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I 
 

Abstract 

Colloidal processing has been widely used for many industrial application. Electrophoretic 

deposition (EPD) is an important colloidal technique, which plays an important role in the 

fabrication of organic-inorganic composites.  

In this work, advanced dispersing agents with excellent adsorption, dispersion and film 

forming properties have been developed. The adsorption mechanism and the deposition 

kinetics of EPD have been studied. It is shown that catechol and salicylic groups of 

dispersants can form chelation bonding with metal atoms on inorganic particle surface and 

provide particle charging, dispersion and deposition. The aromatic dispersants can adsorb 

on carbon nanotubes due to π-π interactions. The long chain ionic polymeric dispersants 

were investigated, which provide efficient electrosteric stabilization. The film forming 

properties of dispersants allow dispersants with dispersed materials to deposit and form 

composite films on the substrate. 

Universal dispersing agents have been developed for the colloidal processing. These 

dispersants show possibilities to adsorb and disperse various organic and inorganic 

materials and pave the way for the fabrication of multi-functional materials for various 

applications. The composite materials, prepared using new dispersants showed promising 

corrosion protection of metals, flame retardant and energy storage properties. 

 

Key words: EPD, dispersing agent, composite, adsorption, dispersion, chelate, inorganic 

nanoparticles 
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1 Introduction 

 

The field of composite materials has attracted much attention from scientists and engineers 

in recent years. Composites are one of the most important engineering materials, as they 

offer much outstanding properties comparing to conventional materials. These materials 

have wide applications in areas of electrochemical, photovoltaic and energy storage 

devices, protective coatings and biomedical devices. Organic-inorganic composite 

materials are important for the purpose to fabricate high performance materials that are 

expected to exhibit many advanced properties. The composites show very different 

properties with the different proportion of each components. Thus, composite 

nanomaterials can achieve multifunctional properties.  

Frequently people use spin-coating, dip casting to fabricate organic-inorganic composite 

materials. However, those techniques to fabricate nanocomposites have technological 

problems. Each method has certain disadvantages and technological weakness. Therefore 

the colloidal approach has been studied as an essential step in the tailoring of 

nanocomposites. Colloidal methods offer many possibilities for agglomerate free 

processing of nanomaterials. Colloidal techniques allow for homogeneous distribution of 

each component and enhance composite functional properties. This characteristic 

drastically increases the range of techniques to nanoparticle assembly, tape casting, slurry 

impregnation and EPD.  

In our research, we mainly focus on the EPD method. EPD stands out as the most 

appropriate colloidal process to produce organic-inorganic nanocomposites by using low 
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solid content sols and suspensions[1, 2]. Moreover, EPD method has many advantages for 

industrial application such as low cost, simple equipment and high deposition rate. 

Compared with other methods, EPD can overcome most of the drawbacks. The major 

challenge for EPD method is to electrodeposit electrically neutral materials. Another 

challenge is to avoid nanoparticles agglomeration during deposition of polymer and metal 

oxide particle composites. The possibility to obtain the suspension, containing well 

dispersed and charged particles of different materials is important for the electrodeposition 

process. Based on the investigation, we found new dispersing agents with strong adsorption 

and good dispersion abilities for advanced colloidal processing and new EPD strategies to 

fabricate different kind of organic-inorganic composite materials with excellent properties. 

Moreover, we analyzed and characterized composite nanomaterials and investigated their 

anti-corrosion, anti-flame and energy storage properties. 

The subject of this research thus involves the development of advanced dispersing and 

charging agents with strong adsorption and dispersion. This work is focused on the 

development of new EPD methods for the fabrication of multifunctional composite 

materials for important application such as anti-corrosion coating, supercapacitor devices 

and coatings, containing flame retardants additives. 
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2 Literature Review 

 

2.1 DLVO theory  

The basis of DLVO theory of charged colloids has been developed by Derjaguin, Landau, 

Verwey and Overbeek. This theory proposed that the total pair interaction between 

colloidal particles includes the Coulombic double-layer repulsion and van der Waals’ 

attraction[3]. 

There are some critical assumptions in the DLVO theory, such as[2]: (1) infinite flat solid 

surface, (2) uniform surface charge density, (3) no redistribution of surface charge, (4) no 

change of concentration profiles of both counter ions and surface charge determining ions, 

and (5) solvent exerts influences via the dielectric constant only. The DLVO considers two 

particles dispersed in a suspension. This theory successfully describes the interactions 

between two approaching particles and thus is widely accepted.  

The total energy VT of interaction of two isolated, identically charged particles can be 

determined as[4]: 

VT = VA + VR                                                          (2-1) 

where VA is attractive energy and VR is repulsive energy. The attractive energy VA of the 

van der Waals’ interaction between two spherical particles can be expressed by: 

VA =  −
𝐴

6
 (

2

𝑠2−4
+ 

2

𝑠2 + ln
𝑠2−4

𝑠2 )                                        (2-2) 



M.A.Sc Thesis                                                                                             Dan Luo 

McMaster University                                         Materials Science and Engineering 

 

 

4 
 

in this equation, the parameter A is the Hamaker constant and s = 2 + D/r. D is the shortest 

distance between the two particles and r the particle radius. If D << r, Equation (2-2) can 

be written as: 

VA =  −
𝐴𝑟

12𝐷
                                                          (2-3) 

VR can be derived as: 

VR =  2πε𝜀0𝑟 Ψ2 ln[1 +  𝑒−κ 𝐷]                                      (2-4) 

where ε is the dielectric constant of the solvent, 𝜀0 is the vacuum dielectric permittivity, ψ 

is the surface potential, 1/κ is the Debye length, which is[4]:  

κ =  √(
𝑒0

2  ∑ 𝑛𝑖𝑧𝑖
2

ε𝜀0𝑘𝑇
)                                               (2-5) 

where e0 is the electron charge, ni is the concentration of ions with valence zi, k is the 

Boltzmann constant, T is the absolute temperature. Repulsion between colloidal particles 

is directly related to the diffuse layer charge on the particles. 

A schematic plot of VR, VA with distance D is shown in Figure 2-1 [5]. It shows the Van 

der Waals attraction energy, columbic double-layer repulsion energy, and the resultant total 

energy as a function of distance from the surface of a spherical particle. The DLVO theory 

explains the potential energy for the interaction between two particles. A peak of energy 

barrier is located slightly away from the surface, as the columbic double-layer repulsion 

energy dominates the Van der Waals attraction energy. In this case, the particles will be 

separated and agglomeration will be prevented. The repulsion energy is determined by the 

concentration and valence state of electrolyte ions which is shown in Equations (2-4) and 

(2-5) and the Van der Waals attraction energy is almost independent on the concentration 

http://baike.baidu.com/link?url=-bHgKQjzP-o1xt31qFwybGNCUx6mBwIZdmidvkO_gM4IdzvxHIIQcPRUjD1PYwcdjZ4_xWMoyunLD0avhQGrT_#3_23
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and valence state of ions. Thus the total energy is strongly influenced by the valence state 

of counter-ions and concentration. The thickness of the double layer is determined by the 

Debye length, 1/κ. It is influenced by the electrolyte concentration. According to the DLVO 

theory, there is a critical electrolyte concentration (flocculation value) for coagulation, 

which reduces with the valence state of the electrolyte ions of a charge opposite to that of 

the colloidal particles[6]. It was illustrated that the energy barrier reduces with the 

electrolyte concentration increases. As the potential energy peak below than zero, 

coagulation happens as shown in Figure 2-2 [4].  

 

Figure 2-1 Schematic of the interaction energy as a function of separation between 

two particles in suspension[5] 

 

Flocculation by ions compressing the thickness of double layer also satisfies the 

Hofmeister series[6]. So at the same valence, compared to small cations, a negatively 



M.A.Sc Thesis                                                                                             Dan Luo 

McMaster University                                         Materials Science and Engineering 

 

 

6 
 

charged sol is flocculated by large cations at a smaller concentration[4]. Besides, the 

Flocculation values has many influencing factors such as the concentration, temperature 

and particle size etc.  

Recent studies showed that geometrical confinement can cause an important effect on the 

interaction between particles, for example long-range attractions, which are not considered 

in the DLVO theory[7]. Other forces like electro-hydrodynamic flows-induced interaction, 

polarization interaction and capillary interactions can also exist in the system.  

 

Figure 2-2 Total interaction energy between spherical particles as a function of 

particle separation at (a) low and (b) high electrolyte concentrations[6] 
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2.2 Suspension stability and particle charging  

2.2.1 Double layer and zeta potential  

For colloidal system, the most important thing is to well disperse particle and form a 

uniform suspension. So it is critical to gain well dispersed and stable suspensions.  

The charged particles in a suspension are forced to move toward electrode with opposite 

charge under the influence of an applied electric field. This process is called electrophoresis.  

 

Figure 2-3 Schematic illustrating electrical double layer structure and the electric 

potential near the particle surface[2]  
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Usually, charged particles in a suspension are covered by counter ions, and the 

concentration of counter ions is much higher near the surface of the particles and decreases 

with the distance increases. Such inhomogeneous distributions of ions close to the particle 

surface result in the formation of so called double-layer, as shown in Figure 2-3 [2]. The 

double layer is composed of Stern layer and Gouy layer, and these two layers are separated 

by Helmholtz plane (h = H). The electric potential near the surface decreases linearly in 

the Stern layer. However, in Gouy layer, the counter ions diffuse freely and the potential 

does not decrease linearly.  

The motion of these ions and the particle in opposite directions is expected when an electric 

field is applied. Some ions are also attached to the particle. In this case, a fraction of these 

ions that surround the particle will not move in the opposite direction but move along with 

the particles. The potential at the boundary between the electrolyte solution moving with 

the particle and the electrolyte solution, which does not move with the particle, is called 

the zeta-potential, ψζ, which is explained in Figure 2-4 [8]. Zeta-potential is the principal 

parameter determining the electro-kinetic behavior of the particle. Basically, a particle with 

a negative surface charge can show a positive zeta-potential.  

For aqueous suspensions of ceramic particles, especially metal oxides, the ζ potential 

changes with pH value if H+ and OH− are potential-determining ions, showing an 

isoelectric point (IEP), as illustrated in Figure 2-5 [4]. Zeta-potential is positive at low pH 

condition and negative at high pH condition. 
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Figure 2-4 Schematic of the double layer surrounding a charged particle and 

evolution of the electric potential from the surface potential, ψ0, to zero far from the 

particle[9] 

 

According to the DLVO theory, ζ potential is very important for the stability of colloidal 

dispersions and stabilization. The ζ potential indicates the degree of repulsion between 

adjacent, similarly charged particles in the dispersion. A high ζ potential suspension usually 

has high stability. However when the potential is low, attraction overcomes repulsion and 
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the dispersion will break and flocculate. So, colloid system with high ζ potential are 

electrically stabilized while colloid system with low ζ potentials are easily to coagulate.  

 

Figure 2-5 Zeta-potential of ceramic particles versus pH of suspension[4] 

 

2.2.2 Stabilization 

In order to maintain the stability of the colloidal suspension, the repulsive force must be 

dominant. There are three main mechanisms, electrostatic, steric and electrosteric 

stabilization, which are shown in Figure 2-6. The three mechanisms are very essential when 

hydrophilic molecules are absorbed or bounded to the particle surface.  

The electrostatic stabilization is generally based on the mutual repulsion of like electrical 

charges which is well described before. The steric stabilization involves the adsorption of 

polymers onto the particle surface. If enough polymers are adsorbed, the layer of polymer 

is thick enough to keep particles separated by the steric repulsion between the polymer 

layers, the repulsion force can overcome the van der Waals attraction forces and prevent 
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particle agglomeration. Some polymers can present both electrostatic and steric 

stabilization when combined with appropriate functionalities. Such polymers provide 

electrosteric stabilization. The steric stabilization forces are commonly short-range force 

which electrostatic force dominates long-range repulsion. Ionic polymeric dispersants are 

very sensitive to the pH and the ionic strength of solutions[10]. 

 

Figure 2-6 Schematic of three major stabilization mechanism[10] 

 

Compared to the electrostatic stabilization, steric stabilization system is very difficult to 

flocculate if it is required. However, adding polymer will bring some undesired property 

to the suspension and may cause undesired side effect. Meanwhile, during the processing 

or sintering of those polymer adsorbed ceramic material, those polymer additives will 

decompose or burn out, which results in shrinkage and defects in the finished cast. 

