z' and Z'' 

during cycling. The corresponding low frequency Cs' and Cs'' values increased slightly 

during cycling (Fig.10.3C,D). The increase in Cs' with increasing cycle number 

(Fig.10.3C) was in agreement with Cs increase (Fig.10.3A). No obvious frequency shift 

was observed for the peaks of Cs'', indicating that cycling had no influence on the 

frequency dependence of AC capacitance. 

Previous investigations showed good cycling stability of VN electrodes in KOH 

electrolyte at low active mass loadings (0.21-0.41 mg cm-2) [7].   The capacitance 

reduction was less than 10% after 1000 cycles a scan rate of 50 mV s-1. In another 

investigation[8] the capacitance remained at the level of 60% of initial capacitance after 

1000 cycles in KOH electrolyte. The VN functionalized carbon nanotube electrodes with 

VN loading of 0.135 mg cm-2 showed[9] capacitance retention of 64% after 600 cycles in 

a KOH electrolyte at a scan rate of 50 mV s-1. However, it is important to achieve good 

electrochemical performance and cycling stability at materials loading of 10-20 mg cm-2, 

which is desired for many commercial devices [10, 11]. The good capacitance retention, 

achieved at material loading of 30 mg cm-2 in Na2SO4 electrolyte (Fig.10.3), is promising 

for practical application of VN electrodes in electrochemical supercapacitors.  
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10.3 Charge-discharge mechanism of VN 

The charging mechanism of VN in the 0.5 M Na2SO4 electrolyte is different from that, 

described for the 1 M KOH electrolyte[7, 12-14]. In the concentrated KOH solutions, the 

anionic OH- species were involved in charge storage in the VN electrodes at negative 

electrode potentials. The suggested charge storage mechanisms included the double layer 

formation and Faradaic reactions [7, 12].  Numerous XPS studies revealed the formation 

of surface oxides on VN nanoparticles[7, 12-14] in aqueous solutions. It was suggested[7] 

that in the presence of OH- ions, the following reactions occur on the oxy-nitride surface: 

                   VNxOy + OH- ↔ VNxOy║OH                                 (Eq.10.1) 

                    VNxOy + OH- ↔ VNxOy-OH                                  (Eq.10.2) 

Eq.10.1 and Eq.10.2 describe double layer (VNxOy║OH) and pseudocapacitance, 

respectively. The pseudocapacitance mechanism involved the electron transfer across the 

surface. Such mechanisms cannot explain the charge storage of VN in the Na2SO4 

solutions due to the low concentration of OH- ions. Moreover, it is important to note that 

the electric field moves OH- ions away from the negative electrodes. The analysis of ion 

migration in supercapacitor electrode material is important for understanding the charge-

discharge mechanisms. The QCM technique is an important tool for the analysis of ionic 

fluxes into porous electrode materials of electrochemical supercapacitors[15]. 

In this investigation the ionic fluxes in the VN-MWCNT electrodes were analyzed using 

QCM at galvanostatic conditions. Fig.10.4 compares the QCM data for VN-MWCNT 

coated and uncoated quartz resonators for applied positive and negative constant current 

pulses of 0.1 mA.  For coated electrodes, the application of negative current pulses 
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resulted in a mass gain, which can be attributed to the insertion of Na+ ions into the VN-

MWCNT material. The application of positive current pulses resulted in the mass loss, 

attributed to electromigration of Na+ in opposite direction. Literature data[15] on QCM 

analysis of porous electrode materials in periodic electric fields revealed periodic mass 

gains related to insertion of both: cations and anions. However, the QCM studies[16] of 

CNT electrodes in neutral aqueous solutions showed that mass gain was observed only 

when the potential was scanned in the negative direction. Such behavior indicated 

significant contribution of the cationic transport. Investigations[15-18] demonstrated that 

relative contributions of cationic and anionic transport to the mass changes of QCM 

resonator depend on the relative size of cations and anions and  point of zero charge of 

the electrode material. It was demonstrated that negatively charged carbon nanotubes in 

aqueous solutions promoted cationic transport[16]. As a result, QCM studies revealed 

mass gain only for the negative scans[16]. A similar mechanism can explain the QCM 

data for VN-MWCNT coated resonators. As pointed out above, numerous XPS studies 

revealed the formation of surface oxides on VN nanoparticles[7, 12-14] in aqueous 

solutions. It is known[19] that vanadium oxides have low points of zero charge. 

Therefore, in neutral solutions the negatively charged surface oxide layers of VN can 

promote a cationic transport. 

QCM studies of MnO2 in NaCl and Na2SO4 solutions showed mass loss when positive 

potential was applied to the electrodes[20-22]. The investigations were performed in a 

wide potential range at different current and voltage conditions. It was shown that Na 

cations are involved in the charging of MnO2 in the positive potential range, according to 

the following reaction[20, 21]: 
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                        MnO2Naδ  ↔ δNa+ + δe-  + MnO2                                 (Eq.10.3) 

The results of QCM studies of the VN electrodes showed that the insertion/deinsertion of 

Na+ ions can be involved in the charge-discharge mechanism (Fig.10.4). The following 

charging mechanism, involving oxy-nitride surface, can be proposed in the Na2SO4 

solutions: 

                              VNxOy + δNa+ + δe-  ↔ VNxOyNaδ                            (Eq.10.4) 

The presented results of the investigation of negative VN-MWVNT electrodes in the 

Na2SO4 electrolyte, coupled with literature data[23-28], demonstrating good 

electrochemical performance of MnO2-MWCNT positive electrodes in the same 

electrolyte, paved the way to the fabrication of asymmetric devices with enlarged voltage 

window.  

 

Fig.10.4 QCM data for (a) VN-MWCNT coated and (b) uncoated quartz resonators for (c) 

applied positive and negative constant current pulses of 0.1 mA. 
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10.4 Electrochemical capacitive performance of MnO2-MWCNT/VN-

MWCNT asymmetric supercapacitors 

The VN-MWCNT negative electrodes were combined with MnO2-MWCNT positive 

electrodes for the fabrication of supercapacitor cells. Compared with the previous 

investigations[28, 29], the MWCNT content in the MnO2-MWCNT electrodes was 

increased to 50% in order to achieve comparable capacitances with VN-MWCNT 

electrodes at high scan rates. The capacitive behavior of MnO2-MWCNT electrode is 

shown in Fig.10.5. 

