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Abstract

The global market for fluoropolymers, including polytetrafluoroethylene (PTFE),
polyvinylidene fluoride (PVDF), and poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP), is growing rapidly due to their copious applications in the construction,
automotive, medical, chemical, and electrical industries. Fluoropolymers owe their
popularity partly to their excellent chemical and thermal stability and useful mechanical,
piezoelectric, and ferroelectric properties. They are made into films or coatings that are
used for corrosion protection or surface property enhancement. Electrophoretic deposition
(EPD) has generated increasing interest in manufacturing advanced films for various
applications due to its low cost, versatility, simple apparatus, and good film quality
compared with other deposition techniques like dip coating, spin coating, electrospinning,
or spay coating. Moreover, EPD facilitates uniform deposition on the substrates of complex

shapes at a high deposition rate.

The aim of this research is to develop novel biomimetic strategies for fabricating polymer
films and their composite films with multifunctional particles through EPD. This method
involves the electrophoresis of charged particles in a stable colloidal suspension towards
an electrode, forming deposition. Fluoropolymers, however, are electrically neutral and
chemically inert, and their EPD presents difficulties. Therefore, successful EPD depends
on understanding how to modify the surface of polymer particles using advanced

biosurfactants to impart charge and form a well dispersed, stable colloidal suspension.
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One strategy is to leverage the unique dispersing power of bile acids and salts as
biosurfactants for EPD of PTFE and PVDF films and composite films. When doing so, it
was found that the amphiphilic structure of bile salts such as sodium deoxycholate (DChNa)
facilitated adsorption on the chemically inert, hydrophobic surfaces of PTFE, diamond, and
carbon dots. In this strategy, DChNa acted as a charging, dispersing, film-forming agent
for the co-deposition of PTFE composite films from an aqueous suspension. Water
insoluble bile acids (BAs) were found to be biosurfactants for the EPD of PTFE and PVDF
from organic solvents, in which lithocholic acid (LCA) was used as a co-dispersant for the
fabrication of composite PTFE-diamond coatings and PTFE coatings provided corrosion
protection for stainless steel in 3% NaCl solutions. The dispersing performance of four
other bile acids, chenodeoxycholic acid (CDCA), deoxycholic acid (DCA),
ursodeoxycholic acid (UDCA), and cholic acid (ChA), was analyzed and compared with
LCA on the deposition performance of PVDF. It was found that the PVDF deposition yield
obtained using different BAs increased in the order of LCA<CDCA<DCA<UDCA<ChA.
This was attributed to the difference in number, position, and orientation of OH groups in

the structures of the BAs.

Another biomimetic strategy for the EPD of polymers and composites was inspired by the
strong adsorption of mussel protein on rock surfaces in sea water. Catecholate-type
molecules, caffeic acid (CA) and catechol violet (CV), were found to be biosurfactants for
dispersing, charging, and depositing PVDF films and composites. Analyses of the

deposition yield data, the chemical structure of the CA and CV, and the microstructure and
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composition of the films suggested that the aromatic rings on the CA and CV had
hydrophobic interactions with the PVDF particles and that the phenolic groups formed
bidentate chelating or bridging bonding to inorganic particle surfaces. The study
demonstrated the feasibility of co-depositing PVDF with nanoparticles of TiO2, MnO», and
NiFe>O4. CA was also used for preparing PVDF-HFP particles and as a co-dispersant for
the co-deposition of PVDF-HFP with NiFe;O4 and CuFe>O4 nanoparticles in order to make
composite films that combine the ferrimagnetic properties of spinel ferrites with the

multifunctional properties of ferroelectric polymers.
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Chapter 1 Thesis Organization

Following the regulations of McMaster University, this research project is presented in a
sandwich thesis format, containing six coherent, peer-reviewed, scholarly works between
an introductory chapter outlining the general background and objectives and a final
conclusive chapter describing the engineering and scientific achievements of the research.

A summary of the contents in each chapter is provided below:

Chapter 2 is an introductory chapter which outlines the research theme, relevant

background, and general research objectives.

Chapter 3 is a comprehensive literature review chapter which covers the fundamental
mechanisms, kinetics, and material science aspects of electrophoretic deposition. The
advantages and wide-ranging applications of EPD as a film-forming technique are reviewed
thoroughly. An overview of the significance of using natural surfactants as dispersing,
charging, and film-forming agents in biomimetic EPD strategies and challenges

encountered in the EPD of composite materials is outlined.

Chapter 4 is the first published, peer-reviewed article, “Sodium deoxycholate as a versatile
dispersing and coating-forming agent. A new facet of electrophoretic deposition
technology” in the journal Colloids and Surfaces A: Physicochemical and Engineering
Aspects. This paper investigates the feasibility of EPD of chemically inert materials such

as PTFE, diamond, and carbon dots using DChNa as a charged dispersant and coating-



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

forming agent. It was found that adding DChNa improved the stability of the PTFE
suspension due to its amphiphilic structure and allowed for the EPD of dense and crack-
free PTFE films and their composites, which was confirmed by SEM and FTIR analysis.
Potentiodynamic and impedance spectroscopy studies revealed the corrosion protection
properties of PTFE films deposited by EPD. Finally, a combined EPD and
electropolymerization method was developed to successfully fabricate PPy-diamond
composite, which opens up potential applications for EPD combined with other

electrochemical deposition techniques.

Chapter S is the second published, peer-reviewed article, “Electrophoretic deposition of
materials using lithocholic acid as a dispersant” in the journal Materials Letters. In this
paper, LCA was found to be an efficient biosurfactant for the dispersion, charging, and
EPD of PTFE and diamond composite films in an organic solvent with reduced porosity
and a high deposition yield. Tafel and EIS measurements indicated that PTFE films
deposited via EPD acted as barriers against electrolyte penetration and provided corrosion

protection to stainless steel in 3% NaCl solutions.

Chapter 6 is the third published, peer-reviewed article, “Influence of chemical structure
of bile acid dispersants on electrophoretic deposition of poly(vinylidene fluoride) and
composites” in the journal Colloids and Surfaces A: Physicochemical and Engineering
Aspects. This paper was founded on and a continuation of the work presented in the
previous chapter. In this study, five bile acids, LCA, CDCA, DCA, UDCA, and ChA, were

selected as anionic biosurfactants for the EPD of PVDF films from organic solvents, and
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their performance compared. It was found that the dispersion efficiency of PVDF particles
changed when wusing different BAs, ordered from lowest to highest
LCA<CDCA<DCA<UDCA<ChA, depending on the number, position, and orientation of
OH groups in the BA’s structure. Fabricated PVDF films provided corrosion protection as
demonstrated by the plotted Tafel and Bode curves. ChA was discovered to be a co-
dispersant that allowed for the co-deposition of PVDF-diamond and PVDF-silica
composite films whose compositions could be easily controlled. Employing ChA in this
way was a promising strategy for making films with enhanced thermal conductivity,

piezoelectric, pyroelectric, and mechanical properties.

Chapter 7 is the fourth published, peer-reviewed article, “Versatile Strategy for
Electrophoretic Deposition of Polyvinylidene Fluoride-Metal Oxide Nanocomposites” in
the journal Materials. The goal of this work was to make nanocomposites using EPD,
combining the functional properties of PVDF and advanced inorganic nanoparticles.
Inspired by the natural phenomenon of the strong adsorption of mussels to rock surfaces in
the ocean, caffeic acid (CA) and catechol violet (CV) were used as co-dispersants to
successfully deposit PVDF composite with TiO2, MnO», and NiFe;O4 nanoparticles. An
EPD kinetic investigation and SEM, FTIR, and XRD characterizations suggested that the
co-dispersion properties of CA or CV were related to the hydrophobic interactions of their
aromatic rings with PVDF particles and the catechol bonding of their phenolic groups to
metal atoms on the surfaces of inorganic particles. The co-dispersing ability of CA and CV

enabled the co-deposition of organic-inorganic nanocomposites which had combined
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functional properties such as corrosion protection, piezoelectric properties, and

superparamagnetic properties, among others.