 

2.2.3 Influence of solvents on particles charging  

In aqueous suspension, the charge at the particle—solvent interface could result from 

adsorption or desorption of ions, or dissociation of surface groups.  
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It is known that metal oxide is often fully or partly covered by OH groups. Metal oxide 

particles show an isoelectric point if H+ and OH- are potential-determining ions. 

Depending on the pH of the solution, they are positively charged at low pH, and 

negatively charge at high pH: 

M − OH + H+

 
⇔  M − OH2

+                                            (2-6) 

M − OH + OH−

 
⇔  M − O− + H2O                                       (2-7) 

Particle charging is accomplished by electron transfer between the solvent and particle in 

non-aqueous media[11]. The charge on a colloidal particle could come from the solvent. 

Different solvents will have different charging mechanisms, for example, ethanol, water, 

organic acids are viewed as proton donors and are essential for particle charging. A mixture 

of solvents will also be helpful to accomplish particle charging[12]. 

 

2.2.4 Additives for particle charging  

Particle charge could also be achieved by using various additives in order to get well-

dispersed and stable suspensions. Acids[13, 14] could strongly adsorb and disperse the 

particles and promote the particle charging. But acids would cause corrosion of electrodes. 

Moreover, some acids can react with powders. It is found that a mixture of acetone, iodine 

and water can efficiently charge particles[12, 15]. Particle charging was carried out by the 

adsorption of protons ionized from solvent. The charging of ceramic particles could be 

accomplished by the adsorption of inorganic cations on its surface such as Mg2+ and Ca2+ 

[16]. Meanwhile, the charging of inorganic particles can be achieved by the adsorption of 

ions from the solutions of metal salts. However, metal ions, adsorbed on the colloidal 
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particles, usually participate in electrode reactions and incorporate into the deposits as 

corresponding hydroxides or oxides[4]. 

Steric stabilization, also known as polymeric stabilization, is widely adopted in 

stabilization of colloidal dispersions. Steric stabilization is an efficient way to disperse 

particles and it is superior to electrostatic stabilization mechanism in the synthesis of 

nanoparticles, especially when narrow size distribution is demanded. Polymer could be 

used to produce steric stabilization, in which the multiple functional groups of 

macromolecules in each monomers provided many adsorption sites to adsorb on the 

particle surface. It is effective for steric stabilization in both aqueous and non-aqueous 

suspension.  

 

2.3 Electrophoretic deposition (EPD)  

Electrophoresis was invented by the Indian scientist G. M. Bose during the 1740s in a 

liquid-siphon experiment. In 1807, the Russian Reuss first observed the phenomenon that 

solid particles (clay) in water move under electric field[17]. However, electrodeposition 

indeed took off with the development of effective electrolytes for silver and gold deposition 

in the 1840s. These have been the basis of an extraordinarily successful decorative plating 

industry[18]. Electrodeposition of organic and inorganic materials can be achieved by 

anodic or cathodic deposition methods. Two processes are commonly used to prepare 

organic and inorganic coatings: the electrophoretic process (EPD) and the electrolytic 

process (ELD). EPD is based on the use of suspensions of ceramic particles or 
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polyelectrolytes while ELD starts from solutions of metal salts. The range of thickness of 

coating fabricated by these techniques is shown in Figure 2-7[4]. EPD enables the 

formation of relatively thick films, whereas ELD is an important techniques for the 

preparation of thin films. 

 

Figure 2-7 Thickness of coatings deposited using EPD and ELD[4] 

 

EPD is an electrochemical method which has attracted substantial attention for the 

fabrication of thin films of ceramic, metal, composite materials for industrial applications 

and increasing interest as a material manufacturing and processing technique. It is a 

promising technology and it is an economic way to fabricate relatively thick coating 

comparing to electrodeposition. Generally, EPD is defined as the deposition of a substance 

on an electrode by the action of charge species moving under the influence of electric field 

and activity, especially by electrolysis[4, 19].  
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EPD is widely used for coating application, but there are also new and advanced 

applications using different templates, which can be used for the fabrication of nanocrystals, 

nanowires, composite materials, etc. EPD is a combination of two processes: 

electrophoresis and deposition. Electrophoresis is the motion of charged particles in a 

suspension toward an electrode under the influence of an electric field. In a second step the 

particles accumulate on the surface of electrode and deposit a relatively compact and 

homogeneous film. The EPD process is shown in Figure 2-8[17]. It is important to know 

that electrode reactions are not involved in the EPD[8].  

Compared to other advanced techniques, EPD process is quite versatile because it could be 

easily modified for a specific application. The advantage of EPD is based on its high 

versatility to be used with different materials and combinations of materials. Meanwhile, 

EPD provides much advantages for surface modification over other techniques. Also, EPD 

can produce uniform and dense coating. Furthermore, it is easy to deposit wide range of 

materials on any substrates with relatively high deposition rate. For instance, any shape of 

substrates of complex shape demanded could be used for the EPD only if minor adjustment 

in terms of the electrode design and positioning is made. Especially, through control of the 

deposition time, concentration of material and dispersant or applied voltage, the thickness 

and mass could be readily modified. Furthermore, EPD techniques can achieve high purity 

of deposited materials at very low cost. All these properties and advantages contribute to a 

significant interest in the application of EPD techniques for the fabrication of films and 

coatings composing organic and inorganic nanomaterials. 
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Figure 2-8 Schematic drawing of EPD cell showing the process[17] 

 

There are two types of EPD process depending on which electrode the deposition happens, 

as it is shown in Figure 2-9. When the particles are positively charged, under the influence 

of applied electric field, the particles will move to cathode and form the deposition on the 

surface of cathode. This process is called the cathodic EPD (Figure 2-9 a). Similarly, the 

deposition of negatively charged particles on the anode is named the anodic EPD (Figure 

2-9 b). However, due to the problem of anodic oxidation and dissolution of the metallic 

substrate when applied the anodic EPD in aqueous suspensions, measurement of anodic 

deposit mass becomes more difficult. Therefore, cathodic EPD is frequently used in coating 

fabrication area.  
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In several experiments, EPD of ceramic particles was performed in the presence of 

electrolytes and polyelectrolytes. Presently, various electrochemical methods draw much 

attention for broad range of study, which are based on the EPD of polyelectrolytes and 

inorganic particles. 

 

Figure 2-9 Schematic of electrophoretic deposition process. (a) Cathodic EPD; (b) 

Anodic EPD 

 

2.4 Kinetic study of EPD  

The deposition rate is critical for film formation and thickness control of the deposited film 

during EPD. Besides, deposition rate is also important for functional material design[20]. 

Since the EPD was established, the kinetics study of EPD has attracted much attention to 

investigations. In 1940, Hamaker conducted the experiment of the EPD process and 

observed that the mass of deposits is proportional to the concentration of the suspension, 
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deposit time, surface area of the deposit, etc. The relationship can be written in the 

following equation[9, 21]:  

𝑑𝑌

𝑑𝑡
= 𝜇𝐸𝑆𝐶                                                        (2-8) 

where Y is deposition yield (kg), t is deposition time (s), μ is electrophoretic mobility 

(m2·v−1·s−1), S is the surface area of electrode (m2) and C is concentration (kg·m−3). This 

equation is known as the Hamaker equation and it is now viewed as the fundamental theory 

for EPD kinetics.  

The velocity ν of a particle under the influence of an electric field E is defined as: 

v = μE                                                      (2-9) 

There are two different theories to determine electrophoretic mobility μ for rigid particles 

and for polyelectrolytes[22, 23]. For rigid colloidal particle, μ can be given by the 

following equation[24]:  

μ =  
2𝜀𝜀0𝜁

3𝜂
f(κα)                                             (2-10) 

where η is the liquid viscosity. The function f(κα) increases from 1 for κα << 1 to 1.5 for 

κα >>1. And for particle size which are smaller than the Debye length, the electrophoretic 

mobility is described by Huckel equation[4]:  

μ =
2𝜀𝜀0ζ

3η
                                                        (2-11) 

For particles that are larger than Debye length, μ is given by Smoluchowski equation[4]: 

                        μ =
𝜀𝜀0ζ

η
                                                                (2-12) 
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On the other hand, the electrophoretic mobility of a spherical polyelectrolyte, in which 

fixed charges are uniformly distributed on its surface, can be given by the following 

equation[25]: 

                                        μ =  
ρfix

ηλ2 [1 + (
λ

κ
)2 1+λ/2κ

1+λ/κ
]                                             (2-13) 

where charge density is ρfix and λ = (
𝛾

𝜂
)0.5 , γ is the frictional coefficient of the 

polyelectrolyte. 

Comparing equation (2-10) with equation (2-13), there is a concept of zeta potential, which 

was developed for rigid particles. As for polyelectrolytes, we cannot define zeta potential 

in the system so we use charge density instead of zeta potential. 

 

2.5 Dispersing agent 

The major concern for colloidal processing is to disperse particles in suspension, provide 

charge and then allow for EPD. However, dispersing agent can easily adsorb on particles 

and stabilize particles in suspension. The advantage of using dispersing agent is that 

dispersing agent can provide efficient electrostatic repulsion or steric repulsion between 

the particles. Some dispersing agents have anionic or cationic properties so that those 

charge species can move toward the electrode under the influence of an electric field. A 

critical property of a dispersing agent is its adsorption on the particle surface. An adsorbed 

ionic dispersant imparts a charge to the particles so that particles can be deposited under 

electric field. However, a non-adsorbed ionic dispersing agent acts as an electrolyte. It 

increases the ionic strength of the suspension, decreases the electrostatic repulsion of 
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particles and promotes agglomeration. The increase in the ionic strength results in 

increased conductivity of the suspensions, enhanced gas evolution at the electrode and 

significant pH changes at the electrode surface. The pH change at the anode or cathode can 

lead to decreasing charge or charge reversal of the particles near the electrode surface. To 

well disperse and stabilize particles, there is a strong need in the development of advanced 

dispersing agents with strong adsorption to inorganic particles. 

Recently, a newly developed adsorption mechanism has published in Science, which is 

inspired by the adhesive proteins of mussels[26]. Mussels could attach to almost all types 

of organic and inorganic surfaces[27]. A new research to develop efficient dispersing 

agents with strong adsorption to the particle surface evolved from the investigations of 

surfaces adsorption mechanism of mussels[26, 28, 29]. Mussels show excellent adhesion 

to different surfaces in saline water. The very strong and fast adsorption of mussels to 

different surfaces[28] prevents their damage by sea waves. Many studies[28, 29] showed 

that strong mussel adhesion relates to protein macromolecules, containing catecholic 

amino acid, L-3,4-dihydroxyphenylalanine (DOPA), a catechol family molecule. The 

important advantage of the catechol family is its high binding strength under wet 

conditions[30]. The adhesion mechanism of mussels is attributed to the complexation of 

metal atoms on material surfaces by OH group of the catechol ligands (Figure 2-10). The 

catechol has two OH group which bond on the adjacent carbon atom on the aromatic ring. 

In this case catechol can form chelation with different kind of inorganic materials and 

strongly adhere to different substrates. DOPA (Figure 2-11 a) provides bidentate interfacial 

interactions with different materials, containing metal atoms[28, 31] in both low pH and 
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high pH solutions with complete protonation of amino group or deprotonation of the OH 

groups[32, 33], which in turn, provide charge for particles and form stabilized suspension. 

These studies generated significant interest in the use of DOPA for the fabrication of 

synthetic polymer adhesives[30, 34-36]. The fundamental study of mussel adhesion has 

driven the development of dispersing agents from the catechol family of molecules to make 

stable suspensions of colloidal particles[37]. The use of DOPA in EPD presents difficulties 

due to zwitterionic properties of this molecule.  

 

Figure 2-10 Schematic of mussel adsorption and chemical structure of catechol[37] 

 

However, some molecule with similar structure of DOPA such as dopamine and caffeic 

acid(CA), which only have one functional group to provide charge, can be utilized in EPD 

of inorganic particles. The amino group of dopamine (Fig 2-11 b) can be protonated in 

solutions of inorganic acids. As a result, dopamine exhibits cationic properties in acidic 

solutions. Dopamine was used for dispersion and cathodic EPD of inorganic materials such 
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as TiO2, MnO2, ZnO[38-40] from suspensions in ethanol or in ethanol–water mixture 

solvent. It was found that dopamine can be used to fabricate composite materials. 