 

Fig.10.5 (A) Specific capacitance Cm and Cs of MnO2-MWCNT with a material loading 

of 21 mg cm2 on nickel foam. (B) Corresponding CVs at scan rate of (a) 5, (b) 10, and (c) 

20 mV s-1. (C) EIS and (D) real (Cs’) and imaginary (Cs’’) capacitances calculated from 
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the EIS data. 

The asymmetric cells showed box shape CVs at different scan rates, indicating good 

electrochemical performance in a voltage window of 1.8 V (Fig.10.6A). The Cs of 1.33 F 

cm-2 (was achieved at a scan rate of 2 mV s-1 for mass loading of each individual 

electrode of 10 mg cm-2. The increase in scan rate resulted in decreasing Cs. The 

asymmetric cells showed Cs of 0.48 F cm-2 at a scan rate of 100 mV s-1 (Fig.10.6B). The 

high mass loading allowed significant improvement in Cs compared to the Cs of 1.85 mF 

cm-2 reported for cell voltage window of 1.3 V[30]. The results of EIS studies of the 

asymmetric cells are presented in the Nyquist plot in Fig.10.6C. The EIS showed 

relatively low impedance, which is well described by the equivalent circuit, presented in 

 

Fig.10.6 (A) CVs for two electrode asymmetric VN-MWCNT/MnO2-MWCNT cell at 

scan rates of (a) 5, (b) 10, and (c) 20 mV s-1, (B) Cs versus scan rate, calculated from the 
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CV data, (C) Nyquist plot of complex impedance for the asymmetric cell and 

corresponding simulation data, the inset shows the equivalent circuit, used for the 

simulation, (D) Cs', and Cs'', calculated from the impedance data. 

Fig.10.6C (inset). The equivalent circuit of the device can be considered as a combination 

of two circuits of individual components, similar to the circuit shown in Fig.10.2C. The 

circuit includes electrode material resistances (R2 and R4) and charge transfer resistances 

(R1 and R5), electrolyte resistance R3, pseudocapacitances (Q1 and Q3) and double-layer 

capacitances (Q2 and Q4).  The capacitance Cs, calculated from the EIS data showed 

relaxation type frequency dispersion[5, 6], as indicated by the rapid decrease in Cs' in the 

range of 0.01-0.1 Hz and  corresponding maximum in Cs'' at 0.03 Hz (Fig.10.6D). 

Galvanostatic charge-discharge behavior of the asymmetric cells was investigated at 

different current densities in a voltage window of 1.8 V (Fig.10.7A). As shown in 

Fig.10.7A, the voltage-time curves were nearly symmetrical at all currents, indicating 

good Coulombic efficiency related to the reversible redox reactions of both MnO2 and 

VN. No significant potential drops at low currents were observed, so the internal 

resistance was small. The energy density and power density were calculated from the 

discharges curves and plotted on a Ragone diagram in Fig.10.7B. The maximum energy 

density was 38.7 Wh kg-1 (19.4 mWh cm-3) with a power density of  7.3 W kg-1 (3.7 mW 

cm-3) under discharge current 0.25 mA, which gradually decreased to  13.3 Wh kg-1 (6.7 

mWh cm-3) with a power density of 316.2 W kg-1 (158.1 mW cm-3) under discharge 

current of 10 mA. 

For comparison, the energy and power density, reported[31] for asymmetric VN-CNT 

cells, were of 0.54 mWh cm-3 and 0.4 W cm-3, respectively. In another investigation[32], 
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the maximum energy density and power density of 0.61 mWh cm−3 and 0.85 W cm−3, 

respectively, were reported. Therefore, the approach, developed in this investigation 

allowed significant improvement in power-energy characteristics of the asymmetric cells, 

based on the VN electrode material. The insets in Fig.10.7B show coin cells, used in this 

investigation, and LED bulbs powered by the coin cells. The coin cells showed 

volumetric capacitance of 43 F cm-3 (86 F g-1) at a constant current of 0.25 mA cm-2, 

which is higher than the reported[31] value of 7.9 F cm-3 for asymmetric VN-CNT cells. 

 

Fig.10.7 (A) Galvanostatic charge-discharge for two electrode asymmetric VN-

MWCNT/MnO2-MWCNT cell at different currents, (B) Ragone plot for the two 

electrode cell. The inset shows asymmetric VN-MWCNT/MnO2-MWCNT coin cell used 

for the charge-discharge tests and LED bulbs powered by the coin cells. 
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The investigation of cyclic stability of the cells showed capacitance reduction with 

increasing cycle number. The capacitance retention after 1000 cycles was about 80% 

(Fig.10.8A). The capacitance decrease of asymmetric cells is not well understood, 

because individual electrodes showed good capacitance retention in corresponding 

voltage windows in the same electrolyte. It is suggested that capacitance reduction can be 

attributed to degradation of electrode materials or separator at operating conditions of 1.8 

V. It is known that capacitance reduction during cycling of asymmetric capacitors can 

result from[33]  excessive positive potential on the MnO2 electrode and electrode 

matching problems. The analysis of the discharge curves showed that after 200 cycles a 

voltage drop V=IR appeared at the beginning of discharge (Fig.10.8B). The voltage drop 

increased with increasing cycle number and indicated the increasing cell resistance R. 

 

Fig.10.8 (A) Capacitance retention for asymmetric VN-MWCNT/MnO2-MWCNT cell at 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

182 
 

constant current of 10 mA, (B) Galvanostatic charge-discharge at a current of 10 mA for 

different cycles. 

10.5 Conclusions 

Nanostructured VN-MWCNT electrodes for electrochemical supercapacitors, prepared 

by a chemical method, showed good capacitive behavior in 0.5 M Na2SO4 electrolyte. 

The specific capacitance of VN-MWCNT was significantly higher compared to the 

capacitance of pure VN and MWCNT materials. QCM studies indicated that charge 

storage mechanism involves adsorption and desorption of Na+ ions. The VN-MWCNT 

electrodes with high mass loading in the range of 10-30 mg cm-2 showed high specific 

capacitance, good capacitance retention in the range of 2-200 mV s-1 and good cycling 

stability. The highest capacitance of 160 F g-1 was achieved at a scan rate of 2 mV s-1. 

