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Abstract

Novel electrocchemical and chemical strategies have been developed for the fabrication of
functional nanocomposites. New scientific and engineering contribution of this work to colloidal
nanotechnology included the development of advanced chelating dispersing agents, such as
various small organic molecules and chelating polymers. The unique feature of such dispersion
agents is their strong adsorption on the surface of different materials, which allows superior
dispersion. The chelating monomers of chelating polymers, such as PAZO and PMSS provided
multiple adsorption sites for bonding to metal atoms on the particles surface. We analyzed and
developed new fundamental adsorption and dispersion mechanisms. An important finding was the
possibility of co-dispersion and co-deposition of advanced materials such as oxides, nitrides,
complex oxides and minerals using universal dispersing agents and formation of composites by

EPD method.

It was found that Caffeic acid (CA) can be used as an efficient dispersing agent for the
synthesis of ZnO nanorods of reduced size and a dispersing agent for the EPD of ZnO films.
Another important achievement of this work was the application of tannic acid as an efficient
capping and dispersing agent for synthesis and EPD of inorganic materials and composites. An
important discovery was the use of lauryl gallate dispersant as a reducing agent for the synthesis

of AgNp and a vehicle for particle dispersion and extraction in the liquid-liquid extraction method.

Further advancements in our new technologies allowed us to develop composite films

using anodic EPD using weak polyelectrolytes, such as alginate. The composite coatings exhibited
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protective and flame retardant properties. We analyzed the deposition mechanisms and kinetics as
well as microstructure of the coatings. In another strategy, we developed electrochemical strategies
for the deposition of composites, based on strong polyelectrolytes. The approach is based on the
EPD of the polyelectrolyte molecules and electrosynthesis of EPD of ceramic particles. The
electrostatic heterocoagulation mechanism was proposed for the deposit formation. We
investigated the deposition kinetics, composition and microstructure of the composites prepared
by the new strategies. The new electrochemical strategies can be used for the deposition of other

composites, based on functional polymers with pH independent charge.

New methods have been developed for the chemical synthesis of PPy based composites,
using PMSS, PMSS-SR11 and PMSS-SR31 as anionic dopants for chemical polymerization and
dispersants for MWCNT. The composites showed promising performance for application in
electrodes of electrochemical supercapacitors. Good electrochemical performance was achieved
at high active mass loadings. The electrodes showed high capacitance, large voltage window and
low impedance. The analysis of electrochemical testing results and chemical structure of PMSS,
PMSS-SR11 and PMSS-SR31 provided an insight into the influence of the anionic functional

groups on the capacitance and capacitance retention a high charge-discharge rates.
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Chapter 1 Introduction

Nanocomposite is a multiphase solid material where one of the phases has one, two or three
dimensions of less than 100 nanometers, or structures having nano-scale repeat distances between
the different phases that make up the material. Nanocomposites combine functional properties of
individual component and exhibit improved properties. In general, nanocomposites usually can be

divided into ceramic-matrix, metal-matrix and polymer-matrix nanocomposites.

The polymer-matrix nanocomposites have been attracting significant interest. Such
composites are manufactured commercially for many diverse applications such as biomedical
implants, corrosion inhibitors, sensors, electrical devices, etc. In the last few decades, there has
been a strong emphasis on the development of polymeric nanocomposites, where at least one of
the dimensions of the filler material is of the order of a nanometer. The final product does not have
to be in nanoscale, but can be micro or macroscopic in size[1]. Currently, a lot of researchers are
working on the fabrication techniques of polymer-matrix nanocomposites. The development of
new electrochemical and chemical methods for the fabrication of functional nanocomposites are

drawing tremendous attention.

This research resulted in the development of novel composites, which exhibited advanced
functional properties. The development of advanced dispersing agents with strong adsorption as
well as the development of electrophoretic deposition methods for the deposition of new polymers

and composites were discussed in this thesis.


https://en.wikipedia.org/wiki/Nanometers
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Chapter 2 Literature review

2.1 Polymer-matrix nanocomposites

Polymer nanocomposites (PNC) consist of a polymer or copolymer having nanoparticles
or nanofillers dispersed in the polymer matrix. These may be of different shape (e.g., platelets,

fibers, spheroids), but at least one dimension must be in the range of 1-50 nm.

In 1998, Chemistry in Britain published an article titled ““Nano sandwiches” [2], stating,
‘Nature is a master chemist with incredible talent’. Using natural reagents and polymers such as
carbohydrates, lipids, and proteins, nature makes strong composites such as bones, shells, and
wood. The properties of nanocomposite materials depend not only on the properties of their
individual component, but also on their morphology and interfacial characteristics[2]. In my

research, different types of polymer-matrix nanocomposites were investigated.

2.1.1Polymer - ceramic nanocomposites

There has been growing interest on producing new materials by filling polymers with
inorganic natural and/or synthetic compounds. These composite materials posses high heat
resistance, high dielectric constant[3], mechanical strength and impact resistance or present weak
electrical conductivity and low permeability for gases like oxygen or water vapor. The selection

of nanoparticles depends on the desired thermal, mechanical, and electrical properties of the
2


https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Copolymer
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nanocomposites. For example, Al nanoparticles are often selected due to their high conductivity;
calcium carbonate particles are chosen because of the relative low cost of the material, and silicon
carbide (SiC) nanoparticles are used because of their high hardness, corrosion resistance, and

strength[4].

Some efforts have been made to design coatings with composite ceramic-polymer
microstructures, where a ceramic phase forms a connected network in a polymer matrix.
Processing and microstructure development of ceramic and polymer coating prepared by
depositing from a solution or dispersion have been of interest in last few years [5, 6]. Colloidal

slurries of ceramics, sol-gel derived ceramics and polymers have been studied as coating systems.

2.1.2Polymer - carbon nanotube nanocomposite

There has been intense recent research focused on the fabrication, characterization and
application of polymer—carbon nanotube composites, driven by a growing recognition of the
unique mechanical, electrical, thermal and other materials-related properties of carbon
nanotubes[7, 8]. Moreover, many potential applications have been proposed for carbon nanotubes,
including conductive and high-strength composites; energy storage and energy conversion
devices; sensors; field emission displays and radiation sources; hydrogen storage media and

nanometer-sized semiconductor devices; probes and interconnects[9].

In the fabrication of high-quality polymer—carbon nanocomposites with predictable and

optimal performance, a homogeneous dispersion of the carbon nanotubes in the polymer matrix is
3
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required. Methodologies such as sonication of carbon nanotubes in a polymer solution[10, 11] and
in situ polymerization in the presence of carbon nanotubes [12, 13] were developed for the
homogeneous dispersion of the nanotubes in the polymer matrix. Improvement in the compatibility
between the functionalized carbon nanotubes and the hosting polymer matrices has been discussed.
For example, Tour, Krishnamoorti and coworkers[14] reported the functionalization of single-
walled carbon nanotubes (SWNTSs) with diazonium salts, and the functionalized SWNTs were
used to form polystyrene-based composites [14]. These nanocomposites were found to have a
lower percolation threshold than those obtained with pristine SWNTSs. Sun and coworkers reported
the functionalization and solubilization of SWNTs and multiple walled carbon nanotubes
(MWNTSs) with polystyrene copolymers bearing hydroxyl or amine moieties for the subsequent
fabrication of polystyrene—carbon nanocomposite films using a wet-casting method. The films thus
obtained were found to have excellent optical quality, and were free of any significant nanotube

aggregation effects [15].
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2.2 Fabrication technigues

2.2.1 Electrodeposition techniques

Electrochemical methods are increasingly being used for the preparation of thin films and
coatings. Electrodeposition as a method to fabricate the organic-inorganic composite coatings is
attracting significant research interest [16, 17]. Electrodeposition offers a lot of advantages for

surface modification over other techniques:

e Capability of manufacturing nanostructured multi-component films.

e High purity of deposited materials.

e Applicable to substrates of complex shape.

e Can be used for deposition of ceramics, glasses, polymers, composites.
e Rigid control of the composition and microstructure of deposit.

e Low cost of equipment and materials.

Easy to be scaled up to industry level.

Electrodeposition of organic and ceramic materials can be performed either by cathodic or
anodic deposition methods. However, anodic deposition has limited utility regarding possible
materials to be deposited by this method and substrates used for deposition. Cathodic deposition
has important advantages for industrial applications. Two processes are commonly used to prepare
organic and ceramic coatings by electrodeposition: the electrophoretic deposition (EPD) and the

electrolytic deposition (ELD), shown in Figure 2-1.
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Figure 2-1 Schematic of EPD and ELD, showing electrophoretic motion of positively charged
ceramic particles and ions M*, followed by hydrolysis of the ions to form colloidal

nanoparticles and coagulation of the particles to form EPD and ELD deposits.

EPD is achieved via motion of charged particles dispersed in a liquid medium toward the
electrode under an applied electric field. Deposit formation on the electrode is achieved via particle
coagulation. ELD leads to thin ceramic films from solutions of metal salts by production of
colloidal particles in electrode reactions. Thus, electrode reactions in ELD and electrophoretic
motion of charged particles in EPD result in the accumulation of ceramic particles and formation
of ceramic films at the relevant electrodes[18]. The distinguishing features of the two methods
were compared in table 2-1. The range of thickness of coating deposited by these techniques is
shown in Figure 2-2. EPD is an important tool for the preparation of thick ceramic films. ELD

enables the formation of nanostructured thin ceramic films.
6
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Table 2-1 Major features compared between EPD and ELD.

Moving species

Preferred solvent

Electrode reactions

Deposition rate

Particle size in film

Films thickness

4

EPD

Particles

Organic

Not involved

High

Micro

1pm- 1Imm

Electrodeposition

N\
]
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4

ELD

lons

Water

Involved
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Nano
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Figure 2-2: Major features of EPD and ELD.
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Successful applications of electrodeposition require understanding of the deposition

mechanisms. It is important to note that the hydrolysis reactions in ELD and the electrophoretic
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motion of charged particles in EPD method result in the accumulation of ceramic particles at the
electrode. Deposit formation is achieved via particle coagulation. A thorough understanding of the
mechanisms of particle coagulation is crucial for successful electrodeposition and the development
of new strategies for the fabrication of advanced organic-inorganic coatings. To better understand
the mechanisms of electrodeposition, the fundamentals of ELD and EPD process will be discussed
in the following part. The topics include the classical Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory of colloidal stability, forces between colloidal particles, additives used in bath

formulations, and other factors influencing deposit stability and structure formation.

2.2.1.1 Electrolytic deposition
In the electrolytic deposition process, the hydrolysis of water which will produce H* and

OH- at anode and cathode electrode surface respectively (Egs.(2-1)-(2-2)), resulting in a significant

decrease in pH value near the anode and increase in pH value near cathode [19]:
Electrogenerated acid(Anode): 2H,0 — 0, + 4H* + 4e~ 2-1)
Electrogenerated base(Cathode): 2H,0 + 2e™ — H, + 20H™ (2-2)

Various cationic species could be hydrolyzed by an electrogenerated base to form colloidal
particles of oxides, hydroxides or peroxides.[20, 21] It was shown that electrosynthesis is similar
to the wet chemical method of powder processing that makes use of electrogenerated base instead
of alkali [22]. Hydrolysis reactions result in the accumulation of colloidal particles near the

electrode. The mechanism for deposition proposed in [22] is based on the DLVO theory of

8
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colloidal stability. It was shown [22] that the formation of a deposit is caused by flocculation
introduced by the electrolyte. It is important to note that some pH changes take place, even at open

circuit [23], leading to deposit formation.

ELD enables rigid control of film thickness, uniformity and deposition rate. The uniformity
of ELD films results from the insulating properties of the deposits and the electric field dependence
of the deposition rate. It was pointed out that the coagulation of colloidal particles near the cathode
could be enhanced by the electric field and electrohydrodynamic flows, resulting from the cathodic
reactions. Moreover, particle coagulation could also be enhanced by columbic attraction [24],
resulting from ion correlation and depletion forces. Cationic surfactants and polyelectrolytes act
as electrolytes in compressing the double layer of ceramic particles, resulting in particle
flocculation and increasing the deposition process efficiency. Cathodic reactions result in a
significant increase in pH value near the cathode, and it is expected that the colloidal particles
formed near the cathode could be negatively charged [25]. The rate of OH™ generation is of
paramount importance for the deposition process. When the rate of OH™ generation is faster than
the rate of OH" consumption by hydrolysis reactions at the electrode, a fraction of the OH ions
generated at the cathode is transported away by the electric current and diffusion. In this case, the
high pH boundary moves away from the electrode surface, resulting in lower adhesion of the
deposits. The particle formation kinetics and deposit composition are influenced by solvent,

additives, temperature and current density[22].
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2.2.1.2 Electrophoretic deposition

The mechanisms of the deposit formation of EPD have been discussed in numerous
publications. One hypothesis is that charged particles undergo reactions at the electrode, which
neutralize them. A difference in pH near the electrodes compared with the rest of the suspension
is believed to play a major role in this reduction of charge. The competing forces governing the
formation of deposit in the vicinity of the electrode include: the Van der Waals' force between
particles; the interparticle repulsion of charged particles; the interaction of the deposit forming
particles and ions or electrolytes in the suspension; and the pressure exerted by the motion of the

charged particles under the influence of applied electric field.

According to Hamaker and Verwey [26], the formation of a deposition by electrophoresis
is similar to the formation of sediment due to gravitation. It was supposed that applied electric
field exerts sufficient force to overcome particles mutual repulsion. It is important to note that
electrophoresis results in the accumulation of charged particles at the electrode surface. The
deposit formation is achieved via the particle coagulation, which is influenced by the electrode

reactions, solvents, additives and other factors [16].

In several experiments [27-30], EPD of ceramic particles was performed in the presence of
electrolytes and polyelectrolytes. These additives are adsorbed on the particles to create positive
charges and stabilize the suspensions. The additives are also important for the deposition of
uniform and adherent deposits. EPD of ceramic particles could be associated with ELD of
hydroxides or alkoxides, which form an adhesive matrix [30]. The adhesive materials promote

particle coagulation and bind the particles to the substrate. Therefore, the binder materials may
10
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enhance the effect of the VVan der Waals' force. The water content and electrolyte concentration in

the bath was also reported as a key factor during deposition process [31].

