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Abstract 

Electrochemical supercapacitors (ECs) attract significant attentions for their unique 
characteristics of high power density, good cycling capability and low cost. This 
dissertation will focus on fabrication of composite materials for electrodes and devices of 
ECs. A conceptually new colloidal approach to the fabrication of metal oxide – multi-
walled carbon nanotube (MWCNT) composites is proposed. The heterocoagulation of 
positively charged oxide nanoparticles and negatively charged MWCNT allows the 
fabrication of advanced nanocomposites with improved dispersion of individual 
components. The proof-of-principle was demonstrated by the fabrication of MnO2-
MWCNT electrodes for ECs with excellent performance. 
We proposed another novel concept based on electrostatic heterocoagulation of MnO2-
MWCNT composites in aqueous environment. In this case, 
Benzyldimethylhexadecylammonium chloride (BAC) surfactant and caffeic acid (CA) 
were selected for adsorption and dispersion of MWCNT and MnO2, respectively, and this 
allowed the formation of stable aqueous suspensions of positively charged MWCNT and 
negatively charged MnO2. The asymmetric device showed high capacitance, high power-
energy characteristics with enlarged voltage window of 1.8 V, good capacitance retention 
at high charge-discharge rates and cyclic stability. 
A novel capacitive material BiMn2O5 was firstly discovered and synthesized for ECs 
applications in our studies. The BiMn2O5 nanocrystals were prepared by a hydrothermal 
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method. We demonstrated for the first time that BiMn2O5 – MWCNT composite can be 
used as a new active material for positive electrodes of ECs. The composite electrode 
with high mass loading showed a capacitance of 6.0 F cm-2 (540 F cm-3) at a scan rate of 
2 mV s-1 and excellent capacitive behavior at high scan rates. As-fabricated device 
showed good cyclic stability in a voltage window of 1.8 V with energy density of 13.0 
Wh L-1 (9.0 Wh kg-1) and power density of 3.6 kW L-1 (2.5 kW kg-1).  
We firstly discovered that Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfona-
mido]-1,2-ethanediyl, sodium salt] (PAZO) can be used as an universal dispersant for 
various materials and its thin film fabricated by electrophoretic deposition (EPD) 
exhibited photo-induced birefringence. Our new findings indicated that PAZO is good 
candidate for diverse materials dispersing because it contains diaromatic monomers with 
salicylate ligands, which can provide multiple adsorption sites for efficient adsorption on 
particles and impart electrical charges to the particles. Additionally, the use of PAZO 
polymer offers the advantages of improved steric stabilization.  
We discovered that Celestine blue (CB) can be developed as an efficient dispersing agent 
for the nanoparticles. We found that CB includes a catechol ligand, which can provide CB 
adsorption on inorganic nanoparticles. The relatively large size of the CB molecules is 
beneficial for the electrosteric dispersion. The benefits of cathodic EPD for 
nanotechnology were demonstrated by the formation of nanostructured MnO2 films on 
commercial high surface area current collectors for energy storage in ECs.  
Key words: manganese dioxide, carbon nanotubes, supercapacitor, colloids, dispersion, 
bismuth manganese oxide, hybrid, voltage window, activated carbon, EPD 
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Chapter 1 Introduction 

1.1 Global energy issue and next-generation energy storage devices   
In the 21st century, the topic of energy has secured a foothold as one of the most 
important technological issues that must be addressed to secure the sustainability of 
human societies[1]. With the rapid development of the global economy, the depletion 
of fossil fuels, and increasing environmental pollution, there is an urgent need for 
efficient, clean, and sustainable sources of energy, as well as new technologies associated 
with energy conversion and storage[2]. The market tendency in pure electric and hybrid 
electric vehicles raise urgent demands in energy storage devices with high capacity as 
well as high power density. Among the ideal candidates for electrochemical energy 
storage or conversion devices,  supercapacitors, also called ultracapacitors, 
electrochemical capacitors (ECs), have become some of the most promising candidates 
for next-generation power devices because of their high power density, fast 
charging/discharging rate, sustainable cycling life (millions of cycles), and excellent cycle 
stability[3, 4].  With many thousands of times higher power density than lithium ion 
batteries and much larger energy density than conventional capacitors, ECs offer a 
promising approach to meeting the increasing power demands of energy storage 
systems[5]. 
In order to satisfy the requirements for large capacity as well as high power density, 
numerous attentions have been drawn in studies of hybrid asymmetric supercapacitors, 
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which are composed of an electric double layer supercapacitor (EDLC) and a 
pseudocapacitor electrodes. EDLCs origin from electrostatic storage and separated 
charges at Helmholtz double layer, where one layer at electrode and another layer in 
electrolyte. Pseudocapacitance is caused by redox reaction at electrode in a Faradaic 
process.  The voltage window of hybrid supercapacitor can be broaden from 0.9V to 1.8V 
due to over potential in aqueous environment[7]. Thus energy and power density can be 
greatly increased according to E=1/2 CV2 and P=V2/4R. 
The EDLC electrode can be fabricated using diverse carbon-based materials such as 
activated carbon (AC), carbon nanotubes (CNTs), graphene or their composites. These 
materials should have high specific surface area (SSA) for accommodation of more ions 
adsorption/departure on its surface during charge and discharge. 
Pseudocapacitors are based on transitional metal oxides such as MnO2, RuO2, NiO2 or 
polymers. Recent studies in complex oxide compounds also raise numerous interests due 
to their specific properties. Charge and discharge process always involves redox reaction 
between various valence states of specific elements in these oxides. Pseudocapacitors 
possess relatively higher energy density than that of EDLCs, on the other hand, EDLCs 
have higher power density. 
By combination of EDLC and pseudocapacitor, a hybrid supercapacitor exhibits both 
double-layer as well as pseudocapacitive properties, where it compensates the drawbacks 
of lower power density for batteries, or lower energy density for symmetric capacitors[8]. 
This dissertation will focus on fabrication of advanced asymmetric supercapacitors. 
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1.2 Comparison of different energy storage devices  
The reason why ECs were able to raise considerable attention are visualized in Fig. 1.1, in 
which the so called “Ragone plot” exhibits variation of specific energy density vs. power 
density of typical energy storage devices. ECs fill the gap between batteries and 
conventional capacitors such as the electrolytic capacitors  or  metallized  film  capacitors,  

  Fig. 1.1 Sketch of Ragone plot for various energy storage and conversion devices. The 
indicated areas are rough guide lines [9]. 
occupying an important position in terms of the specific energy as well as the specific 
power. The conventional capacitors may achieve a power density beyond 106 W/kg at 
extremely low energy density, whereas batteries and low temperature fuel cells 
compensate that for a higher energy density with drawbacks of low power densities. 
Comparing to batteries and fuel cells, ECs have evident advantage in much higher power, 
which can reach up to 106 W/kg, as well as higher energy densities than conventional 
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capacitors. Additionally, ECs show extraordinarily good cycling capability (up to 106 
cycles), and have longer life time and fast recharging rate. 

1.3 Major objectives and achievements of this work 
Specific surface area (SSA) is critical for nanotechnology and ECs fabrication. A high 
SSA is beneficial for electrodes utilized in ECs, which facilitates electrolyte diffusing into 
more active materials and results in high energy storage or conversion. Therefore, 
fabrication of well dispersed composite materials with a high SSA for ES electrode 
becomes first priority of our work. Moreover, energy density is the major limitation for 
application of ECs. Development of ECs with larger voltage window is an effective way 
for enhancing energy density of ECs. Organic electrolyte offers opportunities for 
broadening voltage window of ECs. However, there are many disadvantages for utilizing 
organic electrolyte because they are environmentally unfriendly, flammable and toxic, 
which are harmful to environment and human been. Hence it’s better to propose 
approaches based on aqueous suspensions for ECs.  

In this dissertation, many goals have been achieved. Novel dispersants have been 
developed for dispersing of MnO2 - MWCNTs composite electrode for ECs. EPD has 
been employed for characterizing colloidal properties of dispersants and particles. 
Voltage window has been successfully enlarged in aqueous suspension by introducing 
activated carbon as negative electrode for fabrication of asymmetric ECs. Novel material 
BiMn2O5 nanocrystals have been firstly synthesized and investigated for their capacitive 
properties as ES electrode, which shows excellent areal and volumetric capacitance. 
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Chapter 2 Literature review 

2.1 Development and advantages of electrochemical supercapacitors  
ECs have been known since many years. Becker for the first time described a capacitor 
based on high surface area carbon in his patent in 1957[1]. SOHIO tried to market such 
devices later in 1969[2]. ECs have started drawing attentions only in the 90s when hybrid 
electric vehicles become popular. The U.S. Department of Energy (DOE) ultracapacitor 
development program was initiated in 1989, and it proposed a short term and long term 
goals for 1998–2003 and after 2003, respectively[3]. The EC was supposed to support the 
batteries or fuel cells with a higher power for acceleration of vehicles when it’s necessary 
in a hybrid energy system, and additionally allow for recuperation of brake energy. There 
are more and more companies such as Maxwell Technologies, ATL, NEC, Panasonic, 
Siemens Matsushita (now EPCOS), ELNA, TOKIN invest in the supercapacitor 
technology development. The applications envisaged are principally boost components 
supporting batteries or replacing batteries primarily in electric vehicles. In addition, 
alternative applications of EC do not compete with batteries but show considerable 
market potential[4]. 
Besides bridging the gap between capacitors and batteries, ECs also possess a number of 
desirable properties that make them an attractive energy storage option. Charge and 
discharge of electrochemical double-layer capacitors (EDLCs) are completely reversible, 
so EDLCs are extremely efficient and can withstand a large number of charge/discharge 
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cycles. EDLCs have advantages of the use of low cost and environmental friendly raw 
materials and extremely long cycle life etc. Moreover, ECs can store or release energy 
very quickly, and can operate over a wide range of temperatures. They also have a high 
charge and discharge efficiency. The energy loss to heat during each cycle is relatively 
small. Furthermore, in general, ECs do not contain toxic materials and are much safer 
than batteries and fuel cells. 

2.2 Categories of supercapacitors  
Based on their charge storage mechanisms, supercapacitors can be generally classified to 
three types: electrochemical double-layer supercapacitors (EDLC), Faradaic 
supercapacitors (FS) or pseudocapacitors, and hybrid supercapacitors. 
2.2.1 Electrochemical double-layer supercapacitors  
2.2.1.1 Energy storage mechanism for EDLCs 
The energy stored in the ECs is either double-layer capacitive or pseudocapacitive in 
nature. For EDLCs, the capacitive (non-Faradaic) process is based on charge 
accumulation and separation at the electrode/electrolyte interface, as shown in Fig. 2.1. 
These processes operate solely on the electrostatic accumulation of surface charge[5]. The 
so called EDLC was first described and modeled by Von Helmholtz in the 19th century. 
In the Helmholtz double layer model, it states that two layers of opposite charge form at 
the electrode/electrolyte interface and are separated by an atomic distance. Due to the 
inaccuracy of calculation of capacitance, this model was further modified by others[6]. 
EDLCs are usually fabricated from carbon materials, such as activated carbon, carbon 
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aerogel, CNTs, graphene or their composites, since these materials are able to provide 
higher conductivity, as well as larger specific surface area and possess low 
electrochemical activity[7].  
As shown in Fig. 2.1, the mechanism of charge generation includes surface dissociation 
as well as ion adsorption from both the electrolyte and crystal lattice defects[8]. The 
accumulation of electrons at the electrode is a non-Faradaic process. During the process 
of charging, the electrons travel from the negative electrode to the positive electrode 
through an external load. Within the electrolyte, cations move towards the negative elect- 

 
Fig. 2.1 Schematic structure and principles of a single cell EDLC[5] 
-rode while anions move towards the positive electrode. During discharge, the reverse 
processes take place. In this type of ES, no charge transfers across the electrode/ 
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electrolyte interface, and no net ion exchanges occur between the electrode and the 
electrolyte. This implies that the electrolyte concentration remains constant during the 
charging and discharging processes. In this way, energy is stored in the double-layer 
interface.Calculation of capacitance for EDLC can be generally assumed following the 
parallel-plate capacitor as[9] 

                                                   
0rC Ad

                                                   (Eq.2.1) 

In equation 2.1, εr is the relative permittivity of the medium in the electrical double-
layer, ε0 is the permittivity of vacuum, A is the specific surface area of the electrode, 
and d is the effective thickness of the electrical double-layer. 
If the two electrode surfaces can be expressed as ES1 and ES2, an anion as A-, a cation as 
C+, and the electrode/electrolyte interface as //, the electrochemical processes for charging 
and discharging can be expressed as equations (2.2)–(2.5) [10, 11]. 
For the positive electrode,  

                                     
arg

1 1 / /ch ing
S SE A E A e                                                      (Eq.2.2) 

                                   
arg

1 1/ / disch ing
S SE A e E A                                                       (Eq.2.3) 

For the negative electrode, 

                                   
arg

2 2 / /ch ing
S SE C e E C                                                      (Eq.2.4) 

arg
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S SE C E C e                                                    (Eq.2.5) 
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The electrodes of EDLCs are made of high surface-area materials such as porous carbon 
or carbon aerogels in order to maximise the surface-area of the double-layer. The reason 
is that porous electrodes have a very small distance between the electronic and ionic 
charge at the electrode surface. Indeed, the surface-area of the porous carbon electrodes 
has been reported to be as large as 1000–2000 m2/g [12, 13]. 
2.2.1.2 Models of the Double Layer 

 
Fig. 2.2 Models of the double layer: (a) Helmholtz model, (b) Gouy-Chapman point 
charge model, (c) Stern model with thermal distribution, combing Helmholtz model and 
Gouy-Chapman models[14]. 
The definition of double layer refers to configuration composed of two arrays of layers 
consisting of opposite charges that are separated by an atomic scale of distance. The 
opposite charges are facing each other as on the plates of a two-plate hardware capacitor 
shown in Fig. 2.1 [14]. Von Helmholtz proposed the first double layer model [15], as 
shown in Fig 2.2 (a). Due to an excess or deficiency of electrons of the delocalized 
plasma of the metal, a corresponding and controllable density of positive or negative 

a b 
 

 c 
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charges will arise for neutralization on the metal side. Due to the high free electron 
density (approximately 1 e per atom) in the metal, any net charge of electrons at the 
surface is strongly screened. In this case, the gradient of electron density at a charged 
metal interface is highly localized over a distance only, the so-called Thomas-Fermi 
screening distance. There is significant spillover of electron density into the double layer 
on the solution side of the interface. The effect is potential dependent, since the wave 
function amplitudes of the conduction-band electrons retain significant but diminishing 
magnitudes outside the formal electrode surface plane [16]. 
After Von Helmholtz proposed his model, people started to realize that the ions on the 
solution side should be more randomly distributed than stay compact and static because 
of thermal fluctuation according to the Boltzmann principle. The thermal fluctuation 
greatly depends on the electrostatic energy Ue and chemisorption energy Uc of the ions’ 
interactions with the charged metal surface exceeded, or were exceeded by, the average 
thermal energy, kT, at temperature, T, K, i. e., the ratio (Ue+Uc)/KT. 
The addressed thermal fluctuation factor was introduced by Gouy[17] into a modified 
representation of the double layer some time later. In his model, the equal and opposite 
charges corresponding to the electron charge of the metal surface were considered as a 3-
dimensinal diffusely distributed population of cations and anions of the electrolyte. 
In Gouy’s model, shown in Fig. 2.2(b), the major reason causing its failure is that the ions 
were assumed to be point charges. Because this assumption led to (1) an incorrect 
potential profile and local field near electrode surface and (2) a too-large capacitance 
being predicted consequently. The quantity of predicted capacitance was defined as the 
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rate of variation of net ionic charge on the solution side with the change of potential 
difference between metal-solution interphase. The so-called “diffuse” double-layer 
capacitance refers to the capacitance generated in inter-phase of this model. 
In 1913, Chapman gave a full mathematical treatment of the Gouy diffuse-layer[18], 
based on the combination of Boltzmann’s energy distribution equation and Poisson’s 
equation: 

                                         

23
2 2f ( ) 42

mv
kTmv v ekT 

     ,                                                   (Eq.2.6) 

                                       
f( ; ) Pr( ) !

kek X k k
   

,                                                     (Eq.2.7) 
where v is the velocity of particles, m is particle mass, k is Boltzmann constant in (Eq.2.6), 
T is thermodynamic temperature, Pr is the possibility, k takes the value 0, 1, 2… in 
(Eq.2.7), λ is is the average number of events per interval. It should be noted that these 
principles proposed by Chapman predicted the approach taken by Debye and Huckel in 
1923[19]. In their approach, the three dimensional distribution of charge around a given 
ion was determined with their treatment of activity coefficients and conductance of 
electrolytes.  
Combination of Boltzmann’s energy distribution function and Poisson’s electrostatic 
equation (so-called “Poisson-Boltzmann” equation) is the key approach in both 
Chapman’s and Debye and Huckel’s treatments of ionic charge distribution. This 
approach was also used in semiconductors for determining band profiles and space charge 
effects.  
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Overestimation of double-layer capacitance is the main drawback in Gouy-Chapman’s 
model, and this problem had been overcome by Stern in 1924[20]. In Stern’s model (Fig. 
2.2(c)) and derivation, an adsorption process resulted from Langmuir’s adsorption 
isotherm was introduced to the inner region of the ion distribution. The region into the 
solution, which is beyond the inner layer, was considered as a diffuse region of 
distributed ionic charge. Since these ionic charges have finite size, including the annular 
thickness of their hydration shells, it was easy to define a geometrical limit to the compact 
region of adsorption of ions at the electrode surface. Stern’s model proposed a total 
double layer capacitance Cdl composed by a Helmholtz type compact double layer 
capacitance CH and a diffusion capacitance Cdiff. The later one is caused by the remaining 
ionic charge density beyond the compact ion array. The overall double layer capacitance 
Cdl can be written as the following equation: 

                                                               
1 1 1
dl H diffC C C 

                                                   (Eq.2.8) 
and the equivalent circuit corresponding to this capacitance can be represented by Fig. 2.3:  

 
Fig. 2.3 an equivalent circuit of Stern model, consisted of CH and Cdiff 
Since CH and Cdiff are in series as in the equivalent circuit, it should be noted that Cdl will 
be determined by the smaller one of these two components. The properties of the double 
layer greatly depend on this characteristic, which is critical for determining the 
capacitance as function of electrode potential and ionic concentration of solution. 
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The reason of the overestimated capacitance arisen by the Gouy-Chapman treatment is 
caused by the improper assumption of charges as points, since the capacitance of two 
separated arrays of charges increases inversely as their separation distance. Thus the 
infinitesimally small distance of two charge points will result in a huge capacitance. 
Stern’s model totally avoids the overestimation capacitance arisen in the Gouy-Chapman 
treatment by introducing a distance of closest approach. The finite-sized ions are critical 
for geometrically defining a compact Helmholtz inner region of the double layer.  
2.2.1.3 Equivalent circuit representation of double-layer electrical behavior 
Fig. 2.4 represents the equivalent circuit of electrode interphases of an ideal and non-ideal 
double layer capacitors. The ideally polarized electrode can be simply represented by a 
capacitance (Fig. 2.4a) with a potential-dependent value. In case of a Faradaic process, 
the current will pass through a Faradaic leakage resistance RF, as it’s shown in Fig. 2.4b. 
RF is exponential with the electrode potential E and it is approximately linear function of 
ΔV or overpotential, η for small excursions. The so-called “micropolarization” 
experiments or complex impedance measurements can be utilized for observing RF’s 
variation with various constant electrode potentials. The Faradaic leakage resistance plays 
critical role for both ECs and batteries. 
For electrodes based on non-noble metals, it involves nonideal polarization due to anodic 
corrosion or oxide film. In the case of electrodes based on metals, the possibility of 
anodic corrosion or oxide film formation at potentials near the H2 evolution potential 
would cause nonideal polarizability, which results Faradaic leakage currents in parallel 
with double-layer charging. In addition, such metals usually have larger exchange current 
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density for H2 evolution from water, so they can’t be polarized very far cathodically to the 
reversible hydrogen electrode (RHE) or standard hydrogen electrode (SHE) potentials 
without appreciable H2 evolution currents arising. 

 
Fig. 2.4 Equivalent circuit for a. ideally polarized electrode and b. electrode with a 
Faradaic leakage resistance 
2.2.2 Faradaic (pseudo)supercapacitors  
2.2.2.1 Origin of Pseudocapacitance 
Compared to EDLCs, charge storage mechanism in pseudocapacitors is completely 
different. Different from EDLCs, where charges accumulate or separate between 
electrode/electrolyte interface, charges pass across the double layer in pseudocapacitor. 
For pseudocapacitor, electrosorption processes for some thermodynamic reasons result in 
yield of capacitance. A derivative d(Δq)/d(ΔV) or dq/dV, in which  Δq is the extent of 
charge acceptance, and ΔV is the change of potential, can be employed to evaluate a 
pseudocapacitance.  The variations can be formulated and experimentally measured by 
dc, ac, or transient techniques.  
From a thermodynamic point of view, pseudocapacitance originates whenever some 
property, y, proportional to charge passed, is related to potential by an equation of the 
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form 
                                             y/(1-y)=K exp(VF/RT)                                                  (Eq.2.9) 
Where the parameters K, F, R and T are Faraday's constant, ideal gas constant and 
temperature, respectively. And y (or θ and X) is the variate of fractional specie that 
adsorbed on the electrode surface, intercalated into the material by absorption, or 
converted through an oxidation/reduction coupling system. Each of the above mechanism 
involves the charge transfer of an electron (s) between the ionic species that measured by 
an extent Q. The mentioned reactions above depend on the applied potential, which can 
be related as dQ/dV. This description is analogous to that of the electric double-layer 
capacitance.  
Grahame proposed the term “pseudocapacity” to describe the reversible discharge of ions 
(e.g., of Na+) at high negative potentials at Hg in his 1947 review[21]. The concept is 
different from that employed here, where extents of Faradaically delivered charges are a 
function of potential but no continuous currents pass in time. EDLCs exhibit much lower 
specific capacitance compared to that of pseudocapacitors. On the other hand, 
pseudocapacitor devices always exhibit some electrostatic double-layer capacitance 
component proportional to their electrochemically accessible interfacial areas. 
2.2.2.2 Types of pseudocapacitance 
Conway suggested that pseudocapacitive behavior can result from mainly three 
mechanisms: (1) intercalation pseudocapacitance, (2) redox pseudocapacitance and (3) 
underpotential deposition[14, 22].  
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(i) Intercalation pseudocapacitance 
Porous pseudocapacitive electrodes provide spaces for the diffusion and intercalation of 
ions from the electrolyte. Intercalation pseudocapacitance occurs when ion intercalate int- 

 
Fig. 2.5 Schematic of intercalation pseudocapacitance based on Nb2O5 electrodes[22]  
-o the tunnels or layers of a redox-active material accompanied by a Faradaic charge-
transfer without crystallographic phase change. As illustrated in Fig. 2.5, which shows a 
schematic of intercalation pseudocapacitance based on Nb2O5 electrodes, Li ions are able 
to diffuse and intercalate into the host materials of Nb2O5 with applying an external 
potential during charge process, involving charges/electrons transfer. During discharge, a 
reverse faradaic process occurs that Li ions departure and separate from the host materials 
accompanied with donation of electrons to external circuit, and these Li ions reenter into 
the electrolyte as their original state. The faradaic process of intercalation 
pseudocapacitor can be presented by the redox reaction given in Fig. 2.5.   
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(ii) Redox pseudocapacitance 

 
Fig. 2.6 Schematic of redox pseudocapacitance based on RuO2 electrodes[22] 
The so-called redox pseudocapacitance refers to the electrochemical adsorption of ions 
onto or near the surface of an active electrode material with a concomitant faradaic 
charge-transfer. Different with intercalation pseudocapacitance mentioned above, redox 
pseudocapacitance mainly results from the ions adsorbing onto surface of active materials 
instead of insertion onto them, and this process is determined by the structure and 
properties of active materials such as RuO2 and MnO2, etc. Electrode material with a 
higher specific surface area (SSA) is beneficial for accommodating more ions to obtain 
higher redox pseudocapacitance during charge process. For a typical charge phase of 
redox pseudocapacitance based on RuO2 electrodes, as illustrated in Fig. 2.6, hydrogen 
ions in electrolyte move towards and electrochemically adsorb onto or near the negatively 
charged RuO2 nanocluster electrode with applying an external potential. A charge transfer 
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process occurs accompanied with valence state variation of Ru element and electrons 
obtainment from external circuit in the meantime. Oppositely with charge process, during 
discharge, hydrogen ions re-enter into electrolytes accompanied with electrons released to 
external circuit to generate current, and Ru element returns to its origin valence state. The 
redox reaction for describing the charge-discharge process is given in Fig. 2.6. 
(iii) Underpotential deposition 
Underpotential deposition (UPD) occurs when metal ions form an adsorbed monolayer at 
a different metal's surface well above their redox potential. The process of UPD involves 
the electrodeposition of metal monolayers on a different metal substrate at certain 
potentials. The potentials for deposition of metal monolayers on the same metal surface as 
the sorbate can be significantly more positive than UPD potentials. This phenomena 
offers benefits for reproducible and precise control of the surface coverage. It also 
provides possibility for the study of coverage dependent properties including the structure 
of the metallic adlayer and its electronic properties[23-25]. 
Lead on the surface of a gold electrode is a classic example of UPD[26]. As it is shown in 
Fig. 2.7, for an underpotential deposition based on Au electrodes, lead UPD processes 
take place at potentials that overlap with the onset of hydrogen evolution on gold 
electrodes. However, the presence of lead on the electrode surface greatly inhibits the 
hydrogen evolution reaction, as would be expected given the high overpotential for 
hydrogen evolution on bulk lead electrodes. Lead and gold have very different atomic 
sizes (lead is ca. 20% larger than gold), which favors the formation of incommensurate 
adlayers.  
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Electrosorption occurs when chemisorption of electron-donating anion such as Cl−, B−, I−, 
or CNS− takes place in a process such as:  

                                              M + A−                 MA(1−δ)− + δe−,                             (Eq.2.10) 
where M is the electroactive redox materials such as RuO2, NiO, Co3O4, MnO2 or 
conducting polymers[14, 27-29]. Such an electrosorption reaction of A− anions at the 
surface of an electrode, and the quantity δe− are related to the so-called “electrosorption 
valence”. Secondly, the exchange of charge across the DL, rather than a static separation 
of charge across a finite distance, results in oxidation–reduction reactions (indicated as: 
Oad+ne− → Red). The charge, ne−, exchanged in this reaction, and the energy storage is 
analogous to that of a battery[30]. 