Chapter 8 is the fifth published, peer-reviewed article, “Biomimetic strategy for
electrophoretic deposition of composite ferroelectric poly(vinylidene, fluoride-co-
hexafluoropropylene) — ferrimagnetic NiFe>Oy films” in the journal Colloids and Surfaces
A: Physicochemical and Engineering Aspects. This article described for the first time the
creation of composite films containing a ferroelectric PVDF-HFP polymer with
ferrimagnetic NiFe,Os nanoparticles via EPD, which was based on the feasibility of
fabrication, surface modification, and EPD of PVDF-HFP particles and NiFeO4
nanoparticles using catecholate-type caffeic acid (CA) as a co-dispersant. SEM revealed
relatively dense, continuous, and crack-free morphology of PVDF-HFP films possessing
corrosion protection properties, which was confirmed by potentiodynamic testing. The
NiFe>O4 content and magnetic properties of the composites can be altered by varying the

EPD bath composition.

Chapter 9 is the sixth published, peer-reviewed article, “Colloidal processing of
ferroelectric  poly(vinylidene  fluoride-co-hexafluoropropylene) —  ferrimagnetic
pseudocapacitive CuFe>04 composite films” in the journal Colloid Polymer Science. This
paper details the creation of a composite film containing ferrimagnetic CuFe>Os and
ferroelectric PVDF-HFP using EPD with CA, which facilitated both the fabrication of
micrometer-sized PVDF-HFP particles from bulk beads and the dispersal of CuFe,O4

nanoparticles. Electrochemical studies revealed the advanced pseudocapacitive properties
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of CuFe>O4 in a negative potential range, which is promising for energy storage device
applications. The incorporation of CuFe;O4 into PVDF-HFP imparted a greater dielectric
constant and ferrimagnetic properties to the composites, and by adjusting the EPD
parameters, the composition and functional properties of such composites could be easily

tuned and controlled.

Chapter 10 is a concluding chapter which summarizes the overall implications of the

current research studies as well as offers suggestions for future works.
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Chapter 2 Introduction

2.1 Background

Fluoropolymers are polymers that contain the organic element carbon (C) and the reactive
element fluorine (F) and have carbon-carbon bonds as their backbone and carbon-fluorine
bonds as their pendant groups [1]. Fluorine develops extremely strong bonds with the other
component elements, including carbon, because of the high electronegativity of them all.
Fluoropolymers owe most of their unique properties to the fluorine-carbon bond having a
bond energy of 490 kJ/mol, which is significantly higher than the C-H bond of 420 kJ/mol.
One of the most important properties is that the high stability of the C-F bond in a
fluoropolymer grants it superior stability inertness in aggressive environments. The
substitution of fluorine for hydrogen in organic compounds also triggers greater thermal
stability, reduced flammability, a lower surface energy, less friction, and excellent non-
stick, electrical, and optical properties [2]. Commonly used fluoropolymers consist of
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), polyvinyl fluoride (PVF),
fluorinated ethylene-propylene (FEP), and others polymerized from their monomers of
tetrafluoroethylene (TFE), vinylidene fluoride (VF2), vinyl fluoride (VF),

hexafluoropropylene (HFP), ethylene, and five others [3].

According to public reports, the global fluoropolymer market for 2022 is anticipated to be

$9 billion, and the market value is projected to grow at a compound annual growth rate of
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6.7% until 2028 [4]. The vigorous growth of the fluoropolymer market has been driven by
the material’s expanding applications in the construction, automotive, medical, chemical,
electrical, and electronics industries, which is attributed to its chemical and thermal stability,
non-toxicity, and excellent mechanical properties. The popularity of using advanced
functional polymers to manufacture various components for electronic devices such as
smartphones and computers also contributes to the growth of the fluoropolymer industry
during the reported period. The sudden outbreak of COVID-19 only briefly impacted
production of fluoropolymer materials due to public health measures and restriction
policies. The industry quickly returned to a profitable scale of operation as demand
exploded for medical products, such as personal protective equipment and tubing, due to

the biocompatibility, dielectric properties, and lubricity of these polymers.

PTFE, the most famous fluoropolymer, which is also commercially known by its brand
name, Teflon, has been widely applied for years since it was accidentally discovered by Dr.
Roy J. Plunkett at DuPont industry in 1938 [5]. Extremely strong, continuous, uniform C-
F bonds around a C-C backbone impart PTFE with its superior chemical resistance and
thermal stability. PTFE’s inert characteristics make it an advanced coating material for use
in biomedical implants and stents, pharmaceuticals, automotives, electrical insulation, non-

stick cookware, mechanical lubrication, and corrosion protection [5-7].

PVDF is renowned for having the greatest piezoelectric effect of all the polymers because
of the high electronegativity of fluorine atoms compared to carbon and hydrogen atoms.

PVDF presents four different crystalline phases, o (or form II), § (form I), y (form III), and
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o (form IV), of which a, B, and y are the most investigated and the B-phase has the highest
dipole moment per unit lattice [8]. This strong dipole moment induces piezoelectric,
ferroelectric, and pyroelectric effects which make PVDF a potential candidate for sensor
and transducer applications. The excellent chemical and mechanical properties of PVDF
also contribute to its applications as full cell separators, membranes, and corrosion
protection coatings [9, 10]. PVDF-HFP is a copolymer of PVDF with lower crystallinity,
higher solubility, higher hydrophobicity, and better mechanical strength due to the
incorporation of HFP groups with enhanced fluorine content [11]. PVDF-HFP shows
promise for battery separators, oil-water separation, distillation membranes, and

magnetoelectric devices [12].

Depending on the application, fluoropolymers are used in the form of coatings and films,
sheets, tubes, additives, or other mediums, among which coatings and films account for a
major portion of the market share. Typical film deposition techniques consist of dip coating,
spin coating, electrospinning, spay coating, and electrophoretic deposition (EPD) [12].
EPD is a well-established film forming technique carried out in a two-electrode cell where
charged particles that have been dispersed in a stable colloidal suspension move toward
and deposit onto the oppositely charged electrode, propelled by the applied electric field
[13]. EPD is favoured among film deposition methods due to its excellent film quality,
inexpensiveness, simple apparatus, and versatility [13, 14]. EPD allows for a wide range of
materials, from traditional ceramic powders to advanced polymers, to be made into films a

nanometer to several micrometers thick. EPD can produce both homogeneous flat films
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and ones in complicated geometries, such as porous microstructures and fibrous or hollow

fibers, with controllable composition and thickness.

Particles being properly charged and uniformly dispersed in a stable colloidal suspension
is a critical prerequisite for successful EPD. The fluoropolymers mentioned above, PTFE,
PVDF, and PVDF-HFP, are electrically neutral and cannot be electrophoretically deposited
directly. Suitable charging agents must therefore be introduced to impart to them the proper
charge. A stable colloidal suspension can be achieved with electrostatic, steric, and
electrosteric stabilization. However, these polymers are famous for their chemical inertness
and hydrophobicity, which poses a great challenge for charging and dispersing them by
surface modification through the adsorption of chargeable surfactants. Moreover, owing to
their substantial chemical resistance, these fluoropolymers are insoluble in most common
solvents, and previous studies have shown that they are only soluble in toxic ones.
Therefore, discovering environmentally friendly solvents in which to dissolve or suspend
them is necessary to extend their biomedical applications. It is also challenging to co-
deposit them with other materials that would enhance their properties for multifunctional

applications.

Biomimetic strategies are designed approaches to utilizing theory and technology from a
biological system to solve technical problems in real industry. It mimics structures,
functionalities, processes, and mechanisms from the nature for the purpose of artificially
synthesizing similar biocompatible and biodegradable substances. Inspired from bile acids’

strong solubilization function to hydrophobic lipids, proteins, dietary fats and oils in human



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

digestive system, those amphiphilic molecules are utilized as solubilizing, charging,
dispersing, and film-forming agents for hydrophobic and chemical inert polymers to
fabricating functional composite coatings with high biocompatibility. Another biomimetic
strategy is to mimic the strong adsorption of mussel proteins on inorganic surfaces
contributed by catecholate-type bonding onto metal atoms for fabrication of composite

films containing different type of materials.