EPD of composite materials is an area of intense interest. Many important advantages of
EPD were cited [17, 32, 33], which make this technique important for various applications. EPD
can be applied to organic and inorganic nanoparticles for the fabrication of advanced functional

composite materials. Moreover, EPD can be combined with other electrochemical strategies[30].

2.2.1.3 Particle interactions

2.2.1.3.1 The DLVO theory

The state of dispersion of particles in suspension can be controlled by careful manipulation
of the interparticle forces and their interactions. A quantitative description of the relationship
between stability of colloidal suspension and energies of interactions between colloidal particles
and other surfaces in a liquid has been given by the classical DLVO (Derjaguin-Landau-Verwey-
Overbeek) theory [34]. The fundamental mechanisms of EPD have been largely denoted in

literatures primarily in the framework of the DLVO theory.

There are some critical assumptions in the DLVO theory [35]:

e Infinite flat solid surface

e Uniform surface charge density

11
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e No redistribution of surface charge

¢ No change of concentration profiles of both counter ions and surface charge determining

ions,

e Solvent exerts influences via the dielectric constant only

According to this theory, the stability of a colloidal system is determined by the total pair
interaction between colloidal particles, which consists of columbic double-layer repulsion and Van
der Waals' attraction. So, the total energy Vr of interaction of two isolated, identically charged

particles may be defined as:

VT:VA+VR (2—3)

The attractive energy Va of the London-Van der Waals’ interaction between two spherical

particles can be expressed by:

A 2 2 s?—4
VA=—— m+s—2+ln SZ (2—4)

Where A is the Hamaker constant s = 2+D/r, with D the shortest distance between the two spheres

and r the particle radius. If D <<, Equation (2-4) can be simplified to:

a

= —4A—- 2 —
Va 2H (2-5)
The coulombic double-layer repulsion repulsive energy Vr is:
V, = 2meggap? In[1 + e *H] (2-6)

12
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Where ¢ is the dielectric constant of the solvent, &9 is the vacuum dielectric permittivity, ¥ is the

surface potential, 1/k is the Debye length:

e? Y n;z?

— i\1/2 _
K (eeokT) 2-7)

Where €0 is the electron charge, k is the Bolzman constant, T is the absolute temperature, nj is the
concentration of ions with valence z;, Repulsion between colloidal particles is directly related to

the diffuse layer charge on the particles.

A schematic plot of Vr and Va versus D is shown in Figure 2-3[36] . It shows the Van der
Waals attraction energy, coulombic 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 curve for the interaction. A peak of height Eg is located slightly away from the
surface, as the coulombic double-layer repulsion energy dominates the VVan der Waals attraction
energy. The peak is known as the energy barrier and this is the energy barrier to particle
coagulation[35]. If the particles are closer than the energy barrier (Eg) the adhesion of particles is
irreversible. The columbic double-layer repulsion energy is dependent on the concentration and
valence state of electrolyte ions as shown in Equations (2-6) and (2-7). Therefore, the total energy

is strongly influenced by the concentration and valence state of counter-ions.

13
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Figure 2-3 Schematic of the interaction energy as a function of separation between two

particles in suspension.

The DLVO theory describes the potential energy curve for pair interaction, as shown in

Figure 2-4(a). When the diffuse-layer repulsion is sufficiently high compared to the Van der

Waals’ attraction, the total energy of particle interaction exhibits a maximum, which makes an

energy barrier to particle coagulation. The thickness of double layer (characterized by the Debye

length, 1/k) is very sensitive to the concentration of electrolyte [34]. The DLVO theory explains
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the existence of a critical electrolyte concentration (flocculation value) for coagulation, decreasing
with the valence of the electrolyte ions of a charge opposite to that of colloidal particles (rule of
Schulze and Hardey) [34]. It was denoted that the potential energy peak decreases as the electrolyte
concentration increases. As the energy barrier disappears, coagulation becomes possible (Figure

2-4b).

Energy Barrier Flocculation

K

Energy
Energy

\_— ¢

(a) (b)

Figure 2-4 Total interaction energy between spherical particles as a function of interparticle

separation at (a) low and (b) high electrolyte concentrations theory.

Flocculation by ions compressing the double layer also follows the Hofmeister series [34].

Within the series of ions of the same charge, the flocculation value increases in the order:

NH,*,K*,Na*,Li*;and

15
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Ba2+,5r2+, Ca2+, Mg2+

Therefore, a negatively charged sol is flocculated by large cations at a smaller
concentration than by small cations of the same valence. The flocculation value was found to be
in the range 20-200 for monovalent ions, 0.3-3 for divalent ions, and 0.003-0.1 for trivalent ions
[34]. Flocculation values are affected by sol concentration, temperature, particle size of the colloid,

and chemical nature of the sol.

2.2.1.3.2 Other interparticle forces

In the original DLVO theory, only the Van der Waals and electrostatic interactions were
considered. Now it has also been identified that in addition to these forces, other physical
interactions have to be considered. The attractive ion correlation force between particles could be
significant enough to cause aggregation and flocculation of colloidal particles [37]. lons present
in ELD and EPD baths could also influence particle interactions. Electric field-induced
aggregation of fine ceramic particles has been observed in the bulk of suspensions during EPD
[38]. Forces of other origins, such as long-range attractions [39], electrohydrodynamic flows [40],

polarization interaction, and capillary interactions etc., can also act between the particles.

It is important to note that stabilization of colloidal dispersions may also be influenced by
steric stabilization and structural forces. These mechanisms become important when there are
macromolecules adsorbed or bounded to the particle surface. Stabilisation is caused by the

repulsion between these adsorbed macromolecules. The steric stabilization forces are generally

16
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short-range forces (< 2 nm) [41]. Presence of these forces can also change the shape of the potential
well that controls the particle- substrate interaction. The addition of polymers to a colloidal
suspension might lead to both attractive and repulsive forces. In other words, polymer adsorption
may lead to colloid stability or to particle flocculation. Steric repulsion depends on the thickness
of the adsorbed layer, the configuration of the polymer, the firmness with which the polymer is
anchored to the surface, and the fraction of molecules adsorbed. Adsorbed polyelectrolytes or
neutral polymers may induce flocculation by charge neutralization or bridging flocculation [42,
43]. According to [44, 45], the attraction between colloidal particles and polyelectrolytes includes
electrostatic, hydrophobic, and dipole-dipole interactions. The interaction between two charged
surfaces neutralized by grafted polyelectrolytes and counter-ions has been studied in [42]. In salt-
free systems, a long-range repulsion due to free counter-ions and short-range bridging attraction
was considered. It was demonstrated that the addition of salts screens the long-range repulsion.
The flocculation or stabilization of colloidal particles may also be induced by non-adsorbing
polymers. Addition of non-adsorbing polymer may lead to depletion flocculation or depletion

stabilization [46].

Well dispersed and stable suspensions are very important for the successful deposition. In
general, suspensions can be dispersed by electrostatic, steric, or electrosteric stabilization
mechanisms. The suspension stability is characterized by settling rate and tendency to undergo or
avoid flocculation. Suspensions containing colloidal particles which are 1 um or less in diameter
tend to be stable due to Brownian motion of the particles. Particles larger than 1 pm require
continuous hydrodynamic agitation to remain in suspension. Flocculating suspensions settle

rapidly and form low density, weakly adhering deposits. It is important to note that deposition will
17
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not occur if a suspension is too stable, because the repulsive forces between the particles will not
be overcome by the electric field. According to some models for EPD, the suspension should be
unstable in the vicinity of the electrodes [36]. This local instability could be caused by the
formation of ions from electrolysis or discharge of the particles. These ions then cause flocculation
close to the electrode surface. Most investigators use zeta (£) potential or electrophoretic mobility

to characterize a suspension

2.2.1.4 Suspension stability and Particle Charging

2.2.1.4.1Double layer and zeta potential

A suspension for EPD is a complex system, in which each component has a certain effect

on deposition efficiency. It is critical to gain well dispersed and stable suspensions.

In the EPD process, the charged particles in a suspension are forced to move toward an
electrode under the influence of an applied electric field. Very often charged particles in a
suspension are covered by counter ions, and the concentration of counter ions around the particles
is much higher near the surface of the particles and decreases as the distance from the surface
increases. Such inhomogeneous distributions of ions close to the particle surface result in the

formation of so called double-layer, as shown in Figure 2-5[35].
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Figure 2-5 Schematic illustrating electrical double layer structure and the electric potential

near the solid surface with both Stern and Gouy layers indicated.

The double layer is composed of Stern layer and diffuse double layer or Gouy layer, and
these two layers is separated by Helmholtz plane. The electric potential reduces linearly in the
Stern layer. However, in diffuse double layer, the counter ions diffuse freely and the potential does
not decrease linearly. The motion of these ions and the particle are in opposite directions when an
electric field is applied. But, some ions are also attached to the particle, and as a consequence, a
fraction of these ions which are surrounding the particle will not move in the opposite direction

but move along with the particles. The potential at the surface of shear, the boundary between the
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electrolyte solution moving with the particle and the electrolyte solution, which does not move
with the particle, is called the zeta-potential, ye, which is schematically illustrated in Figure 2-6
[47]. Zeta-potential is the principal parameter determining the electrokinetic behaviour of the

particle. In principle, a particle with a negative surface charge can show a positive zeta-potential.
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Figure 2-6 Schematic of the double layer surrounding a charged particle and evolution of the

electric potential from the surface potential, 10, to zero far from the particle.
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For aqueous suspensions of ceramic powders, especially oxides, the { potential changes
with pH if H" and OH" are potential-determining ions, showing an isoelectric point (IEP) (Figure

2-7). { potential is positive at low pH and negative at high pH.

Zeta-potential

Figure 2-7 Zeta potential of ceramic particles versus pH of suspension.

According to the DLVO theory,  potential is important for the stability of colloidal
dispersions. The { potential indicates the degree of repulsion between adjacent, similarly charged
particles in the dispersion. A high ( potential will confer stability, however when the potential is
low, attraction overcomes repulsion and the dispersion will break and flocculate. So, colloids with
high C potential are electrically stabilized while colloids with low £ potentials incline to coagulate

or flocculate.
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2.2.1.4.2 Influence of solvents on particle charging

In aqueous media, the charge at the particle-solvent interface could originate from
adsorption or desorption of ions, or dissociation of surface groups. Surfaces of oxide particles
dispersed in water tend to coordinate water molecules to form hydroxylated surfaces. The surfaces

may become positively or negatively charged, depending on pH:

M-OH + H* & M-OH," (2-9)

M-OH + OH™ & M-0~ + H,0 (2-9)

Particle charging is accomplished by electron transfer between the particle and solvent in
non-aqueous media [48]. The charge on a colloidal particle could originate from the solvent.
Different solvents will cause different charging mechanism. Alcohols, water, organic acids are
viewed as proton donors and are critical for particle charging. A mixture of solvents may also be

helpful to accomplish particle charging [49].

Damodaran and Moudgil [50] have suggested a mechanism of particle charging in organic
solvents. They proposed that the adsorbed alcohol ionized into a protonated alcohol and an
alkoxide ions, and then protonated alcohol dissociate and desorbed into the solution, leaving the

proton on the particle surface.
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2.2.1.4.3 Additives for particle charging

A wide variety of additives can be used to control particle charge so as to produce well-
dispersed suspensions, such as acids [29, 50], I>-H20-acetone [51], NH4OH [52], and phosphate
ester [53]etc. Recently, increasing attention has been directed on the utilization of polymer
additives to induce steric stabilization, where the organic macromolecules are attached to the
particle surface, or depletion stabilization, where the macromolecules are free in suspension. The
steric stabilization is effective in both aqueous and non-aqueous media. Polyelectrolytes are widely
used additives that can impart electrostatic and steric stabilization to a colloidal dispersion. The
polyelectrolytes can be categorized into two groups: strong polyelectrolytes, for which the degree
of ionization is independent of the solution pH, and weak polyelectrolytes, for which the degree
of ionization is determined by the solution pH. Poly(ethylenimine) (PEI) is a weak cationic
polyelectrolyte. An increase in pH decreases the charge of PEI In contrast, poly( diallyldimethyl
ammonium chloride) (PDDA) is a strong polycation because of its quaternary ammonium group,
and the degree of dissociation of the ionic groups is nearly pH-independent over a wide pH range.
PEI and PDDA were used to stabilize ceramic suspensions, and as additives for particle charging

and electrodeposition of various materials [29, 54].

2.2.1.5 Solvents

Solvents act as vehicles that carry the ceramic particles in suspensions (EPD) or ions in

solutions (ELD). The solvent used in electrodeposition must dissolve inorganic salts and organic
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additives. There are two principal types of solvents used for electrodeposition: water and organic
liquids (Table 2-2). ELD needs a sufficient amount of water for base generation in cathodic
reactions [55]. Non-aqueous solvents prevent the deposit from hydrating. It is known that methanol
is capable of extracting non-bridging hydroxo groups and free water [56]. Mixed methyl alcohol-
water and ethyl alcohol-water solutions were found to be preferable in order to reduce cracking

and porosity in the electrolytic deposits [55, 57].