 
Fig. 2.7 Schematic of underpotential deposition based on Au electrodes[22] 
As mentioned above, the most widely used active electrode materials are metal oxides, 
such as RuO2[31], IrO2[32], NiO[33], Co3O4[34] and MnO2[35], as well as conducting 
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polymers (polypyrrole and polyaniline) [36], which are typical examples of 
pseudocapacitors under extensive research. Three types of faradic processes occur at 
pseudocapacitor electrodes: reversible adsorption, redox reactions of transition metal 
oxides and reversible electrochemical doping–dedoping in conductive polymer based 
electrodes[5]. 
2.2.2.3 Equivalent circuit representation of pseudocapacitor behavior  
For pseudocapacitor, as Fig. 2.8 shows, a Faradaic impedance, RF, representing 
deposition or desorpsition of an electroactive species (e.g., H or metal adatoms in an 
underpotential deposition process) is involved in parallel with the double layer capacitan- 

 
Fig. 2.8 Equivalent circuit of pseudocapacitance 
-ce, Cdl. In the simplest analysis, the configuration contains a Faradaic charge transfer 
resistance RF in series with a pseudocapacitance CP. The pseudocapacitance is usually 
potential dependent and determined by the derivative, with respect to potential, of the 
coverage, θ, of adatom species, or more precisely, the charge associated with their 
deposition or desorption.  Alternatively, CP can rise in a potential-dependent redox 
reaction where the relative quantities of Ox and Red species are dependent on potential 
according to a thermodynamic Nernst equation:  

                                      E=E0+(RT/zF)ln [Ox]/[Red]                                           (Eq.2.11) 
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Where E is the potential of an ion of charge z across a membrane, E0 is standard potential, 
R is ideal gas constant, T is the temperature in Kelvin, F is Faradaic’s constant, Ox and 
Red are oxidizing and reducing species, respectively. As in the equivalent circuit 
discussed earlier, a CP can also arise when an overpotential deposition (OPD) process is 
taking place as a result of the potential dependence of the coverage by an adsorbed 
intermediate, e.g., H in cathodic H2 evolution. Then the equivalent circuit must include a 
desorption equivalent resistance, R’F in the above circuit, which may be dependent on the 
overvoltage. 
2.2.3 Hybrid electrochemical capacitors  
The so-called hybrid supercapacitor contains two types: 1. symmetric hybrids, composed 
of two similar electrodes that are based on composites such as metal oxides and carbon 
materials; 2. asymmetric hybrids composed of different positive and negative electrode 
materials. In the case of asymmetric hybrids the overall cell potential can be increased, 
resulting in higher energy and power densities[37]. Asymmetric electrode designs are 
most frequently associated with the combination of electrodes with different storage 
mechanisms, typically, a capacitive electro-double-layer (EDL) electrode and a battery-
type faradaic or pseudocapacitive electrode.  
As the Ragone plot shows in Fig. 2.9, hybrid supercapacitors fill the gap of energy 
density and power density between Li-ion batteries and ordinary symmetric 
supercapacitors. Its maximum specific power and energy can reach up to approximate 10 
kW/kg and 50 Wh/kg, respectively, which are much higher than Li-ion batteries’ 500 
W/kg and symmetric supercapacitors’ 8 Wh/kg. The essential reason is that the 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

24 
 

combination of a redox and a double layer electrode will result in “over potential” for the 
entire device, thus it will largely broaden the voltage window to increase the energy 
density and power density according to E=CV2/2, P=V2/4ESR, where ESR is the 
equivalent series resistance of the hybrid cell. 

 
Fig. 2.9 Ragone plot of three major electrochemical energy storage devices. Time 
constants are shown in dashed line, by dividing the specific energy by the specific 
power[38]. 
2.2.3.1 Symmetric hybrids 
Symmetric hybrid supercapacitors are the most common types of ESs, as shown in Fig. 
2.10. Such ECs are composed of two similar composite electrodes, electrolyte between 
two electrodes, current collector and a separator for avoiding direct contact of the two 
electrodes. Their electrodes of symmetric cell are usually fabricated using a composite 
hybrid materials. In pursuit of high capacitance and high energy density storage devices, 
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hybrid materials have quickly attracted attention based on their power to merge 
complementary components and properties.  

 
Fig. 2.10 Configuration of symmetric supercapacitor[37] 
The pseudocapacitive materials mainly include transition metal oxides and conducting 
polymers, which involve electrochemical redox reaction as main mechanisms of energy 
storage, and they are employed in diverse hybrid electrodes. For most of pseudocapacitive 
materials, poor conductivity becomes a major problem, limiting their performance, thus it 
greatly decreases their energy conversion efficiency or capacitance retention at high 
voltage scan rate. Consequently, double layer capacitive materials are utilized for 
enhancing conductivity and boosting power density of the device.  
Many works on fabrication of composite electrodes of hybrid supercapacitors have been 
reported. The most widely studied composite electrodes are MnO2/CNTs, MnO2/graphene 
(or reduced graphene oxides), MnO2/activated carbon, polypyrrole/CNTs, graphene (or 
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rGO)/CNTs and activated carbon/CNTs, etc[39-44]. Meanwhile, highly conductive noble 
metals are also utilized for enhancing capacitance of composite electrodes. Meng et, al[45] 
demonstrated the design and facile fabrication of an ultrathin flexible all-solid-state 
symmetric hybrid supercapacitor with a total thickness of less than one micrometer, based 
on an interesting nanocomposite structure of polypyrrole (PPy)-decorated nanoporous 
gold (NPG) in a leaf form. Because of the fast responses to ions and electrons, this device 
exhibits extraordinary volumetric capacitance and high power and energy densities.  
2.2.3.2 Asymmetric hybrids 
In recent years, several types of so-called hybrid electro-chemical capacitors (HECs) with 
an asymmetrical configuration, as shown in Fig. 2.11, containing a double layer carbon  

 
Fig. 2.11 Configuration of asymmetric supercapacitor[37] 
material and a pseudocapacitive material, have attracted significant attentions. Most of 
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the HECs developed to date have used pseudocapacitive materials as the cathode and 
double-layer capacitive materials as the anode. The pseudocapacitive electrodes 
accumulate charge through faradic electrochemical process (redox reaction), which can 
not only increase the specific capacitance of the capacitor, but also extends the working 
voltage. In an advanced HEC, the potential range at the cathode is extended to the whole 
potential window of activated carbon (AC), specifically from 1.5 to 4.5 V vs. Li/Li+, 
which is a wide potential range compared with conventional EC, where the potential 
ranges from 0.8 to 2.7 V vs. Li/Li+. HECs can also be assembled using two non-similar 
mixed metal oxides or conducting polymers. 
Asymmetric hybrid capacitors include various combinations of positive and negative 
electrode materials such as conducting polymer/metal oxide, metal oxide/carbon  and 
conducting polymer/carbon material[30, 46]. 
By introducing a carbon-based electrode, asymmetric supercapacitor is able to extend to a 
much wider voltage window due to overpotential of carbon electrode[47]. The energy 
density of an EC is equal to CV2/2, where C is capacitance and V is the working voltage 
window. In this case, energy and power density of the device would be largely enhanced 
comparing to that of symmetric supercapacitors. Hong et al.[48] demonstrated for the first 
time a hybrid system based on MnO2 as positive electrode and activated carbon as 
negative electrode, allowing the operating voltage in aqueous medium to be extended up 
to 2 V. V. Khomenko et al. [49] presented a deep analysis of the storage mechanism of 
activated carbon under negative polarisation and manganese oxide under positive 
polarisation. The understanding of the processes taking place in both electrodes of the 
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asymmetric capacitor during charge and discharge allowed optimization of the system. 
The unique pseudocapacitive properties of activated carbons under negative polarisation 
in aqueous medium were observed. The voltammetric analysis showed that high 
overpotential values for H2 evolution could be reached, that allowed significant increase 
in the potential window. Hydrogen produced by water decomposition at potentials lower 
than the thermodynamic value is immediately adsorbed in the carbon porosity, being 
reversibly electrooxidized during the anodic scan. In this case, the pseudocapacitive 
properties of activated carbon are related with the redox mechanism of hydrogen in the 
pores. 
2.2.4 Summary of different types of supercapacitors 
The Table 1 demonstrates characteristics of different types of ES. EDCLs have relatively 
lower capacitance but with better cycling ability, while pseudocapacitors have higher 
capacitance but with lower rate capability and hybrid capacitor compromises between 
EDCLs and pseudocapacitors with moderate power and energy density.   
Table 1. Comparison of different types of ECs[50] 

Type of supercapacitor Electrode material 
Charge storage 

mechanism 
Merits/shortcomings 

EDLCs Carbon 
Electrochemical 

double layer, non-
Faradaic process 

Good cycling stability, 
good rate capability, low 
specific capacitance, low 

energy density 

Pseudocapacitors 
Redox metal oxide or 

redox polymer 
Redox reaction, 
Faradaic process 

High specific 
capacitance, relatively 
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high energy density, 
relatively high power 
density, relatively low 

rate capability 

Hybrid 
capacitors 

Asymmetric 
hybrid 

Anode: 
pseudocapacitance 
materials, cathode: 

carbon 

Anode: redox 
reaction, 

Cathode: EDL 

High energy density, 
high power density and 

good cyclability 

Symmetric 
composite 

hybrid 

Redox metal 
oxide/carbon or redox 

polymer/carbon 

Redox reaction plus 
EDL 

High energy density, 
moderate cost and 
moderate stability 

2.3 Materials for supercapacitors 
The selection of electrode materials for fabrication of ES is critical in determining the 
electrochemical performance of ES. Material’s structure, electrochemical properties, 
microstructure and morphology are important selection criterion. For EDCLs, the charge 
storage is a surface process, and the surface characteristics of the electrode greatly 
influence the capacitance of the cell. Carbon is the most widely used electrode material in 
EDLC for their high SC, good conductivity and low chemical activity. On the other hand, 
transition metal oxides or conducting polymers are most used in pseudocapacitors for 
their promising electrochemical activity. Hybrid supercapacitors combine both double-
layer and redox-based materials. 
2.3.1 Carbon materials for electrode of EDLCs 
Mechanism of double-layer capacitor is based on the accumulation or separation of 
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charges at the electrode/electrolyte interface, thus it requires a high specific surface area, 
low electrochemical activity and high porosity electrode. The most widely used materials 
for EDLCs are activated carbon (AC), carbon nanotubes (CNTs), graphene, carbon 
aerogel (CAGs), template carbons and carbon-based composites. Carbon materials can 
provide better conductivity as well as higher specific surface area but with a drawback of 
relatively low capacitance. 
Numerous works have been conducted in various carbon-based materials such as ACs[44], 
CAGs [51], graphites[52], CNTs[7, 9, 44, 53], graphene[40, 53, 54], carbon nanofibers 
(CNFs) [55, 56] and nano-structured carbons [57, 58] for use as the electrode materials of 
ECs because of their accessibility, easy process ability, relatively low cost, non-toxicity, 
high chemical stability, and wide temperature range. Based on these materials, different 
methodologies have been applied to increase their SSA or tailoring pore size distribution 
(PSD). This has resulted in considerable improvement of energy, power, and operation 
parameters of ECs. 
2.3.1.1 EDLCs based on AC (activated carbon) 
ACs are among the best candidates for utilization in ES fabrication due to their good 
electrical properties, high SC and low cost. The abundant source of carbonaceous 
materials (including wood, nutshell and coal, etc.) provides possibility for production of 
ACs through physical (thermal) and/or chemical activation process. During physical 
activation, carbon precursors are treated with oxidation gases such as ammonia, steam 
and air at high temperature (from 700 to 1200 ℃). For chemical activation process, the 
fabrication temperature is usually lower in the range from 400 ℃ to 700 ℃ with addition 
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of activating agents such as potassium hydroxide, sodium hydroxide, phosphoric acid and 
zinc chloride. ACs with different physicochemical properties possessing high surface 
areas reaching up to 3000 m2 g-1 have been produced. A broad pore size distribution 
including micropores (< 2 nm), mesopores (2-50 nm) and macropores (450 nm) inside of 
ACs produced by activation have been developed and  studied[59-63]. 
Treatment of activated carbon materials influences the structure and electrochemical 
performance of the electrode. The accessibility of the pores by the electrolyte is very 
important for EDLCs[64]. Micropores have been proved to play a critical role in 
benefiting electrolyte ions diffusion for improving capacitance performance by numerous 
studies. Largeot et al. recently demonstrated the proof that a comparable pore size and ion 
size resulted a maximum EDL capacitance for an EDLC fabricated by carbide-derived-
carbons (CDCs) using a neat EMI+,TFSI- solution (EthylMethyl Immidazolium, 
trifluoro-sulfonate Imide, shown in Fig. 2.12[65]. 

 
Fig. 2.12 Normalized capacitance change vs the pore size of the CDC samples prepared at 
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different temperatures [65] 
Since solvation shell is not defined by the presence of solvent molecules, the size of the 
ions is defined by the bare ion size in this electrolyte. The maximum capacitance, which 
was found when the pore size of carbon matches with that of ions (as shown in Fig. 2.12), 
is 60% higher than the capacitance of commercial ACs (dashed line in Fig. 2.12).  These 
results explained the charge storage mechanism in EDL materials, where both pore walls 
are covered by adsorbed ions and partially desolvated ions can be considered as aligned in 
the pores.   
2.3.1.2 Electrodes based on carbon nanotubes (CNTs) 
Carbon nanotubes (CNTs) have emerged as the wonder materials of the new century due 
to their unique physical and chemical properties. In addition to the advantages conferred 
by miniaturization, carbon based nanoelectronics promise greater flexibility compared to 
conventional silicon electronics, one example being the extraordinarily large variety of 
carbon structures exemplified in organic chemistry[66]. 
With nanotubes, the percolation of the active particles is more efficient than with the 
traditional carbon blacks which are generally used for the manufacturing of electrodes. 
Additionally, the ions are much easier to diffuse into active surface through the channel 
resulted from the open mesoporous network because of the unique morphology of CNTs. 
These properties are beneficial for lowering the equivalent series resistance (ESR), thus 
CNTs have been widely utilized in ES application. Finally, since the nanotubular 
materials are characterized by a high resiliency, the composite electrodes can easily adapt 
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to the volumetric changes during charge and discharge, that improves drastically the 
cycling performance [67]. 
The specific capacitance of CNTs is too low to be utilized as ES electrode, thus the 
interest in CNT is related to their application as a conductive additive attributed to their 
high conductivity and low percolation limit. Therefore, many investigations were focused 
on the combination of CNTs and metal oxides/polypyrrole as composite electrodes for 
ECs [68-72].  
Many approaches have been developed for fabrication of CNTs based composite 
materials. The composite materials were prepared by reduction of Mn7+ species in 
KMnO4 solutions, containing CNT, to form MnO2 coated CNT[73-75]: 

                       3C + 4MnO4- + H2O→ 4MnO2 + CO32- + 2HCO3-                          (Eq.2.12) 

Further development of this method allowed the fabrication of flexible ES devices[76]. 
The composites with various MnO2 contents were obtained[75]. It was demonstrated[77] 
that reaction (2.12) results in a chemical degradation and reduced electrical conductivity 
of CNT. In order to reduce the chemical degradation of CNT, ethanol was used as a 
reducing agent[77] for KMnO4. In another strategy, cathodic electrosynthesis of MnO2 
was performed from KMnO4 solutions on CNT coated substrates, prepared by a chemical 
vapor deposition[78]. However, relatively low active mass loading was achieved in this 
method[78].  
It was found that MnO2 and composite MnO2-CNT electrodes showed ideal capacitive 
behavior in a voltage window of 1 V in aqueous electrolytes. The development of 
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asymmetric cells[79, 80], containing MnO2 positive electrodes and activated carbon (AC) 
negative electrodes, allowed enlarged voltage window and improved power-energy 
characteristics of the ES devices. In order to achieve high SC, CNT must be well 
dispersed in the metal oxide matrix and CNT concentration in the composites must be 
optimized. 
2.3.1.3 Summery of data for electrodes based on carbon materials 
Table 2 Onion-like carbon, carbon nanotubes, graphene, activated carbons, and carbide-
derived carbons used in EDLCs[60] 

 
Table 2 is a summary for properties of carbon based materials. AC has relatively higher 
specific capacitance than other carbon materials but with lower conductivity, while CNT 
and graphene have lower SC with higher conductivity, thus carbon black, CNT or 
graphene are always used as additives to enhance AC’s conductivity in EDLC electrodes. 

2.3.2 Redox-based materials 
As elaborated above, materials based on an electrical double-layer mechanism have 
limited specific capacitance, typically in the range of 10-50 μF cm-2, for a real electrode 
surface. Because pseudocapacitance may be 10–100 times greater, ECs made of redox-
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active materials bearing pseudocapacitance are highly desirable as the next generation of 
ES. They not only store charges in the double layer, as a conventional ES electrode does, 
but also undergo fast and reversible surface redox reactions (faradaic reactions). 
Therefore, considerable efforts have been devoted in recent years to developing electrode 
materials with pseudocapacitance [5]. This kind of material is generally classified into 
two types: conducting polymers and electroactive metal oxides. 
2.3.2.1 Conducting polymers 
Conducting polymers are rendered conductive through a conjugated bond system along 
the polymer backbone. They are typically formed either through chemical oxidation of 
the monomer (for example with iron chloride) [81] or electrochemical oxidation of the 
monomer. Two oxidation reactions occur simultaneously-the  oxidation of   the  monomer  

 
Fig 2.13. Various conducting polymer structures. A, polypyrrole (PPy), B, poly(3,4-
ethylenedioxythiophene) (PEDOT), C, polythiophene (PTh), D, polyaniline (PAni) 
and the oxidation of the polymer with the coincident insertion of a dopant/counter ion (e.g. 
Cl−). The dopant or doping level (in this p-type conducting polymer) is typically below 1 
dopant per polymer unit: approximately 0.3-0.5, i.e., 2-3 monomer units per dopant. This 
is limited by how closely the positive charges (so-called polarons) can be spaced along 
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the polymer chain. The polymers that are most commonly studied for use in ES devices 
are polypyrrole, polyaniline, and derivatives of polythiophene [81-83], and their chemical 
structures are showing in Fig. 2.13. The typical dopant level for these polymers, as well 
as their typical specific capacitances and voltage ranges, are given in Table 3. 
Table 3. Comparison of different polymers in electrochemical properties[82] 

Polymer 
Potential limits Specific 

capacitance Conductivity  
Doping type 

(V) (F g-1) (S cm-1) 
PPy -0.5 - 0.4 620 40-200 P-doping 

PEDOT -0.4 - 0.6 210 300-500 n,P-doping 
PTh -0.2 - 0.6 485 300-400 n,P-doping 
Pani 0 - 0.8 750 0.1-5 P-doping 

 
Conducting polymers draw numerous attentions in the application for ECs due to their 
excellent conductivity, fast charge-discharge rate, low band gaps, suitable morphology 
and low cost. The noticeable advantages for conducting polymers are their ease for 
massive fabrication and flexibility in application. The mechanism of charge-discharge 
process for conducting polymer is based on doping-dedoping process. Conducting 
polymers can be p-doped with (counter) anions when oxidised and n-doped with (counter) 
cations when reduced. The simplified equations for these two charging processes are as 
follows [81]: 
                                          Cp → Cpn+(A−)n+ne−  (p-doping)                                   (Eq.2.13) 

        Cp+ne−
→ (C+)nCpn−  (n-doping)                                   (Eq.2.14) 
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The discharge reactions are, of course, the reverse of the above equations. Complications 
can occur given that on oxidation a certain degree of cation inclusion (mixed doping) is 
possible under certain circumstances. 

 
Fig. 2.14 The charge-discharge process of PPy [84] 
PPy offers a greater degree of flexibility in electrochemical processing than most 
conducting polymers, and consequently the material has been the subject of much 
research as an ES or battery electrode. The fundamental mechanism of charge-discharge 
for polypyrrole hasn’t been fully understood, here a hypothesis is described to elaborate 
the charge-discharge principle of conducting polymer being used as ES electrode. The 
following graph Fig. 2.14 demonstrates the doping-dedoping process of polypyrrole[43, 
85]. 
2.3.2.2 Transition metal oxide materials 
Another important type of redox-based materials for pesudocapacitor electrode 
fabrication are transition metal oxides, which can provide higher energy density for ES 
than conventional carbon materials and better electrochemical stability than polymer 
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materials. They not only store energy like electrostatic carbon materials but also exhibit 
electrochemical faradaic reactions between electrode materials and ions within 
appropriate potential windows [86].  
The general requirements for metal oxides in ES applications are: (1) the oxide should be 
electronically conductive, (2) the metal can exist in two or more oxidation states that 
coexist over a continuous range with no phase changes involving irreversible 
modifications of a 3-dimensional structure, and (3) the protons can freely intercalate into 
the oxide lattice on reduction (and out of the lattice on oxidation), allowing facile 
interconversion of O2-  and OH-[5]. The most widely used metal oxides in application of 
ES are ruthenium oxide, manganese oxide, cobalt oxide, nickel oxide, and vanadium 
oxide, among which, manganese oxides (MnO2) are demonstrated to be one of the most 
promising electrode materials for ECs because of such superior characteristics as large 
specific capacitance, environmentally benign nature, natural abundance and low cost [55]. 
The theoretical specific capacitance of MnO2 based on one-electron redox reaction per 
Mn atom is estimated to be 1370 F/g [87].  Thus MnO2 is selected as electrode material in 
our investigations, which will be addressed bellow in details. 
The pioneering work on the pseudocapacitive behavior of manganese oxide in an aqueous 
solution was published in 1999 by Lee and Goodenough [88]. The charge storage 
mechanism of MnO2 has been elaborated by many people, Patrice Simon and Yury 
Gogotsi [8] presented excellent explanation in their review paper. They suggested that the 
charge storage mechanism of MnO2 is based on surface adsorption of electrolyte cations 
C+ such as K+, Na+ and proton incorporation. The redox reaction during charge-discharge 
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process is given as following: 

MnO C H ↔  MnOOC H                             (Eq.2.15) 
The cations from electrolyte move forward to and adsorb on the MnO2 surface under the 
external electric field force during charge process (reduction process), which will result a 
valence decrease of MnO2, thus the energy has been stored. The discharge is a quickly 
reversible process (oxidation process), which means a restoration of both MnO2 and the 
cations, and the motions of ions accumulate current for outputting. 

 
Fig. 2.15 Cyclic voltammetry 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 [8]. 
The cyclic voltammogram of MnO2 film in aqueous electrolyte is shown in Fig. 2.15. The 
red (upper) part is related to the oxidation from Mn(III) to Mn(IV) and the blue (lower) 
part refers to the reduction from Mn(IV) to Mn(III). The main problem of MnO2 electrode 
is its low conductivity. High specific capacitance could only be achieved for thin films. 
To improve the rate capability of MnO2, our group is studying the small-sized MnO2 
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particles uniformly dispersed on conductive and porous carbonaceous materials with a 
high SSA[8].  
Besides MnO2, another promising material Bi2O3 and its composites also draw attentions 
for their novel capacitive properties as negative electrodes[89-94] of aqueous ES. The 
cyclic voltammogram of Bi2O3 electrodes deviated significantly from ideal box shape and 
showed redox peaks[89, 90, 93]. Thin Bi2O3 films, prepared by electrodeposition[89],  
showed a capacitance of 98 F g-1 (0.022 F cm−2) in NaOH electrolyte. The specific 
capacitance of 255 F g−1 was reported for Bi2O3 – graphene composite[90]. The charging 
mechanism[95, 96] of Bi2O3 was described by the reaction: 
                                      Bi2O3 + A+ + e− ↔ A(Bi2O3)                                             (Eq.2.16) 

where A+ = Li+, Na+. Recently an asymmetric ES was reported[96], containing MnO2 
positive electrode and Bi2O3 negative electrode, which showed a specific capacitance of 
97 mF cm−2.  The literature data on capacitive properties of Mn and Bi oxides have 
generated our interest in the investigation of complex oxides, such as BiMn2O5. The 
investigation of complex oxides is now an important avenue[97-99] for the development 
of advanced electrode materials for ES. 
BiMn2O5 has been investigated for its multiferroic properties in the past[100-108]. The 
investigations of dielectric properties of BiMn2O5 revealed high dielectric constant[107] 
in the range of 105-106 at room temperature, which should be promising for applications 
in capacitors. In this dissertation, BiMn2O5 and MWCNTs will be firstly used as ES 
positive electrode with expected higher specific areal capacitance and volumetric 
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capacitance due to its higher dielectric constant and better conductivity. 
2.3.3 Composite electrodes and hybrid configurations 

 
Fig. 2.16 Possible strategies to improve both energy and power densities for ECs. a) 
carbon activation and b) decorating with pseudo-capacitive materials on porous carbon; c) 
highly ordered high surface area carbon nanotubes and d) deposit of pseudo-capacitive 
materials on carbon nanotubes [8]. 
As stated before, carbon materials have many advantages but with drawback of low 
capacitance, the capacitive behavior could be further improved by combining carbon with 
pseudocapacitive materials. Such combination utilized the high specific area and high 
conductance of carbon materials as well as high capacitance of pseudocapacitive 
materials.  
Composite electrodes consist of one type of materials incorporated into another within the 
same electrode. Thin film synthesis or high surface area capacitive material can decorate 
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with nano-sized pseudo-capacitive material. The typical strategies to make composite 
materials were shown in Fig. 2.16. These composite electrodes offer opportunities to 
increase energy density and compete with carbon-based EDLCs. 
Hybrid electrode configurations consist of two different electrodes made of different 
materials. An appropriate electrode combination can increase the cell voltage, further 
contributing to improvement in energy and power densities. Currently, two different 
approaches to hybrid systems have suggested: (A) pseudo-capacitive metal oxides with a 
capacitive carbon electrode, and (B) lithium-insertion electrodes with a capacitive carbon 
electrode. In our case, the first approach is presented.  

 

 

  

                                        A                                                       B 
Fig. 2.17  Cyclic voltammograms in (A) a three-electrode cell using MnO2 or activated 
carbon as working electrode, (B) an asymmetric MnO2/activated carbon cell [49] 
The possibility to achieve a much broadened voltage window is the advantage of an 
asymmetric hybrid capacitor. As the cyclic voltammograms in Fig. 2.17 demonstrate, for 
a single activated carbon or MnO2 electrode, their voltage window only limits in no more 
than 1.2 V, since higher voltage would result in hydrogen/oxygen evolution around 
electrode due to decomposition of  H2O. By combination of activated carbon and MnO2, 
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Fig 2. 17 B, the voltage window for the whole device can reach up to 2.2 V with a box-
like CV shape, which  brings a much higher energy density and power density due to 
E=1/2 CV2 and P=V2/4 ESR, where ESR is equivalent series resistance. 
2.3.4 Summary of different materials as electrode for supercapactior 
Table 4 Different materials as electrode for supercapacitor[1] 

Electrode 
materials 

Surface 
area 

Pore size 
distribution 

Specific 
capacitance 

Conductivity 
Rate 

capability 
Stability Cost 

Carbon High 
Various 
ways to 
tailor 

Low High High Good Low 

Redox-
based 

materials 

Normally 
low 

Difficult to 
tailor 

High (metal 
oxide), 

moderate 
(conducting 

polymer) 

Low (metal 
oxide), 

moderate 
(conducting 

polymer) 

Low Poor High 

Metal 
oxide-
carbon 

composite 

Normally 
controlled 

by a 
carbon 
support 

Various 
ways to 
tailor  

High 

Tunable, 
depending 

on the 
carbon 
support 

Good Good Moderate 

 
2.4 Dispersion and electrophoretic deposition (EPD) 
2.4.1 Categorization and mechanism of dispersion  
Dispersion or stabilization is critical for nanomaterials synthesis and applications in ECs, 
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since a well dispersed material or composite electrode provides larger surface areas with 
more accommodation for ions diffusion and charges transfer. There are two major type of 
stabilization: electrostatic stabilization and steric stabilization.  
Stability of colloids depends on the interaction between the particles during a collision, in 
which Brownian motion always causes colloidal particles to collide with each other 
frequently in a dispersion medium. Two basic interactions determine stability of colloids: 
attraction and repulsion. When the main interaction is dominated by attraction, the 
colloidal particles are easily adhered to each other and agglomerated together. When the 
other interaction dominates, the particles will be repulsive and dispersed to form stable 
suspension. These two interactions are caused by Van der Waals forces existing between 
colloidal particles.  Colloidal dispersion can only be stable when a sufficiently strong 
repulsive force counteracts the Van der Waals attraction. Van der Waals forces are 
generated from three different origins including permanent dipole-induced dipole (Debye) 
interactions, permanent dipole-permanent dipole (Keesom) forces and transitory dipole-
transitory dipole (London) forces.Comparing to the other two forces, London forces 
(VDWL) have longer range attractions, thus its magnitude and range (between 5-10 nm in 
normal colloidal systems) determines stabilization of colloidal particles.  
2.4.1.1 Electrostatic stabilization 
Coulombic repulsion between colloidal particles provides an effective way to 
counterbalance the VDWL attraction in polar suspensions. Ionic groups from molecules 
or additives can attach and adsorb to particle surface to form a charged layer based on 
different mechanisms. Since charged particles naturally trend to electroneutrality, an 
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equal number of oppositely charges form surrounding the prior charges to give additional 
charge-neutral double layers. 
(i) Electric double layers 
Electric Double Layer is the layer surrounding a particle of the dispersed phase and 
including the ions adsorbed on the particle surface and a film of the countercharged 
dispersion medium. For instance, negatively charged ions in the dispersion medium move 
and adsorb on surfaces of colloidal particles, and the particles will attract positively 
charges layer surrounding the previous adsorbed negative charge layer. Electric double 
layers play critical role in determining stabilization of colloidal system.  