Thus, the aim of the present study is to develop novel, biomimetic strategies for making
polymer films and composites by EPD that can be used for corrosion protection and
biomedical applications. This investigation identifies advanced biosurfactants that can
charge and disperse electrically neutral and chemically inert polymer particles in non-toxic
solvents in order to achieve successful deposition. The biomimetic strategies employed rely
upon using different types of natural biosurfactants with outstanding dispersion power,
such as molecules from the catechol and bile acid families. The experimental results of this
work demonstrate that various catecholic molecules and bile acid or bile salt molecules
make charging and dispersing PTFE, PVDF, and PVDF-HFP particles more efficient and
facilitate the EPD of composite films. Relevant adsorption, charging, dispersion, and
deposition mechanisms were carefully analyzed, and film composition, microstructure, and

properties were thoroughly characterized.
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Chapter 3 Literature Review

3.1 Fundamental Aspects of EPD

Electrophoretic deposition (EPD) is a colloidal process that is widely used for fabricating
functional surface coatings. Electrophoresis was first discovered in 1808 by Russian
scientist Ruess when he observed the movement of clay powder in water induced by an
electric field. The first patented practical application of EPD was in 1933 when American
scientists deposited thoria particles on a platinum substrate for an electron tube. Generally,
EPD involves two processes: electrophoresis and deposition. Electrophoresis refers to the
migration of properly charged particles in a stable suspension driven by an electric field
force toward oppositely charged electrodes. Deposition refers to when a compact,
continuous coating forms through colloidal particles accumulating and coagulating on the
surface of the electrodes. Depending on which electrode receives the colloidal particles,
EPD can be divided into two types: anodic EPD and cathodic EPD [1]. A typical EPD
apparatus consists of an external power supply, two electrodes, and a bath in which charged

particles are stably suspended, as shown in Figure 3.1.
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Figure 3.1 Schematic illustration of the anodic EPD process. Reprinted from [2] with

permission from Elsevier.

3.1.1 Suspension stabilization mechanisms in EPD

A stable suspension containing charged particles is critical for fabricating high-quality
films by EPD. In an unstable suspension, charged particles tend to agglomerate with each
other and sedimentate to the bottom of the bath, making the electrophoresis of charged
particles very challenging and limiting deposition yield and quality. There are several
mechanisms for creating a stable and homogeneous colloidal suspension to achieve

successful EPD.

To make a stable colloidal suspension, first the dispersed particles must not be too large,
otherwise rapid sedimentation will occur due to the self-gravity of large particles. The
typical colloidal size ranges from several nanometers to micrometers [3]. Besides the
gravitational force, there are other interacting forces between particles. Attractive van der
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Waals forces always exist between the particles, consequently causing unstable suspension.
If the attractive forces between particles are large enough, the particles will tend to stick
together, forming bulk particle clusters. To prevent particle agglomeration and achieve
stable suspension, repulsive force must be introduced to overcome the attractive van der
Waals force. The most common ways to create a repulsion interaction are electrostatic
stabilization which is when electrostatic charge on the particles produces repulsion, steric
stabilization which is when uncharged long polymer chains adsorb onto the particles, and
electrosteric stabilization which combines electrostatic and steric repulsion [3].

Electrostatic and steric stabilization mechanisms are schematically illustrated in Figure 3.2.

Figure 3.2 (a) Electrostatic stabilization and (b) steric stabilization illustrations. Reprinted

from [4] with permission from Elsevier.

3.1.1.1 Electrostatic stabilization

In the case of electrostatic stabilization, the repulsion occurs because of electrostatic charge

on the particles. However, this repulsion is not directly produced by charged particles. The
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repulsion comes from the interaction of the electrical double layers generated around each
charged particle. Provided that a particle in the suspension is positively charged due to the
adsorption of positive ions from the solution or the dissociation of ionizable surface groups,
negative counterions adsorb onto the positively charged particles and try to neutralize it.
Due to thermal motion, the counterions form a round double layer, compacting in the inner

layer but spreading out in the solution to form a diffuse layer, as shown in Figure 3.3.

When two particles converge in the colloidal suspension, the electric double layers start to
overlap and interactions between them lead to increased repulsion between the particles. If
the repulsion force is strong enough to counteract the attractive van de Waals force, the two
particles will stop approaching each other any further, thereby establishing a stable
colloidal suspension. The classical DLVO theory established by Derjaguin and Landau [5]
and Verwey and Overbeek [6] explains this electrostatic stabilization mechanism for

colloidal suspensions well.
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Figure 3.3 Schematic illustration of an electric double layer. Reprinted from [7] with

permission from Elsevier.

DLVO theory holds that the stability of a colloidal suspension is governed by the total
interparticle forces and potential energies (V7) that exist between particles, which are
summed by the potential energy of the attractive interaction caused by van der Waals force
(V4) and the potential energy of the repulsive interaction due to electric double layer force

(V&)

VT = VA + VR (3'1)

Figure 3.4 presents the van der Waals attraction (V4), electric double layer repulsion (Vz),
and their combination potentials as a function of the separation distance of two theoretical
spherical particles suspended in a colloidal suspension [7]. If the distance between two
particles is infinite, both the van der Waals attraction potential and electric double layer

repulsion potential are near zero; as the distance shortens, both potentials increase their
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value, but in opposite signs. The total potential energy shows a primary minimum at a
shorter distance and a secondary minimum located a little farther away, both of which are
dominated by the van der Waals attraction potential. Between those two minimums, there
is an electric double layer dominated maximum potential, which is also known as the

repulsive energy barrier.
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Figure 3.4 The potential energy between two particles in a colloidal suspension as a
function of the intermolecular distance. Reprinted from [7] with permission from

Elsevier.

If the thermal energy (k7) is smaller than the secondary minimum energy potential when
two particles approach each other due to natural Brownian motion to the distance of the
secondary minimum, the particles will flocculate together, resulting in the sedimentation
of loosely packed particles. However, this flocculation is reversible; redispersion can be
achieved by heating the solution to increase the thermal energy or by changing the

electrolyte concentration to increase the electric double layer repulsion and thus decrease
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the secondary minimum total potential energy. The electric double layer potential depends
highly on its double layer thickness, which is determined by the concentration and valence
state of the counterions [8]. When the double layer repulsion is weak, the repulsive energy
barrier is not high enough compared to the k7" and the particles tend to coagulate in the
primary minimum area. Coagulation is an irreversible particle aggregation process.
Coagulated particles are packed almost in contact, while flocculated particles are held
together relatively loosely with greater separation between them. As the double layer
repulsion increases, the secondary minimum has the chance to be eliminated. Meanwhile,
the thermal energy, k7, of particles is less than that of their repulsion energy barrier, so the
particles have very little chance of surpassing that energy barrier to fall into the primary

minimum. In this case, a stable colloidal suspension is obtained.

3.1.1.2 Steric stabilization

In steric stabilization, the suspension is stabilized due to the interactions between long
chains of polymers that have adsorbed onto the particles’ surfaces, and those polymers
usually carry no charge. A portion of the polymer chain or functional groups on the polymer
adsorbs or anchors onto colloidal particles through either van der Waals attraction or
chemical bonding. The remaining part of the polymer chain extends into the solution,
offering long-range mixing or osmotic effects and short-range elastic entropic effects or
volume restriction to stabilize the colloidal suspension. Aside from the stabilization effect
from adsorbed polymers, sometimes the nonadsorbing polymers provide depletion

stabilization in the interparticle region, which is a special type of steric stabilization.
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Because EPD requires charged particles in order to generate electrophoresis of the particles
to the electrode surface, the non-charged steric stabilization method is seldom used for
suspension stabilization in EPD, so it is not illustrated in detail here. Steric stabilization

can, however, be combined with electrostatic stabilization for successful EPD.