Good electrochemical performance of the VN-MWCNT electrodes in the negative 

potential range in the 0.5 M Na2SO4 electrolyte allowed the fabrication of new type of 

asymmetric cells, containing VN-MWCNT negative and MnO2-MWCNT positive 

electrodes. The asymmetric cells showed promising electrochemical performance in a 

voltage window of 1.8 V in aqueous 0.5 M Na2SO4 electrolyte with energy density of 

38.7 Wh kg-1 (19.4 mWh cm-3 and a power density of 7.3 W kg-1 (3.7 mW cm-3). 
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Chapter 11 Asymmetric electrochemical 

supercapacitor, based on polypyrrole coated 

carbon nanotube electrodes. 

 

11.1 Adsorption and doping mechanism of additives for MWCNT-PPy 

composites. 

Fig.11.1 (A,B) shows chemical structures of polyaromatic SPADNS and CHR-BS 

molecules. The anionic properties of both SPADNS and CHR-BS are attributed to their 

SO3
- groups, bonded to the aromatic rings. The CHR-BS molecule has four SO3

- groups, 

whereas SPADNS molecule has three SO3
- groups. However, the molecules have 

comparable charge to mass ratio due to the larger size of CHR-BS. The interest in the 

application of SPADNS and CHR-BS as anionic dopants for PPy polymerization is 

attributed to their polyaromatic structure, large size and relatively high charge to mass 

ratio. The analysis of literature indicates that such structural characteristics of the dopants 

are beneficial for the formation of PPy particles with reduced particle size, enhanced 

conductivity and capacitance and improved cyclic stability.[1-4] Moreover, the SPADNS 

and CHR-BS molecules belong to the family of azo-dyes, which exhibit electroactive 

properties, attributed to 2e- reductions of ─N═N─ groups and the formation of  

─NH─NH─ hydrazo groups[5, 6]. Moreover, the redox-active properties of SPADNS 

and CHR-BS molecules are also attributed to their OH groups[7]. As pointed out above, 

the redox-active dopants can contribute to the capacitance of doped PPy electrodes. 

The use of SPADNS and CHR-BS as anionic dopants offers additional benefits for the 

fabrication of PPy based composite electrodes. Recently, significant attention has been 
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given to the application of charged polyaromatic dyes for the dispersion of MWCNT in 

suspensions.  The aromatic rings of the molecules promoted their adsorption on MWCNT 

due to the π-π interactions, whereas the charged groups of the adsorbed molecules 

provided electrostatic repulsion and dispersion of MWCNT[8-10].  

 

Fig.11.1 (A,B) Chemical structures of (A) SPADNS and (B) CHR-BS, (C) suspension 

stability of 1 g L-1 MWCNT in ethanol with (a) no dispersant, (b) 0.5 g L-1 SPADNS, and 

(c) 0.5 g L-1 CHR-BS after 24 hours, (D) deposit mass from 1 g L-1 MWCNT suspension 

versus CHR-BS concentration at a deposition voltage of 100 V and deposition time of 3 

min, inset shows MWCNT film, (E) FTIR spectra of (a) pristine MWCNT and (b) 

MWCNT, deposited from 1 g L-1 MWCNT suspension,  containing 0.5 g L-1 CHR-BS. 
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Based on these considerations, SPADNS and CHR-BS were investigated as dispersants 

for MWCNT and dopants for PPy in the synthesis of PPy coated MWCNT. The 

sedimentation tests showed that the stability of MWCNT suspensions prepared using 

SPADNS as a dispersant was 3 hours. In contrast, the MWCNT suspensions (Fig.11.1C), 

containing CHR-BS, were stable for several weeks. The improved dispersion of 

MWCNT can result from strong adsorption of CHR-BS on the MWCNT surface. The 

adsorption of CHR-BS was confirmed by electrophoretic deposition experiments and 

FTIR studies of the deposited MWCNT.  

The adsorption of anionic CHR-BS on MWCNT provided negative charges on MWCNT 

surface, which were deposited on the anode under an electric field. The deposition yield 

increased with increasing CHR-BS concentration in the MWCNT suspensions (Fig.11.1D) 

and with increasing deposition voltage. The reason for these phenomena were that 

negative charges on MWCNT surface increased with increasing CHR-BS concentration, 

and hence resulting in increasing deposition yield. Relatively uniform deposits were 

obtained on the stainless steel substrates at deposition voltages of 50-150 V (Fig.11.1D, 

inset).  

The adsorption of CHR-BS on MWCNT was confirmed by the FTIR analysis of the 

deposited material. In this case, the deposited material included only adsorbed dispersant, 

whereas the non-adsorbed dispersant remained in the solution. The FTIR spectra of as-

received and deposited MWCNT are compared in Fig.11.1E. The band assignments, 

presented in Table 11.1, were based on literature[11-13] data. The comparison of the 

FTIR spectra indicates that the spectrum of deposited MWCNT contained additional 

absorptions, attributed to N=N and S=O groups of CHR-BS. Therefore, the FTIR data 
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confirmed the adsorption of CHR-BS on MWCNT. 

Table 11.1 Band Assignments for pristine MWCNT and deposited MWCNT using CHR-

BS as a dispersant. 

MWCNT CHR-BS/MWCNT Band Assignment 

3436 3430 ν(-OH)[12] 

 2958 

ν(-CH)[13]  2921 

 2852 

 2347 ν(C-O)[13] 

1632 1629 ν(C=C)[11, 13]  

 1461 ν(N=N)[13] 

1385 1384 
δ(C-H ),δ(C-O )[11, 13] 

 1129 

 1157 ν (S=O) (asymmetric)[13] 

 1041 ν (S=O) (symmetric)[13] 

The wavenumbers were given in cm-1, ν-stretching mode, δ-bending mode. 

 

11.2 Morphology characterization of PPy coated MWCNT composite 

Fig.11.2 (A,B) compares microstructure of PPy-MWCNT composites, prepared using 

SPADNS and CHR-BS. The PPy-MWCNT composites, prepared using SPADNS, 

contained PPy coated MWCNT and relatively large agglomerates, containing PPy 

material between PPy coated MWCNT. In contrast, the SEM images of the PPy-

MWCNT composites, prepared using CHR-BS, contained only PPy coated MWCNT. 

The difference in the microstructure can be attributed to improved dispersion of MWCNT 

in the suspensions, containing CHR-BS. It is suggested that CHR-BS, adsorbed on the 

MWCNT surfaces, allowed MWCNT dispersion and promoted the PPy polymerization 

on the MWCNT surface. The hydrophobic and π-π interactions between MWCNT and 

PPy also promoted the polymerization of pyrrole on the surface of MWCNT. 
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Fig.11.2 (A,B) SEM images of PPy coated MWCNT, prepared using (A) SPADNS and 

(B) CHR-BS as dispersants, the arrows in (A) show agglomerates, containing PPy 

between PPy coated MWCNT. 