 
Fig. 2.18 Electrical double layer and potential drop around a colloidal particle[105] 
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As Fig. 2.18 shows, an electric double layer consists three parts: slipping plane (a 
conventionally introduced slipping plane forms to separate mobile fluid from fluid that 
remains attached to the surface), Stern layer - counterions (charged opposite to the surface 
charge) attracted to the particle surface and closely attached to it by the electrostatic force 
and diffuse layer - a film of the dispersion medium (solvent) adjacent to the particle. 
Diffuse layer contains free ions with a higher concentration of the counterions. The ions 
of the diffuse layer are affected by the electrostatic force of the charged particle.  
The value of the electric potential at the slipping plane is called Zeta potential, which is 
very important parameter in the theory of interaction of colloidal particles. When all the 
particles have a large negative or large positive charge, they will repel each other, and so 
the suspension will be stable. 
If the zeta potential is low the tendency for flocculation is increased. Another important 
consideration when discussing zeta potentials is pH; in fact, quoting a zeta potential 
without an accompanying pH is almost meaningless. The electrical potential within the 
Electric Double Layer has the maximum value on the particle surface (Stern layer). The 
potential drops with the increase of distance from the surface and reaches 0 at the 
boundary of the Electric Double Layer (Fig. 2.18). 
(ii) DLVO theory 
The DLVO theory is named after Boris Derjaguin and Lev Landau, Evert Verwey and 
Theodoor Overbeek. As discussed above, in liquid dispersion media, ionic groups can 
adsorb to the surface of a colloidal particle forming charged layer. To maintain 
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electroneutrality, an equal number of counter-ions with the opposite charge will surround 

 
Fig. 2.19 Configuration of two colloidal particles in an ionic electrolyte suspension[109] 
the colloidal particles and give rise to overall charge-neutral double layers. In charge 
stabilization, it is the mutual repulsion of these double layers surrounding particles that 
provides stability. Fig. 2.19 shows the general configuration of two adjacent colloidal 
particles[109]. 
Waals attraction energy (VA) and electrostatic double layer repulsion energy (VR) exist 
between two particles in the meantime. The total internal energy between the two 
particles (VT) in suspension was given in Eq.2.12. 

VT = VA + VR                                             (Eq.2.17) 
And the attraction energy (VA) and repulsion energy (VR) can be represented by the 
following equations: 

                                       H
aAV A 12                                              (Eq.2.18) 

                                                           (Eq.2.19) 2 κ
R 02 ln 1 Ha eV      
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Where A is the Hamaker constant, a is the particle radius, H is the distance between two 
slipping planes, ε and ε0 are relative permittivity and permittivity in vacuum, respectively, 
π is the solvent permeability, ψ is the zeta potential, and κ is a function of the ionic 
composition, which is defined as the reciprocal of Debye length: 

,                                       (Eq.2.20) 
in which ni is the concentration of ions with valence of zi, and k is Boltzmann constant. 
The total energy of two particles can be represented by Fig. 2.20, which is composed by 
attraction energy and repulsion energy. 
The combination of the two energies is a function of distance from the surface of a 
spherical particle. At a distance far from the solid surface, both van der Waals attraction 
potential and electrostatic repulsion potential reduce to zero. Near the surface is a deep 
minimum in the potential energy produced by the van der Waals attraction.  A maximum 
is located a little farther away from the surface, as the electric repulsion potential 
dominates the van der Waals attraction potential. The maximum is also known as 
repulsive barrier.  
It should also be noticed that Debye length will be decreased by increasing concentration 
of ions of the dispersion medium, resulting a thin electric double layer and shorter surface 
distance H. If the surface distance in decreased to the range which attraction energy 
domains, particles are easy to have irreversible hard flocculation. This accounts for the 
fact that most charge-stabilized dispersions coagulate when increasing the ionic strength 

1/ 22 2
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of the dispersion medium [3]. Hence, one great disadvantage of charge stabilization of 

 

Fig. 2.20 Energy variation with distance between two colloidal particle surfaces  
particles is its great sensitivity to the ionic strength of the dispersion medium. In addition, 
the DLVO theory only works in polar liquid which can dissolve electrolytes. However, 
due to the advantages in simplicity and cost price, charge stabilization is still widely used 
in stabilizing dispersions in aqueous media.  
2.4.1.2 Polymeric stabilization 
Another principal stabilization mechanism is based on polymeric dispersion and 
stabilization. Different with electrostatic stabilization, polymers with molecular weights 
beyond 10000 D are in the excess of the range of the VDWL attraction, which means that 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

50 
 

DLVO theory is not applicable for these polymer molecules. The end of long chain of 
these polymer molecules can easily attach to the surfaces of particles to impart colloidal 
stability [110]. For polymeric stabilization of colloidal dispersion, there are two basic 
mechanisms: steric stabilization and depletion stabilization. 
(i) Steric stabilization 

  

Fig. 2.21 Schematics of steric stabilization [111]  
Fig. 2.21 shows mechanism of steric stabilization, which is achieved by attaching 
(grafting or chemisorption) the end of long chain of macromolecules to the surfaces of 
particles. The stabilization due to the adsorbed layers on the dispersed particle is 
generally called steric stabilization [111]. 
(ii) Depletion stabilization  
Depletion stabilization of colloidal particles is imparted by macromolecules that are free 
in solution (Fig. 2.22). The study of this type of stabilization is still in its initial stage. 
Electrostatic and steric stabilization can be combined as electrosteric stabilization. The 
origin of the electrostatic component may be a net charge on the particle surface (Fig 
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2.23a) and/or charges associated with the polymer attached to the surface (i.e. through an- 

 

Fig. 2.22 Schematics of depletion stabilization[111]   
attached polyelectrolyte) (Fig 2.23b). It is also possible to have combinations of depletion 
stabilization with both steric and/or electrostatic stabilization. The combination of 
depletion and steric stabilization is very common when there are high concentrations of 
free polymer in the dispersion medium [112]. 

 

Fig. 2.23 Schematics of electrosteric stabilization: (a) charged particles with nonionic 
polymers; (b) polyelectrolytes attached to uncharged particles[112] 
2.4.2 Eectrophoretic deposition (EPD) and dispersants 
Electrophoretic deposition (EPD) refers to that colloidal particles suspended in a liquid 
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medium migrate under the influence of an electric field (electrophoresis) and are 
deposited onto an electrode (as Fig. 2.24 shows) [113, 114]. All colloidal particles that 
can be used to form stable suspensions and that can carry a charge can be used in 
electrophoretic deposition. This includes materials such as polymers, pigments, dyes, 
ceramics and metals [109]. 

 

Fig. 2.24 Schematic of electrophoretic deposition 
Cathodic deposition has important advantages for industrial applications. EPD is an 
important tool for the preparation of thick ceramic films. 
One of the major issues in the development of EPD technology is the selection of 
dispersants. The particles must be well dispersed and charged in the bulk of the 
suspensions. Recent studies highlighted the importance of dispersant adsorption on the 
particle surface[115]. Despite the impressive progress achieved in the EPD of various 
materials[116-120], there is a need in the development of advanced additives and bath 
formulations for EPD. Dispersing agents typically show adsorption on limited number of 
materials of specific groups, such as metal oxides[121, 122] or carbon materials[123]. 
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However, the development of composite films require the use of efficient co-dispersants 
for all the individual components. Small organic molecules from catechol, salicylic acid 
and gallic acid families with one chelating ligand per molecule show relatively weak 
adsorption on metal oxide particles. Relatively limited progress was achieved in the EPD 
of other functional materials, such as hydroxides, nitrates, metals, neutral polymers and 
other organic molecules.  
Many investigations have focused on studying new dispersants for efficient dispersion 
and deposition of inorganic particles for various applications. Of particular importance 
are investigations of new adsorption and adhesion mechanism. Fundamental 
investigations showed[124-127] that strong mussel adhesion to different surfaces in saline 
water involves protein macromolecules, containing catecholic amino acid, L-3,4-
dihydroxyphenylalanine (DOPA). The adhesion mechanism is attributed to the 
complexation of metal atoms on material surfaces by the OH groups of the catechol 
ligands. It was found that catechol is a powerful complexing agent, which is able to 
coordinate metal atoms in acidic or basic pH solutions. Previous investigation on DOPA 
reported a strong adhesion pull-off force reaching up to > 500 pN between DOPA and 
TiO2 [127]. Driven by DOPA investigations, other chemicals from catechol family have 
been studied, the representative one is dopamine (DA). Structure of DA (Fig. 2.25) is 
analogous with that of DOPA, and many studies showed that adsorption of DA on 
inorganic particles can improve their electronic and photovoltaic properties [128-130].  
The DA modified magnetic Fe3O4 nanoparticles showed enhanced magnetization and 
increased superparamagnetic blocking temperature[131, 132]. It was found that DA 
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adsorption changed the microstructure of the magnetic dead  layer  on  the  nanoparticle 

 

Fig. 2.25 Adsorption mechanism of catchol group on metal surface, structure of dopamine 
and dopa [115] 

surface and promoted magnetic ordering in the surface layer. DA was used as an anchor 
for the functionalization of Fe3O4 nanoparticles using a ‘click’ chemistry method[133]. 
Especially interesting are the investigations of DA adsorption on TiO2, which showed 
significant changes in the structure of the surface layer[134, 135] and revealed the 
enhanced electronic and photovoltaic properties of the TiO2 nanoparticles[128-130]. The 
DA sensitized TiO2 showed improved charge transfer at the organic –inorganic interface. 
The DA modified TiO2 nanoparticles and films were investigated for the application in 
biosensors, photoelectrochemical transducers and optical devices[128-130, 135, 136]. The 
adsorption of DA resulted in enhanced luminescence properties[137] of ZnO.The strong 
adsorption of DOPA and DA on the surface of inorganic nanoparticles is of special 
interest for applications in electrophoretic nanotechnology of thin films. 
The use of DOPA as a charging and dispersing agent for inorganic particles presents 
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difficulties attributed to zwitterionic properties of this molecule. Several 
investigations[138-140] were focused on the use of DA for cathodic EPD of ZnO, TiO2 
and MnO2 nanoparticles. However, the use of DA for particle dispersion generates some 
problems, related to the small size of the DA molecule and self-polymerization of DA in 
the solutions. It is important to note that amino group of DA must be protonated in order 
to impart a charge to the DA molecules in the solutions. Therefore, in the previous 
investigations[138-140] DA was used in the form of dopamine hydrochloride (DA-HCl). 
In this case, competitive adsorption of the protonated DA and free H+ ions from the acidic 
solutions on the particle surface can be expected. Inspired from DA, other promising 
molecules from catechol family should be proposed here to disperse inorganic particles 
especially for MnO2 particles and CNTs composite electrode fabrication, and it’s 
supposed the adhesion of this dispersant can help enhance capacitive properties of the 
composites. 

 
Fig. 2.26 a. molecular structure of PAZO and b. attaching mechanism of PAZO to 
inorganic particle 
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Besides using dispersants for MnO2-MWCNT composite fabrication, some dispersants 
can exhibit unique properties themselves, thus make them more promising and significant 
for functional applications. A significant amount of research was focused on the analysis 
of optical storage and photochromic properties, surface-relief grating[141-144], 
azobenzene trans-cis-trans transitions and birefringence[141]. Poly[1-[4-(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt] (PAZO) has drawn 
attentions for its unique birefringence properties. It was found that the transformation 
from the  trans form to the cis form results in a change of the dipole moment of the 
PAZO molecules (Fig. 2.26a), which has been utilized in light sensitive biosensors[145]. 
The use of PAZO[146] allowed for the fabrication of deltamethrin sensors with a 
detection limit below 0.1 nM. Moreover, PAZO is an effective polymer film material for 
holographic surface patterning[147]. 
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Chapter 3 Problem statements and objectives 

3.1 Dispersion of carbon nanotubes and MnO2 

As elaborated in literature review, CNTs possess good conductivity as well as high 
specific surface area but with drawback of low capacitance as EDLC electrode material, 
while, MnO2 can provide much higher capacitance (theoretically 1370 F g-1) but with 
lower conductivity. The combination of MnO2 and CNTs can not only excavate whole 
potential of MnO2, but also provides more flexible options to fabricate diverse 
nanostructured electrodes. Many works have been reported on well performed MnO2-
CNTs composite electrodes[1-5].  
3.1.1 Challenges on dispersion of CNTs 
Fabrication of homogenous MnO2-CNTs composite is critical for achieving excellent 
electrochemical performance, however, carbon nanotubes are bundled and self-
aggregated naturally[6-8], and MnO2 powder are also easy to agglomerate spontaneously 
[9, 10]. The nature of dispersion problem for CNTs is rather different from other 
materials, such as spherical particles and carbon fibers, because CNTs are characteristic 
of small diameter in nanometer scale with high aspect ratio (>1000) and thus extremely 
large surface area. In addition, the commercialized CNTs are supplied in the form of 
heavily entangled bundles, resulting in inherent difficulties in dispersion. 
Many efforts have been putted into dispersion of CNTs, the main way is using surfactant 
[11-13]. However, many dispersants such as polymers may cause polymer wrapping. As 
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shown in Fig. 3.1 A[14], the CNTs are entwined by the rope-like long chain polymers, as 
a consequence, it greatly decreases the crucial intrinsic properties of CNTs such as 
conductivity, high specific surface areas due to the coverage by insulating polymers. 
Since the surfactant itself has no contribution to conductivity or capacitance, the whole 
electrochemical performance of CNTs is greatly restrained due to the existence of 
surfactants, thus the amount of dispersant should be limited in use. 
Many studies disperse CNT by their oxidation in strong acids[15-17]. The treatment in 
hot acids resulted in the formation of carboxylic and other oxygen-containing groups on 
the CNT surface. These acidic groups electrostatically stabilized CNT in the suspensions. 
The dispersion of CNT can also be achieved by covalent functionalization methods[18]. It 
is important to note that the oxidation and functionalization strategies introduce defects 
and reduce the electronic conductivity and mechanical properties of CNT. Moreover, the 
acidic treatment is known to cut long CNT into smaller fragments with lower aspect ratio. 
Different from the traditional dispersing method, our new approach avoids the oxidation 
and functionalization of CNT, and the whole procedure is operated in safe and clean 
ethanol suspension instead of dealing with strong acid. 
Another problem caused by some dispersants is chemical functionalization. As showing 
in Fig. 3.1 B[14], some surfactants would have chemical reaction and create covalent 
bond with CNTs. In this case, the structural integrity of CNTs would be destroyed by the 
new bonds. The electronic band structure of a nanotube can be described by considering 
the bonding of the carbon atoms arranged in a hexagonal lattice. Each carbon atom (Z=6) 
is covalently bonded to three neighbor carbons via sp2 molecular orbitals. The fourth 
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valence electron, in the pz orbital, hybridizes with all the other pz orbitals to form a 
delocalized π- band. As the unit cell of graphene has two carbon atoms an even number of 
electrons are contained in the basic nanotube structure, which consequently can be 
metallic/semiconducting[19]. Thus the electrical conductivity of CNTs greatly depends 
on its structural integrity, and chemical functionalization should be avoided. 

                        

                  A                                                     B                                    
Fig 3.1. A. Polymer wrapping on surface of CNTs, B. covalent sidewall functionalization 
on CNTs[14] 
3.1.2 Difficulties in fabrication of MnO2-CNT composite 
The efficient dispersion of CNT and oxide nanoparticles in nanocomposites is of special 
interest for application in electrodes of ECs. The interest in MnO2-CNT electrodes is 
attributed to high specific capacitance[20-22] of MnO2. However, the electronic 
conductivity of MnO2 is low. The addition of CNT allows improved electronic 
conductivity of the composites[23, 24]. It is important to note that the CNT content in the 
composites must be minimized due to low specific capacitance of CNT and relatively 
high cost of this material. Moreover, the agglomeration of CNT and MnO2 nanoparticles 
in the composites must be avoided. Therefore, the efficient dispersion of MnO2 and CNT 
is necessary for the development of advanced MnO2-CNT supercapacitors.   
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MnO2–CNT composites were obtained using redox reactions of KMnO4 and CNTs. In 
this approach, the reduction of Mn7+ species resulted in the oxidation of carbon to form 
carbonates in the solution. It should be noted that the oxidation of CNTs results in 
reduced conductivity. Moreover, the variation of the MnO2 content in the composites 
presented difficulties, because the redox reaction was terminated when the available 
surfaces of CNTs were fully covered by MnO2[25]. 
As only the surface is involved in the pseudocapacitive behavior of manganese oxides, 
the key to obtain excellent capacitive properties is to improve their electronic 
conductivity and to increase usable specific surface area. Therefore, high dispersion of 
MnO2 and conductive additives with excellent electronically conductivity and high 
specific surface area should be a promising way to improve the capacitive properties of 
MnO2. One of the most important conductive materials for this application is carbon 
materials, such as carbon nanotubes[10].  
Moreover, there also have been reported that manganese oxides dispersed on the tangled 
carbon nanotubes by mechanical mixing and electrochemical deposition method were 
used as electrode materials for ECs[26-28]. Although the specific capacitance based on 
MnO2 and MWCNT composite was higher than that of pure MnO2, the values were still 
low. The possible reasons is that the specific surface areas and dispersibility of MnO2 
prepared by these methods are still low. Therefore, it is very important to develop a 
effective way to achieve high usability and dispersibility of manganese oxides. 

3.2 Low voltage window for symmetric supercapacitor 
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Energy density is the main limitation and barrier for ES compared with batteries. Some 
achievements have improved energy density of ES in organic electrolyte. However, most 
organic electrolytes are relatively toxic, flammable, environmentally unfriendly, and 
expensive, so they are not suitable for utilization in ES.  
It’s urgent and necessary to develop ES with higher energy density in aqueous electrolyte. 
It was found that MnO2 and MnO2-CNT composite electrodes show good capacitive 
behavior in a voltage window of 1V in aqueous electrolytes. It should be noted that the 
voltage windows of symmetric capacitors, containing two similar MnO2 based electrodes 
in aqueous electrolyte is smaller than the voltage windows of symmetric RuO2/RuO2 
devices [22, 29]. This is caused by the decomposition of aqueous solution when voltage 
window is beyond 1V, which will result a hydrogen evolution and an irreversible 
oxidation (polarized) process for MnO2 electrode (asymmetric CV curve).  The 
development of asymmetric cells[22, 29], containing MnO2 positive electrodes and 
activated carbon (AC) negative electrodes, allowed enlarged voltage window and 
improved power-energy characteristics of the ES devices because of overpotential by 
introducing a carbon counter electrode. 

3.3 Low mass loading of MnO2-CNTs electrode 
Recent studies highlighted the importance of the fabrication of efficient ES electrodes 
with high active mass loading and high active material to current collector mass ratio[30]. 
It is challenging to achieve high capacitance, good capacitance retention at high charge-
discharge rates and cyclic stability for electrodes with mass loadings of 10-20 mg cm-2, 
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which are required for many practical applications[30, 31]. The use of composites, 
prepared by mixing of MnO2 nanofibers and multiwalled CNT (MWCNT) allowed[32] 
the fabrication of electrodes with mass loading of 40 mg cm-2. However, due to the poor 
dispersion of the individual components, the electrodes showed low capacitance retention 
at high charge-discharge rates. The need in improved dispersion of MnO2 and CNT has 
generated interest in the development of new colloidal methods for the fabrication of 
MnO2-CNT composites. Additionally, our novel approach based on BiMn2O5 as electrode 
materials paved the way for ultra-high mass loading. 

3.4 Objectives 
As elaborated above, our main objective is to fabricate a hybrid supercapacitor which is 
composed of well dispersed MnO2-CNT composites as positive electrode and activated 
carbon-carbon black as negative electrode. The device has an enlarged voltage window in 
order to achieve a high energy density and power density. 
Based on the problems stated above, our objectives are: 
(i) Development of new methods for the fabrication of MnO2-CNT composites with good 
dispersion of individual components; 
(ii) Fabrication of MnO2-CNT and activated carbon-carbon black electrodes with high 
active mass loading and high capacitance; 
(iii) Fabrication and testing of hybrid MnO2-CNTs/activated carbon-carbon black devices; 
(iv) Investigations on new capacitive materials BiMn2O5 for higher areal and volumetric 
capacitance; 
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(v) Development of new dispersants for diverse materials dispersion and their 
applications in ECs and optical nanotechnology. 
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Chapter 4 Experimental procedures 

4.1 Materials synthesis 
(i) MnO2 particles  
MnO2 nanoparticles were prepared by reduction of KMnO4 using ethanol (Eq.4.1). 

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

KMnO4 used in this dissertation were purchased from Aldrich Company. 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. The MnO2 nanoparticles obtained using this method had 
an diameters varying from 30 to 60 nm[1]. 

 

Fig. 4.1 Schematic of MnO2 particles synthesis procedure 
(ii) MnO2 fibers  
For the preparation of MnO2 fibers, the aqueous 0.1 M KMnO4 solution (50 mL) was 
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mixed with 0.2 M oxalic acid solution (50 mL).  The volume of the mixed aqueous 
solution was increased to 250 mL. The reaction was performed at 100°C during 7 h. The 
obtained precipitate was washed with 2 L of deionized water and 1 L of ethanol, and then 
it was dried in air for 12 h. The product was annealed in furnace at 300°C for 3 h[2].  
(iii) BiMn2O5 nanocrystals 

 

Fig. 4.2. Hydrothermal process for producing BiMn2O5 nanocrystals 
Bi(NO3)3, KMnO4, MnCl2∙4H2O, KOH, Na2SO4 were purchased from Aldrich Company. 
For synthesis of BiMn2O5 particles, as Fig. 4.2 shows, 0.6 mmol of Bi(NO3)3 was 
dissolved in 40 ml of deionized water, and then  0.8 mmol of MnCl2•4H2O and 0.4 mmol 
of KMnO4 were added. Stirring of the solution was performed for 10 min and then 5 
mmol of KOH was added, then stirring was continued for 10 min. The solution was 
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transferred to a stainless steel autoclave with a capacity of 50 ml. The autoclave was 
sealed and heated to 180 ºC at a heating rate of 3 ºC min-1. The synthesis of BiMn2O5 was 
performed at 180 ºC during 18 h. The obtained black powder was washed by deionised 
water and ethanol and then dried at 60 ºC for 12 h[3].  
(iv) MnO2 tubes  
Tube-like MnO2 was prepared under a hydrothermal procedure: 0.3214 g of KMnO4 was 
firstly dissolved in 29.3 mL of deionized water, followed by adding 0.7 mL of HCl 
aqueous solution (37 wt%). After vigorous stirring for 0.5 h, the mixed solution was 
transferred to a 50-mL autoclave for thermal treatment at 120 ℃ for 12 h. The powder 
were collected and washed with deionized water and ethanol for several times and then 
they were dried in oven at 60℃ overnight. 

(v) Fe2O3 tubes  
FeCl3 and NH4H2PO4 were purchased from Aldrich Company. Fe2O3 nanotubes were 
synthesized by hydrothermal treatment. The procedure started with mixing 1.60 mL of 
aqueous FeCl3 solution (0.5m) and 1.44 mL of aqueous NH4H2PO4 solution (0.02m) with 
vigorous stirring. Deionized water was then added to a final volume of 40 mL. After 
stirring for 20 minutes, the mixture was transferred into a Teflon-lined stainless-steel 
autoclave with a capacity of 50 mL for hydrothermal treatment at 220℃ for 48 h. The 
powders were collected and washed with deionized water and ethanol for several times, 
and dried in oven over at 60℃ for overnight. 

(vi) Reduced-Graphene Oxide (rGO):  
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Graphene oxide (GO) was synthesized from graphite powder based on modified 
Hummer's method. In details, 1 g of graphite powder was mixed with 0.5 g NaNO3 and 
23 mL H2SO4 (98%), the mixture was cooled to 0 °C. Then, 3 g KMnO4 was added 
slowly to keep the temperature of the suspension lower than 5 °C and magnetic stirred for 
1h. Successively, the reaction system was transferred to 35 °C water bath and stirred for 
about 2h, forming a thick paste. Then, 46 mL distilled water was added slowly to the 
solution, and the solution was stirred for 30 min at 95 °C. The mixture was futher diluted 
with 140 mL distilled water, treated with 10 mL H2O2 (30%), washed with 50 mL HCl 
(1:10) and distilled water 2–3 times and then resuspended in distilled water. The solution 
was centrifuged in 12000rpm for 5 times and the precipitation was dried in 50°C. GO was 
reduced to rGO by a hydrothermal method. In a typical procedure, 4mL of ammonia 
solution (28 wt%) was added to 18 mL of aqueous GO dispersion (2.5 mg/mL), then the 
mixture was sealed in a Teflon-lined stainless-steel autoclave. Black hydrogels were 
formed after the mixture was heated at 180°C for 12 h. After washing 3-5 times by 
distilled water, NGHs were obtained after freeze-drying at -20°C for 12h. 
(vii) PPy and PPy-MWCNTs synthesis procedure 
MWCNTs in this dissertation were purchased from Bayer Inc., Germany. Pyrrole (Py) 
monomers, oxalic acid, bromothymol blue sodium salt (BT), and ammonium persulfate 
((NH4)2S2O8) (APS) were purchased from Sigma-Aldrich. PPy was prepared by adding 
30 mM APS solution (50 mL) to 10 mM Py solution (50 mL), containing 1 mM BT. The 
reaction was performed at 4 °C for 5 h. A similar procedure was used for the fabrication 
of PPy-MWCNT composite. In this procedure, the BT dopant was used as dispersant for 
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MWCNTs. Stable MWCNT suspensions, containing 1 mM BT, were prepared and added 
to 10 mM Py solution in order to obtain composites with a PPy :MWCNT  mass ratio of 
7 : 3. Ultrasonic agitation was used prior to the addition of APS in order to achieve 
homogeneous dispersion of MWCNTs. The PPy and composite PPy - MWCNT powders 
were washed with 2L of deionized water and dried in air at 60 ℃ for 24 h[4, 5].  

4.2 Electrophoretic deposition and adhesion characterization  

 

Fig. 4.3. Schematic procedure of electrophoretic deposition 
EPD were performed using a constant current/constant voltage power supply (EPS 2A200, 
Amersham Biosciences).The EPD cell included a substrate and two Pt counter electrodes 
showing in Fig. 4.3. Stainless steel foils (2.5×5 cm) and Ni plaque (1×3 cm) were used as 
substrates. The distance between the substrate and counter electrodes was 15 mm. The 
deposition voltage was varied in the range of 5–150 V. The deposition time was varied in 
the range of 1–10 min. The deposition yield was studied for the films deposited on 
stainless steel substrates. A minimum of three samples were prepared in each deposition 
experiment. All the deposits were obtained using fresh solutions. The deposition yield 
measurements were repeatable, and the error was less than 5%. Adsorption mechanism 
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and deposition kinetics were studied by measuring the deposited film mass under 
different conditions. After deposition, the films were rinsed with de-ionized water and 
then dried in air. 

4.3 Materials characterization techniques 
(i) Phase characterization 
X-ray diffraction (XRD) studies were performed using powder diffractometer (Nicolet I2, 
monochromatized CuKα radiation) at a scanning speed of 0.5˚ min−1. 
(ii) Morphology characterization 
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. 
(ii) Composition characterization 
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.  
(iv) In-situ deposit characterization 
Quartz crystal microbalance (QCM922, Princeton Applied Research, USA) method was  



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

94 
 

mA
FF

qq
o  

22

used for the in-situ investigation of the deposition yield. The mass Δm of deposited 
material was calculated using Sauerbrey’s equation[6]: 
                                                                                                                                     (eq.4.2) 

where ΔF is frequency decrease of the QCM, F0 is the parent frequency of QCM (9 MHz), 
A is the area of gold electrode (0.2 cm2), ρq is the density of the quartz and µq is the shear 
modulus of quartz.  