3.1.1.3 Electrosteric stabilization

An electrosteric stabilized suspension is achieved by combining electrostatic repulsion
created by an electrical double layer and steric repulsion created by adsorbed polymers.
One of the strategies for electrosteric stabilization is applying a polyelectrolyte.
Polyelectrolytes are macromolecules that have at least one type of ionizable group that can
dissociate to generate charge. Such ionizable groups include amine groups on cationic
polyelectrolytes like poly(diallyl dimethylammonium chloride) (PDDA) [9, 10],
poly(ethylene imine) (PEI) [11, 12], chitosan (CHIT) [12, 13], and poly(allylamine
hydrochloride) (PAH) [10]; carboxylic groups on anionic polyelectrolytes like alginic acid
[14, 15] and poly(acrylic acid) (PAA) [16, 17]; sulfonic acid groups on poly(2-acrylamido-

2-methyl-1-propanesulfonic acid) (PAMPS) [18] polyelectrolyte, among others.

In suspension, those ionizable groups on polyelectrolytes dissociate to develop electrostatic
charges. The generated electrostatic interactions dominate the adsorption of polyelectrolyte
onto the particles’ surfaces. The dissociation and adsorption of polyelectrolytes is highly
dependent on the properties of the particle surface and solvent, such as the particle surface’s

charge sign, the salt concentration (ionic strength), and the pH of the solvent [19-21]. The
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degree of ionization of strong polyelectrolytes is independent from the solution’s pH, while
the degree of ionization of weak polyelectrolytes is determined by the solution’s pH [10].
Solution pH variation can change the polyelectrolyte from fully ionized to completely
neutral. In a colloidal suspension with polyelectrolyte, stability results from long-range

electrostatic repulsion and short-range steric repulsion.

3.1.2 Particle charging mechanisms for EPD

Particle surface charge is critical for both suspension stability and electrophoresis of the
particle toward the electrode during EPD. A charged particle can be obtained from either
the particle itself via the dissociation or ionization of its functional groups, or the solvent
via selective adsorption of ions or ionizable molecules including dispersants, surfactants,

charging agents, or polyelectrolytes.

In the self charging mechanism, the ionizable groups on the particles are mainly sulfonate,
carboxyl, or amino groups which can protonate or deprotonate to generate charge on the
particle’s surface. Another special charging mechanism from the particle itself is
isomorphic substitution. This is commonly observed in clay minerals [22]. Clay cations are
substituted with other lower valence cations, leading to a deficit of positive charges (e.g.,
AI** substitution by Mg?"), then smaller exchangeable Na* or K* ions are adsorbed onto
the basal surface of the clay to balance the charge deficit. When dispersed in water, the Na*

or K" ions dissolve, leaving behind negatively charged clay particles.
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In most cases, particles are charged through the adsorption of ions or additive molecules
from the solvent. In an aqueous solvent, the self-ionization of water produces positive
hydrogen ions and negative hydroxide ions. Most ceramic particles naturally tend to
coordinate with water molecules, forming amphoteric hydroxylic surfaces. The hydroxylic
surfaces adsorb either H" or OH™ ions to charge the particles depending on the pH of the
solution. At a lower pH, H' ions adsorb onto hydroxylic surfaces, imparting a positive

charge to the particles.
(M - OH)surface + (H+)aq < (M - OHZ);-urface (3'2)

At a higher pH, OH ions tend to consume the hydrogen on the hydroxylic sites that are

producing water, leaving particles negatively charged.
(M - OH)surface + (OH_)aq < (M - O)Eurface + HZO (3'3)

Non-aqueous solvents, especially ethanol, have analogous ionization behaviour to water.
Tonizing pure alcohol produces a protonated alcohol (ROH:") and an alkoxide ion (RO") in

the following way [23],
RCH,0H + RCH,0 — H < RCH,0~ + RCH,0H; (3-4)

Wang et al. successfully deposited alumina particles in ethanol and proposed that the
charging mechanism is the adsorption of hydrogen or ethylate ions onto the hydroxylic sites

of these particles [24].
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Another widely used method of charging particles is using charging additives. This is
especially common in the EPD of chemically inert materials. Bile acid salts (BSs) and
organic dyes are small-sized biomolecules that can be added to disperse and stabilize
carbon nanotube suspensions via the unzipping mechanism, which has been well reviewed
by Mustafa S. Ata et al. [25]. BSs adsorb onto CNT through hydrophobic interactions
between the hydrophobic convex side of BSs and CNT, dissociating the salt ions from the
BSs, offering CNT negative charges. As organic macromolecules, polyelectrolytes are
widely used additives for charging colloidal particles. PEI and PDDA can adsorb well onto

various materials to charge and stabilize particles for EPD [1].

3.1.3 Deposition mechanisms in EPD

In the EPD process, a stable suspension is a prerequisite for successful deposition, but too
much stability disables EPD because the particles need to migrate to and destabilize on the
electrode surface to form a high-quality deposit. Several mechanisms have been proposed
to explain the deposition phenomenon of how repulsion between the particles deposited on

the electrode surface and the incoming particles from bulk suspension is overcome.

In 1940, Hamaker and Verwey [26, 27] first proposed the sedimentation mechanism. They
believed that the formation of deposits by EPD was analogous to the sedimentation of
particles due to self gravitation. Instead of migrating as sediment to the bottom of the
suspension bath, particles overcome the gravitational force under the electric field force,

electrophoresed toward the electrode forming deposition. The increasing pressure
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introduced by the incoming particles conquers the interparticle repulsion force at the

electrode.

In 1954, Koelmans et al. [28] proposed the particle flocculation mechanism that occurs near
the electrode due to the reduction of interparticle repulsion. They hypothesized that the
concentration of electrolytes near the electrode increases when deposition potential is
applied. The increasing electrolyte concentration results in an increase of the ionic strength
next to the electrode, and the calculated ionic strength is high enough to trigger flocculation
of the suspension. The increased electrolyte concentration also leads to the zeta potential

lowering, which is beneficial for particle flocculation.

In 1992, Grillon et al. [29] suggested the particle charge neutralization mechanism, which
takes place especially during the initial stage of EPD. Incoming charged particles neutralize
the reverse charged electrode and form a deposit. This mechanism holds true for very thin
deposits from very dilute suspensions. It was unconvincing when the particle and electrode

were isolated by thick deposits or induced, semipermeable membranes.
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Lyosphere distortion by epd

Figure 3.5 Lyosphere distortion and thinning mechanism during EPD. Reprinted from [30]

with permission from Elsevier.

In 1996, Sarkar and Nicholson [22] proposed the lyosphere distortion and thinning
mechanism during the EPD process, as illustrated in Figure 3.5 [30]. In a colloidal
suspension, the charged particle is surrounded by ions from the liquid forming the electrical
double layer, which is also termed lyosphere. Under an applied electric field, lyosphere
moves toward the electrode, changing its shape from a “perfect” sphere to a distorted sphere
with a thinner head and wider tail. Near the electrode, counterions in the wider tail react
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with the accompanying cations, resulting in a thinner tail. Incoming particles with a thinner
head can get close enough to the thinner tail for the van der Waals attraction force to induce

coagulation and deposition.

In 1999, De and Nicholson [31] proposed the pH localization mechanism to explain the
formation of deposition, which was experimentally verified by Besra et al. in 2010 using
continuous and pulsed DC EPD [32]. The discharge depletion of cations, usually H", near
the cathode leads to an increase in the local pH at the cathode/solution interface.
Spontaneously, the evolution of oxygen consuming OH™ caused a decrease in the pH at the
anode/solution interface. During cathodic EPD of alumina from its aqueous suspension [32],
the pH near the electrode shifted toward the isoelectric point (IEP) of the alumina, leading
to a spontaneous coagulation. Because the particles carried no charge at the isoelectric point
and the electric double layer repulsion vanished, strong van der Waals attraction coagulated

the particles, forming deposition.