Dopamine can be used as a cationic dispersing agent to co-disperse different components. 

The feasibility of the new approach was demonstrated by co-deposition of TiO2 and 

MnO2[40], and MWCNT[39]. It was found that EPD of ceramic particles, containing 

adsorbed dopamine as a charging and dispersing agent, can be combined with the EPD of 

cationic polyelectrolytes to make organic–inorganic nanocomposites[38]. 

 Caffeic acid (CA) has carboxylic group on its chain so that it exhibits anionic properties 

(Fig 2-11 c). CA showed strong adsorption on inorganic surfaces, such as stainless steel[41], 

TiO2[42, 43], SiO2[44, 45], ZrO2[46] and MnO2[46] in different solvents. The strong 

adsorption of CA on inorganic particles can involve phenolic and carboxylic bonding 

sites[46]. It paves the way for the wide applications of CA for nanoparticles synthesis and 

dispersion. The use of CA for charging, dispersing and deposition of TiO2, MnO2 and ZrO2 

nanoparticles can easily form uniform and dense deposits on various conductive 

substrates[43, 46]. It was found that CA can be used as a co-dispersant for anodic 

deposition to fabricate ceramic coating and composite films. Investigations showed that 

composite MnO2–zirconia films can be formed by EPD method using CA as co-dispersing 

agent. Film composition can be easily modified by changing the concentration of MnO2 

and zirconia in the suspensions[46]. 
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Figure 2-11 Chemical structure of (a) DOPA, (b) dopamine and (c) caffeic acid 

 

Many other organic molecules and other functional group with chelating properties can be 

used. A number of investigations show that salicylic acid, gallic acid and chromotropic 

acid family molecule[37] exhibit strong adsorption on inorganic particles and excellent 

charging, dispersing properties to stabilize particles in suspension. Figure (2-12 a) shows 

a chemical structure of salicylic acid (SA). The positive charge of SA is related to 

ionization of COOH group. SA showed adsorption on TiO2[47], MnO2[48], ZrO2, Al2O3, 

and Ta2O5[49]. EPD of MnO2 and TiO2 was performed using SA as a charging and 

dispersing agent in ethanol solvent[48, 50].  

Figure (2-12 b) shows a chemical structure of gallic acid (GA), which includes three OH 

groups bonded to adjacent carbon atoms of the aromatic ring and a COOH group on the 
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other side. Similar to catechol family, the OH groups provided strong adsorption of GA on 

various metal oxides. The anionic properties of GA are related to COOH group[37]. The 

investigation showed that GA chemisorbs by complexation through two OH groups[51]. 

The third OH and COOH groups did not influence much the stability and adsorption 

properties. The use of GA to disperse and charge MnO2 in suspensions allowed for very 

good stability and anodic films were obtained on various conductive substrates by the EPD 

method[50, 52, 53]. The comparison of the EPD yield data and FTIR data for MnO2 and 

TiO2 suspensions using GA and benzoic acid confirmed the importance of phenolic OH 

groups for GA adsorption[54].  

The structure of chromotropic acid (CHR) is shown in Fig (2-12 c). The negative charge 

of CHR comes from two SO3
- group[37]. CHR can form complexes with different metal 

ions and shows good adsorption on different inorganic surfaces[53, 55, 56]. The use of 

CHR allowed the fabrication of deposits from stable suspensions with uniform and 

adherent properties. The deposition yield was well controlled by variation of deposition 

voltage, time and concentration of particles and CHR. 

        (a)                        
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Figure 2-12 Chemical structure of (a) salicylic acid, (b) gallic acid and (c) 

chromotropic acid 

 

2.6 Deposit film formation 

Understanding film formation mechanisms is crucial to the development of thin film 

coatings. In EPD method, film formation is a two-step process, which includes the 

electrophoretic motion of charged inorganic particles towards the electrode and deposit 

formation. Many film formation mechanisms of EPD have been discussed in recent 

publications[57-59]. One hypothesis is that charged particles move toward the electrode, 

undergo reaction which neutralize them. Particle and electrode do not react and ceramic 
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particles do not immediately lose their charge once deposited. When applied reversal 

electric field, the deposited layer will strip off[57]. Many investigations have approved that 

opinion and tried to develop a method to decrease the particle’s electrostatic repulsion at 

the electrode and accomplish composite coating of inorganic particles with uniform and 

dense structure[19]. The ability to deposit monolayers or separate particles suggests that 

particle-electrode interactions could result in deposit formation.  

Hamaker and Verwey[60] proposed another theory that the formation of a deposit by 

electrophoresis is similar to the sediment formation under gravity. It was supposed that 

applied electric field exerts sufficient force to overcome particle electrostatic repulsion. On 

the other hand, Verwey and Overbeek[61] pointed out that the electric field strength 

applied in EPD cannot overcome particle mutual repulsion but enough to bring particle 

near the electrode surface. The concentration of water and electrolyte in the bath are very 

important for EPD process. A theory proposed[62] that reduction of water (Equation 2-14) 

near cathode generates OH- and cause pH increase. Even the electrode blocking by the 

deposited particles could also result in pH increase near the cathode[63]. 

   2H2O + 2𝑒− → H2 + 2OH−                                        (2-14) 

Therefore, it is important to discuss the contributions of different proposed mechanisms at 

different stages of EPD. Interparticle forces, electrode reactions, solvents and additives 

could influence the formation of thin film coating.  
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2.7 Deposition of polymers 

A number of researches are focusing on the development of new polyelectrolytes. 

Comparing to traditional electrolyte, polyelectrolytes can offer both steric and electrostatic 

stabilization, efficiently disperse particle and form uniform suspension. Moreover, 

polyelectrolytes are utilized for particle charging because of the charged functional groups. 

They can be divided into two categories: strong polyelectrolytes and weak 

polyelectrolytes[64]. For strong polyelectrolytes such as poly(diallyldimethylammonium 

chloride) (PDDA)[4], the degree of ionization is independent of the solution pH. However, 

the degree of ionization of weak polyelectrolytes depends on its solution pH[4] such as 

poly(allylamine hydrochloride) (PAH), chitosan (CHIT), which contain amine groups[65, 

66]. Strong polyelectrolyte provides both electrostatic stabilization and steric stabilization, 

while weak polyelectrolyte has more contribution in steric stabilization.  

 

2.8 Organic-inorganic composite co-deposition 

Composite co-deposition means the fabrication of composite coatings containing inorganic 

nanoparticles with polyelectrolyte[67]. Using EPD method to fabricate organic-inorganic 

composite materials is a fast and economic way because of the feasibility of combining the 

properties of each component. In this case, it is a promising and incomparable way to use 

polyelectrolytes for EPD method to fabricate advanced organic-inorganic composite 

coating. The advantage is that co-deposition of organic and inorganic materials can be 

achieved under room temperature processing to avoid problems such as shrinkage and 
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cracks. The structure, properties and morphology of the composite films can be tailored 

according to specific requirements for various applications. This can be obtained by 

variation of bath composition, deposition parameters such as deposition time, deposition 

voltage, deposit concentration and mass transport conditions for organic and inorganic 

materials[19]. Different thickness and composition of coating can be easily achieved by 

changing the conditions of EPD deposition parameters.  

In addition to polyelectrolytes, polymer-metal ion complexes provide another approach to 

form composites. Metal ions can attach to the polymer ligand and form a coordinate bond 

between each other and form chelation[19]. This promising approach could be utilized in 

material chemistry area such as self-assembly and synthesis nanoparticle.  

 

2.8.1 EPD of strong polyelectrolytes and inorganic particles  

The deposition of the composite film relies on the interactions of polyelectrolytes and 

inorganic nanoparticles at the electrode surface. To successfully fabricate composite 

material, suspensions need to be stable and well dispersed. Particles must coagulate at the 

electrode surface to form a film [32].  

The charge compensation mechanism is critical for the fabrication of organic-inorganic 

nanocomposites. For instance, poly(diallyldimethylammonium chloride) (PDDA) can be 

used in EPD to fabricate organic-inorganic composites[58]. PDDA is positively charged 

which could be used in cathodic deposition. Investigations failed to achieve pure PDDA 

deposits because of the strong electrostatic repulsion of PDDA, but co-deposition of PDDA 

and the ceramic particles was successfully achieved [68]. Deposit formation results from 
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columbic attraction between two oppositely charged species: positively charged PDDA and 

negatively charged ceramic particles which are formed at the electrode surface[4]. Besides, 

hydrogen bonding and ion-dipole interactions also promote the deposit formation on the 

electrode surface. These interactions are important for deposits and microstructure 

formation.  

It was proved that the properties of the composites can be varied by the variation of PDDA 

concentration in suspension. The co-deposition of PDDA and ceramic particles is critical 

for the fabrication of thick coating by EPD method. The PDDA also works as a binder 

which provides efficient binding properties and preventing cracking. In addition, the 

negatively charge of inorganic nanoparticles can be compensated by the positively charged 

PDDA to reduce the electrostatic repulsion on the substrate surface.  

 

2.8.2 EPD of weak polyelectrolytes and inorganic particles  

Weak polyelectrolyte can prevent the nanoparticles to aggregate and maintain them well-

dispersed. One critical properties of weak polyelectrolytes is that the charge of them will 

reduce with the pH change. For example, positively charged polyelectrolyte poly(ethylene 

imine) (PEI), shows a decreasing charge and can be deposited on the cathode surface due 

to the local surface pH increase. In addition, composite films can be obtained when 

combining electrosynthesis of inorganic particles with EPD of polyelectrolytes.  

The EPD of PEI-Mn complex has been used for the deposition of nanocomposites with 

Mn3O4 particles[69]. The deposition mechanism is widely studied. It is proposed that PEI 

acquires a positive charge because of complex formation with metal ions such as Mn2+. 
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Under the influence of the electric field, the polymer-metal ion complexes accumulate on 

the electrode. These polymer-metal ion complexes participate in cathodic reactions to form 

nanoparticles of metal oxides. This method provides advantages for the manufacture of 

electrode materials for supercapacitor devices. In addition, Hasegawa et al. have 

concentrated on the use of PEI for the surface charging of silica nanoparticles and 

deposition of composites by EPD method[67]. 

Both polyelectrolytes and inorganic nanoparticles can be electrophoretically deposited to 

form organic-inorganic composites. By changing the pH value of the suspension, the 

charge and solubility of the polyelectrolyte can be easily controlled. As a weak 

polyelectrolyte, chitosan (CHIT) could be cathodically deposited because of its pH-

dependent charge and solubility properties[70, 71]. CHIT is soluble when it is protonated. 

And when neutralized, CHIT can be deposited at the cathode to form a film, as shown in 

Eq.2-15:  

CHIT − H+ + OH−  → CHIT +  H2O                                  (2-15) 

Several studies focus on the electrophoretic codeposition of CHIT and inorganic or organic 

nanoparticles. It was demonstrated that CHIT promotes the EPD and the latex nanoparticles 

can be uniformly distributed in the CHIT film[72].  

Recently the manufacture of CHIT-hydroxyapatite (HA) composite coating by EPD 

method has been proved[73]. It was shown that CHIT-HA composite films provided good 

corrosion protection of substrate in the simulated body fluid solutions. This method proves 

that room temperature fabrication of the composite coatings can be achieved by EPD 

method. In this case, the problems related to the sintering of HA deposits could be avoided. 
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2.9 Binder  

Ceramic particles EPD has the advantage of forming uniform ceramic films with good 

dense packing. However, the use of fine particles induces cracking in deposited films. So 

in order to obtain crack-free and compact deposits, a binder is frequently introduced 

because it may enhance the effect of the van der Waals’ force. As a result, the adherence 

and film strength can be increased. The optimal amount of binder added into the suspension 

is variable and is determined by the particle surface area and particle size.  