4.4 Electrode fabrication procedure 
4.4.1 Electrode fabrication using EPD 
(i) Celestine blue as dispersant for fabrication of different electrodes 
Celestine blue (CB) were purchased from Aldrich Company. The concentration of the 
ceramic powders in the suspensions in ethanol was 4g L-1. The concentration of CB was 
varied in the range of 0-0.5 g L-1. Before the deposition, the suspensions were 
ultrasonicated for 30 min to achieve a homogeneous dispersion of the oxide particles. 
EPD was performed at a deposition voltage of 20 V, the deposition time was varied in the 
range of 1-8 min. After deposition, the deposits were dried in air for 48 h. 
(ii) PAZO as co-dispersant for MnO2 fibers-MWCNTs and ppy-MWCNTs 
Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium 
salt] (PAZO) were purchased from Aldrich Company. For fabrication of MnO2-
MWCNTs composite electrode, concentration of MnO2, MWCNTs and PAZO is kept at 
constant ratio of 4:1:1. The general procedure starts with dissolving certain amount of 
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PAZO into a mixture of 75% of ethanol and 25% of deionized water. After 
ultrasounication for 20 mins, a orange transparent solution was obtained. Then MnO2 and 
MWCNTs were added following the rigid ratio mentioned before. After another 20 mins 
ultrasonication, an uniform and homogenous suspension was obtained. During EPD 
process, a clean and smooth Ni plaque was used as substrate and current collector for 
deposition. After deposition with variation of time and voltages, different MnO2-
MWCNTs composite electrodes were obtained. This method was also employed for 
fabrication of PPy and MWCNT@PPy electrodes fabrication. 
4.4.2 Electrodes fabrication based on heterocoagulation 
(i) PE and PS as dispersants for fabrication of MnO2-MWCNTs composite electrode 
Phosphate ester (PE) was purchased from Richard E. Mistler Company. Poly(vinyl 
butyral-co-vinyl alcohol-co-vinyl acetate) (PVB, average Mw = 50,000–80,000), m-
cresolsulfonphthalein sodium salt (CS) and KMnO4 were purchased from Aldrich 
company. Ni foams with a porosity of 95% were supplied by Vale Company. The MnO2 
suspensions, containing PE dispersant, and MWCNT suspensions, containing CS 
dispersant, were mixed and the obtained precipitates were washed with ethanol (Fig. 4.4). 
For comparison, MnO2 and MWCNT were mixed without dispersing agents and obtained 
precipitate was washed by the same method. The mixtures were used for the fabrication 
of slurries in ethanol, containing MnO2 and MWCNT with total concentration of 10 g L-1 
and 0.2 g L−1 of PVB binder. The slurries were used for the impregnation of Ni foam 
current collectors. The impregnated current collectors were dried in air and then pressed 
to 30% of original thickness. The mass of the impregnated material was 40 mg cm-2 
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(based on projected area) 

 
Fig. 4.4 Schematic of MnO2-MWCNTs composite electrode fabrication based on 
herocoagulation 
(ii) BAC and CA as dispersants for fabrication of MnO2-MWCNTs composite electrode 
Benzyldimethylhexadecylammonium  chloride  (BAC),  hexa-decyltrimethylammonium 
bromide (CTAB), caffeic acid (CA),trans-cinnamic acid (TCA),p-coumaric acid (PCA), 
and 2,4-dihy-droxycinnamic acid (DCA) were purchased from Aldrich company. The 
MnO2 suspensions, containing CA dispersant, and MWCNT suspensions, containing 
BAC dispersant, were mixed, filtered, washed with water and dried. For comparison, 
MnO2 and MWCNT mixtures were prepared using the same procedure without dispersing 
agents. The MnO2–MWCNT mixtures, containing 5% PVB binder, were impregnated 
into Ni foam current collectors and then pressed. The mass of the impregnated material 
was 40 mg cm-2 (based on projected area). 
4.4.3 Electrodes fabrication based on colloidal route and slurry 
(i) Fabrication of BiMn2O5-MWCNTs composite 
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CB was used as a co-dispersant for the dispersion of BiMn2O5 and MWCNT in ethanol. 
The powders, containing 85 mass % BiMn2O5 and 15 mass % MWCNT, were dispersed 
in ethanol and ultrasonically agitated during 30 min. PVB binder was dissolved in ethanol 
and added to the suspensions; the mass ratio PVB/(BiMn2O5 - MWCNT) was 0.05. The 
BiMn2O5-MWCNTs suspensions, containing PVB, were impregnated onto Ni foam 
current collectors, which were pressed by rolling machine to 20% of original (1.5 mm) 
thickness of the Ni foam. This procedure allowed improved contact of BiMn2O5, 
MWCNT and current collector. The mass loading of the active material was 80 mg cm-2. 
In this case, the active material to current collector mass ratio was 1:1. 
4.4.4 Fabrication of activated carbon-carbon black for negative electrode 
Activated carbon (AC) (PICACTIF, PICA) with specific area of 2300 m2 g-1 and carbon 
black (CB) (Cabot) were used for the fabrication of electrodes. Poly(vinylidene flouride) 
(PVDF) binder and 1-Methyl-2-pyrrolidinone (MP) solvent were purchased from Alfa 
Aesar. Ni foams (95% porosity, Vale) were used as current collectors. The Ni foams were 
impregnated using slurries, containing AC, CB and PVDF in MP, and then dried at 70ºC 
in air for 4 h. 

4.5 Cell fabrication 
(i) Coin cell fabrication 
Composite MnO2(BiMn2O5)–MWCNTs electrodes and activated carbon-carbon black 
electrodes (described previously), separated by a porous polyethylene membrane (mean 
pore size 0.4 m, Vale, Canada) were combined for the fabrication of coin cells (CR2032 
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type, MTI corporation, USA), which were sealed using a hydraulic crimping machine 
(MSK-110, MTI Corporation, USA). The general process is demonstrated in Fig. 4.5. 

 

Fig. 4.5 Schematic of coin cell fabrication procedure 
(ii) Membrane cell fabrication 

Envelope cells contained two electrodes with an area of 6 cm2, separated by a porous 
membrane, and aqueous 0.5 M Na2SO4 solution as an electrolyte in a sealed plastic 
envelope. 

4.6 Electrochemical charaterization  
The electrochemical characterization of electrode was carried out by a standard three 
electrode system using a potentiostat (PARSTAT 2273, Princeton Applied Research) as 
shown in Fig. 4.6. Surface area of the working electrode was 1 cm2. The counter electrode 
was a platinum gauze, and the reference electrode was a standard calomel electrode 
(SCE). The characterization was in 0.5 M Na2SO4 aqueous solutions using (i) Cyclic Vol-
tammetry (CV), (ii) Electrochemical Impedance spectroscopy (EIS) and (iii) 
Galvanostatic charge–discharge studies. CV and charge-dischage studies were performed 
within a potential range of -0.9 to 0 V versus SCE for AC-CB electrode and 0 to 0.9V 
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versus SCE for MnO2-MWCNT electrode. 

 
Fig. 4.6 38 PARSTAT 2273 Potentiostat (A) and three-electrodes testing system (B) 
4.6.1 Cyclic voltammetry 
In this study, CV was performed using potentiostat. The data was recorded by PowerSuite 
electrochemical software.  The total capacitance could be calculated using half the 
integrated area of the CV curve to obtain the charge (Q), and subsequently dividing by the 
width of the potential window (ΔV). The mass-normalized specific capacitance could be 
calculated from 

Cm=  × ∆ ,                                                  (eq.4.3) 

where 'm' denotes for mass loading of the electrode. If ‘m’ in the above equation is 
replaced by the area (S) of the electrode, capacitance per unit area is obtained  (F cm−2), 
expressed as 

Cs=  × ∆ .                                                    (eq.4.4) 
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4.6.2 Electrochemical Impedance Spectroscopy 
EIS is a powerful method of evaluating a component’s capacitive performance in the 
frequency domain. It requires to apply a small AC voltage and measure the changes in 
magnitude and phase over a range of frequencies. In this study, EIS were conducted using 
potentiostat in the frequency range of 10 mHz-100 kHz and the amplitude of AC signal of 
5mV. 
The impedance frequency behavior of electrode was studied using the complex mode of 
the capacitance. The impedance of a ES electrode can be expressed as 

Z=                                                           (eq.4.5) 

Here C is the total capacitance, w is frequency, the equation then yields 

C= = | | − | |                                              (eq.4.6) 

Therefore, the total capacitance of the electrode can be written as  

C=C − C′′                                                    (eq.4.7) 

where C'=Z''/w|Z|2, C''=Z'/w|Z|2. The real part of total capacitance, C', indicates the 
effective capacitance that could be utilized for energy delivery. On the other hand, the 
imaginary part of total capacitance, C'', reflects the irreversible loss of energy delivery. C'' 
reaches a maximum value at a frequency of f0, which defines as a time constant as τ=1/f0.  
This time constant is described as a relaxation time, reflecting the rate capability of the 
electrode. Previous research results suggested that high power density ES generally retain 
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capacitance behavior over a large frequency range and has small τ.  
4.6.3 Galvanostatic charge–discharge 
Further evaluation of electrode's performance is accomplished by galvanostatic charge–
discharge. In these experiments, a constant current density is applied and the potential vs. 
time response is recorded. The specific capacitance is evaluated using the equation  

C=  × ∆
 × ∆ .                                                       (eq.4.8) 

The energy density is evaluated employing the following equation: 

m
VVtISE 2

)( minmax  ,                                           (eq.4.9) 

And the power density is calculated following the below equation: 

m
VVISP 2

)( minmax                                            (eq.4.10) 

Where I indicated the current, Δt denotes the discharge time, ΔV is the potential range, m 
being the mass of the active material.  

Each sample runs 20 cycles before data collection, and the results for cyclic voltammetry, 
impedance spectroscopy, charge-discharge and capacitance retentions are repeatable and 
experimental errors for the results are 9%-10%. 
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Chapter 5. Colloidal route for electrostatic assembly 
of MnO2-MWCNTs composites for supercapacitors 

5.1 Proposed approach based on electrostatic heterocoagulation in ethanol 
Carbon nanotube (CNT) - metal oxide nanocomposites are currently under development 
for electrochemical ECs[1]  and batteries[2]. Colloidal methods are of special interest for 
the fabrication of nanocomposites with advanced microstructure and properties.  

         
Fig. 5.1 Schematic configuration of colloidal route for fabrication of MnO2-CNT 
composite electrode in ethanol 
The goal of this investigation was the development of a new strategy for the fabrication of 
metal oxide – multiwalled carbon nanotubes (MWCNT) composites. The approach is 
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based on the dispersion of oxide nanoparticles using phosphate ester and dispersion of 
MWCNT using an organic dye (Fig 5.1). The method allowed the formation of positively 
charged oxide nanoparticles and negatively charged MWCNT. The electrostatic 
heterocoagulation resulted in the fabrication of composites with uniform distribution of 
MWCNT and oxide particles. The results presented below indicated that this method can 
be used for the fabrication of advanced MnO2-MWCNT electrodes for ECs with 
enhanced electrochemical performance. Moreover, it was found that this method can be 
used for the fabrication of other nanocomposites. 

5.2 Charging and dispersion of MWCNTs 
5.2.1 Adsorption mechanism, involving π-π interaction 

 
Fig 5.2 Mechanism of CS charging and dispersing MWCNTs in ethanol suspension 
In the proposed approach, organic dye named m-cresol purple sodium salt (CS) 
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containing three aromatic rings is used to charge and disperse MWCNTs in ethanol 
suspension. The mechanism of CS charging and dispersing CNTs is based on π-π 
stacking adsorption, which can be illustrated as following (Fig. 5.2). The structure of 
MWCNT shows the bonding of the carbon atoms arranged in a hexagonal lattice. Each 
carbon atom (Z =6) is covalently bonded to three neighbor carbons via sp2 molecular 
orbitals. The CS structure possesses three aromatic rings inside. The anionic properties of 
CS are attributed to the dissociation of SO3Na group. Once CS is dissolved in ethanol, the 
sodium cations are separated from molecules, leaving the anions possessing three 
aromatic rings, which are adsorbed on MWCNTs due to the π-π stacking effect, which 
has been described in many investigations. Since this π-π stacking is physical adsorption 
and the dispersant is small molecule, it avoids the MWCNT integrity destruction and 
formation of thick insulating layer at the MWCNT surface, thus MWCNT can be 
negatively charged and efficiently dispersed stably in suspension.  

5.2.2 EPD and characterization of MWCNTs with CS 
The investigations of MWCNT suspensions in ethanol, containing CS showed that the 
increase in the CS concentration in the range of 0.1–1.0 g L−1 resulted in improved 
suspension stability and increased anodic deposition rate. The amount of the deposited 
material increased with increasing deposition time (Fig. 5.3 A). Relatively uniform 
deposits were obtained (Fig. 5.3 A, inset). The results indicated that CS adsorbed on 
MWCNT and imparted a negative charge. SEM image of the deposit film (Fig 5.3 B) 
shows deposited MWCNT, which formed a porous microstructure. 
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                SEM image of deposited MWCNT film 

Fig. 5.3 A deposit mass versus deposition time at CS concentration of 1 g L−1 for 1 g L−1 
MWCNT suspension in ethanol at a deposition voltage of 100 V; (B) SEM image of 
deposited MWCNT film. 

 

Fig. 5.4 (A) FTIR and (B) UV–vis spectra for (a) as-received CS, (b) as-received 
MWCNT and (c) deposited MWCNT. 
The CS adsorption was confirmed by FTIR and UV-Vis studies of MWCNT removed 

A B 
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from the substrates. The FTIR spectrum of CS (Fig. 5.4A(a)) showed absorptions at 1616, 
1571, 1485 and 1301 cm-1, attributed to ν(C─C)/ν(C═C) stretching vibrations of aromatic 
rings[3]. The absorptions at 1360 and 1224 were related to stretching ν(C═O) and 
ν(C─OH) vibrations, respectively[3-5]. The stretching vibrations ν(SO3-) resulted in 
peaks at 1161, 1138 and 1019 cm-1[3, 6]. Bending δ(C-H) vibrations[4, 7, 8] contributed 
to absorptions at 1086 and 1043 cm-1.The FTIR spectrum of as-received MWCNT (Fig. 
5.4A (b)) showed absorptions at 1630 and 1383 cm-1, related to stretching ν(C─C) 
vibrations and stretching vibration of surface COO- groups, respectively[3, 9]. In 
comparison with the spectra of as-received MWCNT, the spectra of deposited MWCNT 
(Fig. 5.4(c)) showed additional adsorptions at 1572, 1303, 1223, 1161, 1137, 1084 and 
1018 cm-1. Similar absorptions were observed in the spectrum of CS. Therefore, the FTIR 
data indicated that deposited MWCNT contained adsorbed CS. The UV-Vis studies 
provided further evidence of CS adsorption. The UV-Vis spectrum of CS (Fig. 5.4B(a)) 
showed absorptions at 274 and 420 nm. Such adsorptions were not observed in the 
spectrum of MWCNT(Fig. 5.4B(b)). Taking into account that similar absorptions at 270 
and 420 nm were observed (Fig. 5.4B(c)) in the spectrum of deposited MWCNT it was 
concluded that deposited MWCNT contained adsorbed CS.  

5.3 Charging and dispersion of MnO2 
5.3.1 Mechanism for charging and dispersion of MnO2 
Another promising dispersant named phosphate ester (PE) is applied to charge and 
disperse MnO2. The phosphate ester is an effective electrostatic stabilizer, which charges 
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the particles positively in organic liquids by donating protons to the surface. Moreover, 
phosphate ester acts as a steric dispersant by anchoring the long-chain molecules to the 
particle surfaces. According to the manufacturer, PE contains a mixture of long-chain 
phosphate esters of ethoxylated alcohols. Fig. 5.5 shows the structures of the mono-and 
diesters [10]. The PE used in this investigation (Emphos PS 21-A) is an equal mixture of 
mono and dialkyl phosphate esters, containing alkoxy functional groups R = 
(CH2CH2O)7(CH2)9CH3. 
Important factors to consider when selecting a binder-dispersant-solvent system are: 
chemical compatibility of components; solubility of binder and additives; particle charge; 
viscosity; and electric resistivity of the suspension. It was demonstrated that ethyl alcoh- 

 
Fig. 5.5 Chemical structures of (a) mono- and (b) di-alkyl phosphate esters 
-hol-phosphate ester-polyvinyl butyral system is an effective solvent-dispersant-binder 
system for electrophoretic deposition of various ceramic materials and ceramic laminates. 
Mechanism of PE charging and dispersing MnO2 is illustrated by Fig 5.6. When PE is 
added (A) to ethanol suspension, only a very small amount of PE is ionized; then after 
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introducing MnO2 (B), PE adsorbs as neutral molecules on the surface of MnO2 particles; 

 
A                              B                               C                                  D 

Fig. 5.6 Mechanism of PE charging and dispersing MnO2 
a large portion of PE donate their protons to the surface of MnO2 particles, since the 
protons have positive charges, MnO2 can be highly charged (C); finally (D), the 
dissociated  PE separate from MnO2 and leave protons on the surface of particle, thus 
MnO2 can be positively charged and dispersed, avoiding agglomeration. 
5.3.2 EPD and characterization of MnO2 with PE 
Cathodic deposits were obtained from pure MnO2 suspensions in ethanol without PE. 
However, the deposits were highly agglomerated and non-uniform. The positive charge of 
MnO2 can be attributed to adsorbed H+, originated from ethanol dissociation, as described 
in the literature[11]. The addition of PE resulted in increased deposition yield with 
increasing PE concentration in the range of 0-0.5 g L-1, as shown in Fig. 5.7 A. The 
deposition rate can be varied by variation of deposition time (Fig. 5.7 B) or voltage (Fig. 
5.7 C). The addition of PE resulted in reduced agglomeration and allowed the formation 
of relatively uniform deposits (Fig. 5.7 B, inset). The low current in pure PE solutions is 
in agreement with the literature and indicates low PE dissociation degree in the bulk of 
the suspension [12]. The  PE adsorption on particle surface and dissociation  resulted   in  
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Fig. 5.7 (A,B,C) Deposit mass of MnO2 from 10 g L-1 MnO2 suspensions versus (A) PE 
concentration in the suspensions at a deposition voltage of 40 V and deposition time of 2 
min, (B) deposition time at a deposition voltage of 40V and PE concentration of 1 g L-1,  
inset shows MnO2 deposit on a stainless steel foil, (C) deposition voltage at PE 
concentration of 1 g L-1 and deposition time of 1 min and (D) current versus time 
dependence at a voltage of 100 V for (a) 1 g L-1 PE solution (b) 10g L-1 MnO2 suspension 
(c) 10g L-1 MnO2 suspension, containing 1g L-1 PE. 
H+ transfer to the surface and particle charging[12].  This dispersion and charging method 
offers important advantages, because efficient dispersion can be achieved at relatively 
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low ionic strength[12]. It is important to note that the chemical structure of PE, used in 
our investigation, was similar to that, used in the reference[12].  The comparison with 
other literature data, described above [13, 14], indicated that the chemical structure and 
composition of PE dispersant play an important role in its functionality. 
In the previous investigations, PE was used for the dispersion of inorganic materials. It 
was found that PE strongly adsorbed on various inorganic materials [15-17]. PE was used  
a dispersant for tape casting of silicon nitride [18], titanium dioxide[19], lanthanum 
chromite[20] and barium titanate[21].   PEs of mono-alkyl, di-alkyl and ethoxy alkyl type 
imparted a negative  charge to BaTiO3 particles in organic solvents, providing their 
dispersion[13]. In contrast, in another investigation it was found that BaTiO3 particles in 
the presence of PE were positively charged in non-aqueous suspensions and negatively 
charged in aqueous suspensions [12]. PE imparted a positive charge to complex 
oxides[22-24] in organic solvents. The suggested charging mechanism in non-aqueous 
suspensions involved adsorption of electrically neutral PE molecules on the particle 
surface, dissociation of PE, proton transfer to the particle surface and desorption of 
anionic PE species[12]. However, in another investigation it was suggested that PE 
dissociated in the bulk of the solutions and then released protons adsorbed on ceramic 
particles, imparting a positive charge[14]. The investigations of BaTiO3, dispersed in a 
mixed ethanol-acetone solvent without PE, showed a high positive charge, which 
decreased with increasing PE addition[25].  It was found that the stability of BaTiO3 
suspensions increased with the addition of PE in spite of the surface charge decrease. 
These studies showed a competitive adsorption of a solvent and PE molecules [25].  
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5.4 Fabrication and characterization of MnO2-MWCNTs composite 
electrodes 

 
Fig. 5.8 Fabrication of MnO2-MWCNT composite by mixing of MnO2 suspension, 
containing PE dispersant, and MWCNT suspension, containing CS dispersant. 
The use of CS for the dispersion and charging of MWCNT opened a new strategy for the 
fabrication of composites. In this new strategy, the suspensions of negatively charged 
MWCNT, dispersed using CS, and the suspensions of positively charged MnO2 
nanoparticles, dispersed using PE, were mixed for the formation of composites, as it is 
shown in Fig. 5.8.   
5.4.1 Morphology characterization 
Fig. 5.9 shows SEM images of MnO2, MWCNT and MnO2-MWCNT composites, 
obtained after filtration, washing with ethanol and drying of corresponding suspensions. 
The comparison of the SEM images of MnO2 nanoparticles (Fig.5A) and fibrous network, 
formed by MWCNT (Fig. 5B) with SEM images of the composite (Fig. 5C,D) indicated 
that the method developed in this investigation allowed relatively uniform distribution of 
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individual components. The SEM images indicated that MWCNT were well dispersed 
and formed a 3-D network in the MnO2 matrix. 

 

Fig. 5.9 SEM images of (A) MnO2, (B) MWCNT and (C,D) composite MnO2–MWCNT 
composite, prepared using PE and CS, at different magnifications. 
5.4.2 Electrochemical characterization for single electrode 
The MnO2–MWCNT composites, prepared using PE and CS, were investigated for 
application in ECs. Fig.5.10 shows CVs for the electrodes, prepared using PE and CS 
dispersants, and without dispersants. The electrodes, prepared with dispersants showed 
box shape CVs at different scan rates, indicating good capacitive behavior. In contrast, 
the electrodes, prepared without dispersants showed tilted CVs of lower area, indicating 
lower capacitance and higher resistance. 
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Fig. 5.10 CVs for electrodes with mass loading of 40 mg cm-2, prepared (A,B) using PE 
and CS dispersants and (C,D) without dispersants, containing  (A,C) 83% MnO2, 15% 
MWCNT and 2% PVB and (B,D) 78% MnO2, 20% MWCNT and 2% PVB at scan rates 
of (a) 2, (b)5, (c)10 and (d) 20 mV s-1. 
Fig.5.11 A shows capacitances Cs and Cm, calculated from the CV data, for electrodes, 
prepared with PE and CS dispersants and without dispersants. The MnO2-MWCNT 
electrodes, prepared using the dispersants, showed significantly higher capacitance, 
compared to the MnO2-MWCNT electrodes, prepared by mixing of the individual 
components without dispersants. The difference is especially evident at scan rates above 
20 mV s-1, where the electrodes, prepared using dispersants, showed 2-3 times higher 
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capacitance. 

 
Fig. 5.11 (A) Cs and Cm, calculated from the CV data, (B) Nyquist plot of complex 
impedance and components of complex capacitance (C) Cs' and (D) Cs'' versus frequency 
for electrodes with mass loading of 40 mg cm-2, prepared (a,b) using PE and CS 
dispersants and (c,d) without dispersants, containing  (a,c) 83% MnO2, 15% MWCNT 
and 2% PVB and (b,d) 78% MnO2, 20% MWCNT and 2% PVB. 
The electrochemical testing results indicated that good dispersion of MnO2 and MWCNT 
and improved contact between MnO2 and MWCNT allowed enhanced electrochemical 
performance. The charge-discharge mechanism of MnO2 is described by the following 
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reaction[26]: 
                                          MnO2 + A+ + e− ↔ MnO2A                                              (eq.5.1) 

where A+ = Li+, Na+, K+, H+. Equation (5.1) indicates that high electronic and ionic 
conductivities are necessary in order to utilize capacitive properties of MnO2 in ES 
electrodes. The good dispersion of MnO2 was beneficial for access of electrolyte ions to 
this material. MWCNT improved electronic conductivity of the composite. However, as 
pointed out above, the amount of MWCNT in the composite must be minimized due to 
low specific capacitance of MWCNT. 

 Therefore, good dispersion of MWCNT is of critical importance for the fabrication of 
efficient capacitive electrodes. Good contact of MnO2 and MWCNT is important in order 
to supply electrons for the charge-discharge reactions of MnO2. The approach developed 
in this investigation allowed improved contact of MWCNT and MnO2, which was 
achieved by heterocoagulation of well dispersed positively charged MnO2 and negatively 
charged MWCNT in the suspensions. 
The comparison of the data for electrodes,  prepared using dispersants, showed that the 
electrode, containing 15% MWCNT, exhibited higher capacitance at low scan rates, 
compared to the electrode, containing 20% MWCNT Fig 5.11 A(a,b). The difference can 
be attributed to lower specific capacitance of MWCNT, compared to that of MnO2.  
However, the high conductivity of MWCNT was beneficial at high scan rates and allowed 
slightly higher capacitance of the electrode, containing 20% MWCNT. The highest 
capacitance of 5.3 F cm-2 was achieved at a scan rate of 2 mV s-1 for the electrode, 
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containing 15 % MWCNT. 
The enhanced electrochemical performance of the composites, prepared using dispersants, 
was confirmed by the impedance spectroscopy data, presented in Fig. 5.11 (B). The 
electrodes, prepared using dispersants showed lower resistance R=Z'. The capacitances, 
calculated from the impedance data, showed typical relaxation type dispersions[27], as 
indicated by the reduction of C' with frequency and corresponding relaxation maxima in 
the frequency dependences of C'' (Fig. 5.11C,D). The electrodes, prepared using PE and 
CS, showed relaxation type dispersion at higher frequencies, as illustrated by the 
reduction in C' at higher frequencies and corresponding shift of relaxation maxima of C''. 
This result is in agreement with the data, presenting in Fig.5.11(A), which indicated 
improved capacitance retention at high scan rates for the electrodes, prepared in the 
presence of dispersants.  

 
Fig. 5.12 Capacitance retention of MnO2 -MWCNT composite electrode, containing 15% 
MWCNT, prepared using PE and CS dispersants at a scan rate of 50 mV s-1 in 0.5 M 
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Na2SO4 electrolyte. 
The investigation of cycling behavior of the electrodes showed good cycling stability. 
The capacitance increased with increasing cycle number during the first 200 cycles and 
then decreased (Fig. 5.12). The capacitance retention after 1000 cycles was found to be 
104%. The variations of capacitance during cycling can be attributed to different factors, 
described in the literature, such as oxidation[28] of non-stoichiometric MnO2 or changes 
in the electrode microstructure[27]. 
5.4.3 Electrochemical characterization for device 
The composite MnO2-MWCNT electrodes were used for the fabrication of hybrid devices 
with an additional electrode, containing activated carbon as a capacitive material. The 
hybrid cells offer an advantage of larger voltage window[29-31], compared to the 
symmetrical devices, containing two similar MnO2-MWCNT electrodes.  
The charge-discharge behavior of the hybrid 2-electrode coin cells was studied by 
chronopotentiometry. The galvanostatic charge–discharge curves were analyzed at 
different current densities (Fig. 5.13A) and using multiple charge-discharge cycling (Fig. 
5.13B) in a voltage window of 1.6 V. Fig.5.13 indicates that prepared coin cells showed 
linear charge-discharge behavior at different current densities and during multiple cycling. 
The coin cells can be used for powering of 20 mA light emitting devices (Fig. 5.13 A 
inset). 

It was found that the approach developed in this investigation can be used for the 
fabrication of other nanocomposites, containing MWCNT and nanoparticles    of   various 
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Fig. 5.13. Galvanostatic charge-discharge behavior of a hybrid coin cell (A) at current 
densities of (a) 2, (b) 3, (c) 4, (d) 7 and (e) 10 mA cm-2 and (B) multiple cycling at 10 mA 
cm-2, inset shows a bulb powered by a coin cell.   
oxide materials, which can be positively charged and dispersed using PE, such as BaTiO3, 
Gd2O3, Y2O3, Mn3O4 and other oxides[32]. 