Beside the mechanisms mentioned above, there are still other hypotheses proposed by other
researchers. For example, Koura et al. [33] developed an electrode reaction model to
explain the deposition of various oxide particles. In many EPD attempts [34-36], the
addition of electrolytes or polyelectrolytes has promoted the formation of adhesive
deposition. They act as binder materials which enhance the van der Waals attraction force,
inducing particle coagulation or causing bridging flocculation. Each EPD mechanism has
its pros and cons. Not a single mechanism can explain every deposition formation during

the EPD process because EPD can be applied to an extremely wide range of materials.
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3.1.4 Kinetics of EPD

3.1.4.1 Deposit growth kinetics

One distinct advantage of EPD is that it allows for a wide thickness range when making
films, which can be easily controlled by adjusting related key parameters. The key
parameters that seem to have a significant influence on EPD have been well reviewed by
Besra et al. [4] and can be divided into two main categories. The first is suspension
parameters, including the colloidal particle size, zeta potential, suspension concentration,
stability, conductivity, and dielectric constant; the second is process parameters, which
include the deposition time, deposition voltage, deposition current, and conductivity of the
substrate, to name a few. Hamaker [26] attempted to establish for the first time correlations
between the deposit mass and some of the parameters mentioned above. Hamaker’s law
(Eq. 3-5) illustrates a linear relationship between deposit mass (m) and electrophoretic
mobility (u), applied electric field strength (E), the surface area of the electrodes (4),

deposition time (¢), and the suspension’s concentration (C).

m = uEAtC (3-5)

As the pioneered fundamental theory for EPD kinetics, Hamaker’s law paved the way for
the comprehensive development of EPD. Due to limited considerations of realistic
conditions such as a continuous decrease in the suspension’s concentration due to the
consumption of particles, a drop in the potential due to the increasing resistance of the

substrate as insulating deposits grow on it, a suspension resistance change during EPD, the
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effect of particle movement when they diffuse, a highly concentrated suspension, and the
electrical characteristics of the deposit and suspension, many authors have devoted
themselves to ameliorating Hamaker’s model or establishing new models to interpretate
EPD kinetics, the attempts of which have been well summarized by Ferrari and Moreno in

their EPD kinetics review paper [37].

Among all the contributions, Sarkar and Nicholson [22] took the variation of particle
concentration into consideration and first introduced an efficiency factor, f, based on

Hamaker’s law,
_t
m=m, (1 —e T) (3-6)

in which my is the starting mass of the particles in a suspension, 7 is the characteristic time
defined by Sarkar and Nicholson given by Eq. (3-7), and the reciprocal value of 7 is defined
as the kinetic parameter. Eq. (3-6) has been widely accepted because it is reliable for
lengthy depositions and capable of predicting deviations from linearity under constant
voltage EPD.

4

T = w (3-7)

Whereas V' is the volume of suspension which is normally considered constant, /" is the
induced efficiency factor, (< 1 all the time; when all the particles move to the electrode

forming deposit, /= 1).
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Furthermore, considering the resistance variation of suspension during EPD, Ferrari et al.
[38] proposed a resistivity model to describe the kinetics by combining Hamaker’s initial

model [26] and Biesheuvel’s modified model [39],

1
m=my| 1-— - (3-8)

1+ (Ps,o/Ps,oo) (9E - 1)

in which p;, s the initial resistivity of the suspension, p; is the resistivity at infinite time
when all the particles have been deposited and the particle content in suspension is 0, and

7w 18 the characteristic deposition time given by Eq. (3-9),

v
fulps o

(3-9)

Too

When ps. = ps,0, meaning that the suspension resistivity variation during EPD is negligible,
Eq. (3-8) will reduce to the Sarkar and Nicholson model in Eq. (3-6). If t << 7., this model
then turns into Hamaker’s law in Eq. (3-5). Therefore, the resistivity model established by
Ferrari et al. is a more comprehensive one, which subsumes previous models for EPD
kinetics explanation. This model also explains the S-shaped mass versus deposition time

curve for long time scale EPD tests.
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3.1.4.2 Electrophoretic mobility

Electrophoretic mobility, 4, mentioned above, is a critical parameter in colloidal science
and the EPD process which can quantify the migration of charged particles for deposition.
It was discovered experimentally that the electrophoretic velocity of suspended particles
moving toward the electrode was proportional to the applied electric field strength.
Electrophoretic mobility is defined as the ratio of electrophoretic velocity, v, over electric
field strength, E,

(3-10)

_U
H=F

The relationship between electrophoretic mobility and the zeta potential for rigid spherical

particles was established through the Henry equation [39-41],

_ 25087‘(
= 30

H f(ka) (3-11)

where ¢ is the vacuum permittivity, ¢, is the relative permittivity of the solvent medium, ¢
is the zeta potential, # is the viscosity of the solvent medium, //k is the Debye length, a is
radius of particle, f{xa) is the Henry’s function varying from 1.0 at xa = 0 (referred to as

the Hiickel equation) to 1.5 at ka = o (referred to as the Smoluchowski equation) [40, 41].

For “soft particles”, which are hard, spherical particles containing adsorbed

polyelectrolytes, an electrophoretic mobility model was proposed by Ohshima [42],
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where pjiy is the fixed charge density, A=(y/7)"”%, and y is the frictional coefficient of the

polyelectrolyte.

3.1.5 Advantages and applications of EPD

EPD is a very versatile material processing technique which has wide range of applications
in both academia and industry. It can be preformed not only under a continuous, direct
current (DC) electric field, but also under modulated electric fields such as alternating
current (AC) or pulsed direct current [43-45]. Compared to other film forming techniques,
EPD has the advantages of an easy operation, simple apparatus, low cost, control over the
thickness and morphology of films, and feasibility for use with various material types, like
metallics [46, 47], ceramics [1, 48-50], carbons [25, 51-54], polymers [12, 55-57], and
biomaterials [58-60] in either nanoscale or macroscale. Moreover, EPD allows for one-step
fabrication of composite materials with combined functionalities [13, 61-63]. The main
limitations of EPD are that the substrate materials must be electrically conductive, limited

thickness of insulating deposits and possibility of unwanted side reactions.

Besides its versatility on types of materials to be deposited, EPD is also famous for its
versatile fabrication of films in various shapes. The deposit takes the shape imposed by the

substrate electrodes. EPD is capable of processing materials into various complex 3D
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morphologies [62, 64, 65] when the substrate geography and particle shape are properly
designed. For example, Anné et al. [64] shaped an alumina and zirconia-based femoral ball-
head by EPD for biomedical applications. In an investigation by Ma et al. [66], a bioactive
porous hydroxyapatite (HA) scaffold and bulk HA scaffold were fabricated by EPD for cell
culturing and better tissue penetration and mechanical stability for the implant in the body.
Lietal [67] deposited hierarchical, pine needle-shaped MnO>-CNT composites onto carbon
fiber cloth for potential applications in wearable devices. Zhitomirsky [68]
electrophoretically deposited submicron-sized HA powders on individual carbon fibers,
carbon fiber bundles and felts. After subsequently burning out the fibrous carbon substrates,

hollow HA fibers with various diameters were fabricated.