Long-chain polymers are widely used in EPD to act as a binder. Besides, metal alkoxides 

and hydroxides have also been used as binders. A variety of binders have been utilized in 

colloid processing such as alkyd resin[74], polyvinyl-pyrrolidone[54] and polyvinyl 

butyral[75]. It is preferable to apply the binders, which also work as a dispersing agent to 

disperse different materials. Many studies show that various dispersant aids with a natural 

binding effect. However, limited water-soluble binders can be used comparing with non-

aqueous suspension. The low adhesion strength greatly restricts their effect. There are two 

ways to make polymer deposits. Positively charged ceramic particles offer electrophoretic 

transport of the polymeric macromolecules, which are electrically neutral and adsorb onto 

the surfaces of the ceramic particles. The film formation mechanism is shown in Figure 2-

13(a). Another way is that some cationic polyelectrolytes has good binding properties, thus 

they could be utilized for particle charging and EPD. The mechanism is shown in Figure 

2-13(b)[4].  

Binder plays an important role in the EPD method. Polymer binders are applied to achieve 

uniform deposit with good adherence and low cracks. Besides, polymer can offer 
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efficiently steric stabilization to disperse nanoparticles and reduce suspension viscosity to 

increase deposit rate. In EPD process, charged particles can carry adsorbed polymers, move 

together to the electrode and deposit on surface. This process allows the polymer binders 

to be included in the deposits. 

 

Figure 2-13 Cathodic electrophoretic deposition of ceramic particles with adsorbed 

(a) neutral and (b) charged polymers[4] 
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3. Objective 

 

Despite the impressive progress achieved in the development of EPD method, there is a 

need for simple and versatile techniques for the efficient dispersion and charging of various 

materials to the fabrication of organic-inorganic composite films.  

Therefore, my research mainly focus on three parts: 

(1) Develop advanced dispersing agents with new adsorption mechanism on inorganic 

particles. 

(2) Investigate universal dispersing agents for the colloidal processing to disperse 

metal, oxide, nitride, macromolecules and CNTs. 

(3) Using advanced colloidal processing to fabricate organic-inorganic composite 

coating and other functional materials for various applications. 
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4. Experimental Procedures  

 

4.1 Materials  

The materials listed in the following Table 4-1 were purchased from industrial suppliers 

and were used for the fabrication of organic-inorganic composites.  

 

Table 4-1 Materials purchased from commercial suppliers 

Category Material Supplier 

Metal oxide 

 

Titanium dioxide (TiO2) 

 

Sigma-Aldrich 

Nitride 

 

Titanium nitride (TiN) 

 

Alpha Products 

Morton Thiokol Inc. 

 

Silicon nitride (Si3N4) 

 

H.C. Starck 

Metal Palladium (Pd) Alfa Aesar 

Electrolyte 
 

Sodium sulfate (Na2SO4) 

 

Sigma Aldrich 
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Sodium chloride (NaCl) 

 

Sigma Aldrich 

Minerals 

 

Aluminum- magnesium- zirconium 

hydroxide (XZO) 

 

MEL Chemicals 

 

Huntite (Mg3Ca(CO3)4) 

 

Sibelco 

 

Zirconia (TZ-12CE) 

 

Tosoh 

 

Hydrotalcite 

(Mg6Al2CO3(OH)16·4(H2O)) 

 

Sigma-Aldrich 

 

Alumina platelets 

 

 

Elf Atochem 

 

 

Aluminiumhydroxide 

 

 

Sigma-Aldrich 

 

Conductive 

carbon materials 

 

Multiwall carbon nanotubes (MWCNTs) 

 

 

 

Arkema 

 

Graphite Fisher Scientific 

 

sodium alginate 

Sigma-Aldrich 
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Dispersing/ film 

forming agent 

 

sodium hyaluronate 

 

Sigma-Aldrich 

 

MaterialsPoly[1-[4-(3-carboxy-4-

hydroxyphenylazo)benzenesulfonamido]-

1,2-ethanediyl, sodium salt] (PAZO) 

Sigma-Aldrich 

 

 

Celestine blue dye (CB) 

 

Sigma-Aldrich 

 

Chitosan (CHIT) 

 

Sigma-Aldrich 

Poly(styrene-alt-maleic acid) 

sodium salt solution (PSMA) 

 

Sigma-Aldrich 

 

 

Lauryl gallate (LG) 

 

Sigma-Aldrich 

 

 

Tannic acid (TA) 

 

Sigma-Aldrich 

 

Other chemicals 

 

Potassium permanganate 

(KMnO4) 

 

Sigma Aldrich 

 

Poly(4-vinylpyridine-co-butyl 

methacrylate (PVB) 

 

Aldrich Chemical 
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Sodium hydroxide (NaOH) 

 

Sigma Aldrich 

 

Polyvinylpyrrolidone (PVP) 

 

Alfa Aesar 

 

Ethanol 

 

Greenfield Alcohol Inc 

 

Acetic acid (CH3COOH) 

 

Caledon 

 

Sulfuric acid (H2SO4) 

 

Caledon 

 

Sodium nitride (NaNO3) 

 

Caledon 

 

Hydrogen peroxide (H2O2) 

 

Fisher Scientific 

 

Polyetheretherketone（PEEK） 

 

Victrex 

Current collector 

 

304 stainless steel foils 

 

Alfa Aesar 

 

Nickel foam (porosity ~95%) 

 

Vale 

 

Graphene coated nickel foam  

 

CVD Equipment 

Corporation 
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4.2 Electrophoretic Deposition Methodology 

Electrophoretic deposition was performed on 304 grade stainless steel foil substrates. The 

substrates were polished and then cleaned with distilled water and ethanol. The size of the 

substrates and platinum (Pt) counter electrodes was 50 x 25 x 0.1 mm. Substrates and 

counter electrodes were connected to an electrode holder. The distance between counter 

and substrate was 15 mm. The electrode holder was connected to a constant voltage power 

supply. Electrodes were then submerged into suspensions, which were ultra-sonicated or 

stirred for at least 15 minutes before deposition. Applied voltage for depositions ranged 

from 5-130V and deposition time varied from 30s to 5min. 

All the coatings were prepared using fresh solutions. The coatings obtained were dried in 

air at room temperature for at least 24 hours before the further characterization.  

 

4.3 Investigation of deposit mass  

The mass of deposit was investigated by measuring the weight of the substrates before and 

after deposition. In this study, Mettler Toledo AX105 DeltaRange analytical balance was 

used. The accuracy of balance is 0.01 mg. A minimum of 3 samples were prepared in each 

deposition investigation. The deposition yield measurements were repeatable and the error 

was less than 5%.  
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4.4 Material synthesis  

In this research, MnO2 nanoparticles were prepared by reduction of KMnO4 using ethanol 

(Eq.4.1). 

        4MnO4
− + 3CH3CH2OH → 4MnO2 + 3CH3COO− + OH− +4H2O            (4-1) 

0.33g KMnO4 was added into 100 mL deionized water and stirred for 1 hour to form 

homogeneous KMnO4 solution. Then 50 ml ethanol were added into KMnO4 solution, 

which was ultra-sonicated for 1 hour and then under stirred for 24 hours. The black 

precipitate 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 a desiccator. The MnO2 nanoparticles obtained using this method had a 

diameters varying from 30 to 60 nm[76]. 

The interest in application of MnO2 for supercapacitor is attributed to high theoretical 

specific capacitance (1370 F g-1 [77-79]) of this material. The charge-discharge mechanism 

of MnO2 is given by the reaction[77]:   

                            MnO2 + C+ + e- ↔MnO2C                                           (4-2) 

where C+= H+, Na+, K+. Small particle size and electrode porosity are important for good 

access of the electrolyte ions (C+) to the capacitive MnO2 material. However, the electronic 

conductivity of MnO2 is low. In order to solve this problem, MnO2 must be mixed additives 

which has good conductivity and low chemical activity, such as MWCNT[78, 80, 81]. The 

success of MnO2-MWCNT supercapacitor technology will depend largely on the progress 

in the fabrication of advanced composites, containing well dispersed MWCNT and non-

agglomerated MnO2 nanoparticles. 
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4.4 Material characterization  

The morphology of films was tested by Scanning Electron Microscope (SEM) (JSM-7000F, 

JOEL, JAPAN). Samples were cut from substrate to small pieces and attached to sample 

holder using a copper tape. Conductive silver or nickel paste were used to connect the 

samples and sample holder. Finally, a 5 nm platinum film was deposited on samples. 

Electron microscopy studies were also performed using a transmission electron microscope 

(JEOL JEM 1200 EX TEMSCAN). 

Deposited material was removed from the stainless steel substrate for the further tests. 

Composition of materials and phase were analyzed using X-ray diffraction analysis (XRD) 

(diffractometer Bruker D8, UK) with Cu-Kα radiation at a scanning rate of 5o/min. 

Thermogravimetric (TGA) and differential thermal analysis (DTA) were performed using 

the thermoanalyzer NETZSCH STA-409, Canada. Testing was carried out on 10 mg of 

material inside an aluminum oxide crucible exposed to air. The heating rate of 5oC/min 

was applied from room temperature to 1000oC. Fourier Transform Infrared Spectroscopy 

(FTS-40 Bio-Rad, Canada) and Ultra-violet Visible spectroscopy (UV-Vis) (Agilent 

Technologies, spectrometer Cary-50)) were used to investigate and identify the specific 

functional group of organic-inorganic composites.  

 

4.5 Electrochemical analysis  

Potentiostat (Parstat 2273, Princeton Applied Research) was used to test electrochemical 

properties of the deposited coatings or bulk electrodes, prepared by the colloidal methods. 
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The counter electrode was a platinum gauze, and the reference electrode was a standard 

calomel electrode (SCE). Electrochemical studies were performed using a standard three-

electrode cell. Surface area of the working electrode was 1 cm2. 

Potentiodynamic testing is an efficient method to study corrosion protection. In this method, 

Tafel plots reflect the potential and current density when corrosion occurring. These values 

are used to compare materials’ corrosion properties. It is clearly shown on the Tafel plot 

which material prevents corrosion better and how the corrosion proceeds as potential 

increasing. The electrolyte used for testing is 3 wt% NaCl aqueous solution.  

Cyclic Voltammetry and Electrochemical Impedance Spectroscopy were used to study the 

capacitance and impedance of supercapacitor electrodes. These values were used to 

compare electrochemical and energy storage properties. The electrodes were obtained by 

the slurry impregnation method. 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 loading of the impregnated material was 30 mg cm-2. 

The electrolyte used for testing is 0.5M Na2SO4 aqueous solution. 

CV study was performed within a potential range of 0 to 0.9 V versus SCE for testing 

MnO2-CNT composite. Scan rate varies from 2mv/s to 100mv/s. EIS study was performed 

within a frequency range from 0.01Hz to 100 kHz. The complex AC capacitance C*=C'-

jC'' was obtained from the impedance data[82]. 
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5. Universal dispersing agent – PAZO 

 

5.1 Motivation and origin 

Dispersing agents typically show adsorption on limited number of materials of specific 

groups, such as specific metal oxides. However, the development of composites requires 

the use of efficient co-dispersants for all the individual components. Therefore, there is a 

need to develop a universal dispersing agent to disperse and deposit many kinds of 

inorganic and organic materials. 

Poly[1-[4-(3-carboxy-4-hydroxyphenylazo)benzenesulfonamido]-1,2-ethanediyl, sodium 

salt] (PAZO) polyelectrolyte exhibits a unique set of properties, allowing for its diverse 

application in photonics, optoelectronics, memory devices[83-85]. A significant amount of 

research was focused on the analysis of optical storage and photochromic properties, 

surface-relief grating[86-89]. Our interest in PAZO is related to the significant benefits for 

application in EPD. The unique properties of the PAZO is that each monomer of PAZO 

includes diaromatic monomers with salicylate ligands. The chelating salicylate ligands of 

the PAZO monomers can create multiple adsorption sites on surfaces of inorganic particles. 

Such monomers can provide multiple adsorption sites for efficient adsorption on particles 

of various materials and impart electrical charges to the particles. Moreover, PAZO is a 

long chain structure polymer, which offers the efficient electrosteric stabilization. 

Therefore, the long hydrocarbon chain of PAZO and the adsorbed PAZO macromolecules, 

containing monomers with anionic COO- groups, allowed for much stronger adsorption 
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compared to the small salicylate family molecules which only contain a single salicylate 

ligand[37]. The structure and adsorption mechanism of PAZO is shown in Fig 5-1. 