The addition of alcohols to aqueous solutions reduces the total dielectric constant of the
solvent, and thus reduces the solubility of the deposits. It is in this regard that deposition
experiments performed in mixed methyl alcohol-water solutions indicate a significant
enhancement of the deposition rate [58]. Repulsion between colloidal particles formed near the
electrode is related to the diffuse-layer charge on the particles. The thickness of the double layer
decreases with decreasing dielectric constant of the solvent, promoting particle coagulation.
Solvents for EPD should be inert with respect to the powder. Organic liquids are superior to water
as a suspension medium for EPD. The use of water-based suspensions causes gas formation from
the hydrolysis of water, preventing the deposition of a uniform adherent layer and yielding
pinholes. A variety of non-aqueous organic solvents (Table 2-2) are commonly used to prepare
suspensions for EPD. The charge on a colloidal particle could originate from solvents. Alcohols
are known to behave as proton donors and are important for particle charging. A mixture of
solvents may also be useful to achieve particle charging [49]. The addition of alcohols to aqueous
suspensions of titania-containing electrolyte [59] resulted in a shift of the IEP towards higher pH
values, or the absence of IEP. The experimental results presented in [59] indicate that the dielectric

constant of the mixed solvent could be the factor that governs the shift of IEP.
24



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

Table 2-2 Examples of solvents used for electrodeposition

Solvent Method of Deposited material
deposition

Water ELD Al,O3-Cr, 05 [55], ZnO [56]
EPD Al,O4 [57]

Dimethylformamide® ELD Y50, [58], TiO, [59]

Methyl alcohol-water ELD TiO, [5], RuO,-TiO, [60]

Ethyl alcohol-water ELD CeO, [61]. SnO, [62]
EPD CaSiO; [63]

Isopropyl alcohol EPD Hydroxyapatite [40,41]

Isopropyl alcohol® ELD YBa,Cu, O, _, [65]

Ethyl alcohol—acetylacetone EPD MgO, Al,O; [53]

Glacial acetic acid EPD PZT [66]

Ethyl alcohol EPD Al,O;, ZrO, [67]

Dichloromethane EPD B-alumina [68]

Acetone EPD YSZ[69]

Acetylacetone EPD YSZ [69]

Cyclohexanone EPD YSZ [69]

Methyl ethyl ketone EPD Al, 04 [70]

Toluene—ethyl alcohol EPD Al,O5 [70]

PZT, lead zirconate titanate; and YSZ, yttria-stabilized zirconia.

2.2.1.6 Binders

A binder is added to suspensions or solutions in order to increase the adherence and
strength of the deposited material and prevent cracking. EPD of sub-micrometer particles offers
advantages in the fabrication of uniform ceramic coatings with dense packing and good
sinterability. However, the use of fine particles initiates deposit cracking, which could be
prevented by the use of binder. The optimal amount of binder depends on the particle size and
particle surface area. Many different binders have been used for non-aqueous EPD, including
nitrocellulose [27, 60], alkyd resin [33], dewaxed shellac [60], and polyvinyl butyral (PVB) [28,

54]. It is advantageous to use a binder material, which also acts as a dispersant. Various dispersing

25



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

aids with an inherent binding effect were used in [29]. Compared with non-aqueous solvents, the
variety of water-soluble binders and dispersants is restricted. The low strength of water-soluble
binders limits their applicability. Polyvinyl alcohol is an important binder material for aqueous

EPD [33].

Polymer binders are common additives in ceramic processing. The most common binders
used in EPD are non-ionic-type polymers (polyvinyl alcohol, polyvinyl butyral, ethylcellulose,
polyacrylamide, etc.) [54]. The polymer macromolecules adsorb onto the surfaces of ceramic
particles. Positively charged ceramic particles provide electrophoretic transport of the polymeric
molecules to form deposits on cathodic substrates. Cationic polyelectrolytes with inherent binding

properties, such as PDDA or PEI, could be used for particle charging and EPD.

The application of neutral polymers to ELD presents difficulties, as the formation of
ceramic particles is achieved near the electrode surface. One important finding was the feasibility
of electrochemical intercalation of charged polyelectrolytes into electrolytic deposits [54]. Using
cationic polyelectrolytes with inherent binding properties, problems related to cracking in
electrolytic deposits could be diminished. Moreover, various organoceramic nanocomposites
could be obtained using electrodeposition. The intercalation of polymers is achieved by their
adsorption on the surface of colloidal particles, which are produced near the cathode and form a

cathodic deposit.

The role of binders in EPD processing is multifunctional. Polymer binders are used to
obtain adherent deposits and prevent cracks. In addition, the adsorbed polymer can provide steric
stabilization of suspension of ceramic particles and reduce viscosity of the suspension. In EPD

26



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

processing, charged ceramic particles transport adsorbed polymer to the electrode surface, thus
allowing the polymer binder to be included in the deposit. The control of polymer adsorption is of
paramount importance. The amount of polymer adsorption depends on polymer concentration in
suspension and specific polymer- particle, polymer- solvent, particle- solvent, and particle-
dispersant interactions. Good solvents are necessary in order to achieve high polymer
concentration in solution. However, the polymer can be adsorbed on the surface of ceramic
particles when its solubility in the dispersion medium is low. Adsorption of polymer on ceramic
particles in poor solvent can result in bridging flocculation. In contrast, good solvents are important
to achieve steric stabilization. Polymer stabilizing moieties, which extend out from the particle
surface must be well solvated in a good solvent. Therefore, for EPD, it could be advantageous to
use copolymers of a block or graft type. Indeed, soluble polymers serve to anchor copolymer

molecules to the particle surface, whereas chains of soluble polymers enable steric stabilization.

Metal alkoxides and hydroxides have also been used as binder materials [30, 61]. EPD of
phosphor particles was performed from a bath containing Mg(NO3).. Metal alkoxides or
hydroxides formed on the cathode during deposition and acted as cementing materials to hold the
deposit. The type of binder material formed is dependent on the amount of water in the deposition

bath [30]. These results show that EPD and ELD could be combined to form advanced deposits.
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2.2.1.8 Kinetics of electrophoretic deposition

It is very important to control the deposit rate during EPD. It will allow us to control the
thickness of the deposited layer. The rate is also important for controlling the compositional profile
of functionally graded materials [62]. Since the EPD was established, the Kkinetics of
electrophoretic deposition has been the subject of numerous investigations. The first model of EPD
kinetics was proposed by Hamaker in 1940 for electrophoretic cells with planar geometry. He
observed that deposits weight (m) is proportional to the concentration (Cs) of the suspension, time

(t) of deposition, surface area (S) of the deposit, and electric field (E):

m = CsuSEt (2 — 10)

Where m (g) is deposit mass per unit area; Cs (g cm™) is suspension concentration; p (cm? s* V1)

is electrophoretic mobility; S (cm?) is deposition area; E (V cm™) is electric field; t (s) is time.

However, there are some limitations in this equation: to get a linear relationship between
deposited mass and time, the parameters in Eq(2-10) must stay unchanged with time. This will
limit the application of Hamaker expression only to short deposition times. At this point, more

corrections are needed.

In 1996, Sarkar and Nicholson [36] firstly introduce an efficiency factor f< 1 (i.e. if all
the particles reaching the electrode take part of deposition f = 1) to quantify the effect of the

undermined process of deposition. It is expected that a colloidally stable suspension, i.e., particles

with high zeta potential, have f=~1. Moreover, they also take the variation of particle concentration
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with time into consideration. Referring the Hamaker equation Eq (2-10), they concluded a new

expression on the EPD kinetics:

am _ . sEC 211
o = FuSEC(®) 2-11)

In the early stages of the process the variation of bulk solid concentration in the suspension
is negligible, since only a minor fraction of the powder is being deposited. But for long time, the
amount of powder extracted from the bulk suspension becomes significant, and consequently Cs

decreases. Then the C(t) can expressed by:

mog—m
C(t)z"T(” (2-12)

Where the mo is the initial mass of powder in the suspension, V is the volume of suspension

considered constant.

If it is assumed that the suspension is homogeneous and that there is no decrease of particle
concentration due to sedimentation or any other process, i.e., the only change of concentration is
due to EPD. In this case, at initial time t = 0, the deposited mass m (0) = 0. At t=t, the m(t) can be

deducted by combining Eq. (2-11) and Eq. (2-12):
m(t) = my(1 —e™*) (2-13)
Where Kk is defined as “kinetic parameter”:

_JEn (2 —14)
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The Eq. (2-13) for EPD Kinetics has been widely applied by Sarkar and Nicholson[36]. Eq.
(2-13) can be reduced to the Hamaker model for short times. This equation is widely accepted in
the literature .In recent years several authors have proposed different mathematical models based
on this equation to describe the deep electrophoretic penetration and deposition of ceramics in
porous substrates, to determine deposit thickness, or to control the homogeneity of the porous

distribution in a ceramic membrane [63].

In constant-voltage EPD, the potential difference between the electrodes is maintained
constant, but, because deposition requires a steeper potential gradient than electrophoresis, then,
with increasing deposition (and therefore, increasing electrical resistance), the potential inducing
electrophoresis (E, voltage drop/unit distance in the suspension) decrease and particle motion
decrease, particle deposition rate even become zero if the gradient of the E is too flat. As the
deposit forms, it replaces an equal thickness of suspension, and the total resistance of the system
changes. This total resistance should consist of the resistance of deposit plus suspension. Then, the

electric field strength applied to the suspension can be considered to be:

AU
E= (2 — 15)

L+ Ldep((g—z) ~1)

Where AU (V) is the potential drop between the electrodes; L (cm) is the distance between
electrodes; Lgep(Ccm) is the deposit thickness; Rs (Q cm) is the resistivity of the suspension; Rq (Q
cm) is the resistivity of the deposit. The deposit thickness can be related to the weight of the

deposit:
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Va  m(t)/Cq

Lgep = 5= 5 (2-16)

Where Vg (cm?®) is the deposit volume; Cq (g cm™) is the deposit concentration (deposit density).

Combine Eqg. (2-15) and Eqg. (2-16) gives:

E = au 2—17
~ L+ R'm(t) ( )
Where R' is a constant, the value of which is given by:
Rs _
R4
R = -
s (2 -18)
Take the concentration change into consideration the modified the equation is:
jdm = fﬂ dS uE(t)C(t)dt (2-19)

Combine Eqg. (2-15), Eq. (2-16) and Eq. (2-19) the deposition equation comes:

m, — m(t)
R'm(t) + (R'my + L) In — )+ k'AUt = 0 (2 —20)
0
Where the k' is a redefined "kinetics parameter":
fsu
k' =— -
7 (2-21)

The Eq. (2-20) is suitable for Constant-voltage EDP also a general Kinetics expression for

considering electric field and solid loading (concentration of suspension) variation.
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2.2.2 Chemical techniques

Variety chemical methods are widely used for the fabrication of functional nanocomposites.

Several advanced means have been used in my experiments as following:
2.2.2.1 Chemical Reduction

The chemical reduction techniques, using a variety of organic and inorganic reducing
agents, are widely applied in synthesis of nanoparticles. The most common approach for synthesis
of silver NPs is chemical reduction. In general, different reducing agents such as sodium citrate,
ascorbate, sodium borohydride (NaBHs), elemental hydrogen, polyol process, Tollens reagent, N,
N-dimethylformamide (DMF), and poly (ethylene glycol)-block copolymers are used for reduction
of silver ions (Ag") in agueous or non-aqueous solutions. These reducing agents reduce Ag* and
lead to the formation of metallic silver (Ag®), which is followed by agglomeration into oligomeric
clusters. These clusters eventually lead to the formation of metallic colloidal silver particles [64-

66].

However, most of these experiments are still in development stage and the experienced
problems are the stability and aggregation of NPs, control of crystal growth, morphology, size and
size distribution. Furthermore, extraction and purification of produced NPs for further applications

are still important issues [67, 68].
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2.2.2.2 Chemical Polymerization

Chemical polymerizationis a process of reacting monomer molecules together in
a chemical reactionto  form polymer chains or three-dimensional  networks  [69].
Polypyrrole (PPy), which is widely used in electrochemical supercapacitors devices [70-72], is a
type of organic conducting polymer commonly synthesized by chemical polymerization from
pyrrole. In the chemical synthesis process, chemical oxidants will be involved[73]. It has the
advantages that easy for mass production, high material loading of electrode, and options to modify
conducting polymers backbone covalently, which make the chemical polymerization promising in

industrial production.

Typical processes for chemical polymerization of CP powders include emulsion
polymerization, layer-by-layer assembly and solution polymerization. For example, Q.Wang
[74][used ultrasonically initiated in-situ emulsion polymerization of n-butyl acrylate (BA) and
methyl methacrylate (MMA) and prepared CP-encapsulated CNT. During the chemical
polymerization synthesis process of PPy, the solvent, temperature, dopant [75], as well as the
nature of oxidant[76] greatly affects the morphology and electrochemical properties of PPy in the

chemical synthesis .
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Chapter 3 Objectives

The long term objective of this work is the development of new electrochemical and chemical

methods for the fabrication of functional nanocomposites.

The long term objective is based on the short term objectives:

- Development of advanced dispersing agents with chelating properties and strong
adsorption on inorganic particles and organic materials. Application of the dispersing
agents for the synthesis of nanoparticles and electrophoretic deposition, investigation of
new dispersant adsorption and dispersion mechanisms. Development of liquid-liquid
extraction methods for the synthesis of nanoparticles using new dispersants.

- Development of electrophoretic deposition methods for the deposition of new polymers
and composites, investigation of microstructure and properties of the composite materials,
such as corrosion protection, flame retardant and energy storage properties.

- Development of new combined electrochemical methods for the synthesis of organic-
inorganic nanocomposites using electrophoretic deposition of strong polyelectrolytes and
electrosynthesis or electrophoretic deposition of inorganic particles.

- Development of advanced dispersants for fabrication of novel organic—inorganic
composites and polymer-carbon nanotube composites by chemical methods. Analysis of

microstructure and properties of new composite materials.
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Chapter 4 Experimental Procedures

4.1Materials

All starting materials involved in my research were listed in the following Table 4-1:

Table 4-1 Materials purchased from commercial suppliers.