 The formation of PPy coated MWCNT using CHR-BS as a dispersant for MWCNT and 

dopant for PPy polymerization was confirmed by TEM. The TEM image presented in 

Fig.11.3 shows a typical PPy coated MWCNT. The image indicated the formation of 

relatively uniform coating and good contact of PPy and MWCNT. Such microstructure 

offers the advantages of high conductivity of MWCNT, high capacitance of PPY and 

good electrical contact of both materials. It could reduce the pathway of electron transfer 

between PPy and MWCNT, so the electron transfer was more efficient than that in 
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mechanical mixture of PPy and MWCNT. 

 

Fig.11.3 TEM image of PPy-MWCNT prepared using CHR-BS, the double arrow shows 

MWCNT. 

The formation of PPy coated MWCNT was also confirmed by the results of EDX studies. 

The comparison of HAADF image and corresponding element distribution maps 

(Fig.11.4) indicated that MWCNT were coated with PPy polymer, containing nitrogen in 

its structure. 

 

Fig.11.4 (A) HAADF and (B,C) EDX analysis for (B) carbon and (C) nitrogen elements 

of PPy-MWCNT, prepared using CHR-BS. 

 

 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

194 
 

11.3 Capacitive performance of PPy coated MWCNT composites 

The PPy coated MWCNT, prepared using SPADNS and CHR-BS were tested as ES 

electrode. Fig.11.5 (A,B) shows nearly box-shaped CVs for the electrodes with mass 

loading of 10 mg cm-2, where the current increased with the increase of scan rate, 

indicating good electrochemical capacitive performance. The PPy-MWCNT composites, 

prepared using CHR-BS showed larger area of CVs, indicating higher capacitance. From 

CVs of electrodes prepared using CHR-BS, Cm and CS were calculated and shown in 

Fig.11.5C, with highest Cm of 179 F g-1 (CS of 1.8 F cm-2) was observed at lowest scan 

rate of 2 mV s-1. Even at highest scan rate of 100 mV s-1, 52% of the highest capacitance 

was maintained. In contrast, the capacitance retention of  PPy electrodes, prepared 

without MWCNT[14], was about 10% in the same scan rate range. Therefore, the PPy 

coating on MWCNT improved the capacitive retention significantly. Fig.11.5D shows 

Nyquist plot of electrochemical impedance together with the corresponding simulation 

data, obtained with an equivalent circuit[15]. The electrodes showed relatively small 

resistance R=Z'. The resistance of the electrodes, prepared using CHR-BS, was lower, 

compared to the resistance of electrodes prepared using SPADNS.  The slopes of the Z'' 

versus Z' curves were close to 90º, indicating good capacitive behavior.  The  impedance 

data is in good agreement with the results of simulation, obtained  using a circuit[15]. 

The circuit used for simulation was the same as used in the literature[15], which included 

two R-Q transmission lines for the electrode porous surface[16, 17]. 

The frequency dependencies of complex AC capacitance are presented in Fig.11.5E. The 

dependencies showed typical relaxation type[11] dispersions, as indicated by the fast 

reduction in the real component C' with increasing frequency above 2 Hz and maxima in 
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the frequency dependencies of C'' at about 2.5 Hz. The relaxation frequencies, 

corresponding to the C'' maxima, were higher, compared to other PPy-MWCNT 

composites[11] of similar electrode mass.  Therefore, the use of PPy coated MWCNT 

allows improved capacitance retention with increasing frequency.  The electrodes, 

prepared using CHR-BS, showed higher capacitance at low frequencies, compared to the 

electrodes, prepared SPADNS. This result is in good agreement with capacitance data, 

obtained from the CVs.  

 

Fig.11.5 (A,B) CVs at (a) 5, (b) 10, and (c) 20 mV s-1 for PPy-MWCNT, prepared using 

(A) SPADNS and (B) CHR-BS, (C) Cs and Cm versus rate for PPy-MWCNT, prepared 

using (a) SPADNS and (b) CHR-BS, (D) EIS and corresponding simulation data for PPy-

MWCNT electrodes, prepared using (a) SPADNS and (b) CHR-BS, inset shows the 

circuit for simulation, (E) (a,b) Cs
' and (c,d) Cs

'' versus frequency for PPy-MWCNT, 

prepared using (a,c) SPADNS and (b,d) CHR-BS, (F) Cyclic stability of PPy-MWCNT, 

prepared using CHR-BS, inset shows CVs at different cycles. 

Due to the improved capacitive behavior of the electrodes, prepared using CHR-BS, such 
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electrodes were used for the fabrication of asymmetric devices. The cyclic stability of the 

electrodes is important for device performance. The investigation of cyclic stability of the 

CHR-BS electrodes (Fig.11.5F) showed that capacitance increased with increasing cycle 

number during the first 400 cycles and then slightly reduced with increasing cycle 

number. The inset in Fig.11.5F shows corresponding variations in CVs during cycling. It 

is seen that the area of the CVs increased during the initial 400 cycles. The increase in the 

capacitance of PPy electrodes during cycling can result from the changes in electrode 

microstructure[18]. The electrodes showed capacitance retention of 118.1% after 1000 

cycles (Fig.5F). 

 

Fig.11.6 (A) CVs at (a) 5, (b) 10, and (c) 20 mV s-1, (B) Cm and Cs versus scan rate, (C) 

EIS and corresponding simulation data, inset shows the circuit for simulation, (D) (a) Cs' 

and (b) Cs'' versus frequency for PPy-MWCNT/VN-MWCNT asymmetric device. 



Ph.D. Thesis, Yisong Su               McMaster University, Materials Science & Engineering 

197 
 

11.4 Capacitive performance of PPy-MWCNT/VN-MWCNT 

asymmetric devices 

The asymmetric devices were fabricated using PPy-MWCNT as positive electrodes and 

VN-MWCNT as negative electrodes. The mass loading and MWCNT content of the 

negative VN-MWCNT electrodes was adjusted to balance the capacitances of positive 

PPy-MWCNT electrodes at whole charge-discharge rates. The devices showed box shape 

CVs in a voltage window of 1.3 V, indicating good capacitive behavior (Fig.11.6A). The 

current increased with increasing scan rate.  