 

Figure 5-1 Structure and adsorption mechanism of PAZO, involving complexation of 

salicylate ligands with metal atom (M) on the particle surface 

 

The goal of our investigation was to develop a universal dispersing agent for the fabrication 

of organic-inorganic nanocomposite. A conceptually new approach developed in this 

investigation utilized physical properties of PAZO and various functional materials. We 

demonstrate that various functional materials of different types and composition can be 

deposited using PAZO as a dispersing, charging and film forming agent. This versatility is 

a unique feature of PAZO comparing to traditional dispersing agents which are only 
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capable of dispersing a few specific materials for EPD. The results of this investigation 

pave the way for the deposition of composite films utilizing different materials and PAZO.  

 

5.2 Film formation properties 

EPD offers significant 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, containing functional inorganic materials in the PAZO matrix. 

The composition can be varied by variation of concentration of inorganic particles in the 

PAZO solutions. Traditionally, layer-by-layer (LbL) self-assembly technique has been 

utilized for the fabrication of functional films, containing PAZO[90]. However, the LbL 

method requires multiple and time consuming steps[91-93]. The need for faster processes 

has driven the study based on EPD method. In this investigation the EPD of PAZO films 

and composite films has been studied.  

The film formation mechanisms are well described in the literature[94]. 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[94]. The deposition mechanism involved the electrophoresis of negatively 

charged PAZO macromolecules toward the anode and accumulation at the anodic substrate. 

The electrochemical decomposition of methanol[83] or water[84] in anodic reactions 

resulted in H+ generation and the charge neutralization of COO- groups, which promoted 

deposit formation of PAZO. Such properties can be utilized for film formation by EPD.  
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In aqueous solutions, the electrochemical decomposition of water results in a pH decrease 

at the anode surface: 

2H2O  →  O2 + 4H+ + 4e-                                            (5-1)  

The charge neutralization of carboxylic groups of PAZO at the anode surface and formation 

of insoluble PAZO polymer promoted deposit formation: 

─COO- + H+  →  ─COOH                                            (5-2) 

In this investigation, a soluble sodium salt of PAZO (PAZO-Na) was used for deposition. 

The charge neutralization at anodic surface results in the precipitation of the insoluble 

acidic form of this polymer (PAZO-H). Therefore, it is suggested that the low solubility of 

the PAZO polymer was an important factor in the successful deposition of PAZO at the 

anode surface. EPD of PAZO and other materials was performed using solutions or 

suspensions in mixed ethanol–water (25% water) solvent. PAZO showed low solubility in 

ethanol. The use of mixed solvent offered the advantage of reduced gas evolution at the 

electrode surface during EPD. The film forming and binding properties of PAZO offered 

additional benefits for EPD to fabricate adherent films. 

Fig 5-2 shows SEM images of the PAZO films prepared by EPD method from 1 g L-1 

PAZO solutions. The PAZO films were continuous and crack free. The film porosity can 

result from gas evolution during deposition or solvent evaporation during drying.  
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Figure 5-2 SEM images of films, prepared from 1 g L-1 PAZO solutions in ethanol–

water solvent at a deposition voltage of 10 V and deposition time of 3 min 

 

5.2 Dispersion and deposition of inorganic materials 

The use of PAZO as a dispersing, charging and film forming agent allowed the EPD of 

various materials such as metals, metal oxides, nitrides, carbides, polymers and minerals. 

It is expected that PAZO can be used for EPD to fabricate novel composites, utilizing 

functional properties of different materials and unique physical properties of PAZO[95]. 

Previous investigations[37] of small molecules from the salicylic acid family showed their 

adsorption on inorganic particles, such as TiO2. Adsorption mechanisms included bidentate 

chelating bonding or bidentate bridging bonding, which involved the salicylate ligands of 

the molecules and metal atoms on the particle surface. The use of aromatic molecules, 

containing salicylate ligands, allowed for their application as co-dispersants for inorganic 

particles and carbon nanotubes. The π – π interactions promoted adsorption on carbon 
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nanotubes, whereas the salicylate ligands created bonds with the metal atoms on the 

particle surface. This approach has had limited applications due to relatively weak 

interactions of single salicylate ligands of the small molecules with the particle surfaces. 

In our investigation, the unique adsorption and film forming properties of PAZO allowed 

for the dispersion and EPD of various materials. We demonstrate that various functional 

materials of different types, such as TiO2, zirconia, TiN, Si3N4, Pd metal, SiC and carbon 

nanotubes can be deposited by PAZO. This versatility is a unique feature of PAZO and 

addresses the limitation of other traditional 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 organic-inorganic composites utilizing the functional properties of 

different materials and PAZO. 

The deposition yield was studied for the films deposited on stainless steel substrates. Due 

to limitations of the concept of zeta-potential for the analysis of the electrokinetic behavior 

of particles, containing adsorbed polyelectrolytes, the deposition process was analyzed 

using the deposition yield data. The deposition yield in the EPD process depends on various 

parameters, such as deposition time, concentration of particles, particle size, and 

concentration of dispersant, chemical properties of particles, composition of solvent and 

other factors. We present the deposition yield data for different materials at selected 

deposition voltage of 100 V and deposition time of 4 min in a mixed ethanol–water (25% 

water) solvent for PAZO concentrations in the range of 0–1 g L-1.  

We found that the increase in PAZO concentration in the suspensions resulted in increasing 

adsorption of PAZO on the particles of metal oxides and nitrides, and therefore increasing 
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particle charge and mobility. As a result, we observed the increase in deposition yield with 

increasing PAZO concentration in the range of low concentrations (Fig 5-3).  

 

Figure 5-3 Deposit mass versus PAZO concentration in suspensions, containing 4 g L-

1 of (a) TiO2, (b) zirconia, (c) TiN, (d) Si3N4 at a deposition voltage of 100 V and 

deposition time of 4 min 

 

The deposition yield of TiO2 and Si3N4 increased with increasing PAZO concentration and 

showed maximum deposit mass. The deposition yield of zirconia and TiN increased with 

the increasing PAZO concentration. The deposition yield versus PAZO concentration 

dependences allowed the optimal PAZO concentration for each material to be determined 

for selected deposition conditions. 
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Figure 5-4 SEM images of deposits, prepared from 4 g L-1 suspensions of (A) TiO2, 

(B) zirconia, (C) TiN, (D) Si3N4 in a mixed ethanol–water solvent, containing 1 g L-1 

PAZO 

 

The SEM images of deposits formed from 4 g L-1 suspensions of the metal oxides or 

nitrides, containing 1 g L-1 PAZO are shown in Fig 5-4. Deposition from these relatively 

concentrated suspensions resulted in porous films. The film porosity was the result of 

particle packing, with the pores comparable in size to the deposited particles.  

Fig 5-5 shows deposit mass versus PAZO concentration in the suspensions of other organic 

and inorganic materials, such as MWCNT, Pd metal particles and SiC. The deposition yield 
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of MWCNT increased with increasing PAZO concentration and showed maxima or 

plateaus. There results allowed to optimize the concentration of PAZO for EPD application.  

 

Figure 5-5 Deposit mass versus PAZO concentration in 4 g L−1 suspensions of (a) 

MWCNT, (b) Pd, (c) SiC, in a mixed ethanol–water solvent, at a deposition voltage of 

100 V and deposition time of 4 min 

 

The corresponding SEM images of the various deposits are shown in Fig 5-6 and confirm 

the successful deposition of MWCNT, Pd and SiC. The deposits contained a large number 

of particles and showed porosity with the size of the pores being comparable to the size of 

the particles. We found that the composition, microstructure and porosity of the deposits 

can be varied.  



M.A.Sc Thesis                                                                                             Dan Luo 

McMaster University                                         Materials Science and Engineering 

 

 

51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6 SEM images of deposits, prepared from 4 g L-1 suspensions of (A) MWCNT, 

(B) Pd, (C) SiC in a mixed ethanol–water solvent, containing 1 g L-1 PAZO 
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The results presented above indicated that PAZO showed strong adsorption on different 

materials. The adsorption of PAZO on different materials is of critical importance for their 

dispersion and EPD. It is suggested that the adsorption mechanism of PAZO on inorganic 

materials involves complexation of metal atoms on the particle surface with salicylate 

ligands of individual monomers. The adsorption of PAZO on MWCNT is governed by π – 

π interaction and hydrophobic interactions. In contrast to small organic molecules from the 

salicylate family, which contain only one salicylate ligand, the salicylate ligands of 

individual PAZO monomers provide numerous adsorption sites. Moreover, PAZO offers 

benefits of enhanced electrosteric dispersion due to multiple charges of individual 

monomers and its large molecular size. In addition, PAZO exhibits important film forming 

properties. As a result, PAZO showed superior performance in the EPD of individual 

materials, compared to the small molecules from the salicylate family. Of particular interest 

is the possibility of EPD of nanoparticles of metals, carbide, nitride and MWCNT.  

Fig 5-7 compares SEM images at the same magnification of pure PAZO and composite 

films, prepared from Si3N4 suspensions. A 1 g L-1 PAZO concentration was used and the 

Si3N4 concentration was 0-4 g L-1. Films, prepared from 1 g L-1 PAZO solutions, containing 

0–0.6 g L-1 Si3N4 were relatively dense (Fig 5-7 A – C). Increasing the particle 

concentration in the suspensions from 0.2 to 0.6 g L-1  
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Figure 5-7 SEM images of deposits prepared from 1 g L-1 PAZO solutions in a mixed 

ethanol–water solvent: (A) without additives and containing (B) 0.2, (C) 0.6 and (D) 

4 g L-1 Si3N4 

 

resulted in increased particle concentration in the deposit. The deposit prepared from the 4 

g L-1 Si3N4 suspension (Fig. 5-7 D), contained mainly Si3N4 and exhibited porosity. 

Therefore, EPD allowed for deposition of different materials and variation of their 

concentration in the PAZO matrix. The deposit morphology and composition could be 

varied by changing the particle concentration. 
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It was shown that PAZO can act as a universal dispersing agent to disperse and deposit 

materials of different types. Therefore, the Ni-NiO and BaTiO3-CoFe2O4 composite films 

have been successfully fabricated by EPD method, using PAZO as a charging, dispersing 

and film forming agent. Fig 5-8 A shows X-ray diffraction patterns of the Ni–NiO 

composite with PAZO, prepared by EPD. The X-ray diffraction pattern shows peaks of 

NiO, Ni and indicates that such materials were co-deposited and formed a composite. The 

SEM image of a composite (Fig 5-9 A) shows particles of both materials. The X-ray 

diffraction pattern (Fig 5-8 B) shows peaks of BaTiO3 and CoFe2O4, indicating their co-

deposition and composite formation. The corresponding SEM image shows particles of 

both materials (Fig 5-9 B). Ni–NiO composites are important materials for various 

applications, such as electrodes of batteries[96],  supercapacitors[97] and catalysts[98]. 

BaTiO3–CoFe2O4 materials belong to the family of multiferroic composites, combining 

properties of ferroelectric BaTiO3 and ferromagnetic CoFe2O4. The use of PAZO for the 

deposition of functional inorganic materials could result in the fabrication of a wide variety 

of composite films for many different applications.  
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Figure 5-8 X-ray diffraction patterns of the deposits prepared from 1 g L-1 PAZO 

solutions, containing (A) 2 g L-1 Ni and 2 g L-1 NiO ( – peaks, corresponding to 

JCPDS file 70–1849 of Ni, ▼ – peaks, corresponding to JCPDS file 47–1049 of NiO), 

(B) 2 g L-1 BaTiO3 and 2 g L-1 CoFe2O4 ( – peaks corresponding to JCPDS file 70–

9164 of BaTiO3, ▼ – peaks corresponding to JCPDS file 22–1086 of CoFe2O4) 
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Figure 5-9 SEM images of the deposits prepared from 1 g L-1 PAZO solutions, 

containing (A) 2 g L-1 Ni and 2 g L-1 NiO (black arrows show Ni, white arrows show 

NiO), (B) 2 g L-1 BaTiO3 and 2 g L-1 CoFe2O4 (black arrows show CoFe2O4, white 

arrows show BaTiO3) 
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5.3 Dispersion and deposition of neutral polymer-mineral composites  

Polyetheretherketone (PEEK) is a high performance thermoplastic material, which exhibits 

excellent mechanical properties. Many applications of PEEK and composites are based on 

the use of coatings. EPD is an important technique for the deposition of PEEK and 

composite coatings, but the deposited PEEK films were loose and weak in adhesion. From 

our investigation, some polyelectrolytes such as sodium alginate (AL) and PAZO have 

excellent dispersion and adsorption on related materials. Besides, the binding and film 

forming properties of the polyelectrolytes promoted deposit formation and the fabrication 

of adherent films. Thus, we use AL and PAZO to disperse PEEK large particles and 

successfully deposit PEEK. 