5.5 Conclusions 
PE dispersant allowed the formation of stable suspension of positively charged oxide 
nanoparticles in ethanol. The charging mechanism involved the dissociation of PE, 
catalyzed by oxide particles, and H+ transfer to the particle surface. CS dispersant allowed 
the formation of stable suspensions of negatively charged MWCNT in ethanol. It was 
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found that MnO2-MWCNT composites with uniform distribution of individual 
components can be obtained by heterocoagulation of positively charged MnO2 and 
negatively charged MWCNT. Electrochemical testing results demonstrated that efficient 
dispersion of individual components is of critical importance for the fabrication of 
advanced composites with improved electrochemical performance. The MnO2-MWCNT 
composites are promising materials for application in electrodes of ECs. The method, 
developed in this investigation can be used for the fabrication of other nanocomposites, 
containing oxide nanoparticles and MWCNT. 
Yangshuai Liu has the major contribution to this work, Dr. Igor Zhitomirsky also 
contributes to this work, and Kaiyuan Shi has contribution on SEM characterization to 
this work. 
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Chapter 6 Aqueous electrostatic dispersion and 
heterocoagulation of MnO2-MWCNTs composite for 

supercapacitor 

6.1 New approach based on electrostatic heterocoagulation in aqueous 
suspension 
Two promising dispersants were used to charge and disperse MnO2 and MWCNT in 
aqueous condition. The goal of this investigation was the development of composite 
MnO2–MWCNT electrodes by a new aqueous colloidal method, based on the electrostatic 
heterocoagulation of negatively charged MnO2 nanoparticles and positively charged 
MWCNT. New strategy involved the use of anionic and cationic dispersants, which 
selectively adsorbed on MnO2 and MWCNT, respectively. Proof-of-concept studies 
resulted in the formation of MnO2–MWCNT composites with high active mass loadings, 
which showed significant improvement in capacitance at high charge–discharge rates. 
The use of colloidal methods for the fabrication of MnO2–MWCNT nanocomposites 
offers advantages, because the problem of MWCNT degradation can be avoided. The 
results presented below indicated that the method allowed the fabrication of efficient 
asymmetric capacitors with a voltage window of 1.8 V and good electrochemical 
performance. In this case, as shown in Fig 6.1, caffeic acid (CA) is used to negatively 
charge and disperse MnO2 powder, meanwhile, BAC is used to positively charge and 
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disperse MWCNT in aqueous suspension. By simply mixing, due to the electrostatic 
attractive force, the composite with uniform distribution of the individual components, 
can be obtained for application in ES. 

 
Fig 6.1. Procedure of fabrication of MnO2-MWCNT composite using CA and BAC as 
dispersants, for MnO2 and MWCNT, respectively 

6.2 Molecular structure comparison of BAC and CTAB 
In our investigation, BAC was used as a new dispersing agent for MWCNT. BAC is a 
long chain cationic surfactant (Fig. 6.1A), containing an alkyl chain, a charged group and 
a benzene ring moiety. The sedimentation test results showed that BAC provided efficient 
dispersion of MWCNT in water. EPD experiments indicated that MWCNT were 
positively charged in the suspensions, containing BAC, and formed films on the cathodic 
substrates. 
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Fig. 6.2. Molecular structures of (A) BAC and (B) caffeic acid (CA). 
Recent studies of anionic surfactants[1] showed that the benzene ring of sodium 
dodecylbenzenesulfonate (NaDDBS) is one of the main reasons of superior performance 
of this material, compared to other anionic surfactants, such as sodium dodecylsulfate 
(SDS). The NaDDBS, consisting of a benzene ring moiety, enhanced the stability of 
CNTs in water by a factor on the order of 10 to 100 compared to other commonly 
employed surfactants and polymers[2]. 
In our investigation we compared cationic BAC, containing a benzene ring, with CTAB, 
which is another cationic surfactant with a similar structure, but without a benzene ring 
(Fig.6.2). CTAB is commonly used for the dispersion of CNT in water. Our 
sedimentation test for 1 g L-1 MWCNT suspensions, containing 0.25 -1.0 gL-1 BAC or 
CTAB showed that the use of BAC as a dispersant allowed improved suspension stability.  
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Fig. 6.3. Comparison of chemical structures of (BAC) and hexadecyltrimethylammonium 
CTAB. 

6.3 Adsorption mechanism of BAC on MWCNT 
The deposit mass increased with increasing BAC concentration in the suspension and 
deposition time (Fig. 6.3). It is suggested that BAC adsorbed on the MWCNT surface and 
imparted a positive charge to MWCNT. The increase in BAC concentration in the 
suspension resulted in increasing BAC adsorption on MWCNT, which in turn resulted in 
increasing charge and deposition yield (Fig. 6.3). It is known[3] that surfactants disperse 
CNT in water mainly through hydrophobic/hydrophilic interactions, in which the alkyl 
chain of the surfactant molecule adsorbs on the CNT surface, while the hydrophilic head 
associates with water and promotes dispersion. Other investigations indicated that 
dispersion efficiency increased with increasing length of the alkyl chains and it is 
energetically favorable for the chains to lie along the length of the nanotubes[2].  
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Fig. 6.4. Deposit mass for 1 g L−1 MWCNT suspension in water at a deposition voltage of 
20 V: (A) versus BAC concentration at a deposition time of 3 min and (B) versus 
deposition time at BAC concentration of 1 g L−1.  
The comparison of the deposition yield data (Fig. 6.4) showed that BAC allowed 
significantly higher deposition yield of MWCNT, compared to the deposition yield of 
MWCNT, achieved using CTAB dispersant at similar deposition conditions. The 
difference can be attributed to improved adsorption of charged BAC on MWCNT, which 
resulted in improved dispersion and higher charge of MWCNT. The results obtained for 
cationic BAC, containing a benzene ring, correlate with literature data, comparing 
dispersion efficiency of  the anionic NaDDBS  with other anionic surfactants without a 
benzene ring[2]. The influence of the benzene ring on surfactant adsorption is not well 
understood[4]. We suggest that electrostatic repulsion of charged groups of the 
surfactants, exposed to the aqueous phase[5], is detrimental for the adsorption. Such 
repulsions can be partially reduced by the π-π attractive interactions of the benzene rings 
of adjacent surfactant molecules, adsorbed on the MWCNT surface.  
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Fig. 6.5 Comparison of the deposition yield obtained from 1 g L−1 MWCNT suspension 
in water at a deposition voltage of 20 V and deposition time of 3 min:  (a) versus BAC 
concentration and (b) versus CTAB concentration. 

6.4 Adsorption mechanism of CA on MnO2 particles 
Our results indicated that BAC can be used for the efficient dispersion of MWCNT in 
water; however, the dispersion of MnO2 presents difficulties. We have found a solution of 
this problem by utilizing important properties of surfactants, which were not paid enough 
attention earlier. It is known that cationic surfactants form ion-pairs with tungestosilicic 
acid[6], anionic dyes[7-9], caffeic acid[10] and other ion-pairing agents[11]. The 
electrostatic ion-pair interactions between cationic surfactants and anionic organic 
molecules are involved in many self-organized systems and biological systems[12]. Of 
special interest are the investigations of the formation of ion-pairs between surfactants 
and chelating agents[8, 11], which were utilized for the extraction of ions, surface 
modification of inorganic particles, modification of absorption properties of organic dyes 
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and other applications, utilizing fascinating properties of the ion-pair assemblies. The 
interaction of cationic surfactants with caffeic acid (CA)[10] is of special interest for 
nanotechnology of composites.  
CA belongs to the catechol family of materials (Fig.6.1B). The anionic properties of CA 
are attributed to the carboxylic group. It is known that materials from the catechol family 
show strong adsorption to different inorganic surfaces[13]. The growing interest in the 
catecholate type adsorption is motivated by recent advances in the investigation of the 
mechanism of mussel adhesion to metal and mineral surfaces in water, which showed that 
strong adhesion is attributed to the chelation of natural catecholic amino acid, L-3,4-
dihydroxyphenylalanine (DOPA)[14-16]. CA is a closest molecular analogue of DOPA. 
Similar to DOPA, the chelating properties of CA are attributed to OH groups, bonded to 
the adjacent carbon atoms of the aromatic ring (Fig.1B).  Previous investigations showed 
strong adsorption of CA on MnO2 in ethanol[17]. It should be noted that the adsorption of 
organic molecules on inorganic particles is influenced by particle–solvent interactions, 
solvation effects and dielectric constant of the solvent[18]. It is known that water and 
other liquids with high dielectric constants lead to the deterioration of performance of 
various adhesives[18]. In this investigation we analysed the adsorption of CA on MnO2 in 
water. It was found that CA additive improved MnO2 dispersion in water.   
The EPD experiments showed that MnO2 particles were negatively charged in water. The 
natural negative charge of MnO2 particle in the solutions without CA can result from 
preferred adsorption of OH- ions[19]. However, the deposition rate of MnO2 was 
relatively low (Fig. 6.5A). The addition of CA resulted in significant increase of the depo- 
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Fig. 6.6 Deposit mass for 4 g L−1 MnO2 suspension in water at a deposition voltage of 20 
V: (A) versus CA concentration at a deposition time of 3 min and (B) versus deposition 
time for CA concentration of 0.4 g L−1. 
-osition yield. The deposit mass increased with increasing deposition time, indicating film 
growth.  

6.5 Formation of MnO2-MWCNT composite and morphology studies 
The possibility of dispersion of MWCNT using cationic BAC and dispersion of MnO2 
using anionic CA paved the way for the formation of composite materials (Fig.6.6). This 
approach is based on the ion-pairing of BAC and CA, which resulted in attraction of 
positively charged MWCNT and negatively charged MnO2.  It is known that ion-pair 
assemblies of aromatic ion-pairing agents and surfactants, containing a benzene ring, are 
governed by the electrostatic interactions and π-π interactions[20]. The attraction of 
MWCNT and CA allowed the formation of a composite with improved mixing of the 
individual components.  
SEM observation of the composite material showed MnO2 nanoparticles attached to the 
non-agglomerated MWCNT (Fig. 6.7 A), which formed a 3-D conductive network. In co- 
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Fig. 6.7 Fabrication of MnO2–MWCNT composite by dispersion of MWCNT using 
cationic BAC, dispersion of MnO2 using anionic CA and electrostatic heterocoagulation. 

 
Fig. 6.8 SEM images of MnO2–MWCNT composite, prepared with (A) and without (B) 
CA and BAC 
-ntrast, the composites, prepared without dispersants, showed large agglomerates of 
MWCNT and MnO2 (Fig. 6.7 B). 
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6.6 Electrochemical characterization of composite electrode 

 
Fig. 6.9 CVs for electrodes with mass loading of 40 mg cm−2, prepared (A, B and C) 
without CA and BAC dispersants and (D, E and F) with dispersants, containing (A and D) 
85% MnO2, 15% MWCNT, (B and E) 80% MnO2, 20% MWCNT and (C and F) 75% 
MnO2, 25% MWCNT at scan rates of (a) 2, (b) 5, (c) 10 and (d) 20 mV s−1 in 0.5 M 
aqueous Na2SO4 electrolyte. 
The improved mixing of MnO2 and MWCNT allowed improved electrochemical 
performance of the composite electrodes. Fig.6.8 compares CVs at different scan rates for 
electrodes with different MWCNT contents, prepared without and with dispersing agents. 
The electrodes, prepared without dispersants showed tilted CVs with low area, indicating 
poor electrochemical performance. The electrodes, prepared using BAC and CA, showed 
significantly larger CV areas, indicating higher capacitance. The electrodes, prepared 
using 20 % MWCNT showed nearly ideal box shape CVs. The CV areas increased with 
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increasing scan rate, indicating good capacitance retention. It is important to note that 
good capacitive behavior was achieved at active mass loadings of 40 mg cm-2, which 
meet requirements[21, 22] for practical applications in electrodes of ES.  
The specific capacitances, calculated from the CV data are presented in Fig. 6.9. Pure Mn 

 
Fig. 6.10 Cs and Cm, calculated from the CV data, for different electrodes with mass 
loading of 40 mg cm-2: (a) pure MnO2 and (b-g) different composite electrodes, prepared 
(b, c and d) without dispersants, (e, f and g) using BAC and CA dispersants, containing (b 
and e) 85% MnO2 and 15% MWCNT, (c and f) 80% MnO2 and 20% MWCNT and (d and 
g) 75% MnO2 and 25% MWCNT. 
O2 electrodes, prepared without MWCNT showed a specific capacitance of 1.19 F cm-2 
(29.8 F g-1) at a scan rate of 2 mV s-1. The capacitance decreased with increasing scan rate. 
The composite electrodes, prepared without BAC and CA showed capacitances of 4.29 F 
cm-2 (107.2 F g-1), 4.30 F cm-2 (107.5 F g-1), 3.98 F cm-2 (99.5 F g-1) for MWCNT content 
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of 15, 20 and 25%, respectively, at a scan rate of 2 mV s-1. However, the capacitance 
decreased rapidly with increasing scan rate. The electrodes, prepared using BAC and CA 
showed specific capacitances of 5.16 F cm-2 (129.1 F g-1), 5.26 F cm-2 (131.6 F g-1), 4.95 
F cm-2 (123.7 F g-1) for MWCNT content of 15, 20 and 25%, respectively at a scan rate of 
2 mV s-1. It is important to note that the addition of MWCNT results in improved 
electronic conductivity of the composite and higher capacitance (Eq.(1)). However the 
specific capacitance of MWCNT is significantly lower than that of MnO2. The increase in 
MWCNT content in the composite above the optimum amount can result in decreasing 
capacitance.  Therefore, the lower capacitance of the electrode, containing 25% MWCNT, 
compared to the capacitance of the electrode, containing 20% MWCNT, can be attributed 
to lower capacitance of MWCNT. The composite electrodes, prepared using BAC and 
CA showed capacitance retention of 31.2, 34.8 and 47.8, for MWCNT content of 15, 20 
and 25%, respectively, at a scan rate of 100 mV s-1. It is important to note that at scan 
rates above 20 mV s-1 the composite electrodes, prepared using BAC and CA showed 2-3 
times higher capacitance, compared to the capacitance of the electrodes prepared without 
dispersants.  
The analysis of the impedance data (Fig. 6.10 (A,B) indicated that the addition of 
MWCNT to MnO2 resulted in reduced resistance R=Z'. The electrodes prepared using 
BAC and CA (Fig. 6.10 B, e-g) showed lower resistance, compared to the electrodes 
prepared without dispersants (Fig. 6.10 B, b-c). The difference can be attributed to better 
mixing of the components in the composite materials. Figs. 6.10 C,D show frequency 
dependencies of the components of complex capacitance C*=C'-iC'', calculated from the 
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impedance data.  The composite MnO2 – MWCNT electrodes showed significantly higher 
capacitance C', compared to the capacitance of pure MnO2 at low frequencies. The 
frequency dependences of capacitances for composite electrodes showed typical 
relaxation type dispersions[23], as indicated by the reduction of C' with increasing 
frequency  and corresponding maxima in the frequency dependencies of C''.  

 
Fig. 6.11 Nyquist plot of complex impedance and components of complex capacitance of 
(A) pure MnO2 and (B) different composite electrodes, (C) Cs' and (D) Cs’’ versus 
frequency for electrodes with mass loading of 40 mg cm−2, prepared (a) pure MnO2, (b, c 
and d) without dispersants, (e, f and g) using CA and BAC dispersants and  containing (b 
and e)85% MnO2, 15% MWCNT,(c and f) 80% MnO2, 20% MWCNT and (d and g) 75% 
MnO2, 25% MWCNT. 
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The electrodes, prepared using BAC and CA, showed relaxation type dispersion at higher 
frequencies, as illustrated by the reduction in C'  at higher frequencies and corresponding 
shift of relaxation maxima of C''. This result is in agreement with the data, presented in 
Fig. 6.9, which indicated improved capacitance retention at high scan rates for the 
electrodes, prepared in the presence of dispersants. 

6.7 Electrochemical characterization for device 

 
Fig. 6.12 CVs for two-electrode, which is composed by a MnO2-MWCNT electrode, 
containing 80% MnO2  and 20% MWCNT and a AC-CB electrode with 85% PICA and 
10% CB (5% binder). Scan rate are 2mv s-1 (a), 5mv s-1 (b), 10mv s-1 (c), and 20mv s-1 (d) 
in 0.5 M Na2SO4 electrolyte. 
The composite MnO2-MWCNT positive electrodes, containing 20% MWCNT, and 
activated carbon-carbon black (AC-CB, 10% CB) negative electrodes were used for the 
fabrication of asymmetric devices. The asymmetric device shoved a box shape CV (Fig. 
6.11) in a voltage window of 1.8 V. The increase in scan rate resulted in increasing 
current, indicating good capacitive behavior. The capacitance of the asymmetric cells, 
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calculated from the CV data decreased from 2.3 to 0.9 F cm-2 with increasing scan rate 
from 2 to 100 mV s-1. Such decrease can be attributed to electrolyte diffusion limitations 
in pores of individual electrodes.  

 
Fig. 6.13 Frequency dependencies of components of complex capacitance (A)Cs', Cm' and 
(B) Cs'', Cm'', calculated from the impedance data for the two electrode asymmetric cell, 
containing a positive MnO2-MWCNT electrode (80% MnO2 and 20% MWCNT) and a 
negative AC-CB electrode (90 % AC and 10% CB). 
The components of complex AC capacitance of the asymmetric devices were calculated 
from the impedance data at different frequencies (Fig. 6.12). The capacitance C' of 1.6 F 
cm-2 was obtained at a frequency of 10 mHz. The frequency dependence of capacitance 
showed typical relaxation type dispersion, as indicated by decrease in C' with increasing 
frequency and corresponding maximum in the frequency dependence of C''. It is 
important to note that capacitance, calculated from the CV data depends on scan rate, 
whereas AC capacitance depends on frequency. The specific capacitance was also 
calculated from the chronopotentiometry data. 
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Fig. 6.14 (A) Galvanostatic charge–discharge behavior of an asymmetric coin cell at 
currents of (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 8, and (h) 10 mA, (B) cell capacitance 
Cs and Cm versus current, inset shows coin cells. 
Fig. 6.13 shows typical charge-discharge curves for the asymmetric coin cells. The charge 
discharge curves at different current densities were of symmetric triangular shape, 
indicating good Coulombic efficiency. The capacitance calculated from 
chronopotentiometry data decreased from 1.36 to 1.09 F cm-2 with increasing discharge 
current in the range of 1-10 mA (Fig. 6.13).  

Fig.6.14 A shows Ragone plot for the coin cell asymmetric device. The maximum energy 
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density of 10.2 Wh kg-1 and power density of 2.67 kW kg-1 were achieved. The 
investigation of the cyclic stability of the coin cells showed capacitance retention of 95.1% 

 
Fig. 6.15 (A) Ragone plot and (B) capacitance retention versus cycle number for an 
asymmetric coin cell, inset shows multiple charge-discharge cycles at a constant current 
of 10 mA. 
after 1000 cycles (Fig. 6.14B). The method, developed in this investigation was used for 
the fabrication of larger envelope cells with area of 6 cm2. Two envelope cells were used 
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for powering of 19 LED bulbs with a nominal current of 20 mA (Fig. 6.15). The results 
indicated that the asymmetric ES cells, developed in this investigation, are promising for 
practical applications[24].  

 
Fig. 6.16 Two envelope asymmetric cells power 19 LED bulbs with a nominal current of 
20 mA cm-2 for each bulb. 

6.8 Conclusions 
The adsorption of BAC on MWCNT in water allowed efficient dispersion of MWCNT, 
imparted a positive charge, which was confirmed by EPD of MWCNT films. The 
adsorption of CA on MWCNT in water allowed efficient dispersion of MnO2, imparted a 
negative charge, which was confirmed by anodic EPD of MnO2 films. Composite MnO2-
MWCNT electrodes can be obtained by heterocoagulation based on ion-pairing assembly 
of BAC and CA. The method allowed improved mixing of the individual components, 
which resulted in superior electrochemical performance of the MnO2-MWCNT electrodes. 
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High capacitance and good capacitance retention can be achieved at high active mass 
loadings. The asymmetric devices, based on MnO2-MWCNT positive electrode and AC-
CB negative electrode showed good capacitive behavior in a voltage window of 1.8V. 
The specific power of 2.67 kW kg-1 and specific energy 10.2 Wh kg-1 were achieved. The 
devices showed good capacitance retention at high charge-discharge rates and good cyclic 
stability. The ES devices are promising for practical applications. 
Yangshuai Liu has the major contribution to this work, and Dr. Igor Zhitomirsky also 
contributes to this work. 
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Chapter 7. BiMn2O5-MWCNTs composite for 
supercapacitor 

7.1 BiMn2O5 as a capacitive material 
Although MnO2 has been studied for its highly theoretical capacitance, the conductivity 
of MnO2 is low, it limits the applications of MnO2 and it is important to develop new 
capacitive materials with improved performance. Oxides of Bi and Mn are of special 
interest for application in ES due to the multiple valence states of Bi and Mn.  Many 
investigations were focused on the analysis of capacitive behavior of MnO2 for 
application in positive electrodes of aqueous ES[1-4].  The charge storage mechanism of 
MnO2 is pseudocapacitive, it can be described by the following reaction[5]:  
                                  MnO2 + A+ + e− ↔ A(MnO2)                                                  (Eq.7.1) 

where A+ = Li+, Na+, K+, H+. Equation (7.1) indicates that high electronic and ionic 
conductivities are necessary[6-8] in order to utilize capacitive properties of MnO2 in ES 
electrodes.  
The goal of our investigation was the fabrication and testing of BiMn2O5 based electrodes 
and devices. The approach was based on the use of hydrothermal synthesis for the 
fabrication of submicrometre BiMn2O5 particles. An important finding was the possibility 
of the fabrication of BiMn2O5-MWCNT composite electrodes using Celestine blue dye as 
a co-dispersant for BiMn2O5 and MWCNT. The results presented below showed excellent 
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capacitive performance of BiMn2O5-MWCNT electrodes, which exhibited high 
capacitance at low scan rates and outstanding capacitance retention at high scan rates and 
high active mass loadings. These results paved the way to the fabrication of ES devices 
with high power-energy characteristics, based on the BiMn2O5-MWCNT electrodes. 
Moving toward this goal we fabricated and tested asymmetric ES, containing BiMn2O5-
MWCNT positive electrodes and AC-CB negative electrodes, which showed excellent 
performance in a voltage window of 1.8 V in an aqueous electrolyte.  

7.2 Phase and morphology characterization of BiMn2O5 
XRD studies of as-prepared material confirmed the formation of BiMn2O5. The 
diffraction pattern presented in the Fig. 7.1 is in agreement with the JCPDS file 027-0048 
of BiMn2O5. The SEM images of the BiMn2O5 powder at different magnifications are 
presented in Fig. 7.2(A,B). The SEM image at low magnification (Fig. 7.2A) indicated 
low agglomeration of the powder. The analysis of the image (Fig. 7.2B) at higher 
magnification indicated the formation of submicrometre particles. The diameter of the 
particles varied from 100 to 600 nm.   

 
Fig. 7.1 X-ray diffraction pattern of as-prepared BiMn2O5 powder and corresponding 
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JCPDS file. 

 
Fig. 7.2 (A,B) SEM images of as-prepared BiMn2O5 powder at different magnifications 

7.3 Celestine blue as dispersing agent 
Previous investigations[9, 10] showed that the conductivity of BiMn2O5 is higher than 
that of MnO2. The higher conductivity of BiMn2O5 is attributed to the hopping[9] of 
charge between Mn3+ and Mn4+. However, it is critical to use conductive additives, such 
as MWCNT, in order to reduce resistance and increase capacitance of the BiMn2O5 
electrodes. It is known that good dispersion of individual components is of paramount 
importance for the fabrication of efficient composite electrodes for ES[11]. It was found 
that significant improvement in capacitance retention at high scan rates can be achieved 
by the use of new dispersants and advanced dispersion methods[11, 12]. Especially 
attractive is approach, based on the use of polyaromatic charged dispersants from the 
catechol family[13]. Such dispersants show good adsorption on MWCNT due to the π-π 
interactions and allow electrosteric dispersion[13, 14]. On the other hand, the catechol 
ligands of such dispersants provide their strong adsorption on metal oxide nanoparticles 
due to the complex formation between the catechol ligand of the dispersant and metal 
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atoms on the particle surface[14, 15]. Recent review[15] described fundamental aspects 
of the adsorption of different dispersants from the catechol family. It was found that 
polyaromatic Celestine blue[15] dye is a versatile dispersion agent, suitable for efficient 
colloidal processing of carbon nanotubes and various oxide materials. As an extension of 
previous investigation, we found that Celestine blue allowed efficient dispersion of 
BiMn2O5. Electrophoretic deposition experiments showed the possibility of the formation 
of cathodic BiMn2O5 films from stable suspensions, indicating that cationic Celestine 
blue was adsorbed on BiMn2O5 particles and imparted a positive charge to BiMn2O5. The 
adsorbed Celestine blue provided electrosteric dispersion of BiMn2O5 particles in the 
suspensions. The formation of stable suspensions of BiMn2O5 and MWCNT using 
Celestine blue as a co-dispersant was an important step in the formation of composite 
electrodes from the colloidal suspensions. 

7.4 Electrochemical charaterization for composite electrodes  
The composite BiMn2O5 – MWCNT electrodes showed capacitive behavior in a voltage 
window of 0-0.9V versus SCE (Fig. 7.3A). Nearly box shape CVs were recorded at scan 
rates as high as 200 mV s-1. In contrast, MnO2 –MWCNT electrodes[14] showed poor 
capacitive behavior even at lower scan rates, such as 100 mV s-1. The increase in scan rate 
resulted in increasing current, indicating good capacitive behavior (Fig. 7.3A). The 
charge–discharge currents at a scan rate of 200 mV s-1 were about 1 A cm-2. The 
electrodes showed (Fig. 7.3B) a capacitance of 6.0 F cm-2 (540 F cm-3) at a scan rate of 2 
mV s-1, which is higher than that achieved for MnO2-MWCNT electrodes, using the same 
current collectors[14]. The BiMn2O5 – MWCNT electrodes showed excellent 
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performance at higher scan rates. A remarkably high capacitance of 4.5 F cm-2 was 
achieved at a scan rate of 100 mV s-1, which was much superior, compared to that, 
achieved for MnO2-MWCNT composites (1.1 F cm-2)[14].  

 
Fig. 7.3 (A) CVs for BiMn2O5 - MWCNT electrode at scan rates of (a) 10, (b) 20, (c) 50, 
(d) 100, and (e) 200 mV s-1 in 0.5 M aqueous Na2SO4 electrolyte, (B) Cs and CV, 
calculated from the CV data at different scan rates. 
The BiMn2O5 – MWCNT electrodes showed capacitance of 3.5 F cm-2 at 200 mV s-1. The 
capacitance retention was found to be 75 and 58% at scan rates of 100 and 200 mV s-1, 
respectively (Fig. 7.3B). It is suggested that lower resistivity of BiMn2O5, compared to 
that of MnO2, is one of the important factors, contributing to good electrochemical 
performance of the BiMn2O5 based electrodes. Another important factor is remarkably 
high dielectric constant[9] of BiMn2O5 which can result in reduced voltage drop in the 
bulk of the BiMn2O5 particles and enhanced charge accumulation on the surface. The 
following charging mechanism can be suggested for the BiMn2O5 electrodes: 
                               BiMn2O5 + Na+ + e− ↔ Na(BiMn2O5)                                        (Eq.7.3) 
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The combination of Bi and Mn species is of significant interest for electrodes of 
electrochemical energy storage devices. Fundamental investigations in the battery 
technology showed that Bi modified manganese dioxide exhibited improved cycling 
characteristics with a two-electron capacity in rechargeable alkaline cells[16].  Significant 
research efforts were focused on the analysis of influence of Bi3+ ions in the redox 
properties of manganese oxides[16-19]. It was concluded that deeper discharge of MnO2 
can be achieved in the presence of Bi3+ ions[20, 21].  
The analysis of complex AC impedance data, presented in the Nyquist  plot (Fig. 7.4 A), 
showed relatively low resistance R=Z' of the BiMn2O5 – MWCNT electrodes (Fig. 7.4). 
The slope of Z'' versus Z' curve at low frequencies was close to 90º, indicating good 
capacitive behavior. At higher frequencies (Fig. 7.4A, inset) a semicircle was observed, 
which can be associated with charge transfer resistance. The impedance data were used 
for the calculation of complex capacitance. It is important to note that cyclic voltammetry 
data provides integral capacitance in the tested voltage window, whereas impedance data 
dives differential capacitance at low voltage.  