3.2 Materials Sciences Aspects of EPD

3.2.1 Particles and molecules

EPD involves the electrophoresis of charged particles or molecules in a stable suspension
toward the electrode, driven by the applied electric field and deposited on the electrode.
The starting materials during the EPD process are typically charged particles or molecules
that are well dispersed in a colloidal suspension. EPD was first noticed due to the movement
of clay particles in water induced by an electric field, and early patented attempts of EPD
deposited thoria particles onto a platinum substrate [4]. Since then, processing various

particle materials through EPD has been extensively investigated.
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Theoretically, any powdered material can be dispersed in a stable suspension for EPD.
Particle size is a critical parameter that has significant impact on EPD. According to the
science of colloidal processing, the colloidal size ranges between 1 and 1000 nm [3]. Since
a stable colloidal suspension is a prerequisite for successful EPD, this colloidal size range
offers a hint of the suitable particle size for EPD. Experimental investigations have also
demonstrated good deposition for a variety of larger ceramic and clay particles with sizes
up to 20 um [69]. However, deposition of particles beyond this size range might also be
feasible by properly adjudication of other parameters. One of the main problems for the
EPD of larger particles is to overcome the strong self-gravity force compelling them to
settle down and dispersing them well enough to form a stable suspension suitable for EPD.
Electrophoretic deposition of larger particles might also lead to non-uniform deposition,
resulting in a thicker foot and thinner head in vertical setups. In these cases, a strong surface

charge, efficient dispersant, or thicker electrical double layer are necessary [70].

Particle size greatly impacts suspension stability [71], electrophoretic mobility [72], and
crack formation [73]. Sato et al. [73] showed that a smaller particle size contributes to fewer
cracks in the films. The deposition rate, particle packing behaviour, deposit density, and
the hardness of the sintered coatings were highly related to the particle size, size uniformity,
and distribution in Ji et al.’s investigation [74]. Particles with mixed sizes lead to higher
density coatings compared to uniform sized particles, and smaller particles lead to harder,

sintered coatings [74].
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As the EPD technique developed, it stopped being restricted to processing particle materials.
Many attempts to deposit molecule materials were carried out using EPD, especially for
biomedical macromolecules (also known as biomolecules) [75] and functional polymers,
including biopolymers and engineering polymers [12]. Due to its excellent biological
properties, chitosan, a polysaccharide molecule, shows promising applications in the
biomedical field and food industry [76]. The EPD of chitosan and chitosan-based composite
materials has been comprehensively reviewed by Avcu et al. [13]. The deposition
mechanism of chitosan relies on its solubility dependence on pH, as illustrated in Figure
3.6 [13]. The amine groups on chitosan tend to protonate out hydrogen ions at a low pH,
leaving positively charged chitosan molecules that move to the cathode and deprotonate
into an insoluble film on the electrode surface due to a localized pH increase caused by

water decomposition.
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Figure 3.6 Schematic illustrations of the chitosan solubility transition and deposition

mechanism. Reprinted from [13] with permission from Elsevier.

Aside from chitosan, the EPD of other polysaccharide molecules, such as alginates [77, 78]
and hyaluronic acids [79, 80], is also being widely investigated. The EPD or co-EPD of
functional polymers, proteins, and enzymes have been well reviewed by Sikkema et al. [12],

Boccaccini et al. [58], and Seuss et al. [75].

3.2.2 Solvents

Solvents must be carefully selected for specific materials to be deposited because solvents
play critical roles in the EPD process. One of the main roles a solvent plays is as a liquid
media surrounding the solid particles or molecules, which suspends them. In some cases,

the solvent also provides charge, helps dissolve additives such as dispersants, surfactants,
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or charging agents, and may participate in electrode reactions to help film forming.
Generally, solvents for EPD can be divided into two main categories: water and organic
solvents. Each category of solvent has advantages and disadvantages. Sometimes, mixtures

of aqueous and organic solvents are used.

3.2.2.1 Aqueous solvents

Aqueous solvents are very popular for EPD because aqueous systems exhibit benefits such
as being low cost, eco-friendly, and non-flammable and having low requirements for
electric field strength compared with organic solvents. However, water-based solvents
cause many problems in EPD. Firstly, electrolysis of water is almost inevitable during the
EPD process. According to the following equations, electrolysis of water would produce

bubbles, which is destructive for film forming:

2H,0 - 0,(gas) + 4H* + 4e~ (3-13)

2H,0 + 2e~ — Hy(gas) + 20H™ (3-14)

Those bubbles tend to get trapped in the deposit, resulting in porous, low density, loosely
packed films. This problem can be solved by using a porous mold or modulated electric
field [2, 43, 44, 81]. A bubble-free deposit can be obtained on a porous mold placed
between two electrodes, while bubbles evolve at the electrodes. Another problem related
to the use of aqueous solvents is that high current density facilitates the oxidation of

metallic electrodes, leading to electrode damage and adding impurities to the deposit. High
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current density in an aqueous solvent also causes Joule heating to the suspension and the
electrode [82]. Inserting dielectric layers with high electric impedance between the
electrode and substrate effectively reduced problems such as electrochemical reactions,

discharge, and Joule heating during EPD in an investigation by Miyajima et al. [83].

3.2.2.2 Organic solvents

Generally, organic liquid is superior to water as a solvent for EPD. Among organic solvents,
alcohols are most widely utilized for EPD [84, 85]. Organic solvents exhibit higher
chemical stability than water and are more inert with respect to particles. With organic
solvents, gas formation from the electrolysis of water could be avoided, facilitating the
formation of uniform and adhesive deposits. Moreover, a strong electric field can be applied
to organic suspensions to raise the deposition efficiency [86]. Due to their low conductivity
and dissociation power, they can avoid high current density, which significantly reduces
Joule heating and electrochemical attacks against the electrode. Furthermore, because of
the low relative permittivity of organic solvents, obstructions to the electric field intensity
are minimized, and a more effective electric field strength can be retained to drive the

movement of the charged particles.

The main disadvantage of organic solvents is that a high voltage is required for deposition.
Moreover, most organic solvents cost more than water, and some are even toxic or
flammable, which is not eco-friendly. Organic solvents with a lower boiling point will dry

at a faster rate, which causes cracks in the films [87].
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3.2.2.3 Mixed solvents

In several investigations, mixtures of two or more different liquids were used as solvents
for EPD to promote deposition quality. Wang et al. [88] investigated EPD of yttria-
stabilized zirconia (YSZ)/alumina composite coatings using various mixed solvents. They
found deposit from mixed ethanol and acetylacetone suspension was more uniform and less
porous than that from mixed ethanol and distilled water or from pure ethanol because the
reaction between ethanol and acetylacetone promoted particle surface charging and
diminished particle aggregation. Kang et al. [89] showed that the morphology of deposited
iron oxide nanoparticles is highly related to the choice of solvents (hexane, toluene, and
chloroform) and the ratio of their mixture because the solvent influences the surface charge

and zeta potential of the nanoparticles.

3.2.3 Binders

Binders or binding agents were first used and regarded as critical aid materials in the field
of ceramic processing to enhance the forming capabilities of discreet ceramic powders [90].
Binders were later introduced into the electrophoretic deposition industry to help increase
the strength of the deposited films, provide adhesion to the substrate, and preventing
cracking [1]. Although a binder is beneficial for forming an adhesive and crack-free film,
it is not indispensable in EPD, and most EPD is preformed without binders or only a
minimal amount of binder when it is necessary [4]. Binders are mostly used for making

films that are tens of microns thick using EPD [91-93].
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The most common binder materials for EPD are polymer binders. Polymer binders in the
suspension will adsorb on colloidal particles, not only offering charge to particles as
ionizable polyelectrolytes, but also providing steric or electrosteric stabilization to the
suspension. Metal oxides, alkoxides, or hydroxides such as Mg(OH), or MgO which have
a high bonding strength have also been used as inorganic binders for EPD [94, 95] and

deposited in the interstitial region between particles to provide adhesion [96].

Binders are multifunctional for the EPD process. For example, one commonly used binder
for non-aqueous EPD, polyvinyl butyral (PVB), not only provided great strength, but also
acted as a dispersant, which enhanced the stability of the suspension [97, 98]. In the EPD
of silica particles [99] and  polystyrene nanoparticles [100], poly
(dimethyldiallylammonium chloride) (PDDA) not only served as a binder which adhered
particles to the substrate, but also endowed the particles with charge to help with suspension
stabilization. The suspension was more stable with higher PDDA content [100]. The water
soluble, hydrophilic polymer polyvinyl alcohol (PVA) is famous for aqueous EPD. Chen
et al. [101] found that when reinforcing with PVA an alginate-bioactive glass composite
coating on stainless steel deposited by EPD, the amount of PV A significantly impacted the

thickness, roughness, and adhesion strength of the composite coating.