Category Material Supplier
Minerals Huntite (MgzCa(CO3)4) Sibelco
Hydrotalcite (MgsAl2CO3(0OH)16 4(H20)) Sigma-Aldrich
Aluminum hydroxide (AI(OH)a3) Sigma-Aldrich
Zirconium Sillicate (ZrSiOa) Shandong Golden

sun Zirconium

Industry Co.,
China
Silicon carbide (SiC) IbidenCo., Japan
Oxides Zinc Oxide (ZnO) Sigma-Aldrich
Titanium dioxide (TiO.) Sigma-Aldrich
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Nickel Oxide (NiO)

Sigma-Aldrich

Al>TiOs Alfa-Aesar, USA
MgAI>04 Cerac,USA
Nitrides Boron Nitride (BN) Sigma-Aldrich
Silver Nitrate (AgNO:3) Sigma-Aldrich
Silicon nitride(SisNa) H.C. Starck,
Germany
Dispersing/charging Sodium Alginate Sigma-Aldrich
agent
Poly[1-[4-(3-carboxy-4-hydroxyphenylazo) Sigma-Aldrich
benzenesulfonamido]-1,2-ethanediyl, sodium salt]
(PAZO)
Caffeic acid (CA) Sigma-Aldrich
Lauryl gallate (LG) Sigma-Aldrich
Tannic acid (TA) Sigma-Aldrich

Poly(vinylbenzyl trimethylammonium chloride)

(PVT)

Scientific Polymer

Products, Inc
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Hydroxyethyl cellulose ethoxylate, quaternized Sigma-Aldrich
(HCE)
2, 2'-Biquinoline-4,4'-dicarboxylic acid Sigma-Aldrich
dipotassium salt trihydrate
Poly(styrene-alt-maleic acid) sodium salt solution Sigma-Aldrich
Poly(4-styrenesulfonic acid-co-maleic acid) Sigma-Aldrich
sodium salt solution
Poly(4-styrenesulfonic acid-co-maleic acid) Sigma-Aldrich
sodium salt
Metal Palladium (Pd) Sigma-Aldrich
Conductive carbon Multiwalled carbon nanotubes (MWCNTS) Bayer Inc.
materials
(Germany)
Monomer for the Pyrrole (>98%) Sigma-Aldrich
polypyrrole (PPy)
Oxidant for the Ammonium peroxydisulfate (APS) Sigma-Aldrich
synthesis
Electrolyte for ES Sodium sulfate (Na2SQO4) Sigma-Aldrich
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Other Chemicals

Sodium hydroxide (NaOH)

Sigma Aldrich

Zinc acetate dihydrate

(Zn(CH3COO0); - 2H,0)

Sigma-Aldrich

Zirconyl chloride octahydrate (ZrOCl,-8H-0)

Fluka Chemical

Corp
Current collector 316L stainless steel foils Alfa Aesar
Nickel foam (porosity ~95%) Vale

38




Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

4.2Materials Synthesis

4.2.1 Hydrothermal synthesis of ZnO nanorods

For the synthesis of ZnO nanorods, as shown in Fig.4-1, 10mL of 0.1 M of zinc acetate
solution in ethanol was mixed with 20 mL solution of 0.5 M NaOH in ethanol, containing 0.003
M reducing agent or without reducing agent. The mixed solution was stirred for 10 min and then
transferred to a Teflon-lined stainless steel autoclave and heated at 150 °C for 24 hours. The

obtained powder was washed by deionised water and ethanol and then dried at 60 <€ for 12 h [77].

frm— s
| /l/ E 1 ~ .‘\‘
o ® [l
- :
-

) sealing L =
— &

Teflon liner Reaction
autoclave

washing

Figure 4-1 Hydrothermal process for producing ZnO nanorods.
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4.2.2 Chemical polymerization of PPy and PPy-MWCNTSs

PPy chemical polymerization was based on chemical reaction between Py monomer and
APS oxidant. For the fabrication of PPy powder (see Fig.(4-1(a)),0.2M Py monomer solution in
deionized water was mixed with different dopants (Py: dopant mass ratio 10: 1.). The solution was
cooled down to 4 € by an ice-water bath and magnetic stirring was performed for for 2 hrs. The
PPy precipitation was obtained by adding APS solution (0.2 M in final solution) to the above
solution. The resultant mixture was subsequently allowed to react for 20 hrs. PPy precipitates were
filtered and thoroughly washed with deionized water, and then dried at 60 °C for 24 hrs in air. The

final materials were grinded into fine powders and dried.

Pyrrole + Dopant Acueous APS solution

(a)

A ..
Stirring Stirring

4°C, 2hrs 4°C, 20hrs PPy

H,0 powder

MWCNT + Dispersant  Pyrrole + Dopant Aqueous APS solution

Ultrasonicating Ultrasonicating Stirring MWCNT/PPy
4°C, 15min 4°C, 15min 4°C, 20hrs .
— F— — Composite
Hzo Stirring Filtering, Drying
a°c, 2hrs 60°C, 24hrs powder

Figure 4-2 Chemical synthesis of (a) PPy powder and (b) MWCNT/PPy composite materials.
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A similar procedure was used for the fabrication of PPy-MWCNT composite (see Fig.4-
2(b)). In this procedure, the dopant for PPy was also used as dispersant for MWCNTSs. Stable
MWCNT suspension, containing a dopant, was prepared and added to the solution of Py monomer
(0.2 M in final solution) in order to obtain composites with a PPy: MWCNT mass ratio of 4: 1.
Ultrasonic agitation was used prior to the addition of APS in order to achieve homogeneous
dispersion of MWCNTs. The PPy and composite PPy - MWCNT powders were washed

completely with deionized water and dried in air at 60 <€ for 24 h.

4.3 Fabrication of electrodes for electrochemical tests

PPy or Ethanol
PPY-CNTs
powders l
Impregnate Press
‘ —_—r— . —_—
Slur
¥ Ni foam Electrode

current collector

Figure 4-3 Fabrication of electrodes for electrochemical cells.

The obtained PPy or PPy-MWCNTSs powders were used for the fabrication of slurries,

which were impregnated into current collectors to form electrodes (Fig.4-3). The procedure started
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with the powder grinding in ethanol to make slurry. The obtained slurry was then impregnated into
Ni foam current collector (95% volume porosity) with area of 11 cm?. The materials loading
varied from 10 to 30 mg cm. After drying in air at 60 <C, the electrode was pressed to 30% of
original thickness to enhance the contact between electrode materials and current collectors (Fig.4-

3).

4.4 Electrodeposition and adhesion test

(-)

Platinum Platinum

Stainless steel

Figure 4-4 A schematic of the setup of the deposition cell.
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A schematic of the setup of the electrochemical cell for deposition is shown in Fig.4-4.
The cell included a stainless steel foil (25>60>0.1mm), used as substrate, centered between two
parallel platinum (Pt) counter electrodes. The distance between the substrate and counter
electrodes was 15 mm. The deposition voltage was varied in the range of 5-100 V. The deposition
time was varied in the range of 0.5-10 min. An electrophoresis power supply EPS 601 (Amersham
Biosciences) was employed to provide the DC electric field for electrodeposition, either in a
constant current density (galvanostatic) or a constant voltage mode. All the films were prepared
using fresh suspension. The films obtained were dried in air at room temperature for at least 24
hours before the further characterization. The deposition yield was studied for the films deposited
on stainless steel substrates. In all experiments, the Mettler Toledo AX105 DeltaRange analytical
balance was used. The accuracy of balance is 0.01 mg. A minimum of three samples were prepared
in each deposition experiment. The deposition yield measurements were repeatable, and the error

was less than 5%.

The adhesion of deposited films was characterized according to the ASTM D3359
standard. To start with, six cuts with 1mm apart were required in the x and y direction on the film.
Pressure-sensitive tape (Elcometer 1539) was applied over the cutting area and then removed.
Adhesion was evaluated by the comparison between different patterns on the tapes. The adhesion

classification was performed using a table (ASTM D3359) shown in Fig.4 -5.
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Classific ation of Results

Surface of crosscut area (six each horizonkal
Classification For percentages and vertical parallel zuts) whers flaking
of area remowved Fas cocurred: adhesion rance by percert.®

58 — 0% Mone

48 — Less than 5%

38 — 5% o 15% J:

2B — 159% to 35% ]

I

1B — 35% to 65%

0B — Greater than 65%%

Figure 4-5 Classification of adhesion test results.
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4.5 In-situ deposition yield study

The deposition kinetics has been investigated in-situ using a quartz crystal microbalance.

(QCM 922, Princeton Applied Research) controlled by a computer (Fig4-6) .

Quartz-Crystal ® Adaptor Power supply
Microbalance (QCM) constant voltage
+ -
Computer
@ @

x
>

2 5 2 &
-~ .

5
=
H
<
H
4
13
-

&
=

Working electrode Platinum

™
/
P
A
¥
foil

Figure 4-6 A schematic of QCM analysis system.

The electrochemical cell included an Au coated 9-MHz quartz resonator working electrode,
a Pt wire counter electrode and dilute testing solutions. The resonators with an area of 0.2 cm?
were coated with active material from dilute solutions. The QCM studies of deposition yield were
performed at a constant voltage 5V. A sourcemeter (Keithley model 2400) was used as a power
supply for QCM studies.The deposit mass Am was calculated using Sauerbrey’s equation [78, 79]
(Ea(4-1)):
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2F2

Ay/Pqhq

—AF = X Am (4-1)

Where AF is the frequency decrease of the QCM, Fo is the parent frequency of QCM (9 MHz), A
is the area of the gold electrode (0.2 cm?), pq is the density of quartz (2.65 g cm™) and pgq is the

shear modulus of quartz (2.95x10% dyne cm).

4.6 Materials characterization methods

4.6.1 X-ray diffraction analysis

X-ray diffractometry (XRD) is commonly used to determine the phase content in minerals
and materials. It is also a very useful tool for the measurement of lattice parameters, internal
stresses, crystal size, and crystal orientation etc. In my experiments, the phase content of the
deposits was determined by XRD with a diffractometer (Nicolet 12), using monochromatized Cu

Ka radiation at a scanning speed of 0.5 Fmin.

4.6.2 FTIR and UV-Vis spectroscopy

The adsorption of dispersants was studied by Fourier transform infrared spectroscopy
(FTIR) and UV-Vis spectroscopy tests. The deposits were removed from the substrates after
drying in air for 72 h for the investigations. FTIR tests were performed using Bio-Rad FTS-40

instrument. The UV-Vis spectra were obtained using Cary-50 UV-Vis spectrophotometer.
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4.6.3 Scanning and transmission electron microscopy

The surface morphology and microstructures of the deposited coatings were studied by
scanning electron microscopy (SEM) using a JEOL JSM-7000F scanning electron microscope.
The transmission electron microscopy (TEM) investigations were performed using a Philips CM12

microscope and a JEOL 2010 FEG high-resolution transmission electron microscope.

4.6.4 Thermogravimetric and differential thermal analysis

Thermogravimetric analysis (TG) is an analytical technique used to determine a material's
thermal stability and its fraction of volatile components by monitoring the weight change that
occurs as a specimen is heated. The measurement is normally carried out in air or in an inert
atmosphere, and the weight is recorded as a function of increasing temperature. In addition to
weight changes, some instruments also record the temperature difference between the specimen
and one or more reference pans (differential thermal analysis, DTA), which can be used to monitor
the energy released or absorbed via chemical reactions or phase transformations during the heating
process. In my experiments, TG and DTA were carried out using the deposits that had been scraped
from the Pt electrode after deposition and dried at room temperature for 24 hr. The thermoanalyzer
(Netzsch STA-409) was operated in air between room temperature and 1200 <C at a heating rate

of 5 T/min.
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4.7 Electrochemical Tests

POTENTIOSTAT
T ¢ ¢

Reference electrode

Counter electrode

N, purge

Figure 4-7 A schematic of a standard three electrode electrochemical cell.

The electrochemical behaviors of the test electrodes were investigated using Potentiostat
(PATSTAT 2273, Princeton Applied Research), controlled by a computer using the PowerSuite
electrochemical software package. Electrochemical investigations of the single electrodes were

carried out using a standard three electrode electrochemical cell (shown in Fig.4-7), with 0.5 M
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sodium sulfate aqueous solution as electrolyte (deaerated by 99.995% nitrogen gas flow before
and during test), platinum gauze as counter electrode and a standard calomel electrode (SCE) as

reference electrode.

4.7.1 Cyclic voltammetry study

Cyclic voltammetry (CV) studies were performed within a potential range of -0.5 to +0.4
V versus SCE at scan rates of 2-100 mV st in 0.5M Na,SOs aqueous solutions. The total

capacitance was calculated using the following expression (Eq.4-2):

C=— (4-2)

Where Q is charge obtained by half the integrated area of the CV curve and AV is the width of the
potential window. The mass normalized specific capacitance C=C/m (m-sample mass) and area-
normalized specific capacitance Cs=C/S (S-geometric sample area), calculated from the CV data,

were investigated versus mass loading, scan rate and cycle number.

4.7.2 Impedance spectroscopy study

The measurement of complex electrochemical impedance was conducted within a
frequency range of 10 mHz to 100 kHz with AC signal amplitude of 5 mV in 0.1 or 0.5 M Na>SO4

aqueous solutions. The obtained complex impedance data (Eq.4-3) plotted in Nyquist graph was

49



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

simulated using ZSimpWin software (Princeton Applied Research) and appropriate equivalent

circuit was selected and applied to such simulation[80].

7 =17'—iz" (4 —3)

The area normalized complex AC capacitance (Eq.4-4) was calculated[80] from the complex
impedance data using Eq.4-5 and Eq.4-6, where w=2xf (f-frequency). The relaxation times (Eq.4-

7) were calculated from the relaxation frequencies fm, corresponding to the Cs" maxima.

C:=CL—iCl 4-4)
Cs = Z” 4 -5
c’ = 2 4—6

1
T=— “4-7)
fim

4.7.3 Corrosion study — Tafel plot

The Tafel technique provides a fast way of determining the corrosion rate of a specimen.
In a typical experiment, a controlled-potential scan was programmed to take place within 2250 m
V of the corrosion potential of the specimen. The resulting current is logarithmically plotted versus

the potential (log current versus potential). The corrosion rate can be calculated from the Tafel plot
50



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

data. In this study, the Tafel plots were obtained with a scan rate of 1 mV /s and the electrolyte

was 3 wt% NaCl. The corrosion rate is calculated using Eq.4-8:

0.13 Icorr(E-W.)

Corrosion Rate (mpy) = ]

(4-8)

E.W. is the equivalent weight of the corroding species (g). Density of the corroding species (g/cm?)

is d. lcorr is the corrosion current density (LA/cm?).
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Chapter 5 Results and Discussions

5.1Development of chelating dispersant

Electrophoretic deposition (EPD) is a colloidal technique for the deposition of ceramics,
polymers and composites[36, 47]. One of the major issues in the development of EPD technology
is the selection of dispersants. The particles must be well dispersed and charged in the suspensions.
Recent studies highlighted the importance of strong dispersant adsorption on the particle
surface[81]. Dispersants with chelating ligands, such as anionic and cationic molecules from the
catechol, salicylic acid and gallic acid families [81] showed improved adsorption on oxide
particles. The adsorption mechanisms involved complexation of metal atoms on the particle

surfaces with chelating ligands of the molecules.