 AL and PAZO can be used as co-dispersants for individual components and fabrication of 

composite coatings. It was suggested that the adsorption mechanism of AL and PAZO on 

the inorganic particles involved carboxylate and salicylate type of bonding, which is shown 

in Fig 5-10. The adsorption of AL and PAZO on PEEK is also based on the π – π 

interactions and hydrophobic interactions. 

 Fig 5-11 shows SEM images of coatings, prepared from PEEK suspensions, containing 

AL and PAZO polyelectrolytes. The SEM image at lower magnifications showed that the 

coatings were porous and contained large PEEK particles. The porosity resulted from the 

packing of the PEEK particles. The porosity at higher magnification showed relatively 

smooth thin polyelectrolyte layers on the relatively rough surface of the PEEK particles. 

The polyelectrolytes, adsorbed on the PEEK particle surface, provided binding of the 

PEEK particles.  
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Figure 5-10 Adsorption of (A) AL and (B) PAZO, involving bonding of (A) 

carboxylate and (B) salicylate ligands to the metal atom (M) on the particle surface 

 

AL and PAZO were also investigated for the dispersion and EPD of minerals such as 

huntite and alumina platelets. It was found that suspensions of huntite and alumina with 

chitosan were unstable and EPD has not been achieved from such suspensions[99]. 

However, the use of AL as a dispersing and charging agent allowed the deposition of 

huntite. AL can well disperse mineral nanoparticle, but it cannot disperse micro-size 

alumina platelets due to relatively poor adsorption. In contrast, anodic coatings were 

obtained from huntite or alumina suspensions, containing PAZO. As a result, PAZO gives 

strong adsorption and dispersion for both nano-sized and micron-sized mineral particles. 
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Figure 5-11 SEM at different magnifications of deposits, obtained from (A,B) 4 g L-1 

PEEK suspension with 0.5 g L-1 AL and (C,D) 4 g L-1 PEEK suspension with 0.5 g L-

1 PAZO at deposition voltages of 50V 

 

Fig 5-12 shows SEM images of the huntite and alumina coatings, prepared by EPD. The 

images at low magnification show the formation of continuous coatings. The higher 

magnification images show plate-like morphology of the alumina and porosity, attributed 

to packing of the particles.  
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Figure 5-12 SEM images at different magnifications of deposits, obtained (A-D) using 

4 g L-1 huntite suspension containing (A,B) 0.5 g L-1 AL, (C,D) 0.5 g L-1 PAZO and 

(E,F) using 4 g L-1 alumina suspension with 0.5 g L-1 PAZO at deposition voltage of 

50V 
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Fig 5-13 shows the FTIR spectra of the deposits. This result showed characteristic 

absorptions[100, 101] of carbonate ligands bonded to magnesium and calcium atoms of 

huntite at 870 and 891 cm-1 and also at 1442 and 1510 cm-1. The broad absorptions in the 

range of 1400-1600 cm-1 indicate contribution of the carboxylic group of AL[102] and 

PAZO[103], adsorbed on the huntite particles. The C-C/C=C vibrations of aromatic rings 

and N=N stretching vibrations[104] of PAZO contributed to the broad adsorptions in the 

range of 1400-1600 cm-1.  The bending C-H vibrations[49] of PAZO contributed to the 

absorptions at 1088 and 1145 cm-1.The adsorption at 687 cm-1 is related to stretching Al-O 

vibrations[105]. The bands at 1488 and 1646 cm-1 are respectively due to symmetric and 

asymmetric stretching vibrations of COO- groups of PAZO. The C-C/C=C vibrations of 

the aromatic rings[33] of PAZO contributed to adsorptions at 1429 and 1589 cm-1. 

Therefore, the FTIR data confirmed that deposited huntite and alumina contained adsorbed 

AL or PAZO polymers.  

The comparison of the data for different polyelectrolytes provided an insight into the 

influence of cationic and anionic ligands of the polyelectrolytes on their adsorption on 

different particles. The chelation of COO- group of AL monomers with Mg and Ca atoms 

allowed for AL adsorption on huntite. The salicylate ligands of PAZO monomers, 

containing COO- and OH group, bonded to adjacent carbon atoms of the aromatic ring 

allowed for good PAZO adsorption on the Mg and Ca carbonate type huntite and alumina. 

Previous investigations showed superior adsorption of small aromatic molecules with 

salicylate ligands on various inorganic surfaces, compared to the molecules with 

carboxylate ligands[37]. Therefore we can expect improved adsorption of PAZO with 



M.A.Sc Thesis                                                                                             Dan Luo 

McMaster University                                         Materials Science and Engineering 

 

 

62 
 

salicylate ligands on inorganic surfaces, compared to Al with carboxylate ligands. In this 

case, PAZO polymer allowed for EPD of alumina platelets, whereas AL cannot be used for 

EPD of this material.  

 

Figure 5-13 FTIR spectra of deposits, obtained (A) using 4 g L-1 huntite suspension 

with 0.5 g L-1 AL, (B) using 4 g L-1 huntite suspension with 0.5 g L-1 PAZO and (C) 

using 4 g L-1 alumina suspension with 0.5 g L-1 PAZO at a deposition voltage of 50V 

 

Investigations showed that the charge of PEEK particles can be reversed in the presence of 

positively charged Al2O3 nanoparticles, which adsorbed on the PEEK surface. As a result, 

PEEK and Al2O3 were successfully co-deposited by cathodic EPD from suspensions in 

ethanol[106]. From our experiments, PEEK-huntite and PEEK-alumina composites were 

successfully fabricated by anodic EPD. The composite coatings after thermal processing 
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showed improved corrosion protection of stainless steel, compared to pure PEEK coatings 

after thermal processing. The progress achieved in the EPD of PEEK and composites paves 

the way for the development of new organic coatings by EPD. 

In this case, we found that PAZO can be used for EPD of PEEK based composites. The 

formation of the composite coating was confirmed by the results of SEM studies. The SEM 

images of the composite coatings (Fig 5-14) at low magnifications show relatively large 

PEEK particles. At higher magnification, the huntite and alumina platelets can be observed. 

The platelets filled the large voids between the PEEK particles. The coatings were sintered 

at 350°C for 30 min and their corrosion protection of the stainless steel substrates was 

analyzed. 

Fig 5-15 shows Tafel plots for uncoated and coated stainless steel in the 3% NaCl solutions. 

The PEEK-huntite and PEEK-alumina coatings showed good corrosion protection, as 

indicated by the increasing corrosion potential and reduced corrosion current. The 

corrosion potentials were -389.3, -241.0, -237.8, -192.1 and -257.1 mV, the corrosion 

currents were 2.55, 0.76, 1.56, 2.00 and 1.56 μA cm-2 and corrosion rates were 26.44, 0.15, 

16.17, 20.72 and 16.79 μm annually for uncoated stainless steel, PEEK-huntite coated 

using AL, PEEK-huntite coated using PAZO, PEEK-alumina coated using PAZO, and 

PEEK coated using PAZO, respectively.  
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Figure 5-14 SEM image at different magnification of the EPD coatings, prepared 

from suspensions, containing 4g L-1 PEEK and (A,B) 1g L-1 huntite and 0.5 g L-1 AL, 

(C,D) 1 g L-1 huntite and 0.5 g L-1 PAZO, (E,F) 1 g L-1 alumina and 0.5 g L-1 PAZO 
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Figure 5-15 Tafel plots for (a) uncoated stainless steel, (b) coated with PEEK-huntite 

composite coating using AL dispersant, (c) coated with PEEK-huntite composite 

coating, prepared using PAZO dispersant, (d) coated with PEEK-alumina composite 

coating, prepared using PAZO dispersant, (e) coated with PEEK coating, prepared 

using PAZO dispersant  

 

The use of Al allowed for the EPD of huntite, whereas the use of PAZO allowed for the 

EPD of huntite and alumina platelets. The comparison of the experimental data for the 

polyelectrolytes, containing monomers with different chelating ligands indicated that 

PAZO is a promising additive for EPD of polymers or minerals due to the strong adsorption 

on particle surfaces, which involves salicylate type of bonding or π - π interaction. The 

feasibility of EPD of PEEK coatings, containing huntite has been demonstrated. The 
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composite PEEK-huntite and PEEK-alumina coatings provided good corrosion protection 

of steel. 

 

5.4 Conclusion 

The results of our investigations indicate that PAZO can be used as a universal dispersing 

agent for EPD of organic and inorganic materials. Films of PAZO have been deposited by 

anodic EPD under constant voltage conditions. The deposition yield can be varied by 

variation of deposition time or PAZO concentration in solutions at constant voltage 

conditions. 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. It was 

found that PAZO exhibits unique adsorption properties on various materials, attributed to 

the chelating properties of the salicylate ligands of PAZO monomers and π-π interactions. 

The salicylate ligands of individual monomers created multiple adsorption cites and 

provided adsorption on inorganic surfaces by complexation of metal atoms, and allowed 

for their efficient electrosteric dispersion and EPD. The properties of PAZO for application 

in EPD were shown by deposition of a large variety of different materials, including 

individual oxides, mineral, carbon nanotube, metal, nitride, carbide, and polymer. 

Composite films have been prepared by EPD using PAZO as a co-dispersant for different 

materials.  
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These results allowed overcoming the limitations of other dispersing agents, which can be 

used for specific materials only, and paved the way for application of PAZO as a universal 

dispersing agent for EPD of inorganic and organic materials. The versatility of PAZO as a 

universal charging, film-forming and dispersing agent coupled with the flexibility and 

control offered by EPD opens new strategies for future work on the development of 

specifically engineered composite films for a wide variety of important applications, 

utilizing optical, flame retardant additives, anti-corrosion, ferroelectric, catalytic, energy 

storage and other properties of PAZO and inorganic materials. 
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6. EPD of neutral polymers and composites using tannic acid complexes 

 

6.1 Motivation and origin 

Tannic acid (TA) is an interesting material in nanotechnology due to the unique chemical 

properties, which allow interactions with various metal oxides. The unique feature of TA 

structure is that it includes multiple galloyl groups, which promote electrostatic 

stabilization, hydrogen bonding, and hydrophobic interactions. The multiple galloyl groups 

of TA can provide multiple binding sites to form chelates with multiple particles. The 

chemical structure of TA is shown in Fig 6-1. 

 

 

 

 

 

 

 

Figure 6-1 chemical structure of TA 

 

TA showed interesting complexation behavior with various macromolecules, including 

carbohydrates, proteins and polymers. Also, TA was found to be an efficient dispersing 

agent for multiwall carbon nanotubes (MWCNT) due to the strong π - π interactions. 
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Moreover, TA showed interesting interactions with advanced polymers, such as 

polyvinylpyrrolidone (PVP). PVP is an electrically neutral polymer, containing hydrogen-

accepting carbonyl groups. The chemical structure of PVP is shown in Fig 6-2. PVP can 

form complexes with TA through hydrogen bonding, involving the carbonyl groups of PVP 

and phenolic hydroxyl groups of TA. TA–PVP complex acquires a negative charge because 

of deprotonation of the phenol groups. The formation of water soluble anionic TA–PVP 

complexes was observed at a pH of 7.5 and higher pH values [107]. Such TA–PVP 

complexes are very promising for the film deposition by advanced colloidal methods. 

 

 

 

 

 

Figure 6-2 Chemical structure of PVP 

 

The goal of this investigation was the application of the anionic TA–PVP complexes as a 

charging, dispersing agent for EPD to fabricate TA–PVP films and composites. 

 

6.2 Complex formation and film formation 

TA films cannot be deposited by EPD due to mutual electrostatic repulsion and poor film 

forming properties of relatively small size of TA molecules. Electrically neutral PVP 
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cannot form deposit by EPD method, either. In contrast, the mixture of 1 g L-1 PVP and 1 

g L-1 TA solutions allowed for the formation of anodic films. Fig 6-3 shows the relationship 

between deposit mass and deposition time for TA-PVP complexes. The increase of the 

deposit mass with deposition time indicated the formation of TA-PVP films. The film 

thickness can be varied in the range of 0–5 μm with increasing deposition time. EPD is a 

simple one-step method, which allows for film formation at relatively high deposition rates.  