Fig.11.6B shows capacitance, calculated from the CV data, at different scan rates. The 

highest capacitance of 47.1 F g-1 (0.94 F cm-2) was achieved at a scan rate of 2 mV s-1. 

The devices showed a capacitance retention of 43.6% at a scan rate of 100 mV s-1. The 

devices showed (Fig.11.6C) relatively low resistance R=Z'. The slope of the Z'' versus Z' 

curve was close to 90º, indicating good capacitive behavior. However, the asymmetric 

cell has larger internal resistance, compared to the resistance of individual electrodes.The 

equivalent circuit (Fig.11.6C, inset) of the asymmetric cell was the same as used in the 

literature[15], which was a combination of two single electrode circuits, shown in 

Fig.11.5(D), with shared electrolyte resistance R3. The results of simulation are in good 

agreement with the experimental data.  

The AC capacitance of the cell was calculated from the impedance data and presented in 

Fig.11.6D in the form of frequency dependences of real C' and imaginary C'' components. 

Similar to the corresponding dependencies for individual electrodes (Fig.11.5E), the 

frequency dependencies of the AC capacitance (Fig.11.6D) for the cell showed relaxation 
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type dispersion, as indicated by the decrease in C' with increasing frequency and a 

maximum in the frequency dependence of C''. The observed relaxation frequency of 0.09 

Hz for the cell, corresponding to the C'' maximum, was lower than the relaxation 

frequencies for the individual PPy-MWCNT (2.5 Hz, Fig.11.4E) and VN-MWCNT (0.2 

Hz) electrodes. The difference in the relaxation frequencies can result from larger internal 

resistance of the cell. 

The galvanostatic charge-discharge curves at different charging and discharging rates 

were shown Fig.11.7A in a voltage window of 1.3 V. The charge-discharge curves were 

of nearly triangular symmetrical shape, indicating good capacitive behavior. In contrast, 

the symmetrical device, containing two PPy-MWCNT can be charged and discharged in 

the voltage window of 0.9 V. As a result, the asymmetric device showed improved 

power-energy characteristics, compared to the symmetric device. The Ragone plots for 

asymmetric and symmetric devices are presented in Fig.11.7B. The highest energy 

density of 10.7 Wh kg-1 was obtained for the asymmetric device at a constant current of 

0.5 mA. The energy density of the symmetric device at the same discharge current was 

only 4.5 Wh kg-1.  The asymmetric device showed significant improvement in power 

density, which was especially evident at higher discharge currents. The power density of 

the asymmetric device at a current of 50 mA was 1.99 kW kg-1, whereas the power 

density of the symmetric device at the same current was only 0.69 kW kg-1. The 

difference is attributed to larger voltage window of the asymmetric device. The 

asymmetric device showed capacitance retention of 84.3% after 1000 cycles (Fig.11.7C). 

The charge-discharge curves showed symmetric triangular shape during cycling. As a 

result, the charge efficiency of PPy-MWCNT/VN-MWCNT hybrid device was close to 
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100% during the cycling. 

 

Fig.11.7 (A) Charge-discharges curves for PPy-MWCNT/VN-MWCNT hybrid device at 

constant currents of (a) 0.5, (b) 1, (c) 2, (d) 5, (e) 10, (f) 20, and (g) 50 mA. (B) Ragone 

plots for (a) PPy-MWCNT/PPY-MWCNT symmetric device and (b) PPy-MWCNT/VN-

MWCNT asymmetric device, obtained from constant current charge-discharge data, (C) 

(a) cyclic stability and (b) Coulombic efficiency of PPy-MWCNT/VN-MWCNT hybrid 

device versus cycle number, inset shows charge-discharge curves for different cycles. 

11.5 Capacitive performance of devices modules 

The relatively low resistance and high capacitance of the asymmetric devices paved the 

way to the fabrication of modules with larger voltages. As a step in this direction, two 

asymmetric cells were combined and tested. Fig.11.8A shows CVs at different scan rates 

for two devices connected in series. The box shape CVs in a voltage window of 2.6 V 

were obtained, where current changed proportional to the scan rates, indicating good 

capacitive behavior. The charge-discharge curves at different currents in the same voltage 

window were of nearly ideal triangular symmetrical shape. A similar behavior was 

observed for the module, containing 3 cells in the voltage window of 3.9 V (Fig.11.9). 

The modules were used for the powering of LED bulbs (Fig.11.9). 
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Fig.11.8 (A) CVs at (a) 2, (b) 5, and (c) 10 mV s-1, and (B) charge-discharge curves at 

constant currents of (a) 1, (b) 2, and (c) 5 mA for two PPy-MWCNT/VN-MWCNT 

hybrid devices connected in series. 

 
Fig.11.9 (A) CV at 10 mV s-1, (B) charge-discharge at constant current of 10 mA for 3 

PPy-MWCNT/VN-MWCNT hybrid devices connected in series. (C) Green, yellow and 

red LED bulbs powered by 3 hybrid devices in series. 
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11.6 Conclusions 

The strong adsorption and dispersion ability of CHR-BS to MWCNT was proven by 

sedimentation tests, EPD experiments and FTIR investigations. The use of CHR-BS as an 

anionic dopant for PPy polymerization and dispersant for MWCNT allowed the 

fabrication of PPy coated MWCNT. The analysis of the experimental data for PPy-

MWCNT composites, prepared using CHR-BS and SPADNS, indicated that CHR-BS 

molecules allowed improved MWCNT dispersion, reduced agglomeration of PPy coated 

MWCNT and improved electrochemical performance. The data indicated that the 

structure and size of the molecules are important factors controlling the microstructure 

and properties of the PPy-MWCNT composites. The PPy coated MWCNT showed a 

capacitance of 179 F g-1 at a scan rate of 2 mV s-1 for mass loading of 10 mg cm-2, good 

capacitance retention at high charge-discharge rates and excellent cyclic stability. 