5.1.1 Chelating molecules

5.1.1.1 Using Caffeic acid as a capping agent for synthesis and dispersant for

EPD

The surface modification of materials using molecules of the catechol family is emerging
as a new area of technological and scientific interest[82]. Special attention to the adsorption of
catecholates on inorganic particles resulted from the fundamental investigations of proteins,

containing monomers with catechol ligands, which allowed for strong mussel adhesion to various
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surfaces[83-85].1t was found that such protein macromolecules contain catecholic amino acid, L-
3,4-dihydroxyphenylalanine (DOPA), which interacts strongly with metal atoms on the particle

surface[84].

Figure 5-1 Chemical structure of CA.

Caffeic acid (CA) is the closest molecular analogue of DOPA (Fig.5-1). Similar to DOPA,
the structure of CA contains a catechol ligand. The use of DOPA for colloidal processing of
inorganic materials presents difficulties due to zwitterionic properties of this molecule, containing
anionic carboxylic group and cationic amino group. In contrast, the structure of CA includes only

anionic carboxylic group, which can impart a negative charge for the electrostatic dispersion of
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particles, containing adsorbed CA. The adsorption of catecholates on ZnO is of particular interest

for the development of sensors, photovoltaic and optical devices.

The goal of this investigation was the analysis of CA adsorption on wurtzite ZnO particles
by different experimental methods. The important finding was the possibility of the fabrication of
ZnO nanorods with reduced particle size and increased aspect ratio using CA as a dispersant.
Moreover, the adsorbed CA allowed for the EPD of ZnO films from stable suspensions. The results
of this investigation pave the way for the application of CA and other catecholates for the synthesis

of nanoparticles and deposition of thin films.

Figure 5-2 SEM image of ZnO nanorods, prepared by the hydrothermal synthesis method.

54



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

Fig.5-2 shows SEM image of rod-like particles, which were prepared by the hydrothermal
method. The TEM images of the particles are shown in Fig.5-3(A). The electron microscopy data
indicated that the typical diameter of the rod-like particles was in the range of 50-250 nm and the
length was 0.2-1.5 mm. The size of the ZnO particles prepared in the presence of CA was
significantly smaller. The TEM data presented in Fig.5-3(A and B) allowed for the comparison of
the morphologies of the particles prepared without CA and in the presence of CA. The particles,
prepared in the presence of CA showed a nanorod morphology with typical diameter of the
nanorods in the range of 10-30 nm and length of 0.2-1 mm. The TEM images indicate that the
particles, prepared in the presence of CA have higher aspect ratio, compared to the particles,

prepared without CA.

Figure 5-3 TEM images of ZnO prepared (A) without CA and (B) in the presence of CA.
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Figure 5-4 X-ray diffraction pattern of ZnO prepared (A) without and (B) in the presence of

CA (¥ - peaks, corresponding to the JCPDS file 36-1451).

The X-ray diffraction patterns (Fig.5-4) of the particles showed peaks of the wurtzite phase.
The 26 diffraction angles of the peaks in the diffraction pattern are in agreement with the JCPDS
file 36-1451. The difference in the relative intensities of the peaks, compared to the JCPDS file
36-1451, can be attributed to the rod-like morphology of the particles[86]. The broadening of peaks
for ZNO prepared in the presence of CA is related to the smaller particles size. It is suggested that
the reduction in the diameter of the ZnO particles, prepared in the presence of CA is related to CA
adsorption on the surface of growing ZnO particles during the hydrothermal synthesis. The

adsorption of CA on the (1010) plane can inhibit the growth of the ZnO particles. As a result, the
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diameter of the particles, prepared in the presence of CA, reduced significantly, compared to the

diameter of the particles, prepared without CA.

Figure 5-5 SEM images of the films prepared by EPD at deposition voltages of (A) 30 and (B)

50 V from 4 g L suspensions of ZnO, prepared in the presence of CA.

The EPD experiments provided additional evidence of the CA adsorption on the ZnO
particles. The ZnO suspensions, prepared without CA were unstable and showed rapid
sedimentation immediately after the ultrasonic agitation. In contrast, the suspensions, prepared in
the presence of CA, showed good stability for more than one week. EPD has not been achieved
from the suspensions of ZnO, prepared without CA. In contrast, ZnO particles, prepared in the
presence of CA, were deposited on anodic substrates by EPD. Fig.5-5 shows SEM images of ZnO
films, deposited by EPD. The films contained ZnO nanorods, the dimensions of the nanorods are
in agreement with the TEM data (Fig.5-3(B)). The increase in the deposition voltage resulted in

increased porosity of the films (Fig.5-5(A and B)). The increased porosity can result from gas
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evolution at the electrode surface. It is suggested that adsorbed CA imparted a charge to the ZnO

particles and allowed for improved suspension stability and film formation by EPD.
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Figure 5-6 FTIR spectra of deposit, obtained by EPD from 4 g L suspensions of ZnO,

containing 1 g L CA.

The adsorption of CA on the ZnO nanorods has also been confirmed by the results of FTIR
studies of the deposited material (Fig.5-6). The absorptions at 1440 and 1650 cm™ are related to
symmetric COO stretching vibrations and C-C stretching vibrations of aromatic ring of CA[87],
respectively. The broad absorption at 3410 cm™ is associated with the stretching vibration of OH

groups of adsorbed water molecules[88].
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The experimental results presented above show different avenues for the applications of
CA adsorption in materials processing. The adsorption of CA on ZnO was confirmed by EPD
experiments, electron microscopy and FTIR data. The use of CA as a dispersant for the
hydrothermal synthesis of ZnO allowed for the reduced size and increased aspect ratio of the ZnO
nanorods. As-prepared ZnO nanorods, containing adsorbed CA formed stable suspension due to
electrosteric dispersing effect of CA. The use of CA as a dispersant allowed for the fabrication of
ZnO films. The dispersants from the catechol family offer advantages for colloidal nanotechnology
of oxide films due to strong adsorption of the catechol ligands. Future expansion of this work will
result in the development of advanced dispersants for synthesis of nanoparticles and film formation

by EPD.

5.1.1.2 Electrophoretic Deposition of Functional Organic Molecules (BigCOOH)

and Composite Films

2, 2'-Bicinchoninic acid (BigCOOH) exhibits a set of functional properties, which
motivated the work of fabricating BigCOOH films. 2,2'-Biquinoline (Biq), its derivatives and Big-
metal ion complexes are important materials for photo- and electroluminescence devices [89, 90],
electro-optical displays [91, 92], solar cells [93], corrosion inhibition[92], medicine and other
applications[94, 95]. It was found that BigCOOH was capable of forming 3-D crystalline networks
with various metal ions due to its unique bonding capabilities [96]. Four functional groups of

BigCOOH can act as hydrogen bond donors or acceptors in these 3-D networks with ©-n
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interactions of the BigCOOH molecules enhancing the network ordering [96]. The ordering in the

BiqCOOH based structures is enhanced by the n-n interactions of the BigCOOH molecules [96].

Figure 5-7 Chemical structure of BigCOOK molecule.

The expanding applications of Big and related materials generate motivation to develop
new, simpler, and more robust procedures for the fabrication of films and composites. Our goal
was the manufacturing of BigCOOH films and nanocomposites. The interest in BigCOOH is
attributed to unique functional properties of this molecule, described above. Moreover, the
interesting chemical structure of this molecule (Fig.5-7), which includes chelating (N containing
ligands[96]) and charged (dissociation of two —COOK groups) ligands bonded to a polyaromatic
backbone, makes BigCOOH very promising for application as a dispersant for EPD. The results

presented below indicate that electrochemical deposition is an effective way to achieve this goal.
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This study presents a facile strategy for EPD of different materials, such as Pd metal, Ni oxide

using BigCOO™ as anionic dispersing and binding species.

In EPD process, the decomposition of water at electrodes surface will result in anodic

surface pH decrease (Eq.5-1)

2H,0 —» 0, + 4H* + 4e~ G-1

The protonation of the COO™ groups at the anode (Eq.5-2), the neutralization of the charge and

precipitation of insoluble BigCOOH promoted film deposition.

BiqCOO~ + H* — BiqgCOOH (5 —2)

The SEM studies of the films prepared in a water-ethanol solvent showed separated flower-
like morphology (Fig.5-8(a)). As a result, the film exhibited significant porosity. The SEM data,
obtained at higher magnifications (Fig.5-8(b)) showed that flower-like assemblies contained long
particles. Many individual particles were oriented nearly perpendicular to the substrate surface.
The long particles deposited from the water-ethanol solvent showed nearly rectangular cross

sections.
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Figure 5-8 SEM images at different magnifications for the deposit obtained from 1 g L™

BigCOOK solution in a water—ethanol solvent at a deposition voltage of 30 V.

The film forming and chelating properties of anionic BigCOOK allowed for the use of
BigCOOK as a dispersing and binding agent for EPD of different materials. Previous
investigations [97] showed BigCOOK adsorption on Pd particles. In our investigation Pd particles

were dispersed and charged using BigCOOK and deposited on stainless steel substrates by anodic
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EPD. Fig.5-9(A) shows an SEM image of the Pd film. The SEM image indicated the formation of
a porous film, containing Pd particles. BigCOOH is clearly seen between the particles. It is
suggested that BigCOOH, adsorbed on Pd, acted as a binder for the Pd particles and promoted
incorporation of Pd particles into the growing film. The binding mechanism involved complex

formation between Pd and BigCOOH.

._'

S0 500 nm

Figure 5-9 SEM images of films, prepared from 1 g L! BigCOOK solution in a water—ethanol

solvent, containing (a) 4 g L Pd, (b) 10 g L* NiO at a deposition voltage of 30 V.
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Moreover, it was found that BigCOOK adsorbed on NiO particles and allowed for their
improved dispersion and EPD. Fig.5-9(B) shows the microstructure of the NiO film. The SEM
image indicated film porosity, which can result from packing of NiO particles and gas evolution
at the electrode during deposition. The BigCOOK adsorption on the Pd and NiO particles resulted
from the complex formation involving N-containing ligands of BigCOOK and Pd or Ni atoms on

the particle surface.
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Figure 5-10 FTIR spectra of deposits, prepared from 1 g L* BigCOOK solution in a (a)
water—ethanol solvent, containing (b) 4 g L' Pd and (c) 10 g L NiO at a deposition voltage

of 30 V.
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The co-deposition of BigCOOH with Pd and NiO was confirmed by the results of FTIR
analysis. The FTIR spectra (Fig.5-10) of the deposited materials showed absorptions similar to the
absorptions of pure BigCOOH films. The spectra contained adsorption at 1697 cm, related to the

vibration of protonated COOH groups.

Thin films of BigCOOH were deposited by anodic electrochemical deposition from
BigCOOK solutions. The mechanism of EPD has been developed, which involved the
electrophoretic transport of anionic BiqCOO™ species to the anode surface, where local pH
conditions promoted the formation of insoluble BigCOOH. The polyaromatic chelating BigCOOK
molecules showed adsorption on materials of different types, such as Pd and NiO. EPD method
allowed for the deposition and co-deposition of Pd and NiO using BigCOO™ as a dispersing and
binding species. The films prepared by electrodeposition can be used for applications utilizing the

functional properties of BigCOOH and other deposited materials

5.1.1.3 Using Tannic acid as a capping agent for synthesis and dispersant for

EPD

Tannic acid (TA) is a natural high molecular weight polyphenol [98], which exhibits a
unique set of properties for biomedical, pharmacological, food additive and other applications[99-
101]. Recently interest has been generated in the development of composite TA films and coatings,

utilizing bio-functional properties of TA[98].

65



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

On

EO,
HOy OH
O O
C O

O

OH

@«QYQ
Sk é

Figure 5-11 Chemical structure of TA molecule.

The chemical structure of TA (Fig.5-11) includes multiple galloyl groups, which promote
electrostatic, hydrogen bonding, and hydrophobic interactions [102, 103]. The galloyl groups of
TA provide binding sites for the formation of chelates with different metals. Several investigations
[104-107] were focused on the synthesis of inorganic nanoparticles of controlled size and shape
using TA as a reducing, capping and dispersing agent. TA was found to be an efficient capping
agent for the hydrothermal synthesis of ZnO nanorods, which were then deposited by EPD using
TA as dispersing and charging agent. The obtained films can be used for different applications
based on the functional properties of TA and catalytic, flame retardant, charge storage and

electronic properties of the co-deposited materials.
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Figure 5-12 TEM images of ZnO prepared (A) without TA and (B) in the presence of TA.

Fig.5-12 compares the TEM images of ZnO particles, prepared without TA and in the
presence of TA. The electron microscopy data indicated that the typical diameter of the rodlike
particles, prepared without TA, was in the range of 50-100 nm and the length was 0.2-1.0 um.
The size of the ZnO particles prepared in the presence of TA was significantly smaller. The
particles, prepared in the presence of TA showed a nanorod morphology with typical diameter of

the nanorods in the range of 15-40 nm and length of 0.2-0.3 pm.

The ZnO particles prepared without and in the presence of TA showed X-ray diffraction
patterns of the wurtzite phase (Fig.5-13). The 260 diffraction angles of the peaks in the diffraction
pattern are in agreement with the JCPDS file 36-1451. The difference in the relative intensities of
the peaks, compared to the JCPDS file 36-1451, can be attributed to the rod-like morphology of

the particles [86]. It is suggested that the reduction in the diameter of the ZnO particles, prepared
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in the presence of TA is related to TA adsorption on the surface of growing ZnO particles during

the hydrothermal synthesis. The adsorbed TA inhibited the growth of the ZnO particles.
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Figure 5-13 X-ray diffraction patterns of ZnO, prepared (A) without TA and (B) in the

presence of TA (¥ - ZnO, JCPDS file 36-1451).

The ZnO particles, prepared using TA as a capping agent were deposited by EPD using TA
as a dispersant and charging agent. The SEM image of the film (Fig.5-13) shows ZnO nanorods in

the TA matrix.
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Figure 5-14 SEM image of the film, prepared at a deposition voltage of 30 V from 4 g L™
ZnO suspensions in ethanol, containing 1 g L* TA. ZnO was synthesized in the presence of

TA, arrow show ZnO particles.