 

Figure 6-3 Deposit mass versus deposition time for solutions, containing 1 g L-1 TA 

and 1 g L-1  PVP in ethanol, at a deposition voltage of 30 V 

 

For comparison, the fabrication of TA–PVP films by LbL assembly[107] is a complicate 

and time-consuming method, which needs more than 24 steps to deposit films with 

thickness less than 60 nm. The film formation mechanisms involved various processes and 

interactions, such as electrode reactions, depletion forces and other electrode processes, 
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which promoted the coagulation of inorganic particles and polymers. Fig 6-4 shows an 

SEM image of the TA-PVP film prepared by EPD method. The EPD method allowed for 

the formation of continuous crack free TA-PVP films. 

 

Figure 6-4 SEM image of a film prepared from a solution, containing 1 g L-1 TA and 

1 g L-1 PVP in ethanol, at a deposition voltage of 30 V 

 

The deposited material was studied by UV–vis and FTIR methods. Fig 6-5 shows the UV–

vis and FTIR spectra of the deposited material. The UV–vis spectrum exhibits an 

absorption peak at ~210 nm and a broad absorption centered at ~300 nm. The study of the 

TA spectra in solutions[107] indicated that the acidic and neutral forms of TA exhibit two 

absorption peaks centered at ~223 nm and at ~283 nm. The spectra of TA at higher pH 

showed two peaks at longer wavelength, i.e., at ~245 and ~323 nm[107], which were 

assigned to ionized form of TA molecules[108] , resulting from ionization of the phenolic 

hydroxyl groups of galloyl groups of TA. The analysis of the TA films showed absorptions 
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at 215 nm and broadened peak at 270 nm, related to the protonated form of TA. These 

results confirmed the incorporation of TA into the EPD films. 

 

Figure 6-5 (a) FTIR spectrum and (b) UV–vis spectrum of a deposit, prepared from 

a solution, containing 1 g L-1 TA and 1 g L-1 PVP in ethanol at a deposition voltage of 

30 V 

 

The FTIR result exhibits a absorption peak at 1033 cm-1, which was attributed to bending 

C–H vibrations[109] of TA and PVP. The aryl–oxygen stretching vibrations of the TA 

molecules resulted in a peak at 1074 cm-1 [52]. The bending vibrations of OH groups[109] 

of TA contributed to broad peak, centered at 1190 cm-1. The C–O stretching vibrations[49, 

52, 110] of TA resulted in peaks at 1288 and 1320 cm-1. The absorptions at 1442 and 1465 

cm-1 resulted from C–H stretching in PVP ring and in main chain, deformation and C–N 

stretching[111]. The broad adsorption at 1652 cm-1 resulted from C=O stretching vibration 

of PVP after complexation with TA and C–C stretching vibrations of the aromatic ring of 

TA. The absorption at 1734 cm-1 was assigned to C=O stretching vibration[112] of TA.  
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The FTIR and UV–vis data, coupled with deposition yield results and SEM observations 

indicated the deposition of TA–PVP films. The deposition mechanism was based on the 

formation of anionic TA–PVP complexes and their electrophoretic accumulation at the 

substrate[54]. In such TA–PVP complexes, the carbonyl groups of PVP and phenolic 

hydroxyl groups of TA are bonded together based on the hydrogen bonding mechanism. 

The schematic is shown in Fig 6-6.  

 

Figure 6-6 bonding and adsorption mechanism of TA-PVP complexes 

 

The negatively charged complexes can be deposited by EPD. The local pH decrease at the 

anode[94], the charge neutralization of the TA–PVP and binding properties of the relatively 

large PVP macromolecules promoted deposit formation on the anode surface. The 

accumulation of TA–PVP complexes at the electrode surface and the protonation of the 

phenolic hydroxyl groups of TA resulted in the TA bonding to different PVP molecules. 

In this case the TA molecules, containing multiple galloyl groups, acted as cross-linkers 



M.A.Sc Thesis                                                                                             Dan Luo 

McMaster University                                         Materials Science and Engineering 

 

 

74 
 

and promoted the formation of insoluble TA–PVP films. The possibility of the deposition 

of TA–PVP films paved the way for the fabrication of various inorganic materials films 

using TA–PVP complexes as dispersing, charging and film forming agents. 

 

6.3 Dispersion and deposition of inorganic materials using TA-PVP complexes 

TA–PVP solutions for EPD contained 1 g L-1 TA, 1 g L-1 PVP and 1 mM NaOH in ethanol. 

Organic–inorganic composite coatings have been successfully achieved by using EPD 

method with huntite, hydrotalcite, MnO2, TiO2, Pd, TiN, MWCNT or their mixtures in the 

TA–PVP solutions.  

Fig 6-7 shows the SEM images of the formation of uniform films, containing huntite 

nanoplatelets and hydrotalcite clay particles in the TA–PVP matrix. Fig 6-8 shows the SEM 

images of continuous and crack free films containing MnO2 and TiO2 nanoparticles.  

The mechanism involved adsorption of TA–PVP complexes on different particle surfaces. 

The chemical structure of TA contains the galloyl groups, which can form chelates with 

different metal atoms. Previous investigation showed that some galloyl group family 

molecules such as gallic acid can be used as a charging and dispersing agent for the EPD 

of metal oxide particles[37]. The adsorption of gallic acid on inorganic particles was 

beneficial for its application as a dispersant.  
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Figure 6-7 SEM images of films, prepared at a deposition voltage of 30 V from (A) 4 

g L-1 huntite and (B) 4 g L-1 hydrotalcite suspensions in ethanol, containing 1 g L-1  

TA and 1 g L-1 PVP 
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Figure 6-8 SEM images of films, prepared at a deposition voltage of 30 V from (A) 4 

g L-1  MnO2 and (B) 4 g L-1 TiO2 suspensions in ethanol, containing 1 g L-1 TA and 1 

g L-1  PVP 

 

However, only limited number of materials was deposited by EPD using gallic acid due to 

the relatively weak adsorption of single galloyl group. The larger size and multiple 

adsorption sites of TA offer many advantages. The adsorption of TA on inorganic particles  
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Figure 6-9 SEM images of films, prepared at a deposition voltage of 30 V from (A) 1 

g L-1 CNT, (B) 4 g L-1 Pd and (C) 4 g L-1 TiN suspensions in ethanol, containing 1 g L-

1 TA and 1 g L-1 PVP 
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involved complexation of metal atoms on particle surface with the galloyl groups, which 

is similar to gallic acid. The adsorbed TA can impart a charge to the inorganic particles and 

allows for their EPD. Moreover, the film forming and binding properties of the TA–PVP 

complexes offer additional benefits for film formation. 

The TA–PVP complexes acts as a binder, improves deposit adhesion and prevents film 

cracking. In this strategy, the adsorption of binders on the particle surface is of critical 

importance. The adsorption properties of the PVP can be improved by the formation of 

PVP–TA complexes, containing chelating galloyl groups of TA. Thus, the TA–PVP 

complexes can disperse and deposit different particles. 

Fig 6-9 shows an SEM image of the composite film, containing MWCNT, Pd metal and 

TiN particles in the TA–PVP matrix. Previous investigations showed that aromatic 

molecules interact strongly with sidewalls of carbon nanotubes through π –π stacking 

interaction [53]. Moreover, the adsorption mechanisms involved complexation of Pd and 

Ti atoms with TA on the particle surfaces. The porosity can result from packing of the 

particles and gas evolution at the electrode.  

The films prepared by EPD have wide applications, utilizing functional properties of the 

deposited materials and PVP–TA complexes. Huntite and hydrotalcite can be used as 

advanced flame retardant additives for polymer coatings and polymer based 

composites[113, 114]. TiO2, TiN, Pd, MnO2 are important materials for catalytic, 

electronic, biomedical and energy storage applications[115, 116]. Besides, using TA–PVP 

as dispersant will not damage the structure of MWCNT or cause degradation of mechanical 

and electrical properties. The results presented above indicated that unique adsorption 
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properties of TA can be used for the deposition of various materials. Therefore, the 

approach based on the use of TA–PVP complexes is promising for the co-deposition of 

different materials. 

 

Figure 6-10 SEM images of composite films, prepared at a deposition voltage of 30 V 

from (A) 1 g L-1 CNT and (B) 4 g L-1 hydrotalcite suspensions in ethanol, containing 

4 g L-1  TiO2, 1 g L-1  TA and 1 g L-1  PVP 
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From our investigation, we prepared composite TiO2 – MWCNT and TiO2 – hydrotalcite 

films for catalysis application. The Fig 6-10 showed the SEM of deposited films contained 

particles of TiO2 – MWCNT and TiO2 – hydrotalcite composites.  

 

Figure 6-11 XRD of composite films, prepared at a deposition voltage of 30 V from 

(A) 1 g L-1 CNT and (B) 4 g L-1 hydrotalcite suspensions in ethanol, containing 4 g L-

1 TiO2, 1 g L-1 TA and 1 g L-1 PVP ( – TiO2 anatase,  ▼– hydrotalcite) 
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The Fig 6-11 presents XRD diffraction patterns, which showed peaks of the individual 

components, corresponding to JCPDS file 21-1272 for TiO2 and JCPDS file 22-700 for 

hydrotalcite. The formation of composite films was confirmed by the XRD studies. 

 

6.4 Conclusion 

TA–PVP films can be obtained from the solutions of TA–PVP complexes. However, no 

EPD was achieved from the individual TA or PVP solutions. In the EPD method, the TA–

PVP complexes were used as dispersing, charging and film forming agents for different 

materials and the fabrication of composites. The obtained films have widely applications 

based on the functional properties of TA and catalytic, flame retardant, charge storage and 

electronic properties of the co-deposited materials. 

In this investigation, we developed a new method to fabricate TA–PVP films and 

composite material. The deposition mechanism is based on EPD of charged TA–PVP 

complexes. TA showed strong adsorption on various materials. The unique adsorption 

properties of TA provided a capability of dispersion, charging and EPD of organic and 

inorganic materials of different types using TA–PVP complexes. Moreover, the method 

allowed co-deposition of different materials and formation of composite films.  

The analysis of the deposition mechanism indicated that similar approach can be used for 

the EPD of other electrically neutral polymers with hydrogen accepting carbonyl groups 

and phenolic molecules, which cannot be deposited individually.  
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7. Dispersion and heterocoagulation method for the fabrication of 

MnO2-MWCNT composites for supercapacitors 

 

7.1 Motivation and origin 

Lauryl gallate (LG) is a promising dispersant[117-119] for colloidal processing of 

inorganic nanoparticles. The chemical structure of LG (Fig 7-1) allows for the interactions 

of this molecule with different materials. The galloyl group of LG promotes its adsorption 

on inorganic particles. Galloyl group of LG forms chelates[117] with metal atoms based 

on catecholate type of bonding[37]. Long hydrocarbon chain of LG promotes its adsorption 

on organic materials. The efficient stabilization mechanism of LG is based on steric effect 

of the hydrocarbon chain of adsorbed LG. 

The strong adsorption of LG on inorganic and organic materials have prompted research 

efforts focused on the development of a heterocoagulation method. A promising 

development was the fabrication of MnO2-MWCNT composites for application in 

electrochemical supercapacitors, which showed enhanced capacitive properties. The use of 

colloidal methods for the fabrication of MnO2-MWCNT nanocomposites offers many 

advantages, such as prevention of MnO2 agglomeration and MWCNT degradation. The 

goal of my investigation was the development of MnO2-MWCNT composites electrode by 

using LG as a co-dispersant and heterocoagulating agent.  
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7.2 Adsorption and dispersion of LG on MnO2 and MWCNT 

Despite the impressive progress achieved in the technology of MnO2-MWCNT electrodes, 

the major difficulties come from poor utilization of capacitive properties of MnO2. The 

ability to achieve high capacitance at fast charge and discharge conditions is of critical 

importance for the development of high power supercapacitor. Difficulties are mainly 

attributed to the co-dispersion MnO2 and MWCNT. One of the challenges in the 

development of MnO2-MWCNT composite electrodes is the achievement of good 

dispersion and mixing of the individual components. 