3.3 Biosurfactants for EPD

Biosurfactants are a group of amphiphilic, surface-active compounds that help regulate

surface and interfacial tension between two different phases [102]. Different from
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traditional chemical surfactants, biosurfactants are produced from various microorganisms,
such as bacteria, yeast, fungi etc., which are environmental friendly, low toxicity, and
biodegradable [103]. These advanced properties make biosurfactants applicable in many
areas, including the food industry, environmental protection, ceramic processing,
pharmacology and medicine, and the oil and gas industry [103-106]. Biosurfactants are also
widely applied in the EPD of colloidal particles [50]. The surfactants applied in an EPD

process can also act as dispersants, charging agents, and film forming agents [107].

3.3.1 Bile acids and bile salts

Applying bile acids (BAs) as biosurfactants for EPD processing was motivated by their
strong solubilization power and ability to solubilize cholesterol, vitamins, lipids, dietary
fats, and other biomolecules in the human body [108]. This strong solubilization power was
attributed to the rigid amphiphilic molecular structure of BAs with hydroxyl groups on their
concave face, making it the hydrophilic side, and methyl groups on convex face, making it
the hydrophobic side [109]. COOH or SOsH groups on the end of bile acids are anionic

groups, which facilitates their charging properties.

Major bile acids are cholic acid (ChA), deoxycholic acid (DCA), chenodeoxycholic acid
(CDCA), lithocholic acid (LCA) and ursodeoxycholic acid (UDCA). Their carboxylic
groups can conjugate with taurine or glycine residues to form other bile acids, as shown in
Figure 3.7 [108, 109]. Most bile acids have poor water solubility when their ionisable

functional groups have protonated; however, their corresponding bile salts (BSs) are highly
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soluble [110, 111]. The solubility of bile acids is strongly related to the number, position,
and orientation of their hydrophilic hydroxyl groups, which affiliate to water molecules

through hydrogen bonding [111].

Primary and conjugated bile acids

COOH

Cholic acid, 1 Chendeoxycholic acid, 2 Glycocholic acid, 3
C34Hy s, m/z 408.2870 CpH Oy m/= 392.291 CoyHyOs m/z 4653084

Glycochenodeoxycholicacid, 4 laurocholic acid, § “Taurochenodeoxycholic acid, 6
CyHysNOs, m/z 449.3135 CyHysNOSS, m/z 515.2911 CyHysNOGS, m/z 449.2962

Secondary bile acids

COOH

Deoxycholic acid, 7 Lithocholic acid, 8
CoyHy00y, mr/z 3922921 C,4H4005, m/= 376.2971

Tertiary bile acids

\\Ill

H

Tauroursodeoxycholate, 9 Ursodeoxycholic acid, 10 Sulpholithocholate, 11
Col1,NO,S, m/z 4492962 C,4H,,0,, m/z 3922921 Cy 13,048, mi/z 445.2461

Figure 3.7 Chemical structures, molecular formula, and theoretical mass of bile acids.

Reprinted with permission from [109] . Copyright {2019} American Chemical Society.
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The mechanism through which bile acids or bile salts can solubilize many polar or nonpolar
substances is their micellization behaviour. The micelle formation process has been well
modeled by many researchers [112], involving two steps in primary and secondary micelle
formation. Firstly, the primary micelles of BSs form from the hydrophobic interactions of
the hydrophobic sides of the BSs molecules in an aqueous solution; secondly, by increasing
the concentration of BSs, the primary micelles of BSs with OH groups that point outside
tend to interact with each other through hydrogen bonding to form larger, secondary
micelles, as illustrated in Figure 3.8 [108]. Critical micelle concentration (CMC) is an
important factor reflecting the micellization properties of surfactants and their dispersion
efficiency. CMC values are highly dependent on surfactant structure, temperature, pressure,
ionic strength, pH, and the presence of other electrolytes. The CMC of different BSs has
been investigated and measured using various techniques, and it was found that the CMC
of BSs differed within a wide range [113-115]. Bile acids or bile salts are superior as
biosurfactants to other conventional surfactants because of their unique amphiphilic
structure, giving them a greater charge density, smaller micelle size, and lower CMC values

[108, 112].
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Figure 3.8 Formation of (a) primary and (b) secondary micelles of BAs/BSs molecules.
Reprinted from [108] with permission from John Wiley and Sons.

Due to their high solubility in aqueous solutions, bile salts have been widely applied in
aqueous EPD [116-120]. Very hydrophobic and poorly soluble carbon nanotubes (CNT),
including single walled CNT (SWCNT) and multiwalled CNT (MWCNT), have been well
dispersed with the sodium salts of cholic acid (ChA) and deoxycholic acid (DCA) to create
products for energy storage, electronic devices, and sensor applications [25]. BSs showed
strong adsorption on CNT, and it was found that steroidal BS molecules can wrap around
CNT particles to form micelles. The hydrophobic side of BS molecules has a strong
hydrophobic interaction with hydrophobic CNT particles, causing the hydrophilic side to
point outward toward the water molecules, which unzips the large CNT particles into

smaller ones as illustrated in [25].
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Figure 3.9 Schematic illustration of dispersion of CNT via the unzipping mechanism, in
which white dots represent bile acid molecules. Reprinted from [25] with permission from

Elsevier.

The EPD of ChA or DCA was due to their film-forming and gel-forming properties and the
insolubility of their corresponding bile acids in water [118, 119]. During EPD, an
electrochemical reaction of water at the anode electrode happened as follows, resulting in

a local pH decrease,

2H,0 - 0, + 4H" + 4e~ (3-15)

The dissociation of ChA or DCA in water generated negative ChA™ or DCA™ ions, which
moved toward the anode and protonated with hydrogen ions, forming water insoluble bile

acid films at the anode’s surface,

BA~ + HY - BAH (insoluble) (3-16)

Unlike bile salts, most bile acids are water insoluble, but soluble in organic solvents like

ethanol [121]. The EPD of chemically inert PTFE, PVDF, and composite films using bile
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acids as surfactants in an ethanol solvent was investigated [56, 122-124]. It was found that
using ethanol not only diminished gas generation induced film porosity during aqueous
deposition, but also facilitated the dissociation of the bile acids used as dispersants and

charging agents for the successful EPD of electrically neutral polymer particles.

3.3.2 Catecholates, gallates, and salicylates

Mussels can adsorb onto various material surfaces quickly and firmly to prevent damage
from sea waves in the ocean. According to fundamental studies [125], this fast and strong
adsorption results from the adhesive proteins confined to byssal plaques containing the
amino acid, r-3,4-dihydroxyphenylalanine (DOPA). DOPA is an organic compound that
has a catechol group with two adjacent OH groups attached on an unsaturated six-carbon
ring, which is characteristic for catecholates. Catechol groups possess powerful complexing
properties, in which two OH groups form bidentate bonding with atoms on different

inorganic surfaces [50].
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Figure 3.10 Chemical structures of various catecholic molecules.

Beside the catechol group on DOPA structures, there is a side chain containing an amino
group and a carboxylic group (Figure 3.10), making DOPA a zwitterionic molecule that
can offer charge to adsorbed particles through suspension acidity, facilitating dispersion
and EPD. At a lower pH, the amino group protonates to NH3", offering positive charge.
When the pH is increased, the amino, carboxylic, and phenolic groups deprotonate to
contribute negative charge. Similar zwitterionic properties were also found for

norepinephrine and epinephrine, whose chemical structures are shown in Figure 3.10.

The dopamine molecule belongs to the catecholamine family and exhibits cationic charging
properties in acidic suspension and self-polymerization properties in basic suspension [50].
Dopamine has adsorbed onto oxide particles by chelation from a catechol group and onto

CNT by n-n interaction. The EPD of various ceramic particles using dopamine as a
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surfactant involved a charge neutralization deposition mechanism, and the deposited films

showed improved functional properties for their particles [50].