5.1.1.4 Using Lauyl gallate as a reducing and dispersing agent for the

fabrication of silver nanoparticles by liquid—liquid extraction

The goal of this investigation was the use of lauryl gallate (LG) for the synthesis and
dispersion of inorganic particles and fabrication of advanced composites using a liquid—liquid
extraction technique. The structure of LG includes the galloyl group and a long hydro-carbon chain

(Fig.5-15A). LG is well soluble in n-butanol; however, it is insoluble in water. The results
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presented below indicated that LG allowed for the reduction of Ag* ions to form Ag nanoparticles

(AgNp) and extraction of AgNp to the n-butanol phase.

A B
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Figure 5-15 (A) Chemical structure of LG, (B) extraction of AgNp to the n-butanol phase

using LG.

Our approach was based on the use of LG as a reducing and dispersing agent. We suggested
that the galloyl group of LG can provide LG adsorption on inorganic surfaces via a mechanism,
similar to the adsorption mechanisms of gallic acid and catecholates, which involved phenolic OH
groups [81]. The larger size of LG, compared to that of gallic acid, offers the advantages of
improved steric stabilization of inorganic particles by adsorbed LG. It was hypothesised that
similar to other head and tail surfactants [108, 109], containing long hydrocarbon chains, the LG

molecules can be used for the dispersion of carbon nanotubes. Therefore, it was expected that LG
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can be used as a co-dispersant for the fabrication of composites, containing different oxides, metals

and carbon nanotubes.

Based on literature data on the redox properties of the galloyl group of gallic acid [110,
111] and application of gallic acid and lauryl gallate as a reducing agent for Ag*, we suggested
that LG, containing a galloyl ligand, can also be used as a reducing agent for the formation of
AgNp from the AgNOs solutions. The water-n-butanol two-phase solvent system is widely used
for the extraction of different solutes from aqueous to the n-butanol phase [112-115]. In our

investigation we used the water-n-butanol system for particle extraction.
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Figure 5-16 X-ray diffraction pattern of AgNp, obtained by reduction of AgNOs with LG (¥
- JCPDS file 04-0783).

The XRD studies of the particles, prepared from the AgNOs solutions showed diffraction

peaks of Ag, corresponding to the JCPDS file 04-0783 (Fig.5-16). Therefore, similar to gallic acid,
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the LG molecules can be used as a reducing agent for the synthesis of Ag. It is important to note
that LG is insoluble in water, but well soluble in n-butanol. This is in contrast to gallic acid, which
is well soluble in water and allows synthesis of AgNp in aqueous solutions of AgNOz. The redox
reaction of Ag* and LG during stirring of the aqueous and n-butanol phases resulted in the
formation of AgNp, which were transferred to the n-butanol phase by the adsorbed LG. Turning
again to Fig.5-15B, it is seen the liquid-liquid separation after stirring resulted in the formation of
Ag suspension in n-butanol. Fig.5-17 shows a TEM image of the AgNp. The particle size was in
the range of 30-100 nm. The selected area electron diffraction pattern(Fig.5-17, inset) showed

particle crystallinity in agreement with the X-ray diffraction data (Fig.5-16).

50 nm

Figure 5-17 TEM image of AgNp, obtained by reduction of AgNOs with LG, inset shows a

corresponding selected area electron diffraction pattern.
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The extraction of the Ag particles from the aqueous to the n-butanol phase was possible
due to LG adsorption on the particles. The adsorption was confirmed by the FTIR studiesof the
extracted particles. The FTIR spectra (Fig.5-18) showed characteristic peaks of adsorbed LG
[116]. However, similar to other investigations of LG adsorption on TiO- particles [116, 117], the
peaks of adsorbed material in the range of 1000-1800 cm™ showed significant broadening,
compared to the peaks of pure LG. The adsorption mechanism of LG on inorganic particles

involves complexation of metal atoms on the particle surface with phenolic OH group of LG [117].
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Figure 5-18 FTIR spectra of AgNp extracted to n-butanol using LG.
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5.1.2 Chelating polymers

5.1.2.1 PAZO as universal dispersant for EPD

In this investigation, the poly[1-[4-(3-carboxy-4hydroxyphenylazo) benzenesulfonamido]-
1,2-ethanediyl, sodium salt] (PAZO) was used as a charging and dispersing agent for the EPD of
composite materials. Thanks to the chemical structure (Fig.5-19), PAZO shows significant benefits

for application in EPD.

k I
adsorption
—
N
N =
NZ N7
0O o
OH ONa (\’ ?
X7

Figure 5-19 Structure and adsorption mechanism of PAZO on surface of inorganic material.
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The pH dependent charge of the PAZO monomers is related to COO groups. The
chelating salicylate ligands of the PAZO monomers can create multiple adsorption sites on
surfaces of inorganic particles (Fig.5-19). Therefore, improved adsorption can be expected,
compared to the small salicylate family dispersants which only contain a single salicylate ligand
[81]. Moreover, the use of PAZO polymer, containing charged monomers with anionic salicylate

ligands, offers the advantages of improved electrosteric stabilization.

It is known that PAZO exhibits important physical properties, which are currently under
intensive investigation for applications in photonics, optoelectronics, memory devices and sensors
[118-120]. PAZO showed a photo-induced birefringence [118], resulting from reversible trans-
cis-trans photoisomerization of azo groups (Fig.5-19). Of particular interest are investigations
focused on the analysis of optical storage and photochromic properties, surface-relief grating [121,
122], azobenzene trans-cis-trans transitions, birefringence [19] and development of light sensitive
biosensors [119]. Therefore, the use of PAZO as a dispersing, charging and film forming agent for

the EPD technology can add functional properties to the deposited material.

Our experimental results presented below indicate that pure PAZO films can be prepared
by constant voltage EPD. An important finding was the possibility of EPD of various materials,
using PAZO as a charging, dispersing, binding and film forming agent. This was exemplified by
the deposition of individual oxides, such as ZnO, complex oxides such as Al>TiOs, ZrSiOs,
different nitrides, such as BN, and also hydrotalcite clay. The deposition rate, deposit composition
and microstructure can be varied. As a natural extension of this investigation we have

demonstrated a possibility of EPD of composites, using PAZO as a co-dispersant for different
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materials. The results indicated that a large number of applications are possible because of the use

of PAZO for EPD technology.

PAZO is an anionic polyelectrolyte, containing COO groups, which exhibit pH-dependent
charge. In this investigation we used a soluble Na salt of PAZO. It is known [118] that insoluble
acidic form of PAZO can be obtained by precipitation at low pH. The pH-dependent charge and
pH-dependent solubility of PAZO [118, 123] are important properties for the fabrication of PAZO
films by anodic EPD. In this process, the electrochemical decomposition of water resulted in a

local pH decrease at the anode surface:

2H,0 - 0, + 4H* + 4e~ G-1

Electrophoresis causes accumulation of anionic PAZO molecules at the anode surface,
where charge neutralization of COO groups and precipitation of the acidic form of PAZO results

in the formation of PAZO films:

C00~ + H* - COOH (5 —3)

The addition of PAZO to the suspensions of individual oxides, such as ZnO, complex
oxides such as Al>TiOs, ZrSiOs, different nitrides, such as BN, and also hydrotalcite clay, allowed
for anodic deposits of these materials to be formed by EPD. The deposition yield in the EPD
process depends on various parameters, such as deposition time, electric field, concentration of
particles, particle size, particle density and particle surface area, 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
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time of 4 min in a mixed ethanol-water (25% water) solvent for PAZO concentrations in the range
of 0-1 g LY. The experimental results presented below give an example of the deposition
conditions and quantitative information about the deposition yield at the selected conditions.
However, the same materials can also be deposited at different voltages, deposition times, solvent

composition and concentrations of PAZO and inorganic particles.
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Figure 5-20 Deposit mass versus PAZO concentration in suspensions, containing 4 g L™ of
(a) ZNO, (b) Al2TiOs, (c) ZrSiOs, (d) BN, (e)Hydrotalcite at a deposition voltage of 100 V

and deposition time of 4 min.
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It is suggested that the increase in PAZO concentration in the suspensions resulted in
increasing adsorption of PAZO on the particles of oxides and nitrides, and therefore increasing
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.5-20). The deposition
yields versus PAZO concentration dependences exhibited maxima, enabling the optimal PAZO

concentration for each material to be determined for selected deposition conditions.

The SEM images of deposits formed from 4 g L™ suspensions listed previously ina 1 gL
1 PAZO solution are shown in Fig.5-21. 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. It was found that the deposit morphology and

composition could be varied by changing the particle concentration.
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Figure 5-21 SEM images of deposits, prepared from 1 g L** PAZO solutions, containing 4 ¢

L1 (A) ZnO, (B) Al:TiOs, (C) ZrSiO4, (D) BN, and (E) Hydrotalcite.

79



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

360 nm

361 nm

C
3()! nm
4/

356 nm

Absorbance (a.u.)

'] 2 ' 2

400 600 800
Wavelength (nm)

Figure 5-22 UV-Vis spectra of the deposits, prepared from 1 g Lt PAZO solutions,

containing 4 g L™ of (a) BN, (b) hydrotalcite, (c) ZnO and (d) ZrSiO4.

The porous deposits, shown in Figs.5-21, contained PAZO, adsorbed on the inorganic
particles which was confirmed by UV-Vis analysis of the deposits. Fig.5-22 shows typical UV-
Vis spectra of different materials. The UV-Vis spectra showed maxima in the range of 356-363
nm. Such absorption maxima are related to PAZO, adsorbed on the particle surface. It is known

that UV-Vis spectra of PAZO exhibit absorption at ~360 nm which has been attributed to the
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trans-cis photoisomerization of PAZO [124], indicating adsorption of PAZO on the deposited
particles surface. The confirmation of PAZO adsorption on the surface of the particles by UV-Vis
spectroscopy seems to support the suggested deposition mechanism, which involved the
adsorption of PAZO on the particle surface and electrophoresis of the particles, with adsorbed
charged polymer. The chelating salicylate ligands of PAZO monomers provided multiple
adsorption sites for PAZO adsorption on inorganic materials. The charge neutralization of PAZO
at the electrode surface (Eq.5-3) promoted deposition. The adsorption of PAZO on different
materials was also confirmed by thermogravimetry. The adsorbed amount of PAZO was found to

be 5.39, 6.59 and 15.68 mg/g for ZnO, ZrSiO4, and Al TiOs, respectively.

PAZO films were prepared by anodic EPD under constant voltage conditions. The
deposition mechanism of PAZO has been developed, which involved the electrophoresis of the
negatively charged PAZO species towards the anode, the local pH decreases at the anode surface,
charge neutralization and deposition of the 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. The salicylate ligands of individual monomers created
multiple adsorption cites and provided adsorption on inorganic surfaces by complexation of metal
atoms. The adsorption properties are of critical importance for PAZO application as a dispersing
agent for EPD. The properties of PAZO for application in EPD have been exemplified by EPD of
a large variety of different materials, including individual oxides (ZnO), complex oxide
compounds (Al>TiOs, ZrSiOs), different nitrides (BN) and also hydrotalcite clay. These results
allowed to overcome 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
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of inorganic materials. Another major finding was the possibility of fabrication of composites
using PAZO as a co-dispersant for different materials. It was found that the method offers
advantages of high deposition rate, deposit microstructure and composition control, the ability to
deposit thin and thick films. 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
applications, utilizing optical, magnetic, ferroelectric, catalytic, electrochemical and other

properties of PAZO and inorganic materials.

5.1.2.2 EPD of materials using poly(styrene-alt-maleic acid) as a dispersant
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Figure 5-23 Chemical structure of PMSS.
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Poly(styrene-alt-maleic acid) sodium salt (PMSS) was used as a dispersant for EPD of
materials. PMSS is a chelating polymer. The chelating properties of PMSS are attributed to COO"

groups (Fig.5-23), which provide electric charge for the electrosteric dispersion.

It was found that PMSS adsorbed on ceramic particles, provided electrosteric dispersion
and allowed for their EPD. We present (Fig.5-24) the deposition yield data for different materials
at selected deposition voltage of 70 V and deposition time in the range of 1-3.5 min in a mixed
ethanol-water (40% water) solvent. The deposition yield increased with increasing deposition

time, indicating the possibility of controlled deposition.
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Figure 5-24 Deposit mass versus time for deposits prepared from 1 g Lt PMSS solutions,

containing 10 g L (a) BN and (b) SisNa.
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Fig.5-25 shows SEM images of the deposited materials. The particle size is in agreement

with the data provided by the powder manufacturers. The deposit porosity is attributed to packing

of the particles and gas evolution at the electrode surface.

Figure 5-25 SEM images of deposits, prepared from 1 g Lt PMSS solutions, containing 10 g

L* (A) BN and (B) SisNa.
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5.2 Electrophoretic deposition of ceramics using weak

polyelectrolytes

The polyelectrolytes can be categorized into two groups: strong polyelectrolytes, for which
the degree of ionization is independent of the solution pH, and weak polyelectrolytes, for which
the degree of ionization is determined by the solution pH. Weak polyelectrolytes usually contain
functional groups like carboxylic or amino groups with pH dependent charge. In this part, alginate

acid, a weak polyelectrolyte, was used to fabricate alginate-huntite composite coatings.

EPD offers many processing advantages for the deposition of polymers for biomedical
devices, corrosion protection and energy storage devices [125, 126]. Various strategies for EPD of
polymers and polymer matrix composites have been exemplified [126]. An important requirement
for many applications of polymer coatings is their flame retardancy [127]. There is a strong need
to incorporate FRA in various polymer products [127-129]. It was recognised that mineral huntite
(MgsCa(CO0s)s) is a promising FRA for many applications. The flame retardant properties of
huntite [130, 131] are related to its endothermic decomposition and release of CO, gas, which
reduces the oxygen access to the flammable polymer material. Huntite offers advantage of lower
cost, compared to other FRA, such as aluminium hydroxide and magnesium hydroxide [131].
Moreover, the production of aluminium and magnesium hydroxides generates a problem related
to the disposal of toxic chemical waste [131]. It is expected that huntite can replace toxic [128,
129] halogenated FRA, in many polymer products. Polymer—huntite composites showed improved

mechanical properties compared to pure polymers [130, 131].The goal of this investigation was
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the development of the EPD method for the deposition of polymer coatings, containing huntite as
an FRA. The approach was based on anodic EPD using alginate as model anionic polymers. For

the first time we demonstrate the possibility of EPD of polymer—huntite composites.