 
Fig. 7.4 (A) Nyquist plot of complex impedance, inset shows high frequency range, (B) 
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Cs' and (C) Cs'' components of complex capacitance versus frequency for BiMn2O5-
MWCNT electrode. 
The differential capacitance Cs' (Fig.7.4 B), measured at low frequencies, was comparable 
with the integral capacitance, measured at low scan rates (Fig. 7.3 B). The frequency 
dependence of differential capacitance showed relaxation type[22] dispersion, as 
indicated by the reduction in Cs' with increasing frequency and corresponding maximum 
at 0.4 Hz in the frequency dependence of Cs'' (Fig. 7.4 C). 

7.5 Electrochemical characterization of a device 
Asymmetric devices, containing BiMn2O5 – MWCNT positive electrodes and AC-CB 
negative electrodes were fabricated and tested, the configuration is shown in Fig. 7.5. It 
was found that good electrochemical performance can be achieved in a voltage window 
of 1.8 V.   
The analysis of CV data showed that nearly box shape CVs were obtained (Fig. 7.6A). 
The current increased with increasing scan rate indicated good capacitive behavior. The 
capacitance of the asymmetric cells at a scan rate of 2 mV s-1 was found to be 3.5 F cm-2, 
the capacitance retention at 100 mV s-1 was 34% (Fig.7.6B). The impedance data 
presented in the Nyquist plot (Fig.7.7A) showed that the slope of the Z'' versus Z' curve at 
low frequencies was close to 90º, the semicircle at lower frequencies is related to charge 
transfer resistance (Fig.7.7A, inset). The resistance R=Z' of the device was higher than 
that of the individual BiMn2O5 – MWCNT electrodes. As a result, the relaxation type[22] 
dispersion shifted to lower frequencies (Fig.7.7 B,C). The relaxation frequency, 
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corresponding to the maximum in the frequency dependence of imaginary part of C'' was 
found to be 0.05 Hz. The Cs' value at low frequency (Fig. 7.7 B) is comparable with Cs, 
calculated from CV data at low scan rates (Fig.7.7 B).  

 
Fig. 7.5 Schematic of BiMn2O5-MWCNTs/activated carbon-carbon black hybrid device 

 
Fig. 7.6 CVs for the two electrode asymmetric cell, containing a positive BiMn2O5-
MWCNT electrode and a negative AC-CB electrode at scan rates of (a) 2 (b) 5 (b), (c)10 
and (d) 20 mV s-1 in 0.5 M Na2SO4 electrolyte, (B) Cs calculated from the CV data at 
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different scan rates. 

 
Fig. 7.7 (A) Nyquist plots of complex impedance, inset shows high frequency range and 
(B) Cs' and (C) Cs'' components of complex capacitance versus frequency for two 
electrode asymmetric cell, containing a positive BiMn2O5-MWCNT electrode and a 
negative AC-CB electrode 

 
Fig. 7.8 Galvanostatic charge-discharge behavior of an asymmetric cell at currents of (a) 
1, (b) 2, (c) 4, (d) 5, (e) 8 and (f) 10 mA cm-2  
Fig. 7.8 shows galvanostatic charge-discharge data at different current densities. The 
discharge current was nearly linear. The charge-discharge curves in the voltage window 
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of 1.8 V were of nearly symmetrical triangular shape. Fig. 7.9 shows cyclic behavior of a 
coin cell. The capacitance decreased during the first 200 cycles and then remained nearly 
constant. The capacitance retention after 1000 cycles was 90.0%. The inset in Fig.7.9 
shows multiple cycles in a voltage window of 1.8 V, which indicates that the shape of the 
charge-discharge curves remained unchanged during cycling.   

 
Fig. 7.9. Capacitance retention versus cycle number for an asymmetric cell, inset shows 
multiple charge-discharge cycles at a constant current of 10 mA cm-2. 
Fig. 7.10 shows a Ragone plot for the asymmetric cells (Fig.7.9, inset). The analysis of 
power-energy characteristics indicates that maximum energy density of 13.0 Wh L-1 (9.0 
Wh kg-1) and maximum power density 3.6 kW L-1 (2.5 kW kg-1) can be achieved 
(Fig.7.10). The power-energy characteristics of the coin cells reported in this preliminary 
investigation are comparable with literature data for other advanced ES devices[23]. 
However, in many cases the direct comparison presents difficulties due to the lack[23] of 
standard techniques for comparison of performance of supercapacitive materials and 
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devices. The results of our investigation indicated that BiMn2O5 is a promising material 
for ES applications. The results of our investigation indicated that good electrochemical 
performance can be achieved at high mass loadings, high active material to current 
collector mass ratio and high charge – discharge rates. We expect that in further 
investigations, currently under way, the performance of the BiMn2O5 will be improved by 
the reduction of particle size and optimization of electrode and device composition and 
design.  

 
Fig 7.10. Ragone plot for an asymmetric cell, inset shows five LED bulbs powered by 
two asymmetric cells in series. 
The important task is to scale up the procedure and fabricate larder ES devices. As a step 
in this direction we prepared larger envelope cells, which were used for powering of LED 
bulbs with nominal current of 20 mA (Fig.7.10).  It is expected that the investigation of 
various oxides with similar structure will result in the development of new 
pseudocapacitive materials, combining unique capacitive, magnetic, ferroelectric and 
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other functional properties[24]. 

7.6 Conclusions 
Submicrometre particles of multiferroic BiMn2O5 were prepared by a hydrothermal 
method. It was demonstrated for the first time that BiMn2O5 – multiwalled carbon 
nanotube (MWCNT) composite can be used as a new active material for positive 
electrodes of ES. It was found that Celestine blue dye can be used as a co-dispersant for 
BiMn2O5 and MWCNT for the formation of BiMn2O5 –MWCNT composites from 
colloidal suspensions. The composite BiMn2O5 – MWCNT electrodes with high mass 
loading and high active material to current collector mass ratio showed a capacitance of 
6.0 F cm-2 (540 F cm-3) at a scan rate of 2 mV s-1 and excellent capacitive behavior at high 
scan rates. The capacitance retention was found to be 75 and 58 % at scan rates of 100 
and 200 mV s-1, respectively.  Testing results indicated that relatively high conductivity 
and high dielectric constant of BiMn2O5 was beneficial for good capacitive behavior, 
especially at high scan rates.  Asymmetric devices, containing BiMn2O5 –MWCNT 
positive electrodes and AC-CB negative electrodes were fabricated and tested. The 
asymmetric devices showed good capacitive behavior and good cyclic stability in a 
voltage window of 1.8 V. The analysis of power-energy characteristics indicated that 
maximum energy density of 13.0 Wh L-1 (9.0 Wh kg-1) and maximum power density 3.6 
kW L-1 (2.5 kW kg-1) can be achieved.  
Yangshuai Liu has the major contribution to this work, and Dr. Igor Zhitomirsky also 
contributes to this work. 
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Chapter 8 Azopolymer triggered electrophoretic 
deposition of MnO2-MWCNTs composites for 

supercapacitors 

8.1 Motivation and origin 
The goal of our investigation was the use of poly[1-[4-(3-carboxy-4-
hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium salt] (PAZO)  polymer 
for the fabrication of nanocomposite electrodes from colloidal suspensions for 
applications in ECs. The unique feature of the PAZO structure, is that it includes 
diaromatic monomers with salicylate ligands. Such monomers can provide multiple 
adsorption sites for efficient adsorption on particles of various materials and impart 
electrical charges to the particles. Therefore, the use of PAZO can overcome the 
limitations of small organic molecules. Moreover, the use of PAZO polymer offers the 
advantages of improved steric stabilization. Proof of concept studies involved the 
fabrication of composites, containing advanced materials for ECs, such as MnO2 
nanofibers, multiwalled carbon nanotubes (MWCNT), polypyrrole (PPy) and PPy coated 
multiwalled carbon nanotubes (MWCNT). Moving toward our goal we developed a new 
method for the fabrication of PPy coated MWCNT.  
In addition to these efforts aimed at the development of ES electrodes we demonstrate 
additional promising benefits of the EPD method. A conceptually new approach 
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developed in this investigation for the EPD of materials opens up a new and promising 
strategy for the fabrication of composite materials, utilizing physical properties of PAZO 
and various functional materials. It is in this regard that PAZO exhibits a unique set of 
properties, making this polymer an advanced functional material for many applications in 
photonics, optoelectronics, memory devices and sensors[1-3]. Of particular interest is a 
photo-induced birefringence in PAZO[1], resulting from reversible trans-cis-trans 
photoisomerization of azo groups,  optical storage  and photochromic properties, surface-
relief grating[4, 5]. We propose a deposition mechanism of PAZO and describe 
advantages of EPD compared to other film deposition methods.  

 
Fig. 8.1 Schematic of PAZO as dispersant for charging and EPD of MnO2 and PPy fibers 

8.2 Materials synthesis and morphology characterization 
In this investigation, MnO2 nanofibers, PPy and PPy coated MWCNT were prepared for 
application in electrodes of ECs. Fig. 8.2(A-C) shows SEM and TEM data for the MnO2 
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nanofibers. The SEM and TEM images indicated that the diameter of the nanofibers was 
varied in the range of 10-30 nm. The electron diffraction pattern (Fig. 8.2B, inset) and 
HRTEM image (Fig. 8.2C) showed that the nanofibers were crystalline. The crystallinity 
of the nanofibers was confirmed by the XRD data presented in the Fig. 8.2 D. The X-ray 
diffraction pattern shows peaks, corresponding to the JCPDS file 24-0735 for MnO2.  

 
Fig. 8.2 (A) SEM image, (B) TEM image, inset shows electron diffraction pattern, (C) 
high resolution TEM image and (D) X-ray diffraction pattern of MnO2 nanofibers 
Fig. 8.3(A) shows a chemical structure of BT used in this investigation. BT is a 
polyaromatic molecule, containing an anionic SO3- group. It was found that PPy powders 
can be prepared by chemical polymerization, using BT as an anionic dopant. Another im- 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

166 
 

 
Fig. 8.3 (A) Chemical structure of BT dopant, (B) SEM image of pristine MWCNT, (C) 
SEM image of PPy particles prepared using BT dopant, (D) SEM image of PPy coated 
MWCNT, prepared using BT as a dopant for PPy and dispersant for MWCNT. 
-portant finding was the possibility of fabrication of stable suspension of MWCNT in 
water using BT as a dispersant. Fig 8.3(B) shows an SEM image of the MWCNT used in 
this investigation. The 1 g L-1 MWCNT suspensions, containing 1 g L-1 BT, were stable 
for one month. The PPy powders, prepared using BT as a dopant, contained agglomerates 
of primary particles of nearly spherical shape with particle size of about 50 nm (Fig. 
8.3C). The SEM images of PPy, synthesized in the presence of MWCNT and BT, showed 
a fibrous morphology of the prepared composite material (Fig. 8.3D). The comparison of 
the images shown in Fig. 8.3B and Fig. 8.3D indicated that the fibers, shown in the Fig. 
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8.3D have larger diameters. Moreover, spherical PPy particles or agglomerates, similar to 
those shown in Fig. 8.3C, were not observed in Fig. 8.3D. Therefore, the method resulted 
in the formation of PPy coated MWCNT. The formation of PPy coated MWCNT was 
confirmed by the results of TEM investigations. 
TEM images of the PPy coated MWCNT at different magnifications are shown in Fig. 8.4 
(A, B). The images showed relatively uniform PPy coatings with typical thickness of 10 
nm (Fig. 8.4B). 

 
Fig. 8.4 TEM images (A and B) at different magnifications of the PPy coated MWCNT, 
prepared using BT as a dopant for PPy and dispersant for MWCNT, inset in (B) shows 
interface of PPy coating and MWCNT. 

8.3 Dispersion mechanism and stability characterization  
The method, developed in this investigation, provides an efficient and simple technique 
for fabricating PPy coated MWCNT. It is suggested that π-π interactions of polyaromatic 
BT and MWCNT resulted in BT adsorption on MWCNT. The adsorbed BT provided 
suspension stability and promoted PPy polymerization on the surface of well dispersed 
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MWCNT. As a result, PPy coated MWCNT were prepared by simple one-step procedure. 
The method is suitable for mass production of PPy coated MWCNT. 
The MnO2 nanofibers, MWCNT, PPy and PPy coated MWCNT were used for the 
fabrication of electrodes of ECs by EPD. Fig. 8.5A shows a chemical structure of PAZO, 
used as a charging and dispersing agent for EPD. The salicylate ligands of the PAZO 
monomers are powerful complexing agents, which promoted PAZO adsorption on the 
surface of MnO2 nanofibers (Fig. 8.5B).   

 
Fig. 8.5(A) Molecular structure of PAZO, (B) schematic of adsorption of PAZO on MnO2 
nanofiber, involving the complexation of a Mn atom with a salicylate ligand of a PAZO 
monomer; (C) (a) PAZO solution, and suspensions of (b) 1 g L-1 MWCNTs, (c) 1 g L-1 
MWCNTs and 1 g L-1 PAZO, (d) 1 g L-1 MnO2, (e) 1 g L-1 MnO2 and 1 g L-1 PAZO, (f) 1 
g L-1 MnO2,1g L-1 MWCNTs and 1 g L-1 PAZO, (g) 1 g L-1 PPy, (h) 1 g L-1 PPy and 1 g 
L-1 PAZO, (i) 1 g L-1 PPy coated MWCNTs, (j) 1 g L-1 PPy coated MWCNTs and 1 g L-1 
PAZO in an ethanol–water solvent. 
The PAZO monomers provided multiple adsorption sites and offered advantages of 
stronger adsorption, compared to small molecules from the salicylate family[6], 
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containing single salicylate ligands.  The diaromatic structure of individual monomers 
and long hydrocarbon chain of PAZO (Fig. 8.5A), allowed for strong PAZO adsorption 
on MWCNT, PPy and PPy coated MWCNT due to π-π and hydrophobic interactions. The 
adsorbed PAZO macromolecules, containing monomers with anionic COO- groups, 
allowed for efficient electrostatic dispersion of MnO2, MWCNT, PPy, PPy coated 
MWCNT and their mixtures. The sedimentation tests showed excellent stability (Fig. 
8.5C) of suspensions, containing PAZO. 
The stability of the suspensions was an important factor for film formation by EPD. In the 
EPD process, the particles must be well dispersed and charged in the bulk of the 
suspensions. An applied electric field provides electrophoretic motion of the particles to 
the electrode and their accumulation at the electrode surface. However, it is known[7] that 
the strong mutual repulsion of the particles at the electrode surface can prevent deposition. 
In order to achieve deposition of materials using PAZO as a charging and dispersing 
agent, we utilized other important properties of PAZO, which have not been paid enough 
attention to in the literature.  
The salt form of PAZO, used in this investigation (PAZO-Na), is well soluble in water. 
However it is known from the available literature[1] that PAZO precipitates at low pH as 
an insoluble acidic form of this polymer (PAZO-H), containing protonated carboxylic 
groups (COOH). Such properties can be utilized for film formation by EPD. In aqueous 
solutions, the electrochemical decomposition of water results in a pH decrease at the 
anode surface: 
                                                2H2O→O2+4H++4e-                                                   (Eq.8.1) 
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 The charge neutralization of carboxylic groups of PAZO at the anode surface   
                                                COO- + H+→COOH                                                   (Eq.8.2) 
and formation of insoluble PAZO-H promoted deposit formation.  

8.4 EPD and adsorption characterization 
The proof-of-concept studies involved EPD of films from pure PAZO solutions. It was 
found that anodic films can be obtained from aqueous solutions or solutions in a mixed 
ethanol-water solvent. The deposition process was investigated in-situ by QCM in dilute 
solutions. The QCM data showed that the mass gain increased with increasing deposition 
Fig. 8.6A time, indicating continuous film growth. Higher deposition yield was obtained 
from solutions in water, compared to the solutions in ethanol-water solvent. However, the 
use of mixed ethanol water solvent offered the advantage of reduced gas evolution. The 
film mass increased with increasing PAZO concentration in the solutions(Fig. 8.6A). The 
non-linear increase in the deposit mass can result from continuous displacement of film-
solution interface during the film growth[8], influence of polymer concentration at 
electrode surface on deposit formation[7] and other factors, discussed in the literature[7]. 
The analysis of deposition yield data at different deposition durations at PAZO 
concentrations of 1 g L-1 indicated that relatively high deposition yield can be achieved 
(Fig. 8.6C). The deposition yield data presented in Fig. 8.6A-C indicated that the 
deposition yield of PAZO can be varied by the variation of PAZO concentration and 
deposition time. The SEM studies of the films prepared from aqueous solutions showed 
significant surface roughness (Fig. 8.6D). The surface roughness can result from gas 
evolution during deposition. The use of ethanol-water solvent allowed the formation of 
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relatively uniform films (Fig. 8.6E,F).  Small pin holes can result from the solvent 
evaporation (Fig. 8.6E). Fig.8.5F shows typical film cross section. The analysis of film 
cross sections for films prepared at different deposition durations showed that relatively 
thick films with film thickness of 0.1-2 μm can be obtained. Thick films were removed 
from the substrates and studied by FTIR. 

 
Fig. 8.6 (A–C) Deposit mass at a deposition voltage of 5 V: (A) versus deposition time in 
0.1 g L-1 PAZO solutions in (a) water, (b) ethanol–water solvent, measured by QCM; (B) 
versus PAZO concentration in ethanol–water solvent at a deposition time of 5 min; (C) 
versus time for 1 g L-1 PAZO solution in ethanol–water solvent, (D–F) SEM images of 
films prepared from 1 g L-1 PAZO solutions in (D) water and (E and F) ethanol– water 
solvent, (E) surface, (F) cross section. 
Fig. 8.7(a,b) shows FTIR spectra of as-received and deposited PAZO. The absorptions at 
1325 and 1326 cm-1 resulted from stretching S═O vibrations[9]. The adsorptions at 1396 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

172 
 

and 1481 cm-1 were related to aromatic C─C/C═C vibrations[10]. N═N stretching[9] 
contributed to the absorptions at 1427 cm-1. The spectra (Fig.6(a,b)) showed significant 
difference in the range of 1500-1700 cm-1. The as-received PAZO showed broad 
absorptions at 1583 and 1635 cm-1, which can be assigned to stretching C═O and COO– 
vibrations, respectively[5, 9]. The peaks at 1673 and 1619 cm-1 were attributed  to 
stretching vibrations of the protonated COOH groups[5, 9].  The spectrum of the 
deposited PAZO is similar to that of the protonated form of PAZO, prepared in acidic 
conditions[5, 9]. Therefore, the FTIR data confirm the suggested deposition mechanism, 
which resulted in the deposition of acidic form of PAZO.  
EPD offers significant advantages for the fabrication of PAZO films, compared to layer-
by-layer (LbL) self-assembly technique, which involves multiple and time consuming 
steps of multilayer deposition of PAZO and cationic polyelectrolytes[9, 11-13].  EPD is a 
simple technique, which allows deposition of thin and thick films of pure PAZO polymer 
at high deposition rate. It is expected that further development of this method will result 
in fabrication of advanced devices, utilizing important properties of PAZO, such as 
photo-induced birefringence, photonic, optoelectronic and optical memory properties[1-3], 
photochromism and surface-relief grating[4, 5]. The film forming and binding properties 
of PAZO offered additional benefits for EPD of crack free and adherent films of 
MWCNT, MnO2 nanofibers, PPy and PPy coated MWCNT.  
The FTIR spectrum of deposited MnO2 nanofibers showed absorption peaks, similar to 
the peaks of deposited PAZO (Fig. 8.7c). Such peaks were also observed in the FTIR 
spectrum of deposited MWCNT (Fig. 8.7d).  The broad peak at~1644 cm-1 represents a 
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combination of absorptions related to protonated COOH groups[5, 9] and aromatic 
vibrations of MWCNT[14]. Therefore, the FTIR data confirmed co-deposition of 
protonated form of PAZO with MnO2 nanofibers and MWCNT.  

 
Fig. 8.7 FTIR spectra of (a) as-received PAZO and deposits, prepared from (b) 1 g L-1 
PAZO, (c) 4 g L-1 MnO2 and 1 g L-1 PAZO, (d) 1 g L-1 MWCNT and 1 g L-1 PAZO in a 
mixed ethanol–water solvent 
The use of PAZO as a dispersing, charging and film forming agent allowed the EPD of 
MWCNT, MnO2 nanofibers, PPy and PPy coated MWCNT. The deposition yield 
increased with increasing PAZO concentration in suspensions (Fig. 8.8A) and with 
increasing deposition time at a constant PAZO concentration.  
The increase in the deposit mass with increasing PAZO concentration (Fig. 8.8A) was 
attributed to increased adsorption of PAZO on particle surface and increased particle cha- 
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Fig. 8.8 Deposit mass versus (A) PAZO concentration at a deposition time of 5 min and 
(B) time at PAZO concentration of 1 g L-1 for suspensions of (a) 2 g L-1 MnO2 nanofibers, 
(b) 1 g L-1 MWCNT, (c) 1 g L-1 PPy powder, (d) 1 g L-1 PPy coated MWCNT in a mixed 
ethanol– water solvent 
-rge. The results presented in Fig. 8.8 indicate that MWCNT, MnO2 nanofibers, PPy and 
PPy coated MWCNT can be deposited at high deposition rate and deposit mass can be 
varied. The use of PAZO as a co-dispersant for MWCNT and MnO2 allowed the 
fabrication of composites.  
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8.4 Electrode fabrication and morphology characterization 
The good dispersion and fibrous microstructure of MnO2 nanofibers and MWCNT 
allowed for the fabrication of free-standing flexible composites (Fig. 8.8D). 

 
Fig. 8.9 (A–C) SEM images of deposits, prepared at a deposition voltage of 100 V from 
suspensions of (A) 1 g L-1 MWCNT and 1 g L-1 PAZO, (B) 4 g L-1 MnO2 nanofiber and 1 
g L-1 PAZO (C) 4 g L-1 MnO2 nanofiber, 1 g L-1 MWCNT and 1 g L-1 PAZO, (D) 
composite, prepared by filtration of 4 g L-1 MnO2 nanofiber and 1 g L-1 MWCNT 
suspension, dispersed using 1 g L-1 PAZO in ethanol–water solvent. 
Fig. 8.9(A-C) compares SEM images of MWCNT, MnO2 nanofibers and a composite, 
containing both materials. The EPD method allowed the fabrication of continuous, crack 
free deposits, containing non-agglomerated MWCNT and MnO2 nanofibers. The deposits 
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were porous with typical pore size below 100 nm. 
The SEM images of PPy and PPy coated MWCNT are shown in the Fig. 8.10. The EPD 
method allowed for the fabrication of porous deposits. The SEM image of PPy coated 
MWCNT indicated the formation of fibrous porous network, containing non-
agglomerated fibers. The porosity of the films shown in Fig. 8.9, and 8.10 was beneficial 
for their application in electrodes of ECs. The film porosity allows electrolyte access to 
the surface of electrochemically active materials.  

 
Fig. 8.10 SEM images of deposits prepared from 4 g L-1 suspensions of (A) PPy and (B) 
PPy coated MWCNT, containing 1 g L-1  PAZO in ethanol–water solvent at a deposition 
voltage of 100 V. 

8.5 Electrochemical characterization 
The MnO2 nanofiber-MWCNT composites and PPy coated MWCNT were investigated 
for the application in electrodes of ECs. Fig. 8.11 (A-C) compares CVs at different scan 
rates for electrodes, prepared using Ni plaque current collectors and different active 
materials, such as MnO2 nanofibers, deposited by EPD using PAZO, MnO2 nanofiber-
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MWCNT impregnated into the current collectors from slurries, prepared without PAZO, 
and MnO2 nanofiber-MWCNT composites prepared by EPD using PAZO. The integral 
capacitances in the voltage window of 0-0.9 V were calculated from the CV data at 
different scan rates and presented in Fig. 8.11D. The composite electrodes, containing 
MWCNT, showed larger CV areas (Fig. 8.11B,C)  and higher capacitances (Fig. 
8.11D(b,c)), compared to  the MnO2 electrodes (Fig. 8.11A and Fig. 8.11D (a)). The 
difference is attributed to higher conductivity of the electrodes, containing MWCNT. The 
MnO2 nanofiber-MWCNT electrodes, prepared by EPD using PAZO, showed improved 
capacitive behavior, compared to the MnO2 nanofiber-MWCNT electrodes, prepared 
without PAZO. The MnO2 nanofiber-MWCNT electrodes, prepared using PAZO, showed 
nearly box shape CVs, even at relatively high scan rates (Fig. 8.11C). The highest 
capacitance of 140 F g-1 was obtained at a scan rate of 2 mV s-1 (Fig. 8.11D(c)). The 
impedance data for the electrodes, presented in the Nyquist plot (Fig. 8.12A), indicated 
that the electrodes, prepared by co-deposition of MnO2 nanofibers and MWCNT in the 
presence of PAZO showed lower resistance R=Z', compared to the MnO2 nanofibers 
electrodes without MWCNT. The lower resistance of the composite electrodes, prepared 
using PAZO (Fig. 8.12A(c)), compared to the composites formed without PAZO (Fig. 
8.12A(b)), resulted from improved dispersion of MWCNT.  Figs. 8.12B,C show 
frequency dependencies of the components of differential capacitance, obtained from the 
impedance data. The MnO2 nanofiber - MWCNT electrodes, prepared by EPD using 
PAZO, showed the highest differential AC capacitance at low frequency in agreement 
with the data for integral capacitances.  
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Fig. 8.11 (A–C) CVs for 3 mg cm-2 electrodes of (A) of pure MnO2 prepared by EPD 
using PAZO, (B) MnO2-MWCNT, prepared by slurry impregnation method without 
PAZO, (C) MnO2-MWCNT, prepared by EPD using PAZO at scan rates of (a) 2, (b) 5, (c) 
10, (d) 20, and (e) 50 mV s-1 , the mass ratio of MWCNT : MnO2 in the suspensions (B 
and C) was 1 : 4, (D) Cs and Cm versus scan rate, calculated from the CV data, for (a) 
pure MnO2, prepared by EPD using PAZO (b) MnO2-MWCNT, prepared by slurry 
impregnation (c) MnO2-MWCNT, prepared by EPD using PAZO. 
The use of PAZO allowed for the EPD of electrically neutral PPy and PPy coated 
MWCNT.  The capacitive behavior of the electrodes, prepared by EPD was investigated 
by cyclic voltammetry and impedance spectroscopy (Fig. 8.12). The CV data showed 
capacitive behavior of the electrodes (Fig. 8.13A,B). The PPy coated MWCNT electrodes 
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Fig. 8.12 (A) Nyquist plot of complex impedance for 3 mg cm2 electrodes and (B and C) 
components of complex capacitance, calculated the impedance data versus frequency, for 
(a) of pure MnO2 prepared by EPD using PAZO, (b) MnO2-MWCNT, prepared by slurry 
impregnation method without PAZO (c) MnO2-MWCNT, prepared by EPD using PAZO, 
the mass ratio of MWCNT : MnO2 in the suspensions (b and c) was 1 : 4. 
showed larger areas of CVs and higher capacitance, compared to pure PPy (Fig. 8.13A-C). 
The highest capacitance of 155 F g-1 was obtained for the PPy coated MWCNT at a scan  

 
Fig 8.13. Electrochemical testing data for 3 mg cm2 electrodes prepared by EPD using 
PAZO: (A and B) CVs for (A) PPy and (B) PPy coated MWCNT at scan rates of (a) 2, (b) 
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5, (c) 10, (d) 20, and (e) 50 mV s-1 , (C) CS and Cm, calculated from the CVs for (a) PPy 
and (b) PPy coated MWCNT, (D–F) impedance data for (a) PPy and (b) PPy coated 
MWCNT: (D) Nyquist plot of complex impedance and (E and F) components of complex 
capacitance, calculated from the impedance data versus frequency. 
rate of 2 mV s-1.  
The results of impedance spectroscopy analysis are presented in Fig. 8.13 (D-F). The PPy 
coated MWCNT showed lower resistance and increased real component of complex 
differential capacitance at low scan rates.  
Fig. 8.14 shows capacitance retention versus cycle number dependences for MnO2 
nanofiber-MWCNT composites and PPy coated MWCNT. The capacitance retention after 
1000 cycles was found to be 93% and 91% for MnO2 nanofiber-MWCNT composites and 
PPy coated MWCNT, respectively. The results of this investigation indicate that PAZO 
can be used for EPD of advanced materials for ECs, such as MnO2 nanofibers, MWCNT, 
PPy and PPY coated MWCNT.  The use of PAZO as a co-dispersant allows for the resuts 

 
Fig. 8.14 Capacitance retention versus cycle number for (A) MnO2- MWCNT and (B) 
PPy coated MWCNT electrodes, prepared by EPD using PAZO. 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

181 
 

in enhanced properties. It is expected that PAZO can be used for EPD of other materials 
and fabrication of novel composites, utilizing functional properties of different materials 
and unique physical properties of PAZO[15]. 