Asymmetric ES devices, containing PPy coated MWCNT positive electrodes and VN-

MWCNT negative electrodes showed significant improvement in energy density and 

power density, compared to the symmetric ES due to the larger voltage window.  The low 

impedance and high capacitance of the individual cells paved the way to the fabrication 

of modules with higher voltage, which showed good electrochemical performance. 
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Chapter 12 Influence of dopants on performance 

of polypyrrole coated CNT electrodes and devices 

 

12.1 Adsorption and doping mechanisms 

Fig.12.1A,B shows chemical structures of the polyaromatic anionic molecules used in 

this investigation. The two SO3
- groups, OH and NH2 groups are bonded to a fused pair 

of benzene rings of AHDA and DAGB. It is suggested that AHDA and DAGB molecules 

are promising for application as dopants for polymerization of PPy due to their 

polyaromatic nature and two charged SO3
- groups. The comparison of AHDA and DAGB 

indicates that the DAGB structure includes four additional aromatic rings and three 

redox-active N═N groups. DAGB belongs to the family of azo-dyes, which exhibit 

electroactive properties, attributed to 2e- reductions of ─N═N─ groups and the formation 

of ─NH─NH─ hydrazo groups[1, 2]. As pointed out above, the redox-active dopants can 

contribute to the capacitance of doped PPy electrodes. 

The use of polyaromatic dopants offers additional benefits for the fabrication of PPy –

MWCNT composites. The dispersion of MWCNT in the PPy matrix is important for the 

fabrication of efficient electrodes.  A critical property of the dispersant is its adsorption 

on the MWCNT surface. Charged polyaromatic molecules showed strong adsorption on 

the MWCNT surface due to the π-π interactions and provided electrostatic dispersion[3-

5]. The analysis of experimental data[3-6] for different molecules indicated that the 

molecular structure is an important factor, governing the adsorption of the aromatic 

molecules and efficiency of MWCNT dispersion. However, the influence of the 

molecular structure on the adsorption and dispersion is not well understood. The 
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investigation of various phenolic molecules and organic dyes[6, 7] showed that OH, NH2, 

and other functional groups of the aromatic molecules promoted their adsorption on the 

MWCNT surface. Therefore, it is suggested that OH and NH2 groups of the dyes, 

selected for this investigation, can be beneficial for their adsorption on MWCNT. The 

comparison of the experimental data for AHDA and DAGB can provide insight into the 

influence of the dopant structure on electrochemical performance of PPy electrodes and 

MWCNT dispersion. 

 

Fig.12.1 (A,B) Chemical structures of (A) AHDA, (B) DAGB and  (C) suspensions of 1 

g L-1 MWCNT in ethanol 24 h after the ultrasonic agitation: (a) without additives and 

containing (b) 0.5 g L-1 AHDA and (c) 0.5 g L-1 DAGB. 

Sedimentation tests (Fig.12.1C(a)) showed poor stability of the pure MWCNT 

suspensions in ethanol. The MWCNT suspension, containing AHDA (Fig.12.1C(b)) 

showed precipitation 24 h after the ultrasonic agitation. In contrast the use of DAGB 

resulted in improved stability of the MWCNT suspensions (Fig.12.1C(c)). It is suggested 
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that larger DAGB molecules provided improved electrosteric stabilization of MWCNT.  

 

Fig.12.2 SEM images of (A,B) PPy and (C,D) PPy (80%)–MWCNT (20%) composites, 

prepared using (A,C) AHDA and (B,D) DAGB,  arrow in (C) shows PPy agglomerate. 

12.2 Microstructure and morphology characterization of PPy coated 

MWCNT 

Fig.12.2(A,B) shows SEM images of PPy powders, prepared by chemical polymerization, 

using AHDA and DAGB as dopants. The SEM images show agglomerates, containing 

primary PPy particles with particle size of about 100 nm.  The size of the agglomerates 

was in the range of 200 nm-1m. The formation of agglomerates is detrimental for PPy 
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applications for ES electrodes due to the poor electrolyte access to the PPy material.  

However, once the MWCNT were introduced into the systems, PPy was formed on the 

surface of MWCNT. Fig.12.2(C,D) shows SEM images of PPy-MWCNT composites, 

formed in the presence of  AHDA and DAGB. The SEM image of PPy-MWCNT 

composites, prepared using AHDA shows PPy coated MWCNT, however some PPy 

agglomerates were also formed. In contrast, the SEM images of PPy-MWCNT 

composites, formed in the presence of DAGB contained only PPy coated MWCNT. The 

synthesis method allowed the formation of relatively uniform coatings. The difference in 

the microstructure of the composites can be attributed to improved dispersion of 

MWCNT in the presence of DAGB. In the synthesis method, DAGB was used as a 

dopant for PPy polymerization and a dispersant for MWCNT. The method of the 

synthesis of PPy coated MWCNT is simple and suitable for mass production.  

 

Fig.12.3 TEM image of PPy coated MWCNT, prepared using DAGB, double arrow 

shows MWCNT. 

The formation of PPy coated MWCNT was also confirmed by TEM studies. Fig.12.3 

shows a typical TEM image of a PPy coated MWCNT, prepared using DAGB. The 

thickness of the coating is about 12 nm. The formation of PPy coating was further proved 
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using EDX (Fig.12.4). Both carbon map and nitrogen map overlapped with the PPy 

coated MWCNT in the HAADF image. The PPy coating was a source of nitrogen, 

detected in the EDX studies. The electron microscopy and EDX data also illustrate the 

benefits of the PPy coated MWCNT for application in ES.  

The charge storage mechanism of PPy is pseudocapacitive, it can be described by the 

reaction[8-10]: 

[PPy+]A- +e-↔ [PPy0] + A-                                          (Eq.12.1) 

where A- is an anion (anionic dopant or SO4
2- anion from the electrolyte). The Eq.12.1 

indicates that high electronic conductivity and good electrolyte access to the active 

materials are required for the efficient charge storage. The conductive MWCNT core 

(Fig.12.3) provides good electronic conductivity. Compared to the agglomerated powders, 

the thin PPy coatings on MWCNT allow improved electrolyte access to the PPy material. 

As a result, PPy coated MWCNT showed better electrochemical performance, compared 

to pure PPy materials. 

 

Fig.12.4 (A) HAADF and (B,C) EDX mapping analysis for (B) carbon and (C) nitrogen 

elements of PPy-MWCNT, prepared using DAGB.   
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The formation of PPy coated MWCNT was also confirmed by the results of EDX studies. 

The comparison of HAADF image and corresponding element distribution maps 

(Fig.12.4) indicated that MWCNT were coated with PPy polymer, containing nitrogen in 

its structure. 