Alginic acid coatings can be deposited by anodic EPD from sodium alginate solutions. In
this method, electrophoresis of the anionic alginate molecules, results in their accumulation at the
anode surface. The deposition mechanism involved local pH decrease at the anode surface,
protonation of COO groups of the polymers and precipitation of insoluble alginic acid at the

electrode [132].

The major difficulties in the fabrication of composite coatings were related to the
dispersion, charging and deposition of huntite. Sedimentation tests showed that alginate improved
dispersion and stability of the huntite suspensions. The huntite suspensions, containing alginate
were stable for more than 3 days. Anodic deposits were obtained from huntite suspensions,
containing alginate. The deposit mass increased with increasing deposition time, indicating the
possibility of EPD of coatings of controlled mass (Fig.5-26). The deposition yield, achieved from
huntite suspensions, containing alginate was significantly higher, compared to that achieved from
pure polymer solutions [132]. The electrophoretic mobilities of the huntite particles in the 4 g L
huntite suspensions without additives, containing 1 g L™ sodium alginate were found to be -

0.3240°and -1.12 107" m?st V1, respectively.
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Figure 5-26 Deposit mass versus time for deposits prepared from 4 g L huntite suspension,

containing 1 g L™ sodium alginate.

The comparison of X-ray diffraction patterns of as-received huntite and composite coatings
showed that huntite was incorporated into the polymer coatings (Fig.5-27A). The XRD patterns of
coatings showed peaks of huntite, similar to the peaks of as-received huntite material. The
formation of composite coatings was also confirmed by FTIR. The FTIR spectrum of as-received
huntite showed characteristic absorptions [133] at 870 and 891cm?, attributed to carbonate ligands

(Fig.5-27B). Similar absorptions observed in the spectra of the composite coatings.
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Figure 5-27 (A) XRD and (B) FTIR data for (a)as-received huntite, and (b) deposit, prepared

from 4 g L huntite suspension, containing 1 g L sodium alginate (¥ - huntite, JCPDS

file 014-0409).

The SEM studies (Fig.5-28) at low magnifications showed the formation of continuous

coatings, containing platy huntite particles. The SEM images at higher magnifications showed that

88



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

the typical size of the plate-like particles is on the submicrometre scale. The shape of the huntite
particles is of special interest for flame retardant applications. It is known[131] that platy
morphology helps to reduce the rates of heat transfer and gas transfer. It is also beneficial for the
polymer reinforcement [131]. The adhesion test (ASTM standard D3359) showed that coating

adhesion corresponded to 5B classification.

Figure 5-28 SEM images at different magnifications for coatings, prepared from 4 g L™

huntite suspension, containing (A and B) 1 g L sodium alginate.
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The TGA studies of as-received huntite showed two major steps in mass loss (Fig.5-29A).
The total mass loss of 48.9 % at 1000 °C is related to release of four CO2 molecules:

Mg;Ca(C03), = 3MgO + CaO + 4CO0, (5—-4)

The first step in the mass loss (36.7%) below ~600 °C corresponds to release of three CO>
molecules [134] (theoretical mass loss 37.4%) bonded to Mg atoms. A step in the mass loss at

higher temperature is related to release of additional CO2 molecule, bonded to Ca atoms. No mass

loss was observed at temperatures above 800 °C.
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Figure 5-29 (a) TGA and (b) DTA data for (A) as-received huntite and deposits, prepared

from 4 g L' huntite suspension, containing (B) 1gL ! sodium alginate.

The DTA data showed two endothermic peaks, corresponding to observed steps in the mass
loss. The TGA data for the composite materials (Fig.5-29B) showed several steps in mass loss.
The total mass loss for alginic acid—huntite composites at 1000 °C was found to be 57.1%. The

additional mass loss for deposits (Fig.5-29B), compared to that of pure huntite (Fig.5-29A), can
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be attributed to burning out of the polymers. Therefore, the results of TGA analysis confirmed the
formation of composite coatings. The compositions of the coatings, estimated from the results of
the TGA analysis, were found to be 84.0 mass% huntite and 16.0 mass% alginic acid. The
corresponding DTA data showed endothermic peaks related to decomposition of huntite and small

exotherms below 500 °C, related to burning out of the polymers.

The results of this investigations indicated that composite coatings with relatively large
huntite content can be obtained. Moreover, we found that the amount of huntite in the coatings can
be varied by the variation of the huntite concentration in the polymer solutions. It is suggested that
alginate adsorbed on huntite particles and imparted a negative charge for anodic EPD. The
adsorption mechanism can result from interactions of carboxylic groups of the polymers with Mg
and Ca atoms on the particle surface. It is expected that similar approach can be used for the
codeposition of huntite with other anionic polymers. EPD is especially attractive for the deposition
of FRA materials due to room temperature processing and stoichiometry control of the inorganic

phase.

The Tafel plots presented in Fig.5-30 indicated that composite coating provided corrosion
protection of stainless steel, as indicated by increased corrosion potential and reduced anodic
current. The corrosion potentials were -389.3 and -150.9 mV, corrosion currents were 2.552 and
0.0668 uA cm, and corrosion rates were 26.44 and 0.69 um/year for uncoated samples and alginic
acid-huntite coated samples, respectively. It is suggested that platy morphology of the huntite
particles was also beneficial for there reduction of electrolyte diffusion rate and improved

corrosion protection. Taking into account the industrial importance of EPD for the deposition of

91



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

various polymers, the results of this investigation indicated that EPD is a promising technique for

the fabrication of flame retardant coatings for various applications.
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Figure 5-30 Tafel plots for (a) uncoated stainless steel, and coated from 4 g L huntite

suspension, containing and (b) 1 g L sodium alginate.
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5.3 Electrophoretic deposition of ceramics using strong

polyelectrolytes

The common difficulties related to electrodeposition of strong polyelectrolytes, such as
poly (vinylbenzyl trimethyl ammonium chloride) PVT, are related to their pH-independent charge
and mutual molecular repulsion at the electrode. We suggested that such difficulties can be avoided
in the electrodeposition of PVT composites with oxide or hydroxide materials. Oxide particles can
be deposited by EPD [135-137] or by electrosynthesis [138-140]. The objective of our
investigation was electrodeposition of PV T-zirconia composites, using combined electrochemical
strategies, based on EPD and electrosynthesis. The charge compensation mechanism has been
developed, which allowed efficient co-deposition of PVT and zirconia at high deposition rates.
The results provide a strategy for electrodeposition of various new composites for applications

based on the functional properties of polyelectrolytes and co-deposited materials.

n CH3

N*—— CH;

CH, CI

Figure 5-31 Chemical structure of PVT.
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The chemical structure of PVT (Fig.5-31) includes aromatic monomers, containing
charged N*CsHg ligands with pH independent charge. The electrodeposition of PVT, presented
difficulties related to mutual molecular repulsion at the electrode. Fig.5-32 illustrates two

electrochemical mechanisms, which have been designed for the deposition of PVT-zirconia films.

Figure 5-32 Electrodeposition mechanisms, combining EPD of PVT and (a) electrosynthesis

or (b) EPD of zirconia.
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The first strategy was based on electrophoresis of PVT and electrosynthesis of zirconia
(Fig.5-32a). The dissociation of ZrOCl> resulted in the formation of cationic species, which
electromigrated to the cathode and formed zirconia particles in high pH conditions at the cathode.
The electrosynthesis of zirconia particles involved the interaction of zirconium species in the
solutions with OH" ions, formed in the reduction reaction [1]. It is known (22) that the pH of the
zirconia isoelectric point is 5.6-7.2. Therefore, the zirconia particles, formed by electrosynthesis
at the cathode, were negatively charged. Electrophoresis resulted in the migration of cationic PVT
to the electrode surface. The electrostatic interactions of positively charged PVT and negatively

charged zirconia promoted deposit formation.

The second strategy (Fig.5-32b) involved the adsorption of PVT on zirconia particles,
prepared by chemical precipitation. In this case the zirconia suspensions were used with pH close
to the isoelectric point of zirconia. The adsorbed cationic PVT provided electrosteric dispersion of
zirconia. The zirconia particles, containing adsorbed PVT, as well as free PVT accumulated at the
electrode surface by the electrophoretic transport. In the high pH conditions at the cathode surface

the zirconia particles acquired a negative charge, which compensated a positive charge of PVT.

In both strategies, the co-deposition enhanced the deposition of individual components and
the deposition efficiency was dependent on the relative amounts of zirconia and PVT components.
The experimental data presented below provide proof of concepts and show the feasibility of

electrodeposition of PVT-zirconia composites.
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Figure 5-33 (A) Time dependence of QCM mass gain for deposition from solutions,
containing (a) 0.7 mM ZrOClz, (b) 0.05 g/L PVT, (c) 0.7 mM ZrOClz and 0.05 g/L PVT ata
cell voltage of 5 V, (B) deposit mass versus PVT concentration in 5 mM ZrOCI: solutions at

a current density of 10 mA cm and a deposition time of 5 min.

The QCM data obtained in dilute solutions showed that the electrodeposition yields from
the pure PVT and ZrOCI> solutions was low Fig.5-33A (a, b) due to the mutual electrostatic
repulsion of positively charged PVT or negatively charged zirconia, formed in the electrode
reactions. However, the co-deposition of both materials resulted in the deposition yield (Fig.5-
33A(c)) increase in agreement with the suggested deposition mechanism (Fig.5-32a).
Electrodeposition has also been performed in the solutions of higher concentrations, where the
ZrOCl; concentration was 5 mM and PVT concentration was 0-3 g L. The yield of deposition
(Fig.5-33B) increased with PVT concentration, showed a maximum at 0.35 g L™ and then

gradually decreased. We suggested that the addition of positively charged PVT to the solutions
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allowed for compensation of the negative charge of zirconia, electrosynthesized at the electrode
and allowed for the formation of a composite (Fig.5-32A). However, further addition of PVT to
the solutions led to the accumulation of PVT at the electrode, which blocked the electrosynthesis
of zirconia in the electrode reactions. As a result, the deposition yield decreased at PVT

concentrations above 0.35 g L.
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Figure 5-34 Deposit mass versus (A) zirconia concentration in 0.5 g L** PVT solutions and
(B) versus PVT concentration in 4 g L™ zirconia solutions at a deposition voltage of 100 V

and deposition time of 5 min.

The addition of zirconia particles to the PVT solutions led to increased deposit mass (Fig.5-
34A), especially in the zirconia concentration of 4-8 g L™, indicating co-deposition of both
materials. We did not observe deposition of zirconia from pure zirconia suspensions. The addition
of PVT to the zirconia allowed electrosteric stabilization and charging of the zirconia particles.
The mass of the deposits increased with concentration increase of PVT in the zirconia suspensions
(Fig.5-34B), exhibited a maximum at ~1.6 g L™t and decreased at higher PVT concentrations. Such
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decrease resulted from increased concentration of PVT at the electrode surface and enhanced

electrostatic repulsions.

Transmittance (a.u.)

4000 3000 2000 1000
-1
Wavenumber (cm )

Figure 5-35 FTIR spectra of deposits, prepared from (a) 5 mM ZrOCI:2 solutions, containing
0.35g L1 PVT ata current density of 10 mA cm2and (b) 6 g L™ zirconia solutions, containing

0.5 g L1 PVT at a deposition voltage of 100 V.

The co-deposition of PVT and zirconia was confirmed by FTIR, TGA and DTA studies.
Fig.5-35 shows FTIR spectra of the composite materials, prepared by two methods. The broad
absorptions at 1320 cm™ (Fig.5-35a) and 1349 cm™ (Fig.5-34b) resulted from hydroxyl
stretching[141] of hydrous zirconia. The broad peaks at 1600 cm™ (Fig. 5-34a) and 1622 cm™
(Fig.5-35b) resulted from the C—C stretching vibrations [77] of aromatic ring of PVT. The
absorptions at 2920 and 3030 cm™ (Fig.5-35a) and 2923 cm™ (Fig.5-34b) can be attributed to
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—CH; and —CHj stretching vibrations [141] of PVT. The broad peaks at 3430 cm™ (Fig.5-35a)

and 3428 (Fig.5-35b) resulted from stretching of OH groups of adsorbed water [77].
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Figure 5-36 (a) TGA and (b) DTA data for deposits, prepared from (A) 5 mM ZrOCl:
solutions, containing 0.35 g L' PVT and (B) 6 g L zirconia solutions, containing 0.5 g L™

PVT.
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Fig.5-36 shows TGA and DTA data for the composite materials. The mass loss in the TGA
data resulted from burning out of PVT and dehydration of hydrated zirconia. The loss of mass at
temperature of 1000 € was 48% (Fig.5-36a) and 41% (Fig.5-36Db), respectively. The remaining
mass was related to the dehydrated zirconia. The exothermic peaks at ~450-500 <€ were observed

due to burning out of PVT.

0.2 pm

Figure 5-37 SEM images at different magnifications of deposits, obtained from 5 mM ZrOCl2
solutions, containing (A, B) 0.35, (C, D) 0.7 and (E, F) 0.9 g Lt PVT at a current density of

10 mA cm™,
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Fig.5-37 shows SEM images of the films prepared by a method, involving the
electrosynthesis of zirconia and EPD of PVT. The films, prepared from 5 mM solutions of ZrOCly,
containing 0.35 g L™* PVT showed significant cracking and contained large agglomerated particles
(Fig.5-37A, B). Crack free films (Fig.5-37C) were obtained from 5 mM solutions of ZrOCl,
containing 0.7 g Lt PVT. The films showed zirconia particles in the polymer matrix. Some
particles formed agglomerates with PVT, as it is illustrated by the SEM image at higher
magnification (Fig.5-37D). The increase in the PVT concentration to 0.9 g L™ allowed the crack-
free films with reduced agglomeration (Fig.5-37E, F). The composite films, prepared from zirconia
suspensions, containing 1 g L* PVT, showed a crack-free microstructure with zirconia
nanoparticles in the PVT matrix. Film prepared at higher zirconia concentrations mainly contained
zirconia particles with small pores, related to particle packing. The PVT provided binding of the
PVT particles. The co-deposition strategies, based on EPD and electrosynthesis can be beneficial
for electrodeposition of various composites, utilizing properties of strong polyelectrolytes and

inorganic materials.