8.6. Conclusions 
Films of PAZO have been deposited by anodic EPD. The deposition mechanism involved 
electrophoresis of anionic PAZO macromolecules, pH decrease at the anode due to the 
electrode reactions, protonation of carboxylic groups of PAZO and precipitation of 
insoluble acidic form of PAZO at the electrode surface. The deposition rate and film 
thickness can be varied. The EPD method offers advantages for the deposition of PAZO 
films due to the simple deposition procedure, high deposition rate, possibility of 
deposition of thin and thick films. Moreover, EPD allows for the deposition of pure 
PAZO films as well as composites at controlled deposition rate. MnO2 nanofibers, PPy 
and PPy coated MWCNT have been prepared for application in electrodes of ECs. BT has 
been used as a new dopant for chemical polymerization of PPy and new dispersant for 
MWCNT. The use of BT as a dopant and dispersant allowed for the fabrication of PPy 
coated MWCNT by a simple on-step chemical method. PAZO exhibits unique adsorption 
on different materials due to the unique structure of this polymer. The aromatic anionic 
PAZO monomers, containing chelating salicylate ligands provided multiple adsorption 
sites for PAZO adsorption on MnO2 nanofibers, PPy, MWCNT and PPy coated MWCNT 
and allowed for their efficient electrosteric dispersion and EPD. Composite films have 
been prepared by EPD using PAZO as a co-dispersant for different materials. MnO2 
nanofibers, MWCNT, PPy nanoparticles, PPy coated MWCNT and composites, deposited 
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by EPD have been utilized for energy storage in electrodes of ECs. Testing results 
showed beneficial effect of PAZO for the dispersion and EPD of advanced ES materials. 
The results of this investigation paved the way for EPD of other composites utilizing 
properties of different functional materials and unique physical properties of PAZO. 

Yangshuai Liu has the major contribution to this work, Dr. Igor Zhitomirsky also 
contributes to this work, and Kaiyuan Shi has contribution on TEM characterization to 
this work. 
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Chapter 9 Fabrication and testing of asymmetric 
devices based on manganese dioxide positive electrode 
and iron oxide negative electrode formed by EPD on 

rGO 

9.1 Synthesis of materials and current collectors 
EPD method has been utilized for the fabrication of asymmetric devices, containing 
manganese dioxide positive electrode and iron oxide negative electrode. It is known from 
the literature that EPD method offers many processing advantages for the fabrication of 
films at high deposition rate[1-7]. The method allows for uniform deposition on high 
surface area substrates. Fig.9.1 shows a schematic of the device, containing individual 
electrodes, which were prepared by EPD on rGO and separated by a porous membrane.  

 
Fig. 9.1 Schematic of asymmetric supercapacitor composed by a MnO2-rGO positive 
electrode and a Fe2O3-rGO negative electrode 
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Fig.9.2A. shows X-ray diffraction pattern of MnO2, prepared by the hydrothermal 
synthesis method. The X-ray diffraction pattern exhibits peaks, corresponding to JCPDS 
file 44-01041 of MnO2. The SEM image in Fig.9.2B shows that MnO2 formed hollow 
nanotubes with typical diameters 70-150 nm. The fibrous structure of MnO2 nanotubes 
was also confirmed by TEM studies (Fig.9.2C,D).  

 

Fig. 9.2 (A) X-ray diffraction pattern, (B) SEM image, (C) TEM image, inset shows 
electron diffraction pattern and (D) high resolution TEM image of MnO2 nanotubes, 
arrows show inner diameter. 
The selected area electron diffraction pattern (Fig.9.2C, inset ) and high resolution TEM 
image (Fig.9.2D) confirmed crystallinity of the MnO2 nanotubes, which had typical inner 
diameter of 25-50 nm (Fig.9.2D). 
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The XRD studies of iron oxide powders, prepared by the hydrothermal method, showed 
diffraction peaks, corresponding to the JCPDS file 33-0664 (Fig.9.3A) of Fe2O3. The 
SEM studies showed that Fe2O3 particles exhibited a nanotube morphology with typical 
diameter lower than 100nm. 

 

Fig. 9.3 (A) X-ray diffraction pattern, (B)SEM image, (C) TEM image, inset shows 
electron diffraction pattern and (D) high resolution TEM image of Fe2O3 nanotubes.  
The Fe2O3 nanotubes (Fig.9.3B) had a typical aspect ratio of 5-8, which was significantly 
lower, than that of MnO2 nanotubes (Fig.2B,C). The SEM and TEM images (Fig.9.3 B-D) 
showed that the nanotubes had a non-uniform diameter, which decreased from the middle 
part to the end of the nanotubes. The thickness of the walls of the nanotubes was about 4-
5 nm. The selected area electron diffraction pattern (Fig.9.3C, inset) confirmed the 
crystallinity of the nanotubes. 
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The dispersion of MnO2 and Fe2O3 nanotubes in a mixed water-ethanol (75%) ethanol 
solvent was achieved using PAZO, as a dispersant. The chemical structure of PAZO 
includes aromatic monomers, containing chelating salicylate ligands (Fig.9.4A). The 
chelating salicylate ligands provided multiple adsorption cites for adsorption of PAZO on 
nanotubes (Fig.9.4B,C). Moreover, the salicylate ligands imparted a charge for the 
electrosteric particle stabilization in the suspensions.   

 

Fig. 9.4 (A) Molecular structure of PAZO, (B) and (C) schematic of adsorption of PAZO 
on MnO2 and Fe2O3 nanotubes, respectively, involving the complexation of a Mn and Fe 
atoms with a salicylate ligand of a PAZO monomer; (D) UV-Vis data for (a) pure PAZO, 
and deposits prepared from 2 g L-1 suspensions of (b) MnO2, (c) Fe2O3, containing 0.5 g 
L-1 PAZO at a deposition voltage of 20 V in 25% water and 75% ethanol; E(d) 0.5 g L-1 
PAZO solution, and suspensions of (e) 2 g L-1 MnO2, (f) 2 g L-1 MnO2 and 0.5 g L-1 
PAZO, (g) 2 g L-1 Fe2O3 and (h) 2 g L-1 Fe2O3 and 0.5 g L-1 PAZO. 
The adsorption of PAZO on MnO2 and Fe2O3 nanotubes was confirmed in EPD 
experiments, which showed that adsorbed PAZO imparted charge and allowed for the 
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anodic deposition of the nanotubes. The comparison of the UV-Vis spectra for the pure 
PAZO and deposited materials confirmed the adsorption of PAZO on the nanotubes. The 
spectrum of pure PAZO showed absorption peak at 354 nm (Fig.9.4D). The similar 
absorptions were observed in the spectra of the deposited materials at 355 nm (Fig.9.4D). 
The adsorption of PAZO on the nanotubes allowed the formation of stable suspensions, as 
shown in Fig.9.4E. The EPD method allowed for the deposition on various conductive 
substrates, such as stainless steel, platinum, graphite. Of particular interest is the 
deposition of nanotubes on rGO, which offers benefits of high surface area and porosity. 
Fig.9.5 (A-E) shows images of rGO, prepared in this investigation. The prepared rGO 
aerogel showed a porous microstructure. The XRD analysis confirmed the formation of 
rGO from GO. The XRD patterns are in agreement with the literature data [8]. 

 

Fig. 9.5 (A) SEM image of rGO after freeze drying; (B), (C) are lateral and plan view of 
as-prepared rGO hydrogel before freeze drying; (D), (E) are lateral and plan view of rGO 
hydrogel after freeze drying; F(a) and (b) are X-ray diffraction pattern of as- prepared 
rGO and GO, respectively.  
The thin (~1 mm) layers of rGO with mass of 1 mg cm-2 were used as substrates for EPD 
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of nanotubes.  

9.2. Electrochemical testing of electrodes and devices 
Fig.9.6 shows electrochemical testing results for the rGO before deposition. The rGO 
substrate showed capacitive behavior with nearly box shape CVs. The current increased 
with increasing scan rate indicating good capacitive behavior and good capacitance 
retention (Fig.9.6A). The highest capacitance of 64 mF cm-2 (64 F g-1) was obtained at a 
scan rate of 2 mV s-1. The capacitance decreased with increasing scan rate, showing good 
capacitance retention (Fig.9.6B). The capacitance, calculated from the impedance data 
(Fig.9.6C,D) showed relaxation type frequency dispersion, as indicated by the reduction 
in C′s with frequency and a maximum in the frequency dependence of C′′s. 

 

Fig. 9.6 (A) CVs for rGO electrode with mass loading of 1 mg cm-2, at scan rates of (a) 2, 
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(b) 5, (c) 10 and (d) 20 mV s-1 in 0.5 M aqueous Na2SO4 electrolyte. (B) Cs and Cm, 
calculated from the CV data; (C) C’ and (D) C’’ components of complex capacitance 
versus frequency. 
Fig.9.7 compared SEM images of MnO2 deposits on stainless steel and rGO substrates. 
The SEM image of the deposit on stainless substrate shows a porous MnO2 network. The 
deposition on rGO resulted in impregnation of rGO with MnO2.  

 

Fig. 9.7 SEM image of EPD of 2 g L-1 MnO2 with 0.5 g L-1 PAZO (A) onto stainless steel 
and (B) into rGO substrate (white arrows show rGO and black arrows show MnO2 tubes) 
under 10V for 5 min in 75% ethanol and 25% water. 
The testing of the electrodes, formed on stainless steel by EPD showed box shape CVs, 
indicating nearly ideal capacitive behavior (Fig.9.8A). The highest capacitance of 88 
mFcm-2 (88 F g-1) was obtained (Fig.9.8B) at a scan rate of 2 mVs-1. The capacitance 
decreased with increasing scan rate due to the diffusion limitation in pores. The analysis 
of the components of AC capacitance (Fig.9.8 C,D), derived from the impedance data, 
showed that real component of AC capacitance C′s measured at low frequencies was 
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comparable with the capacitance, calculated from the CV data at low scan rates. The C′s 
component decreased with frequency and C′′s showed a corresponding maximum, 
indicating a relaxation type dispersion.  

 

Fig. 9.8 (A) CVs for MnO2 electrode prepared by EPD of 2 g L-1 MnO2 with 0.5 g L-1 
PAZO onto stainless steel with MnO2 mass loading of 1 mg cm-2, at scan rates of (a) 2, (b) 
5, (c) 10 and (d) 20 mV s-1 in 0.5 M aqueous Na2SO4 electrolyte. (B) Cs and Cm, 
calculated from the CV data; (C) C’ and (D) C’’ components of complex capacitance 
versus frequency. 
The use of rGO substrate allowed for significant improvement in capacitive behavior of 
the MnO2 electrodes. The electrodes showed nearly ideal box shape CVs (Fig.9.9A) and a 
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significant current increase with increasing scan rate, indicating good capacitive behavior 
at high charge-discharge rates. The highest capacitance (Fig.9.9B) of 274 mF cm-2 (137 F 
g-1) was achieved at a scan rate of 2 mV s-1. The capacitance retention at 100 mV s-1  was  

 

Fig. 9.9 (A) CVs for MnO2 electrode prepared by EPD of 2 g L-1 MnO2 with 0.5 g L-1 
PAZO into rGO with total mass loading of 2 mg cm-2, at scan rates of (a) 2, (b) 5, (c) 10 
and (d) 20 mV s-1 in 0.5 M aqueous Na2SO4 electrolyte. (B) Cs and Cm, calculated from 
the CV data; (C) C’ and (D) C’’ components of complex capacitance versus frequency. 
above 50%. It is important to note that the capacitance of 274 mF cm-2 of 1 mg cm-2 
MnO2, deposited on 1 mg cm-2 rGO is significantly higher than the sum of capacitances 
of 1 mg cm-2 rGO and 1 mg cm-2 MnO2 deposited on stainless steel. Therefore, improved 
utilization of capacitive properties of MnO2 was achieved using rGO substrates. The 
gravimetric capacitance of the electrodes, normalized by the total mass of the active 
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material and substrate was found to be 137 F g-1. This value is significantly higher than 
the gravimetric capacitance (88 F g-1) of the MnO2 electrode formed on the stainless steel, 
calculated using mass of the active material only. Taking into account that the mass of 
stainless steel current collector is 55.6 mg cm-2, the gravimetric capacitance of the MnO2 
electrodes on stainless steel, normalized by the total mass of the active materials and 
current collector, is only 1.55 F g-1. 
The analysis of the frequency dependences of components of AC capacitance (Fig.9.9C,D) 
showed relatively high relaxation frequency, indicating good capacitance retention at high 
charge-discharge rates in agreement with the CV data (Fig.9.9 A,B).  
Fig.9.10 shows SEM images of the Fe2O3 particles deposited on stainless steel and rGO 
substrates. The Fe2O3 particles formed a porous layer on the stainless steel, whereas the 
particles impregnated the rGO substrate.   

 

Fig. 9.10 SEM image of EPD of 2 g L-1 Fe2O3 with 0.5 g L-1 PAZO (A) onto stainless 
steel and (B) into rGO substrate (white arrows show rGO and black arrows show Fe2O3 
tubes) under 10V for 5 min in 75% ethanol and 25% water.  
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Fig.9.11 shows testing results for the Fe2O3 electrode on stainless steel current collector. 
The CVs (Fig.9.11 A) show good capacitive behavior in the negative potential range. The 
highest capacitance of 89 mF cm-2 was obtained at a scan rate of 2 mV s-1. The 
gravimetric capacitances normalized by active material mass and total mass of active 
material and current collector were 89 F g-1 and 1.57 F g-1, respectively. 

 

Fig. 9.11 (A) CVs for Fe2O3 electrode prepared by EPD of 2 g L-1 Fe2O3 with 0.5 g L-1 
PAZO onto stainless steel with Fe2O3 mass loading of 1 mg cm-2, at scan rates of (a) 2, (b) 
5, (c) 10 and (d) 20 mV s-1 in 0.5 M aqueous Na2SO4 electrolyte. (B) Cs and Cm, 
calculated from the CV data; (C) C’ and (D) C’’ components of complex capacitance 
versus frequency. 
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The capacitance decreased with increasing scan rate due to the diffusion limitation in 
pores (Fig.9.11B). The frequency dependencies showed relaxation type dispersion. The 
relaxation maximum was not observed at frequencies above 10 mHz, indicating poor 
capacitance retention with increasing frequency (Fig.9.11C,D). 

 

Fig. 9.12 (A) CVs for Fe2O3 electrode prepared by EPD of 2 g L-1 Fe2O3 with 0.5 g L-1 
PAZO into rGO with total mass loading of 2 mg cm-2, at scan rates of (a) 2, (b) 5, (c) 10 
and (d) 20 mV s-1 in 0.5 M aqueous Na2SO4 electrolyte. (B) Cs and Cm, calculated from 
the CV data; (C) C’ and (D) C’’ components of complex capacitance versus frequency. 
The testing of the electrodes with a similar active mass loading, deposited on the rGO 
substrates showed significant increase in current and CV areas (Fig.9.12A). The specific 
capacitance of 286 mF cm-2 was obtained at a scan rate of 2 mV s-1. The gravimetric 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

198 
 

capacitance, normalized by the total mass of active material and current collector was 
found to be 143 F g-1. Therefore, the use of rGO allows significant improvement of 
utilization of capacitive properties of the active material. Of particular importance is good 
capacitive performance achieved at low current collector mass and high mass ratio of 
active material to current collector. The capacitance retention of above 50% was obtained 
at a scan rate of 100mV s-1. 
The frequency dependences of the components of complex AC capacitance (Fig.9.12 C,D) 
showed improvement in the capacitance retention with increasing frequency, compared to 
the electrodes formed using stainless steel current collector.  
The MnO2 and Fe2O3 electrodes formed on the rGO current collectors were used for the 
fabrication of asymmetric device. The asymmetric device showed box shape CVs in a 
voltage window of 1.8V (Fig.9.13A). The increase in scan rate resulted in increasing 
current, indicating good capacitive behavior. The device showed a capacitance of 152 mF 
cm-2 (38 F g-1). The capacitance decreased with increasing scan rate due to the diffusion 
limitation in pores of electrodes and membrane (Fig.9.13B). The frequency dependence 
of the components of the complex capacitance (Fig.9.13C,D), calculated from the 
impedance data showed relaxation type dispersion, as indicated by the decrease in C′s 
with frequency increase and corresponding maximum in the frequency dependence of C′′s. 
The relatively high relaxation frequency indicates good capacitance retention.  

The impedance data for different electrodes are summarized in Nyquist plots, presented in 
Fig.9.14. It is seen that the deposits obtained on stainless steel substrates showed higher 
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Fig. 9.13 (A) CVs for asymmetric device composed by EPD of 2 g L-1 MnO2 as positive 
electrode and Fe2O3 as negative electrode with 0.5 g L-1 PAZO into rGO with total mass 
loading of 4 mg cm-2, at scan rates of (a) 2, (b) 5, (c) 10 and (d) 20 mV s-1 in 0.5 M 
aqueous Na2SO4 electrolyte. (B) Cs and Cm, calculated from the CV data; (C) C’ and (D) 
C’’ components of complex capacitance versus frequency. 
real component of impedance, compared to the deposits obtained on rGO. As a result the 
device showed relatively low real component of impedance. 
Fig.9.15A shows charge-discharge behavior of the electrodes at different current densities. 
The charge-discharge curves were of nearly trianglular shape, indicating good Coulombic 
efficiency. The analysis of cyclic stability (Fig.9.15B) showed 90% capacitance retention 
after 1000 cycles.   
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Fig. 9.14 Impedance data for (A) pure rGO, (B) pure MnO2 nanotubes on stainless steel , 
(C) pure Fe2O3 nanotubes on stainless steel, (D) MnO2- rGO, (E) Fe2O3-rGO and (F) 
asymmetric device. 

 

Fig. 9.15 (A) Galvanostatic charge–discharge behavior of an asymmetric coin cell at 
currents of (a) 0.5, (b) 1, (c) 3, (d) 4 and (e) 5mA, (B) capacitance retention versus cycle 
number for an asymmetric coin cell, inset shows multiple charge–discharge cycles at a 
constant current of 3 mA. 
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9.3 Conclusions 
MnO2 and Fe2O3 nanotubes were prepared by hydrothermal methods. The rGO aerogels 
were prepared and used as current collectors. The use of PAZO allowed excellent 
dispersion and anodic EPD of MnO2 and Fe2O3 nanotubes. The use of rGO aerogels 
allowed improved performance of the electrodes prepared by EPD. Good electrochemical 
performance was achieved at high active mass to current collector mass ratio. The 
asymmetric devices showed good electrochemical performance in a voltage window of 
1.8 V and capacitance of 152 mF cm-2. The devices showed capacitance retention of 90 % 
after 1000 cycles.  

Yangshuai Liu and Dan Luo have the major and equal contributions to this work, Dan 
Luo has contribution on rGO fabrication, Dr. Igor Zhitomirsky also contributes to this 
work, Kaiyuan Shi has contribution on TEM characterization and Tianshi Zhang has 
contribution on XRD characterization to this work. 
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Chapter 10 Functional properties of PAZO and 
fabrication of composites using PAZO as an universal 

dispersing agent 

10.1 PAZO as universal dispersant for optics and supercapacitor application 
In this investigation we demonstrate the possibility of EPD of PAZO films, and propose a 
deposition mechanism. The PAZO films, prepared by EPD, exhibited a photo-induced 
birefringence. The unique adsorption and film forming properties of PAZO allowed for 
the dispersion and EPD of various materials. Therefore, the use of PAZO allowed the 
fabrication of composites, combining capacitive properties of materials deposited using 
PAZO, and functional properties of PAZO and other co-deposited materials. 

 
Fig. 10.1 Schematic of EPD for different materials using PAZO as dispersant 
As Fig. 10.1 shows, we demonstrate that various functional materials of different types 
and composites can be deposited using PAZO as a dispersing, charging and film forming 
agent. This versatility is a unique feature of PAZO and addresses the limitation of other 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

204 
 

common dispersing agents, that they are only capable of dispersing a few specific 
materials for EPD. The results of this investigation pave the way for the deposition of 
composite films utilizing the functional properties of different materials and PAZO. To 
this end, we investigated optical, charge storage, electrochemical and other properties of 
the composite films.    

10.2 EPD of PAZO thin films from different solvents 
In this investigation the EPD of PAZO films in different solvents has been compared. It 
was found that anodic films can be obtained from 0.05-1.0 g L-1 PAZO solutions in 
methanol or ethanol-water solvent. The deposition mechanism involved the 
electrophoresis of negatively charged PAZO macromolecules, containing anionic COO- 
groups (Fig. 10.2 A(a)), toward the anode and their accumulation at the anode surface. 
The electrochemical decomposition of methanol[1] or water[2] in anodic reactions 
resulted in H+ generation and a local pH decrease at the anode. The charge neutralization 
of COO- groups of PAZO: 
                                   ─COO- + H+ → ─COOH                                                      (Eq.10.1) 

at the anode surface promoted deposit formation. It is important to note that in this 
investigation a soluble salt of PAZO (PAZO-Na) was used for deposition. It is known[3] 
that the addition of acid to the PAZO-Na solutions results in the precipitation of the 
insoluble acidic form of this polymer (PAZO-H). Therefore, it is suggested that the low 
solubility of the acidic form of PAZO, which formed at the anode, was an important 
factor in the successful deposition of PAZO at the anode surface.  
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Fig. 10.2B shows QCM data for deposition yield measurements in dilute solutions. The 
deposit mass increased with increasing deposition time.  Higher deposition yields were 
obtained from methanol solutions, compared to the deposition yields in ethanol-water 
solvent. The difference in the deposition yields can be attributed to different factors[2], 
such as electrode reactions, gas evolution at the electrode surface and dielectric constant 
of the solvent. Increasing the PAZO concentration in solution resulted in a significant 
increase in the deposition rate and allowed for the formation of relatively thick films. The 
films, prepared in different solvents showed photo-induced birefringence (Fig. 10.2C).   

 
Fig. 10.2(A) (a) Structure of PAZO and (b) adsorption mechanism, involving 
complexation of salicylate ligands of PAZO with metal atom (M) on the particle surface, 
(B) time dependence of QCM mass gain during EPD from 0.1 g L-1 PAZO solutions in (a) 
methanol and (b) ethanol-water solvent; arrow shows time, corresponding to application 
of cell voltage of 10V, (C) photoinduced birefringence for films prepared from 1 g L-1 
PAZO solutions in (a) methanol and (b) ethanol-water solvent, arrows show OFF times 
for writing laser.  
The birefringence increased with time after application of the writing laser beam and then 
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showed saturation. The writing time[4], related to the  birefringence buildup was 
comparable with that, reported for the PAZO films prepared in acidic conditions by LbL 
method[4]. It is known[4] that photoinduced birefringence of PAZO results from 
reversible trans-cis-trans photoisomerization of azo groups of this polymer and their 
orientation perpendicularly to the polarization direction of the writing beam. The films, 
prepared in methanol, showed lower writing time, compared to the films, prepared in a 
mixed water-ethanol solvent. The difference in the writing times can result from the 
difference in the microstructures of the films prepared in different conditions and other 
factors, discussed in the literature[4, 5]. The films showed residual birefringence after 
turning off the writing beam (Fig. 10.2C).  

 
Fig. 10.3 SEM images of films, prepared from (A-F) 1 g L-1 PAZO solutions and (G-I) 1 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

207 
 

g L-1 PAZO solutions, containing 0.5 g L-1 PVDM in (A-C) methanol and (D-I) ethanol-
water solvent at a deposition voltage of 10 V and deposition time of 3 min, (A,B,D,E,G,H) 
– surfaces at different magnifications, (C,F,I) - cross sections. 
Fig. 10.3(A-F) shows SEM images of the films prepared by EPD from 1 g L-1 PAZO 
solutions. The films were continuous and crack free. The film porosity can result from gas 
evolution during deposition or solvent evaporation during drying. The analysis of SEM 
images of films surfaces and cross sections (Fig. 10.3(A-F)) showed that films prepared 
from methanol exhibited larger porosity, compared to the films prepared using ethanol-
water as the solvent.  
EPD method overcomes the principal drawbacks of LbL assembly, where multiple time-
consuming steps are required for the fabrication of relatively thin films, containing PAZO 
and, by necessity cationic polymers. In contrast, EPD allows for the fabrication of thin 
and thick films of pure PAZO at relatively high deposition rates. Fig. 10.3(A-F) indicates 
that the thick films were relatively uniform, because the uniformity of EPD films is 
controlled by the electric field[6]. A natural expansion of this work would be the 
application of EPD for the fabrication of thin film devices, utilizing photo-induced 
birefringence, optical memory, surface-relief grating, photochromic and other functional 
properties of PAZO.  
The EPD method is not limited to the deposition of pure PAZO films. It was found that 
other polymers can be incorporated into the PAZO films. The addition of electrically 
neutral PVDM polymer to PAZO solutions resulted in co-deposition of both materials. 
The deposition yield from 1 g L-1 PAZO solutions, containing 0.5 g L-1 PVDM, was 4 



Ph.D. Thesis, Yangshuai Liu        McMaster University, Materials Science & Engineering 

208 
 

times higher, compared to the deposition yield, obtained from pure 1 g L-1 PAZO 
solutions. SEM investigations showed that composite films were relatively dense, without 
porosity (Fig. 10.3G,H). The thickness of the composite films was significantly higher 
(Fig. 10.3I), compared to the films prepared from pure PAZO solutions (Fig.10.3C,F) at 
similar conditions, due to the higher deposition rate. It is important to note that no 
deposition was achieved from pure solutions of electrically neutral PVDM without PAZO. 
It is suggested that hydrophobic interactions of PVDM and PAZO in the solutions 
resulted in the formation of mixed charged polymer species and co-deposition of both 
polymers.   

 

Fig. 10.4 (A) Photoinduced birefringence versus time, arrow shows OFF time for writing 
laser, (B) saturated birefringence and birefringence buildup time versus power of the 
writing laser for films, prepared from 1 g L-1 PAZO solutions in ethanol-water solvent, 
containing 0.5 g L-1 PVDM.  
The composite films showed a photoinduced birefringence (Fig. 10.4). The birefringence 
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signal increased with time after application of writing laser beam and then the saturation 
was observed (Fig. 10.4A). The films showed a residual birefringence after the removal 
of the writing laser beam. Therefore, the birefringence properties of the composite films 
were similar to the properties of pure PAZO films. It is important to note that the 
birefringence behavior of pure PAZO and composite films was dependent on the writing 
laser power, as shown in the Fig. 10.4B. The birefringence signal increased and the time 
for birefringence buildup decreased with increasing laser power. A similar behavior was 
observed for the films, prepared by other methods[5]. 