 

Fig.12.5 (A,B,C) CVs at scan rates of (a) 5, (b) 10, and (c) 20 mV s-1, (D) specific 

capacitance versus scan rate for (A) and (D(a)) PPy, prepared using DAGB,  (B) and 

(D(b)) PPy (80%)–MWCNT (20%) composite, prepared using  AHDA, (C) and (D(c)) 

PPy(80%)–MWCNT(20%) composite, prepared using DAGB. 
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12.3 Influences of dopants on specific capacitance of PPy coated 

MWCNT 

Fig.12.5 compares CV data for PPy powders and PPy coated MWCNT. The CVs for the 

PPy, doped with DAGB (Fig.12.5A), deviated significantly from the ideal box shape, 

even at relatively low scan rates, such as 20 mV s-1. Similar results were obtained for the 

powders, prepared using AHDA. In contrast, the larger CV areas of the powders, 

prepared using MWCNT, and nearly box shape of the CVs indicated improved capacitive 

behavior (Fig.12.5B,C). The PPy-MWCNT composites, prepared using DAGB, showed 

larger CV areas, compared to the PPy-MWCNT composites, prepared using AHDA.  

The capacitances, calculated from the CV data are presented in Fig.12.5D. The highest 

capacitance Cs=2.20 F cm-2 (Cm=220 F g-1) was achieved at a scan rate of 2 mV s-1 for 

PPy-MWCNT composites, prepared using DAGB. Moreover, such composites showed 

significant improvement in capacitance at 100 mV s-1. The capacitance retention at 100 

mV s-1 was found to be 60.9 %. The PPy electrodes without MWCNT, prepared using 

DAGB, showed a capacitance of Cs=0.78 F cm-2 (Cm=77.6 F g-1) at 2 mV s-1 and 

capacitance retention of 19.6% at 100 mV s-1. The PPy-MWCNT electrodes, prepared 

using AHDA showed a capacitance of Cs=1.96 F cm-2 (Cm=195.9 F g-1) at 2 mV s-1 and 

capacitance retention of 40.0% at 100 mV s-1. 

The impedance spectroscopy data for the same materials are shown in Fig.12.6A as a 

Nyquist plot of complex impedance. The PPy-MWCNT composite, synthesized using 

DAGB showed lower resistance R=Z', compared to pure PPy, prepared using DAGB, and 

compared to PPy-MWCNT composite, prepared using AHDA. The impedance data were 
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used for the calculation of components of complex AC capacitance. The frequency 

dependencies of real and imaginary components of complex capacitance (Fig.12.6B,C) 

provided additional information, related to capacitive behavior of the materials. It is 

important to note that CV and impedance measurements provide capacitive data at 

different conditions. The impedance spectroscopy measurements are usually performed at 

very low amplitude of AC field of about 5 mV. Therefore, the impedance spectroscopy 

data were used for the calculation of the differential capacitance. The CV data were 

accumulated in a voltage window of 0.9V and used to retrieve the integral capacitance. 

The PPy-MWCNT composite, synthesized using DAGB showed the highest capacitance 

at a frequency of 0.01Hz.  Relatively small changes in the capacitance were observed in 

the range of 0.01-0.1 Hz. In contrast the capacitance of PPy, prepared using DAGB 

without MWCNT and PPy-MWCNT composites, prepared using AHDA, decreased 

rapidly in the same frequency range. It is important to compare the differential and 

integral capacitance of the materials. Such comparison must be performed at the same 

time scale, because differential capacitance depends on frequency, whereas the integral 

capacitance depends on scan rate. The results indicated that the differential capacitance of 

the PPy-MWCNT composite, synthesized using DAGB was close to the integral 

capacitance of this composite material. The frequency dependencies of the capacitance 

(Fig.12.6B,C) showed relaxation type dispersions, as indicated by the decrease in Cs' with 

increasing frequency and relaxation maxima, observed in the frequency dependencies of 

Cs''. The PPy-MWCNT composite, synthesized using DAGB, showed relaxation 

maximum at higher frequency, compare to PPy-MWCNT composites, prepared using 

AHDA and pure PPy materials, prepared without MWCNT. 
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Fig.12.6 (A) Nyquist plot of complex impedance, (B) real part C's, and (C) imaginary part 

C''s of complex capacitance, derived from the impedance data for  (a) PPy, prepared using 

DAGB,  (b) PPy(80%)-MWCNT(20%) composites, prepared using  AHDA, (c) 

PPy(80%)–MWCNT(20%) composites, prepared using DAGB.  

12.4 Influence of MWCNT content on capacitive behavior of PPy coated 

MWCNT composite electrodes 

Fig.12.7 shows the influence of MWCNT content on the properties of the PPy-MWCNT 

composites. The composites with MWCNT content of 20% exhibited larger area of CVs, 

compared to composites, containing 10 and 30% MWCNT (Fg.12.7A). The larger CV 

area indicated larger capacitance (Fig.12.7B).  

The analysis of the impedance data, presented in the Nyquist plot (Fig.12.7C), showed 

that the increase in MWCNT content in the composites resulted in reduced resistance 

Z'=R, which is especially evident from the Fig.12.7D, showing high frequency range of 

Fig.12.7C. The results indicated that the increase in the concentration of conductive 

MWCNT resulted in lower resistance of the composite. The analysis of the differential 

capacitances, calculated from the impedance data indicated that the composite with 20% 

MWCNT showed higher capacitance at low frequencies, compared to other composites 
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(Fig.12.7E). The relaxation frequencies were found to be 0.08, 0.2 and 0.5 Hz for 

composites, containing 10, 20 and 30% MWCNT, respectively (Fig.12.7F). The increase 

in the relaxation frequency with increasing MWCNT concentration resulted from reduced 

resistance of the composites. 

 

Fig.12.7 (A) CVs at a scan rate of 20 mV s-1, (B) specific capacitance versus scan rate, (C) 

Nyquist plot of complex impedance, (D) high frequency range of (C), (E) real part C's, (F) 
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imaginary part C''s of complex capacitance for  (a) PPy(90%)-MWCNT(10%), (b) 

PPy(80%)-MWCNT(20%)  and (c) PPy(70%)-MWCNT(30%) composites, prepared 

using DAGB. 

The results presented in Fig.12.7 revealed highest integrated and differential capacitances 

of the PPy(80%)–MWCNT(20%) composites, which were further utilized for the 

fabrication of ES cells. The PPy(80%)–MWCNT(20%) composites showed capacitance 

retention of 92.4% after 1000 cycles (Fig.12.8). The shape of the CV remained 

practically unchanged (Fig.12.8, inset) during cycling. The capacitance reduction can be 

attributed to changes in microstructure of the active material during cycling[11].  