Using LG as a co-dispersant offered a good problem solution. The chelating bonding of 

LG to surface MnO2 atoms allowed for LG adsorption on MnO2 particles. Similar to other 

molecules, containing long hydrocarbon chains, the adsorption of LG on MWCNT 

involved hydrophobic interactions [120-122]. Therefore, the adsorption of LG on MnO2 

and MWCNT resulted in the dispersion of MnO2 and MWCNT (Fig 7-2). However, mixing 

of such suspensions together resulted in the co-precipitation of MnO2 and MWCNT and 

formation of black precipitation. It is suggested that co-precipitation of the materials 

resulted from links formation between MnO2 particles and MWCNT by LG (Fig 7-1 B), 

which resulted in heterocoagulation and precipitation of both materials.  
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Figure 7-1 (A) Chemical structure of LG, (B) adsorption of LG on metal oxide and 

MWCNT 

 

In this experiment, manganese dioxide nanoparticles were prepared by the reduction of 

aqueous KMnO4 solutions with ethanol, as it was described in chapter 4.4. The 

concentration of MnO2 and MWCNT for co-precipitation is 4 g L-1 and 1 g L-1. Both 

materials were dispersed in 50% water – 50% ethanol solution, containing 1 g L-1 of LG as 

a dispersant. From our previously work, we found that MnO2-MWCNT electrode can reach 

its maximum capacitance if the mass ratio of MnO2 to MWCNT is 4 to 1[39]. After mixing 

both solutions with the same volume, the black precipitation forms immediately.  
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Figure 7-2 Sedimentation test in a mixed ethanol (50%) – water (50%) solvent, 

containing 1 g L-1 LG and (a) 4 g L-1 MnO2 (b) 1 g L-1 MWCNT (c) 2 g L-1 MnO2 and 

0.5 g L-1 MWCNT  

 

The TGA and DTA studies confirmed the formation of a composite material (Fig 7-3). 

TGA data showed mass loss, related to dehydration[123] of MnO2 below ~200ºC, 

additional steps in the range of 200-250ºC and 300-500 ºC were attributed to burning out 

of adsorbed LG and MWCNT, the mass loss above 880 ºC resulted from MnO2 to Mn3O4 

transformation[124, 125].  The exothermic peaks in the DTA data corresponded to the steps 

in mass loss and resulted from burning out of LG, MWCNT and formation of Mn3O4. The 

heterocoagulation strategy is not limited to the use of MnO2 nanoparticles. The 

sedimentation tests showed a similar behavior of TiO2 nanoparticles and formation of 
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TiO2-MWCNT composites. The adsorption of LG on MnO2, TiO2 and MWCNT was 

confirmed by FTIR data (Fig 7-4).  

 

Figure 7-3 (a) TGA and (b) DTA data for material, prepared by co-precipitation from 

solution, containing 1 g L-1 MWCNT, 1 g L-1 LG and  4 g L-1 MnO2 in a water-ethanol 

solvent 

 

The FTIR result exhibited an absorption peak at 1635 cm-1 [126], which was attributed to 

bending C–C stretching vibrations of the aromatic ring of MWCNT. The bending 

vibrations of OH groups of LG contributed to broad peak, centered at 1125 cm-1. The 

adsorption at 1404 cm-1 and 1275 cm-1 [127]was attributed to C=O vibrations of 

carboxylate of LG. The broad adsorption at 623 cm-1 and 511 cm-1 [128] resulted from 

Mn–O stretching vibration of MnO2. The absorption at 942 cm-1 and 453 cm-1 [129] was 
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assigned to Ti–O stretching vibration of TiO2. These results prove the formation of MnO2-

MWCNT and TiO2-MWCNT and co-dispersion by LG.  

The TGA-DTA and FTIR data has proved the formation of MnO2-MWCNT composite, 

containing LG. The co-precipitation of MnO2 and MWCNT was beneficial for mixing of 

the individual components. The ratio of MnO2 and MWCNT composite can be easily varied 

by changing the concentration of MnO2 and MWCNT. 

 

Figure 7-4 FTIR spectra of materials prepared by co-precipitation from solutions, 

containing 1 g L-1 MWCNT, 1 g L-1 LG and (a) 4 g L-1 MnO2 or (b) 4 g L-1 TiO2 in a 

water-ethanol solvent 
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7.3 Electrochemical characterization of composite electrodes 

The MnO2-MWCNT composite was mixed with PVB (5% total mass of active material) 

as a binder and formed a slurry to impregnate into current collectors. In this investigation 

we targeted the fabrication of electrodes with relatively high active mass loadings, which 

was 30 mg cm-2. Result studies[130] shows the mass loading of efficient electrodes must 

be above 10 mg cm-2 for practical applications.  

Nickel foams are widely used for current collector of supercapacitor electrodes. The porous 

structure has high surface area, good mechanical properties and light weight. But the 

conductivity of nickel foam still need to be increased to fabricate high power density 

supercapacitor. From my investigation, graphene coated nickel foam has porous structure 

and excellent conductivity, which can act as an excellent current collector and increase the 

capacitance behavior.  

We obtained Ni foam and Ni foam coated by ~5 layers of graphene. The SEM images of 

Ni foam (Fig 7-5 (A,B)) and graphene coated Ni foam  (Fig 7-5 (C,D)) current collectors 

showed non-damaged framework with large pore size of 100-200 m. Such porosity is 

ideally suited for the impregnation with active material and fabrication of electrodes with 

high active mass loading.  

The comparison of images at low magnification (Fig 7-5 (A,C)) and high magnification 

(Fig 7-5 (B,D)) indicated that Ni foam was uniformly coated with graphene. The high 

magnification images showed that the surface of coated foam is relatively rough, compared 

to surface of uncoated Ni foam. The electrochemical testing of the graphene coated Ni 
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foam, showed that foam capacitance was less than 1.55 mF cm-2 in the scan rate range of 

2-100 mV s-1.  

 

Figure 7-5 SEM images of Ni foam (A, B) and Graphene coated Ni foam (C, D) current 

collectors at different magnifications  

 

Testing results of impregnated foams presented below indicated that the capacitance of the 

graphene coatings was negligibly small, compared to the capacitance of the impregnated 

active material. The electrodes, prepared without LG and using Ni foam showed poor 

capacitive behavior, as indicated by the low areas of CVs and low capacitance, which 

decreased rapidly with increasing scan rate (Fig 7-6 A, D(a)). The electrodes, prepared by 

the heterocoagulation method using Ni foam showed the increase in the CV areas (Fig 7-6 

b) and higher capacitances (Fig 7-6 D(b)) at scan rates in the range of 2-100 mV s-1. Further 
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improvement in the capacitive behavior, was achieved using the heterocoagulation method 

and graphene coated Ni foam (Fig 7-6 C, D(c)). The increase in capacitance is especially 

evident at scan rates of 50 and 100 mV s-1.  

 

Figure 7-6 Cyclical voltammetry and specific capacitance results of (A, D (a)) MnO2-

MWCNT impregnated into nickel foam, (B, D (b)) MnO2-MWCNT with LG 

impregnated into Ni foam and (C, D (c)) MnO2-MWCNT with LG impregnated into 

graphene coated Ni foam with the scan rate of (a) 20mV s-1, (b) 50mV s-1 and (c) 

100mV s-1  
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The impedance data (Fig 7-7 A) presented in the Nyquist plot shows reduced resistance 

R=Z' of the electrodes, prepared using the heterocoagulation method. The frequency 

dependencies of capacitance (Fig 7-7 B,C), calculated from the impedance data showed 

typical relaxation type dispersions[131], involving decrease in the real part of capacitance 

C' with increase in frequency and maximum in the imaginary part C'' at the relaxation 

frequency. The electrodes, prepared by the heterocoagulation method using graphene 

coated current collectors showed the highest capacitance at scan rates of 2-100 mV s-1 and 

significantly higher capacitances compared to electrodes prepared without LG (Fig 7-6 A, 

D(a)). The capacitance decreased from 4.4 F cm-2 (under 2 mV s-1) to 2.3 F cm-2 (under 

100 mV s-1), showing good capacitance retention of 53 %. Good capacitance retention at a 

high scan rate is important for the development of high power supercapacitor. The 

electrodes, prepared using graphene coated Ni foams showed lower impedance, higher C' 

and higher relaxation frequency, corresponding to C'' maximum, compared to Ni foam 

based electrodes (Fig 7-7). The higher relaxation frequency indicates improved capacitance 

retention at higher frequencies. 

 From the testing results, we observed significant improvement in performance of 

electrodes prepared using graphene coated Ni foam. Testing of graphene coated Ni foam 

without active material showed that the capacitance of such current collectors is negligibly 

low, compared to the capacitances of the active materials. Therefore, the contribution of 

current collectors to the total capacitance cannot explain the difference in capacitances of 

electrodes, prepared using uncoated and coated Ni foams. It is suggested that graphene 

coating can reduce contact resistance, preventing the formation of an oxide layer on the Ni 
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surface. Also, it has high conductivity and low resistance. The relatively rough surface of 

the coated foam is also beneficial for the reduction of the contact resistance. As a result, 

the graphene coating can facilitate charge transfer and increase capacitance of the 

electrodes. This effect is especially evident at high charge-discharge rates.   

 

Figure 7-7 (A)Nyquist plot of complex impedance and frequency dependencies of  (B) 

real C' and (C) imaginary C'' components of complex capacitance for MnO2 –

MWCNT composites: (a) mixed without dispersant and impregnated into Ni foam, 

(b) mixed using LG and impregnated into Ni foam, (c) mixed using LG and 

impregnated into graphene coated Ni foam. 

 

7.4 Conclusions 

In this work, we demonstrate a heterocoagulation method based on the use of LG as a co-

dispersant for MnO2 and MWCNT. The results obtained by the heterocoagulation method 

indicated that LG provides good adsorption and dispersion of individual components and 
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forms strong linkage between MnO2 and MWCNT, facilitating their mixing. Thus the 

problems related to MnO2 particles agglomeration and MWCNT degradation can be 

avoided. This method provides a simple and versatile way to fabricate electrode for 

supercapacitor. Testing results provide an insight into the mechanism of co-dispersion of 

MnO2 and MWCNT, which resulted in improved mixing and good electrochemical 

performance. The electrochemical testing results presented above indicated that dispersion 

and mixing of MnO2 and MWCNT are critical for the development of efficient electrodes. 

Also, using graphene coated nickel foam as a current collector allow significantly increase 

of the capacitance and retention at high scan rate. As a result, improved capacitive behavior 

was observed.  

The approach developed in this investigation allowed for high capacitance and excellent 

capacitance retention at high charge-discharge rates, which provides a possibility to 

fabricate high power density supercapacitor. 
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8. Conclusions 

In this work, we investigated the fabrication of organic-inorganic composite materials by 

new colloidal methods. New EPD strategies and bath formulations have been developed to 

fabricate multi-functional composite films. 

We found that PAZO can be used as universal dispersant for various materials. PAZO 

exhibited 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 and allowed for efficient electrosteric 

dispersion and EPD. Using PAZO as a co-dispersant and film forming agent allowed for 

EPD of composites, containing metals, metal oxides, nitrides, polymers, minerals etc. 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.  

TA provided multiple adsorption sites to form chelation with metal oxides due to multiple 

phenolic groups of TA. Besides, the phenolic group could attach with other polymers, like 

PVP, containing carbonyl group and forms complexes with TA through hydrogen bonding. 

The multiple adsorption sites of TA-PVP complexes imparted good adsorption properties 

to TA-PVP complexes. The unique adsorption properties of TA, coupled with the binding 

properties of PVP, provided a capability of dispersion, charging and EPD of organic and 

inorganic materials of different types using TA–PVP complexes. This results showed new 

strategies for the fabrication of various organic-inorganic composites. 

Some dispersing agent could not only provide strong adsorption and dispersion of 

inorganic and organic particles, but also formed strong linkage between them. We found 
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the unique chemical structure of LG provides the possibility of LG to adsorb on MnO2 and 

MWCNT. The uniform composites could be obtained through the linkage formation and 

the ratio of individual component could be varied. The MnO2-MWCNT electrode, 

containing LG, showed a higher capacitance and better retention comparing to MnO2-

MWCNT without LG.  

This investigation presented a promising, low-cost and simple colloidal method. These 

dispersing agents have excellent adsorption and dispersion on various organic and 

inorganic materials. The results pave the way for the fabrication of multi-functional 

materials for various applications. 
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