10.3 Adsorption and phase characterization of different materials with PAZO 
The main challenge for the fabrication of composite deposits by EPD is charging and 
dispersion of particles. We found that PAZO exhibited remarkable adsorption on different 
materials and allowed for their dispersion, charging and EPD.  
The pure PAZO and composite deposits were studied by FTIR and UV-Vis methods. 
Literature data[4] on FTIR studies of PAZO revealed differences in the spectra of the 
protonated and deprotonated forms of this polymer. The FTIR spectrum of the PAZO 
deposit, prepared by EPD (Fig. 10.5A(a)) was similar to the spectrum of the protonated 
form of PAZO[4]. The absorptions at 1680 and 1620 cm-1 are attributed to the stretching 
vibrations[4, 7] of protonated COOH groups (Fig. 10.5A(a)). The adsorption at 1589 cm-1 
resulted from stretching C═O vibrations. Aromatic C─C/C═C vibrations[8] contributed 
to absorptions at 1488 and 1398 cm-1. The absorption at 1429 cm-1 was attributed to N═N 
stretching[7]. The absorption at 1324 cm-1 resulted from stretching S═O vibrations[7]. 
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Similar adsorptions were observed in the FTIR spectra of composite deposits. Fig. 10.5(b-
f) shows typical FTIR spectra of different materials, deposited by EPD, such as MnO2, 
aluminium hydroxide, Pd, PPy and MWCNT. The spectra contained peaks related to 
PAZO absorptions and indicated co-deposition of PAZO with materials of different types. 
The spectrum of MWCNT included a broad absorption centered at 1638 cm-1; this 
represents a combination of absorptions related to protonated COOH groups[4, 7] of 
PAZO and aromatic vibrations of MWCNT[8]. The UV-Vis spectrum of PAZO (Fig. 
10.5B(a)) showed absorption at about 354 nm, which corresponds to the trans-
azobenzene isomer π-π* and  n-π* transitions associated with azo group[7, 9]. Similar 
absorptions were observed in the spectra of various deposited materials (Fig. 10.5B(b-f)). 
Therefore, the FTIR and UV spectra confirmed that the deposited materials contained 
adsorbed PAZO in acidic form, which is in agreement with the proposed deposition 
mechanism. 
In addition to these efforts focused on EPD of inorganic materials, MWCNT and 
polymers we found that PAZO can be used for EPD of functional organic molecules. Fig. 
10.5C shows UV-Vis spectrum of the deposit, which was prepared from PAZO solution, 
containing aurintricarboxylic acid ammonium salt (AT) dye. The broad absorption in the 
range of 300-380 nm represents a combination of absorption of AT dye at 310 nm[10] 
and PAZO absorption at ~354 nm, the additional absorption peak at ~ 530 nm was 
attributed to AT[10]. Therefore, the UV-Vis data confirmed co-deposition of PAZO and 
AT. It is expected that various dyes and other organic molecules can be incorporated into 
PAZO films by EPD. Recently PAZO films, containing various dyes were prepared by 
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the LbL method for application in light-sensitive and optical devices[11, 12]. However, 
there are difficulties in controlling the incorporation of the dyes into the multilayer 
structures, containing anionic PAZO and cationic polylectrolytes. In contrast, EPD is a 
simple one-step technique, which allows for incorporation of dyes in the PAZO 
monolayers. 

  
Fig. 10.5. (A) FTIR and (B) UV-Vis spectra for deposits, prepared from 1 g L-1 PAZO 
solution in a mixed ethanol-water solvent: (a) without additives and containing 2 g L-1 of 
(b) MnO2, (c) aluminium hydroxide, (d) Pd, (e) PPy nanofibers and (f) MWCNT, (C) 
UV-Vis spectrum  of the deposit prepared from 1 g L-1 PAZO solution, containing 1 g L-1 
AT dye (■ - absorption of AT,  - absorption of PAZO).  

The strong adsorption of PAZO on different materials offers exceptional benefits for EPD 
and other colloidal methods. The applications of other dispersing and charging agents are 
typically limited to a specific group of materials, such as oxides or carbon materials. 
Relatively little progress has been achieved in the EPD of metals and neutral polymers. It 
is suggested that the application of PAZO can address the limitations of other dispersants. 
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Moreover, in contrast to other dispersants, PAZO exhibits unique functional properties.   

 Fig. 10.6. (A) X-ray diffraction patterns and (B) corresponding SEM images of deposits, 
prepared from 1 g L-1 PAZO solution in a mixed ethanol-water solvent, containing (a) 2 g 
L-1 Pd and 1 g L-1 MWCNT, (b) 2 g L-1 TiO2 rutile  and 1 g L-1 MWCNT, (c) 2 g L-1 TiO2 
anatase and 2 g L-1 SiC, (d) 2 g L-1 TiO2 anatase and 2 g L-1 alumina platelets, white 
arrows and black arrows in B(c)  show SiC and  TiO2 anatase , respectively, inset in B(d) 
shows TiO2 anatase.  
The use of PAZO as a universal dispersing and charging agent opens the door to the 
fabrication of a large variety of composites. As a step in this direction we deposited 
composites, such as Pd - MWCNT, TiO2 rutile  - MWCNT, TiO2 anatase -  SiC, TiO2 
anatase - alumina platelets, using PAZO as a co-dispersant. The formation of composite 
materials was confirmed by X-ray diffraction analysis (Fig. 10.6A). The comparison of 
the X-ray diffraction patterns with the corresponding JCPDS files of the individual 
components showed the formation of composite films, containing two different materials. 
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Fig. 10.6B shows SEM images of the same composites, which contain two different types 
of materials in agreement with the XRD data. The SEM images presented in Fig. 
10.6B(a,b) shows MWCNT and particles of (a) Pd metal and (b) Ti rutile. The SEM 
image in Fig. 10.6B(c) shows larger particles of SiC and smaller particles of TiO2 anatase. 
The nanoparticles of TiO2 anatase were accumulated in the voids between relatively large 
Al2O3 platelets in Fig. 10.6B(d).  

10.4 Electrochemical characterization  
The deposited materials and composites can be used for many important applications. 
PAZO, metal oxides, SiC, MWCNT, Pd, PPy and aluminium hydroxide posses properties 
that makes them desirable materials for electronic, optical, catalytic, flame retardant, 
energy generation and storage applications.  Composite films prepared by EPD can be 
used for energy storage in ECs. Fig. 10.7 compares the capacitive performance of pure 
PPy films and PPy-MWCNT composites. The composite PPy-MWCNT film showed 
larger CV area (Fig. 10.7A), when compared to the CV of pure PPy, indicating a higher 
capacitance. The integral capacitances were calculated from the CV data at different scan 
rates in the voltage window of 0.9 V.  The results of these calculations are presented in 
Fig. 10.7B.  

The composite material showed higher capacitance, compared to the capacitance of PPy. 
The analysis of the differential capacitance, measured at AC voltage of 5 mV at different 
frequencies (Fig.10.7 C,D), confirmed higher capacitance of the composite films. 
Therefore, PAZO can be used for the fabrication of composites with improved properties. 
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The possibility of co-deposition of capacitive and other functional materials can be used 
for the fabrication of multifunctional composites, utilizing functional properties of PAZO 
and c-deposited materials [13, 14].  

  
Fig. 10.7 (A) CVs at a scan rate of 20 mV s-1 , (B) specific capacitance versus scan rate, 
(C) real  and (D) imaginary components of AC capacitance, calculated from impedance 
data versus frequency for (a) PPy nanofibers and (b) PPy nanofibers(85%) –
MWCNT(15%) composite deposits with active mass of 2 mg cm-2, prepared using PAZO. 

10.5 Conclusion 
PAZO films can be prepared from solutions in different solvents. The pure PAZO films 
and composite films showed photoinduced birefringence. It was found that PAZO can be 
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used as a universal charging, dispersing and film forming agent for EPD of a large variety 
of different materials, including individual and complex metal oxides, Pd metal, 
aluminium hydroxide, SiC, MWCNT, PPy and AT. PAZO showed superior performance 
compared to other dispersing agents for EPD technology, overcoming some of their 
limitations.  It was found that the deposition rate, film microstructure and composition 
can be varied. The unique adsorption properties of PAZO allowed for EPD of composites, 
using PAZO as a co-dispersant for different materials. Testing results indicated that EPD 
methods can be used for the fabrication of films and coatings, utilizing the unique 
functional properties of PAZO and other functional materials. 

Yangshuai Liu has the major contribution to this work, Dr. Igor Zhitomirsky also 
contributes to this work, Dan Luo and Tianshi Zhang have contribution on XRD 
characterization, Kaiyuan Shi, Patrick Wojtal and Cameron J. Wallar have contribution 
on SEM characterization, Qianli Ma, Eric Gusdave Daigle, Dr. Adrian Kitai and Chang-
qing Xu have contribution on setting up the laser system for birefringence testing to this 
work. 
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Chapter 11 Approach for dispersing MnO2 using 
Celestine blue  

11.1 Motivation of using Celestine blue 
Celestine blue (CB) is a promising charging and dispersing agent for cathodic EPD of 
inorganic nanoparticles. Similar to DA, the structure of CB (Fig. 11.1) includes a catechol 
ligand, which can provide CB adsorption on inorganic nanoparticles. The relatively large 
size of the CB molecules, compared to that of DA, is beneficial for the electrosteric 
dispersion. The proof-of -concept results presented below indicated that particle charging 
can be achieved by the dissociation of CB in the solutions and adsorption of cationic CB 
on the particle surface. The difficulties related to the protonation of DA molecules or self-
polymerization of DA can be avoided. Moreover, we demonstrate that CB can be used for 
the dispersion and EPD of various materials with advanced properties and fabrication of 
composites. 

 
Fig. 11.1 Chemical structure of Celestine blue (adsorption on ceramic particles) 
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11.2 Materials synthesis & morphology characterization 
The procedure for the fabrication of MnO2 was based on that described in a previous 
investigation[1]. The MnO2 powder, prepared by this method[1] contained mainly 
amorphous phase with a small amount of birnessite (JCPDS file 80-1098), which was 
converted to the cryptomelane (JCPDS file 44-1386) phase after annealing at 300°C 
during 2h. In contrast to the previous investigation, the solution was ultrasonicated during 
the reaction in order to avoid the agglomeration of MnO2 particles. The formation of non-
agglomerated particles was confirmed by transmission electron microscopy (TEM) 
investigations. Typical TEM images at different magnifications are shown in Fig. 11.2 
The low magnification image indicated that ultrasonic agitation was beneficial in order to 
avoid particle agglomeration (Fig. 11.2A). This is in contrast to the results of the previous 
investigations[1], which showed agglomeration of the primary particles. The typical size 
of the primary particles (Fig. 11.2B) was in the range of 50-100 nm in agreement with the 
results of the previous investigation[1]. 

 

Fig. 11.2 (A,B) TEM images of MnO2 particles at different magnifications 
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The procedure for the fabrication of Mn3O4 nanoparticles involved slow addition of 15 ml 
of NH4OH solution to 100 ml of aqueous 0.1M Mn(NO3)2 solution at a temperature of 
60°C. Then 1 mL of H2O2 was added to the mixture and stirring was continued during 1h 
at 60°C. The precipitate was washed and dried at 60°C. The typical particle size was 
about 20-50 nm (Fig.11.3). 

 
Fig. 11.3 (A,B) TEM images of Mn3O4 particles at different magnifications 

11.3 EPD and Adsorption mechanism  
The suspensions of MnO2, Mn3O4, TiO2 and BaTiO3 particles in ethanol were unstable 
and showed rapid sedimentation after the ultrasonic agitation. No EPD was achieved from 
such suspensions. In contrast, the addition of CB allowed the formation of stable 
suspensions and cathodic deposits were obtained at a deposition voltage of 20 V.  
The influence of charging additives on the electrokinetic behavior of oxide particles is 
usually analyzed on the basis of zeta-potential measurements. However, the concept of 
zeta potential has been developed for rigid particles[2]. The use of this concept for the 
analysis of oxide particles, containing adsorbed large organic molecules, presents 
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difficulties[2, 3]. Therefore, in this investigation the influence of CB on the EPD of 
various oxide particles was analyzed on the basis of the deposition yield measurements. 

 
Fig.11.4 Deposit mass versus CB concentration in 4 g L-1 suspensions of (A) MnO2, (B) 
Mn3O4, (C) TiO2 and (D) BaTiO3 at a deposition voltage of 20V and deposition time of 5 
min. 
Fig. 11.4 shows the influence of CB concentration on the deposition yield for MnO2, 
Mn3O4, TiO2 and BaTiO3 suspensions. Significant increase in the deposition yield was 
observed (Fig. 11.4) with increasing CB concentration in the range of 0-0.1 g L-1 and then 
the deposition yield increased gradually at higher CB concentrations. It is suggested that 
the addition of CB to the solutions resulted in CB adsorption on the oxide particles. 
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Similar to other materials from the catechol family[4], the CB adsorption involves 
bidentate bridging bonding or bidentate chelating bonding. The adsorbed CB provided 
suspension stability and imparted a positive charge to the particles for cathodic EPD. 
However, we cannot exclude a possibility that the suspensions also included free, non-
adsorbed CB. The high deposition rate obtained at low CB concentration indicated that 
CB efficiently adsorbed on the oxide particles and the amount of free CB in the 
suspensions was very low.   

 
Fig. 11.5. Deposit mass versus deposition time for  4 g L-1 suspensions of (A) MnO2, (B) 
Mn3O4, (C) TiO2 and (D) BaTiO3, containing  0.5 g L-1 CB at a deposition voltage of 20V. 
As pointed out above, non-adsorbed dispersing agent is detrimental for the suspension 
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stabilization. Moreover, non-adsorbed charged dispersant can be accumulated at the 
electrode surface during EPD due to electromigration. In this case, accumulated 
dispersant prevents deposit formation. The results indicated that CB is a promising 
charging agent for the EPD of materials. The deposition yield increased with increasing 
deposition time at a constant CB concentration and constant voltage (Fig.11.5). The 
decrease in the deposition rate with time is related to the decreasing electric field in the 
suspension due to the increasing voltage drop in the growing films. 

11.4 Morphology and adsorption characterization 

 
Fig. 11.6 SEM images of films, prepared from 4 g L-1 suspensions of (A) MnO2, (B) 
Mn3O4, (C) TiO2 and (D) BaTiO3, containing  0.5 g L-1 CB at a deposition voltage of 20V. 

Fig.11.6 shows typical SEM images of the films, prepared by EPD. The films of MnO2, 
Mn3O4 and TiO2 contained nanoparticles. The BaTiO3 films contained larger particles in 
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agreement with the particle size data provided by the manufacturer. The porosity of the 
films can be attributed to gas evolution and packing of the particles. In order to confirm 
the CB adsorption on the particle surface, the deposits were removed from the substrates 
and investigated by FTIR and UV-Vis methods.  
Fig.11.7A shows the FTIR spectra of the MnO2, Mn3O4, TiO2 and BaTiO3 deposits. The 
absorptions in the range of 1625-1627 cm-1, 1567-1571 cm-1, 1442-1443 cm-1 and 1390-
1400 (Fig. 11.7A(a-d)) were attributed to stretching vibrations of the aromatic ring 
ν(C─C) and ν(C═C)[4-6] of adsorbed CB. The absorption in the range of 1344-1346 
were attributed to stretching ν(C─N) and ν(C═N) vibrations[7] of CB.  The broad 
absorptions in the UV-Vis spectra in the range of 622-625 nm (Fig.11.7B(a-d)) were 
related to adsorbed CB[8]. Therefore, the FTIR and UV-Vis data confirmed that 
deposited ceramic particles contained adsorbed CB.  

 
Figure. 11.7 (A) FTIR and (B)UV-Vis data for deposits, prepared from 4 g L-1 
suspensions of (a) MnO2, (b) Mn3O4, (c) TiO2 and (d) BaTiO3, containing  0.5 g L-1 CB at 
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a deposition voltage of 20V. 
The QCM data presented in Fig. 11.8 provide additional evidence of strong CB 
adsorption on MnO2. The mass gain of gold coated quartz resonator, containing a MnO2 
film, was observed after injection of CB into the solvent. The mass gain increased with 
time, showing a gradual decrease of the adsorption rate. 

 
Fig. 11.8 Mass gain, measured using QCM for the MnO2 film deposited on a gold coated 
quartz crystal versus time after the injection of CB. Arrow shows injection time. 
The possibility of EPD of different materials using CB as a charging and dispersing agent 
paved the way for the fabrication of composites. Fig. 11.9 shows SEM images and XRD 
patterns of the composites, prepared from the mixed suspensions, containing TiO2 and 
other materials, such as MnO2, halloysite nanotubes and BaTiO3. The TiO2-MnO2 
composite contained nanoparticles of both materials (Fig. 11.9A), the corresponding 
XRD pattern (Fig. 11.9D(a)) showed peaks of TiO2 and MnO2 phases. The SEM image of 
TiO2-HNT composite (Fig. 11.9B) showed nanoparticles of TiO2 and HNT, the 
corresponding XRD pattern (Fig. 11.9D(b)) included peaks of both phases. The SEM 
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image of TiO2-BaTiO3 composite (Fig. 11.9C) showed nanoparticles of TiO2 and larger 
BaTiO3 particles, the XRD peaks of both materials were observed in the corresponding 
XRD pattern (Fig. 11. 9D(c)). Therefore, various composites can be obtained using CB as 
a co-dispersant for different materials.  

 
Fig. 11.9 (A,B,C) SEM images of films and (D) corresponding X-ray diffraction patterns 
for films, prepared from mixed suspensions, containing 2 g L-1 TiO2 and (A), (D (a)) 2 g 
L-1 MnO2, (B), (D(b)) 2 g L-1 halloysite and (C), (D(c)) BaTiO3 at a deposition voltage of 
20 V (●- JCPDS file 21-1272, -JCPDS file 44-1386, ■-JCPDS file 29-1487,▼-JCPDS 
file 5-0626) 
The experimental results, discussed above indicated that the use of CB as a charging and 
dispersing agent allowed EPD of various materials and composites. In this approach, 
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many problems related to the application of EPD for nanotechnology can be addressed. It 
is known that the application of electric field to the suspensions of nanoparticles or 
stirring of the suspensions can result in the particle agglomeration and sedimentation[9]. 
Previous investigations showed that the fabrication of colloidal dispersions of MnO2 
nanoparticles with concentration above 1 mM presents difficulties[10] due to the high 
surface energy of the MnO2 nanoparticles,  which promotes their agglomeration and 
sedimentation. However, significantly higher concentrations of the nanoparticles are 
necessary for practical applications in EPD and other colloidal methods. Such problems 
can be successfully addressed by the use of CB. Nanoparticles of TiO2, MnO2, Mn3O4 
(Fig. 11.4-11.6) were successfully deposited by adding CB to the suspensions.   

 
Fig. 11.10 Deposit mass versus (A) CB concentration in suspensions at a deposition time 
of 5 min and (B) versus deposition time for CB concentration of 0.5 g L-1 for suspensions 
of (a) zirconia I and (b) zirconia II at a deposition voltage 20 V.  
EPD of oxide nanoparticles can be used for many important applications, utilizing their 
functional properties. It is expected that similar to DA, the catecholate type of CB 
bonding can result in modification of functional properties of nanomaterials. Moreover, 
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CB exhibits interesting properties for application in sensors and photovoltaic devices[8, 
11]. The use of CB allows cathodic EPD of materials, which offers many processing 
advantages, compared to anodic EPD. It is in this regard that anodic EPD generates 
problems related to anodic dissolution of non-noble substrates and chemical instability of 
some materials in anodic conditions. It is important to note that cathodic electrodeposition 
is widely used for electroplating of metals, alloys, electrosynthesis of various oxides, 
quantum dots and other materials. Therefore, further development of cathodic EPD is 
important for the fabrication of composite materials by combined electrochemical 
methods. In contrast, anodic electrodeposition has limited utility due to the limited 
number of materials, which can be deposited using anodic techniques. Especially 
important is the possibility of cathodic EPD of materials on high surface area non-noble 
substrates for the development of advanced energy storage devices.  

11.5 Electrochemical characterization 
Cathodic EPD was investigated for the deposition of MnO2 on high surface area Ni 
plaque substrates for application in electrodes of ECs. 
Commercial Ni plaque current collectors, used in this investigation, were designed for 
high power battery applications[12-14]. In the battery technology, cathodic 
electrosynthesis is used for the electrochemical loading of the porous Ni plaques with 
Ni(OH)2 active material. However, the electrosynthesis of MnO2 for ES and battery 
applications is usually performed by anodic oxidation[15] of Mn2+ salts. In this case, 
difficulties are attributed to the use of high surface area porous Ni plaques, which show 
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significant dissolution in anodic conditions. This problem can be avoided by the use of 
cathodic EPD. 
Fig. 11.11A shows CVs at different scan rates for the Ni-plaque based electrode prepared 
by cathodic EPD of MnO2 nanoparticles (shown in Fig. 11.6). The nearly box shapes of 
the CVs indicated good capacitive behaviour. It is important to note that box shape CVs 
were obtained at scan rates as high as 100 mV s-1. The current increased with increasing 
scan rate, indicating good capacitance retention. It should be mentioned that in other 
investigations, significant deviations from the ideal box shape CVs and poor capacitance 
retention were observed at high scan rates[16].   

 

Fig. 11.11 Schematic mechanism of CB adsorption on MnO2 and holloysite nanotubes 
The MnO2 electrodes, prepared by cathodic EPD showed (Fig. 11.11B) specific 
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capacitances of 0.34 and 0.30 F cm-2 at scan rates of 2 and 100 mV s-1, respectively, and 
excellent capacitance retention of 88.5% in the scan rate range of 2-100 mV s-1. For 
comparison, recent advances in the development of anodic electrodeposition of MnO2 on 
3D porous Ni electrodes showed the highest capacitance of 121.6 mF cm-2. The higher 
capacitance achieved in our investigation indicates that cathodic EPD is a promising 
technique for the fabrication of ES electrodes. It is important to note that the deposition 
rate of EPD is typically by 1-2 orders of magnitude higher, compared to the deposition 
rate of the electrodeposition process [9]. 
Fig. 11.11 C, D show frequency dependencies of the components of complex capacitance, 
calculated from the impedance data. The dependencies showed relaxation type 
dispersion[17], as indicated by the fast reduction in C' with frequency in the range of 0.7-
10 Hz and related maximum in the frequency dependence of C'' at ~8 Hz. The relatively 
high relaxation frequency, corresponding to the C'' maximum (Fig. 11.11D) and good 
capacitance retention at high scan rates (Fig. 11.11B) indicated that the electrodes, 
prepared by cathodic EPD are promising for the development of high power ECs. The 
good electrochemical performance was achieved due to the use of cathodic EPD and good 
dispersion of MnO2 nanoparticles, which allowed good electrolyte access to the MnO2 
surface. It is expected that CB can be efficiently used for the EPD of other functional 
materials for various applications. 
Specific capacitance, C’ and C’’ in Fig. 11.11 B, C and D exhibit a good retention of the 
electrode and the lowest value can even be above 150 F g-1, indicating that the electrodes, 
prepared by cathodic EPD are promising for the development of high power ECs[18]. 
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11.6 Conclusions 
CB showed strong adsorption on surfaces of different materials. The adsorption 
mechanism involved the interactions of the OH groups of the catechol ligand of CB and 
metal atoms on the particle surface. The adsorbed CB allowed efficient particle dispersion 
and imparted a positive charge for cathodic EPD. The strong CB adsorption was critical 
for efficient dispersion, which was achieved at low CB concentrations. This new finding 
opens a new and promising strategy for EPD of various materials, such as TiO2, MnO2, 
Mn3O4, and other materials using CB as universal dispersing agent. The results indicated 
that CB can be used as a co-dispersant for the EPD of various materials and fabrication of 
composite films. CB can be used as efficient dispersing agent for synthesis of 
nanoparticles. The method developed in this investigation can be used for the EPD of 
nanoparticles on high surface area metallic substrates. EPD of MnO2 nanoparticles on 
commercial Ni plaques allowed the fabrication of efficient electrodes for ECs, which 
showed high capacitance and excellent capacitance retention at high charge– discharge 
rates. The method, developed in this investigation can be used for the EPD of other 
functional nanomaterials and composites for advanced applications. 

Yangshuai Liu has the major contribution to this work, Dr. Igor Zhitomirsky also 
contribute to this work, Mustafa Ata has contribution on providing Mn3O4 nanoparticles, 
Kaiyuan Shi has contribution on SEM characterization, Dr. Guozhen Zhu and Dr. 
Gianluigi. A. Botton also have contribution on TEM characterization to this work. 
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 Conclusions 

This dissertation puts main efforts into fabrication of composite materials for ECs 
electrodes and devices. Many goals have been achieved. New strategies were developed 
based on electrostatic heterocoagulation in aqueous and non-aqueous suspensions. We 
demonstrated that PE dispersant can positively charge oxide nanoparticles in ethanol 
suspension. CS dispersant allowed the formation of stable suspensions of negatively 
charged MWCNT in ethanol. Well-dispersed MnO2-MWCNT composites were obtained 
by heterocoagulation of positively charged MnO2 and negatively charged MWCNT. The 
as-obtained MnO2-MWCNT composites are promising materials for application in 
electrodes of ECs with significantly improved capacitive performance than that of MnO2-
MWCNT, mixed without dispersants. This concept was also proved applicable in aqueous 
suspension by utilizing BAC positively charging MWCNT and CA negatively charging 
MnO2 particles. The well-dispersed composite electrode exhibited high capacitance and 
good capacitance retention at high active mass loadings. The asymmetric devices, based 
on MnO2-MWCNT positive electrode and AC-CB negative electrode showed good 
capacitive behavior in a voltage window of 1.8V. The specific power of 2.67 kW kg-1 and 
specific energy 10.2 Wh kg-1 were achieved. 
In this work, we firstly proposed and proved that BiMn2O5 can be used as capacitive 
material for ES electrode fabrication.  BiMn2O5 nanocrystals were successfully prepared 
by a hydrothermal method. The as-prepared BiMn2O5 – MWCNT composite using CB as 
dispersant showed very high areal and volumetric capacitance of 6.0 F cm-2 (540 F cm-3) 
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with good capacitance retention of 75 and 58 % at scan rates of 100 and 200 mV s-1, 
respectively, which indicated that relatively high conductivity and high dielectric constant 
of BiMn2O5 was beneficial for good capacitive behavior.  Asymmetric devices showed 
maximum energy density of 13.0 Wh L-1 (9.0 Wh kg-1) and maximum power density 3.6 
kW L-1 (2.5 kW kg-1) with voltage window of 1.8V.  
We found that PAZO exhibits unique adsorption on different materials due to the unique 
structure of this polymer. The aromatic anionic PAZO monomers, containing chelating 
salicylate ligands provided multiple adsorption sites for PAZO adsorption on MnO2 
nanofibers, PPy, MWCNT and PPy coated MWCNT and allowed for their efficient 
electrosteric dispersion and EPD. Testing results showed beneficial effect of PAZO for 
the dispersion and EPD of advanced ES materials. The results of this investigation paved 
the way for EPD of other composites utilizing properties of different functional materials 
and unique physical properties of PAZO. 
PAZO thin films prepared by EPD showed photo-induced birefringence by EPD of its 
thin film on ITO glass, resulting from reversible trans-cis-trans photoisomerization of azo 
groups. We found that PAZO can be used as universal dispersant for various materials 
such as individual and complex metal oxides, Pd metal, aluminium hydroxide, SiC, 
MWCNT, PPy and AT. PAZO showed superior performance compared to other 
dispersing agents for EPD technology, overcoming some of their limitations.  It was 
found that the deposition rate, film microstructure and composition can be varied. The 
unique adsorption properties of PAZO allowed for EPD of composites, using PAZO as a 
co-dispersant for different materials. Testing results indicated that EPD methods can be 
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used for the fabrication of films and coatings, utilizing the unique functional properties of 
PAZO and other functional materials. 
CB was proved as effective dispersant for various materials including TiO2, MnO2, 
Mn3O4 through cathodic EPD. We found that the strong CB adsorption results from the 
interactions of the OH groups of the catechol ligand of CB and metal atoms on the 
particle surface. This adsorption is beneficial for efficient dispersion of oxide particles 
thus increase their surface area and improve capacitive performance. EPD of MnO2 
nanoparticles on commercial Ni plaques allowed the fabrication of efficient electrodes for 
ECs, which showed high capacitance and excellent capacitance retention at high charge– 
discharge rates.  

Recommendations 
This work solves many urgent problems, but it’s also significant to give suggested 
guidances for the future works: 
1. Devolepment of negative electrodes with higher capacitance utilizing novel materials 
such as nitrogen enriched activated carbon coating on CNTs or graphene. 
2. Investigation of novel AMn2O5 (A=Y, Yb, etc.) compound materials for higher 
capacitance. 
3. Reduction of particle size for BiMn2O5 with using novel surfactants during 
hydrothermal process to enhance its capacitive performance. 
4. Establishing of models for capacitance and impedance analysis to optimize the 
electrodes. 
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5. Development of supercapacitor modules which are necessary for pratical applications. 