In summary, electrodeposition mechanisms have been developed for the fabrication of
PVT-zirconia composites, involving EPD of PVT and EPD or electrosynthesis of zirconia. The
mechanisms are based on the charge compensation and heterocoagulation of positively charged
PVT and negatively charged zirconia particles. The co-deposition mechanisms allowed for
enhanced deposition of individual components. The film mass, composition and microstructure
can be varied and optimized by changing the deposition conditions. In the proposed approach the

problems related to the electrostatic repulsion of PVT and deposit formation can be avoided. The
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results open a strategy to the deposition of other composites, containing strong polyelectrolytes

and nanoparticles of inorganic material.

5.4 Electrophoretic deposition of guaternized

hydroxyethylcelluose ethoxylate and composite materials.

Quaternized hydroxyethylcellulose ethoxylate (HCE) is a promising material for the
fabrication of composite organic-inorganic coatings by EPD due to electric charge and excellent
film froming properties of this material. Fig.5-38 shows the chemical structure of HCE, which has

cationic groups.
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Figure 5-38 Chemical structure of HCE.
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Figure 5-39 (A) Time dependence of QCM mass gain for deposition from 0.05 g/L. HCE

solution at a cell voltage of 5V (B) Deposit mass versus HCE concentration in pure HCE

solutions at a voltage of 30V and a deposition time of 5 min.

It was found that HCE can be deposited by the cathodic EPD method. The kinetics of the
deposition process was studied by the QCM method (Fig.5-39A). The deposit mass increased with
increasing deposition time at a constant voltage, indicating the possibility of controlled deposition
of films of different mass and different thickness. The deposition yield incereased with increasing
concentration of HCE in the solutions, as shown in the Fig.5-39B. Therefore, the deposit mass can

also be varied and controlled by the variation of HCE concentration in the solutions.

It was found that HCE can be used as efficient charging, dispersing, binding and film
forming agent for the EPD of materials of different types, including individual oxides, such as
TiO> (rutile), complex oxide compounds such as Al TiOs, MWCNT and hydrotalcite clay. The use
of HCE allowed for the fabrication of stable suspensions. The deposition yeld increased with

increasing deposition time (Fig.5-40A). However, relatively low deposit yield was achieved for
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AlTiOs, CNT and hydrotalcite. It was found that the deposition yield can be enhanced using
gallocyanine as a dispersing agent (Fig.5-40B). The adsorption of gallocyanide on the particle
surface resulted from the complexation of metal atoms on the particle surface with catechol group
of gallocyanine. Fig.5-41 shows SEM images of the deposits, prepared by EPD. The images of the

deposits show inorganic particles in the polymer matrix and confirm co-deposition of materials.
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Figure 5-40 Deposit mass versus time for deposits prepared from (A) 2 g L HCE solutions,
containing 4 g L* (a) rutile, (b)Al2TiOs, (c)hydrotalcite and (d)CNT (B) 2g Lt HCE and 0.5

g L gallocyanine solutions, containing 4 g L (b)Al2TiOs, (c)hydrotalcite and (d)CNT.
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Figure 5-41 SEM images of deposits, prepared from 2 g L"* HCE solutions, containing 4 g L

Lrutile, Al2TiOs, hydrotalcite and CNT.

In summary, we developed composite materials using HCE as a charging, dispersing and
film forming agent. HCE can be deposited as individual material or co-deposited with other
materials to form composites. The deposition yield and film morphology can be varied. Enhanced

deposition yield can be achieved using gallocyanine as a dispesant.
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5.5 Fabrication of PPy-MWCNT composites

A- - - _

O OR
— 1
e
O OR
e e— x — —
R=H or Na
0 OR |
P
|1
Jx
(0) OR
— -y
R =H or Na
O=—S8S=—0
OR

Figure 5-42 Chemical structure of (A) PMSS and (B)PMSS-SR11 or PMSS-SR31.

PMSS and poly(4-styrenesulfonic acid-co-maleic acid) sodium salt with 4-styrenesulfonic
acid:maleic acid mole ratio of 1:1 (PMSS —SR11 ) and 3:1 (PMSS —SR31 ) were used for the
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fabrication of polypyrrole (PPy) -MWCNT composites. In this aprroach the anionic polymers
were used as anionic dopants for PPy polymerization and dispersants for MWCNT. PPPy is
important energy storage material for supercapacitors. The use of MWCNT as an additive is
important for the fabrication of composites with improved electronic conductivity. Fig. 5-42 shows
chemical structures of the polymers. The charge of PMSS is attributed to COO™ groups. The charge
of PMSS —-SR11 and PMSS —-SR31 is attributed to COO™ and SO3™ groups. The comparison of
experimental data for PMSS, PMSS —-SR11 and PMSS —SR31 provided an insight into the

influence of charged groups on the performance of the composite materials.

Fig.5-43 shows SEM images of the materials prepared by chemical polymerization. The
SEM images of pure PPy powders shows particles with particle size on the nanometric scale. The
powders showed low agglomeration. The small particle size and low agglomeration are important
for supercapacitor applications, because such morphology allows for good electrolyte access to the
active material, which is prerequisite for high capacitance. The SEM images of powders, prepared

in the presence of MWCNT showed nanoparticles of PPy and MWCNT.
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B N 500 nm |88

Figure 5-43 SEM images of PPy prepared (A, B, C) without MWCNTSs and (D, E, F) in the
presence of MWCNTSs. (A, D), (B, E) and (C, F) were prepared in the presence of PMSS,

PMSS-SR11 and PMSS-SR31, respectively.
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Figs.5-44-5-46 provide a summary of CV data for PPy and PPy-MWCNT materials prepared using
different polymers. The active mass loading of the electrodes was 20 mg cm2. The relatively high
active mass loading is important for practical applications in supercapacitor devices. The CVs
showed nearly box shape at low scan rates, indicating nearly ideal capacitive behavior in a voltage

window of -0.5-+0.4V. However, singnificant deviation from the ideal box shape was observed at

McMaster University-Materials Science and Engineering

a scan rate of 100 mV s due to poor electrolyte access to the active material.
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Figure 5-44 CVs at scan rates of (a) 2, (b) 5, (¢)10, (d)20, (e)50, (f)100 mV s, for mass loading

~20 mg cm (A) pure PPy electrodes and (B) PPy/MWCNT composite electrodes doped with

PMSS.
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Figure 5-45 CVs at scan rates of (a) 2, (b) 5, (¢)10, (d)20, ()50, (f)100 mV s, for mass loading

~20 mg cm (A) pure PPy electrodes and (B) PPy/MWCNT composite electrodes doped with
PMSS-SR11.
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Figure 5-46 CVs at scan rates of (a) 2, (b) 5, (¢)10, (d)20, ()50, (f)100 mV s, for mass loading

~20 mg cm (A) pure PPy electrodes and (B) PPy/MWCNT composite electrodes doped with
PMSS-SR31.

110



Master’s Thesis -Tianshi Zhang McMaster University-Materials Science and Engineering

1

Specific capacitance (F g )

250 F s
_ —a— b
il

200F —v—d
L —— e
150} =

[y

o)

)
| )

N
<
L}

0 20 40 60 80_‘1100
Scan rate (mV S)

Figure 5-47 Cs vs. scan rate of ES electrodes, prepared with pure PPy powders doped with
() PMSS, (b) PMSS-SR11, (c) PMSS-SR11, and PPy/MWCNT composite materials with
PPYy/MWCNT mass ratio of 4:1, doped with (d) PMSS, (e) PMSS-SR11 and (f) PMSS-SR31,

at

In Fig.5-47, the PPy electrodes, prepared using PMSS-SR31 as a dopant showed the
highest capacitance of 250 F g at a scan rate of 2 mV s*. However, the capacitance decreased
drastically with increased scan rate due to the poor electronic and ionic conductivities of the active
material. The results indicated that PPY electrodes prepared using PMSS—-SR31 dopant with larger
number of SO3™ groups showed improved performance at low scan rates. However, the use of
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PMSS dopant allowed for improved capacitance retention at high scan rates and significantly
higher capacitance at high scan rates. The PPy-MWCNT electrodes showed reduced capacitance
at low scan rates due to low capacitance of MWCNT. However, the use of MWCNT allowed for
enhanced capacitance at high scan rates and improved capacitance retention for PMSS-SR11 and

PMSS-SR31 based PPy materials.
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Figure 5-48 Nyquist plot of Z* (inset shows high frequency range) for ES electrodes,
prepared with pure PPy powders doped with (a) PMSS, (b) PMSS-SR11, (c) PMSS-SR31,
and PPy/MWCNT composite materials with PPy/MWCNT mass ratio of 4:1, doped with (d)

PMSS, (e) PMSS-SR11 and (f) PMSS-SR31, at electrode mass loading of ~20 mg cm-.
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The analysis of the impedance data presented in the Nyquist plots showed relatively low
resistance Z'=R (Fig.5-46). The low radius of the semicircles (Fig.5-46, inset) indicate low contact
resistance of the electrodes. The composite electrodes, containing MWCNT showed reduced
resistance, compared to the resistance of pure PPy. The difference is attributed to higher
conductivity of MWCNT. The investigated materials are promising for application in

supercapacitor devices.

In summary, new dopants such as PMSS, PMSS-SR11 and PMSS-SR31 were used for the
synthesis of PPY and fabrication of PPy-MWCNT composites. The electrodes showed good
electrochemical performance and can be used for practical applications in supercapacitors. The
use of polymer with SO3™ groups allowed for enhanced capacitance at low scan rates, however, the
PMSS polymer with COO™ groups allowed for improved capacitance retention at high scan rates
and higher capacitance at high can rates. The use of MWCNT allowed for improved capacitance

retention and lower resistance of the composites.
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Chapter 6 Conclusions

This research resulted in the development of novel composites, which exhibited advanced
functional properties. New scientific and engineering contribution of this work to colloidal
nanotechnology included the development of advanced chelating dispersing agents, such as
different small organic molecules and chelating polymers. The unique feature of such dispersion
agents is their strong adsorption on the surface of different materials, which allows superior
dispersion. The chelating monomers of chelating polymers, such as PAZO and PMSS provided
multiple adsorption sites for bonding to metal atoms on the particles surface. We analyzed and
developed new fundamental adsorption and dispersion mechanisms. An important finding was the
possibility of co-dispersion and co-deposition of advanced materials of different types using

universal dispersing agents and formation of composites by EPD method.

It was found that CA can be used as an efficient dispersing agent for the synthesis of ZnO
nanorods of reduced size and a dispersing agent for the EPD of ZnO films. In another strategy
chelating BigCOOK molecules were utilized for the efficient dispersion and EPD. We discovered
film forming and dispersion properties of such molecules and developed a deposition mechanism.
Another important achievement of this work was the application of tannic acid as an efficient
capping and dispersing agent for synthesis and EPD of inorganic materials and composites. An
important discovery was the use of lauryl gallate dispersant as a reducing agent for the synthesis

of AgNp and a vehicle for particle dispersion and extraction in the liquid-liquid extraction method.
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Further advancements in our new technologies allowed us to develop composite films
using anodic EPD using weak polyelectrolytes, such as alginate. The composite coatings exhibited
protective and flame retardant properties. We analyzed the deposition mechanisms and kinetics as

well as microstructure of the coatings prepared at different conditions.

We have developed electrochemical strategies for the deposition of composites, based on
strong polyelectrolytes. The approach is based on the EPD of the polyelectrolyte molecules and
electrosynthesis of EPD of ceramic particles. The electrostatic heterocoagulation mechanism was
proposed for the deposit formation. We investigated the deposition kinetics, composition and
microstructure of the composites prepared by the new strategies. The new electrochemical
strategies can be used for the deposition of other composites, based on functional polymers with

pH independent charge.

We discovered a possibility of EPD of HCE films and developed electrochemical strategies
for deposition of composites. It was found that HCE can be used as a multifunctional dispersing

agent for deposition of different materials and a film forming agent.

New methods have been developed for the chemical synthesis of PPy based composites,
using PMSS, PMSS-SR11 and PMSS-SR31 as anionic dopants for chemical polymerization and
dispersants for MWCNT. The composites showed promising performance for application in
electrodes of electrochemical supercapacitors. Good electrochemical performance was achieved
at high active mass loadings. The electrodes showed high capacitance, large voltage window and

low impedance. The analysis of electrochemical testing results and chemical structure of PMSS,
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PMSS-SR11 and PMSS-SR31 provided an insight into the influence of the anionic functional

groups on the capacitance and capacitance retention a high charge-discharge rates.
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Chapter 7 Future work

The performed research provided a scientific foundation for the further development of
new dispersing and film forming agents for colloidal nanotechnology. It is expected that CA,
tannic acid and BigCOOH can be used as capping agents for the synthesis of various functional
materials, their dispersion and EPD. Our results indicate that search for advanced capping and
dispersing agents for nanotechnology must be focused on charged molecules with chelating
groups. Of particular importance is the use of chelating polymers as dispersing and film forming
agents. The chelating polymers show significantly stronger adsorption on various materials,
compared to small organic molecules, containing a single chelating group. Further research in this
direction will result in the development of various chelating polymers for application in synthesis

of materials and colloidal nanotectnology.

The proof of concept studies of liquid-liquid extraction technology offers a new and
unexplored route for the synthesis of nanoparticles of controlled size. In this approach, the
problems related to particle agglomeration can be avoided. Therefore, future research must be
directed towards the development of new chelating agents, which can be used as reducing agents
and vehicles for dispersion and liquid-liquid extraction. Further investigation of materials from

lauryl gallate family is a promising direction.

It is expected that further development of electrochemical techniques based on the use of
strong and weak polyelectrolytes will result in advanced coatings, utilizing functional properties

of polymers, inorganic materials, CNT and other functional materials. Of particular importance is
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the heterocoagulation method based on the use of electrosynthesis of oxide particles and EPD of
polymers. It is expected that the electrosynthesis of nanopartices in the polymer matrix will allow
the fabrication of non-agglomerated nanoparticles with reduced and controlled size. This method

can be used for the polymer-mediated electrosynthesis of quantum dots.

Further development of new chemical strategies will result in the fabrication of composites
for electrochemical energy storage, corrosion protection, flame retardant, optical and other
functional applications. EPD offers an efficient tool in the fabrication of various materials for

advanced applications.
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