 

Fig.12.8 Capacitance retention versus cycle number for PPy(80%)-MWCNT(20%) 

composite, prepared using DAGB, inset shows CVs for different cycle numbers.  

12.5 Influence of voltage window to capacitive performance of ES 

devices 

The symmetric cells containing two similar PPy(80%)–MWCNT(20%) composite 

electrodes showed box shape CVs, indicating good capacitive behavior in a voltage 

window of 0.9V (Fig.12.9A). In order to increase the voltage window, asymmetric cells 
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were fabricated and tested. Recent studies showed that VN is a promising material for 

negative electrodes of aqueous ES[12-14].  In a previous investigation[15] composite 

VN-MWCNT electrodes with active mass loading of 10-30 mg cm-2 showed good 

capacitive behavior in Na2SO4 electrolyte. The capacitance of 160 F g-1 was achieved[15]. 

The asymmetric device, containing PPy(80%)-MWCNT(20%) positive electrode and 

VN(50%)-MWCNT(50%) negative electrode showed nearly box shape CVs in the 

voltage window of 1.3V (Fig.12.9B). The asymmetric devices showed larger capacitance, 

compared to symmetric devices (Fig.12.9C).  

 

Fig.12.9 (A,B) CVs at scan rates of (a) 5, (b) 10, (c) 20 mV s-1,  (C) specific capacitance 

versus scan rate for (A) and C(a) symmetric PPy(80%)-MWCNT(20%)  device, (B) and 

C(b) asymmetric PPy(80%)-MWCNT(20%) /VN(50%)-MWCNT(50%) device. 

Impedance measurements (Fig.12.10A) showed slightly lower resistance R=Z', of the 

asymmetric device, compared to the symmetric device.  The analysis of differential 

capacitance (Fig.12.10B), derived from the impedance data, showed higher Cs' at low 

frequencies and higher relaxation frequency, corresponding to the maximum in the 

frequency dependence of Cs'', of the asymmetric device. 
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Fig.12.10 (A) Nyquist plot of complex impedance, inset shows a high frequency range, 

(B) (a,b) real part C's  and (c,d) imaginary part C''s of specific capacitance versus 

frequency for (A) (a) and (B) (a,c) asymmetric PPy(80%)-MWCNT(20%) /VN(50%)-

MWCNT(50%) device, (A)(b) and (B) (b,d) symmetric PPy(80%)-WCNT(20%)  device. 

The galvanostatic charge-discharge curves (Fig.12.11A,B) for symmetric and asymmetric 

devices were of nearly linear and symmetrical shape. However, some voltage drop (U=IR, 

where I-current) was observed at the beginning of the discharge for the symmetric device 

(Fig.12.11A). The asymmetric devices (Fig.12.11B) showed longer discharge times in the 

larger voltage windows, when compared with symmetric devices (Fig.12.11A) at the 

same currents. As a result, the corresponding Ragone plot indicated that higher power 

and energy densities can be achieved using asymmetric devices (Fig.12.11C). The testing 
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results indicated that asymmetric devices showed improved capacitive properties and 

power-energy characteristics, compared to symmetric devices. The analysis of cyclic 

stability of the asymmetric devices (Fig.12.11D (a) and inset) showed a capacitance 

retention of 83.1% after 1000 cycles. The changes in capacitance can result from changes 

in microstructure of electrodes or membranes during cycling[11]. The Coulombic 

efficiency[16] remained at the level of about 99% after 1000 cycles.  

 

Fig.12.11 (A,B) Galvanostatic charge-discharge at current densities of (a) 0.5, (b) 1, (c) 2, 

(d) 5, (e) 10, (f) 20, and (g) 50 mA cm-2, (C) Ragone plots for (A) and (C)(a) symmetric 

PPy(80%)-MWCNT(20%)  device, (B) and C(b) asymmetric PPy (80%)-MWCNT(20%) 

/VN(50%)-MWCNT(50%) device, (D) (a) capacitance retention and (b) Coulombic 

efficiency versus cycle number for asymmetric PPy(80%)-MWCNT(20%)/VN(50%)-
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MWCNT(50%) device, inset shows corresponding charge-discharge curves for different 

cycles. 

The results of this investigation indicated that asymmetric PPy(80%)-MWCNT(20%) 

/VN(50%)-MWCNT(50%) devices are promising for energy storage applications. Larger 

voltage windows can be obtained by combining individual cells in series. As a step in this 

direction, we demonstrate performance of two asymmetric cells, connected in series, 

which showed box shape CVs (Fig.12.12A) and nearly linear charge-discharge 

(Fig.12.12B) in a voltage window of 2.6V. The combined coin cells allowed powering of 

LED bulbs with a current of 20 mA (Fig.12.12C). 

 

Fig.12.12 (A) CVs at scan rates of (a) 5, (b) 10, (c) 20 mV s-1 and (B) charge-discharge 

behavior at constant currents of (a) 1, (b) 2, and (c) 5 mAcm-2 for two  PPy (80%)-

MWCNT(20%)/VN(50%)-MWCNT(50%) asymmetric devices in series (C) LED bulbs 

powered by the asymmetric devices. 

12.6 Conclusions 

PPy and PPy-MWCNT composites were prepared by chemical polymerization for charge 

storage application in electrodes of ES, using AHDA and DAGB as new anionic dopants. 

It was found that DAGB improved colloidal stability MWCNT dispersions and allowed 
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the fabrication of PPy coated MWCNT. The larger size of the DAGB molecules, 

compared to that of AHDA, was beneficial for electrosteric dispersion of MWCNT and 

formation of PPy coated MWCNT. The PPy-MWCNT composites showed significant 

improvement in capacitance, compared to pure PPy electrodes for active mass loading of 

10 mg cm-2. The higher capacitance of the composites and improved capacitance 

retention at high scan rates and high frequencies was attributed to high conductivity of 

MWCNT, and formation of PPy coated MWCNT. The highest capacitance of 220 F g-1 

was achieved at a scan rate of 2 mV s-1 for PPy coated MWCNT, prepared using DAGB. 

The capacitance retention at 100 mV s-1 was found to be 60.9 %. The PPy coated 

MWCNT electrodes, prepared using DAGB, were used for the fabrication of symmetric 

devices, containing two similar PPy-MWCNT electrodes and asymmetric devices 

containing PPy-MWCNT positive electrode and VN-MWCNT negative electrodes. The 

asymmetric devices offered advantages of higher capacitance, lower impedance, larger 

voltage window and improved power-energy characteristics. 
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