Another characteristic molecule from the catechol family is caffeic acid (CA), which is
famous for its antioxidation properties and as a corrosion inhibitor for stainless steels [123,
124]. The phenolic and carboxylic groups on CA have shown strong adsorption on various
inorganic particles, involving either inner sphere or outer sphere bidentate chelating or
bridging bonding, as schematically illustrated in Figure 3.11 [50]. The adsorption of CA on
particles provided charging to particles by dissociating the carboxylic group. The catecholic
molecules of 3,4-dihydroxybenzoic acid (DHB), 3,4-dihydroxyphenylacetic acid (DHP),
and 3,4-dihydroxyhydrocinnamic acid (DHC) show similar chemical structures to CA and
are also anionic surfactants due to their carboxylic groups. EPD investigations using DHB,
DHP, and DHC molecules as charging and dispersing agents found that longer hydrocarbon
chains show increased deposition yield due to improved dispersion efficiency [126]. The
anionic properties of tiron are related to two SO3~ groups and the adsorption of tiron is

because it forms inner sphere complexes with metal atoms on the surfaces of particles [50].
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Figure 3.11 Schematic illustrations of the adsorption mechanisms of caffeic acid on
inorganic particles: (a) bidentate chelating bonding, (b) inner sphere bidentate bridging
bonding, (c) outer sphere bidentate bridging bonding, and (d) carboxylic group bonding
[50].

Gallate-type molecules include gallic acids and gallic acid-based salts and esters. Gallic
acid (GA) has three adjacent OH groups on the aromatic ring and a COOH group which is
non-adjacent to either OH group (Figure 3.12). The adsorption mechanism of gallate-type
molecules on oxides is similar to catecholate-type molecules, which is related to two of the
three OH groups, forming complexations with the metal atoms in oxides. The third OH
group showed a slight impact on the stability of the complexations [50]. However, EPD
investigations revealed that GA with three OH groups exhibits improved dispersing and

charging efficiencies compared to DHB with two OH groups [126]. Studies found that GA
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can be used as a co-dispersant for the EPD of MnO»-TiO> composites [127] and MnO»-

MWCNT composites [128].

HO OH
OH
Gallic acid

Figure 3.12 Chemical structures of gallic acid.

The characteristic structures of salicylate-type molecules contain at least one aromatic ring
with an OH group and a carboxylic group bonded to two adjacent carbon atoms on the ring,
as shown in Figure 3.13. Dissociation of the carboxylic groups provides anionic charge.
The adsorption onto various ceramic particles is achieved by salicylate bonding involving

the adjacent hydroxyl and carboxylic groups, as illustrated in Figure 3.14 [50].
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Figure 3.13 Chemical structures of salicylate-type molecules.

Investigations showed that 2,3-dihydroxybenzoic

trihydroxybenzoic acid (TBA) can selectively form catecholate and salicylate bonding
based on the nature of the adsorbed materials. However, other salicylate molecules in
Figure 3.13, such as salicylic acid (SA), 2,5-dihydroxybenzoic acid (DBA2S), 2,6-
dihydroxybenzoic acid (DBA26), and 5-sulfosacylic acid (SSA), can only form salicylate
type bonding. EPD investigations of TiO> particles demonstrated that DBA23 exhibits a
stronger adsorption ability on TiO2 surfaces than DBA26 because DBA26 can only produce
salicylate bonding [129]. The deposition kinetics studies in [129] found that SSA provides
strong electrostatic repulsion at the electrode surface due to its two charged groups, SOz~
and COO", which is detrimental to deposit growth. A comparison of the electrophoretic

deposition yield of MnO> found that a TBA dispersed MnO> suspension had a significantly
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higher yield than an SA dispersed one because of the enhanced dispersing capability of
TBA [130]. The deposit mass versus concentration of 2-hydroxy-1-naphthoic acid in MnO>
suspension revealed a charge reversal phenomenon due to competitive adsorption between

the hydrogen ion and anionic 2-hydroxy-1-naphthoic acid.

I
J,() M=0O ()H
M |
| 0 M-S0
| %
a b C

Figure 3.14 Salicylate bonding: (a) bidentate chelating bonding, (b) inner sphere bidentate
bridging bonding, and (c¢) outer sphere bidentate bridging bonding [50].

3.3.3 Other natural surfactants

In addition to the abovementioned biosurfactants for EPD, there are many other natural
surfactants already discovered or being discovered for applications in EPD. The natural
surfactants from the carboxylic acid family, such as citric acid, oxalic acid, and malic acid,
have been shown to be effective low molecule weight dispersants for the EPD of various
oxide particles [131-134]. It was suggested that the adsorption mechanism of citric acid on
oxide particles was due to a ligand exchange of surface-adsorbed hydroxyl groups with two
carboxylate groups, in which two carboxylic groups of citric acid were coordinated,

whereas only one group of oxalic acid was coordinated [131]. This adsorption was found
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to be based on inner sphere complexes with TiO; nanoparticles, which is regarded as a
stronger coordination because it is stable at all pH values [134]. Both citric and oxalic acid
improved the suspension stability of ZrOz not only by enhancing the interparticle repulsion
but also by providing a steric barrier to particle agglomeration, like commonly used, large
molecule, polyelectrolyte dispersants [131]. This was concluded from an investigation of
stable suspensions containing citric acid with a relative low zeta potential value. Higher
concentrations of oxalic acid are needed to achieve similar dispersing effects to citric acid

owing to its smaller effective size and smaller adsorption cross section [131].

(§) OH 0
O 0O
OH
HO
HO OH
OH 0
Citric acid Oxalic acid

Figure 3.15 Chemical structures of citric acid and oxalic acid.

3.4 Challenges in EPD

3.4.1 Polymers

Interest in polymers is rapidly increasing, especially in biomedical applications [12], due
to the advanced properties of polymer materials, such as their chemical stability, easy
processability, corrosion resistance, biocompatibility, low cost, flexibility, high dielectric

constant, etc. [56, 123, 124]. Compared to conventional film deposition methods, such as
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thermal spraying or printing, EPD is superior because it avoids polymer degradation, is an
easy operation, and has a low price point [123, 135]. EPD involves the electrophoresis of
charged particles dispersed in a liquid towards the working electrode and deposited on it.
However, most polymer materials are electrically neutral and cannot be deposited directly
by EPD. Therefore, it is necessary to impart charge to polymer particles to make them
usable for EPD. Polymer materials, such as PVDF or PTFE are chemically inert and
hydrophobic, so surface modification through the adsorption of charged dispersants is
challenging [56, 122]. Conventional charging agents show poor adsorption on the
chemically inert surfaces of PVDF or PTFE [122]. Therefore, there is a need to develop
advanced charged natural surfactants in order to create a stable polymer suspension suitable

for EPD.

Another challenge for the EPD of polymer materials is to find appropriate, environmentally
friendly solvents to prepare the deposition bath. Advanced engineered polymers such as
PVDF and its copolymers are insoluble in water and have very limited solubility in
common organic solvents. Typical solvents for dissolving PVDF are polar solvents such as
dimethylformamide (DMF), dimethyl sulfoxide (DMSO), methyl ethyl ketone (MEK), and
dimethylacetamide (DMAc) [136-138], which are harmful to the environment or human
health. Previous investigations into the EPD of PVDF showed that to disperse PVDF well,
not only were toxic solvents necessary but also a lifted stirring temperature of up to 120 °C
and a stirring time up to 8 hours long [137, 138]. Therefore, it is imperative to seek

environment friendly, non-toxic solvents that can effectively dissolve or suspend

53



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

chemically inert polymers like PVDF, and efficient biosurfactants for charging and

dispersing them in order to widen their applications.

3.4.2 Carbon materials

Carbon materials, including CNT, graphene related materials (GRM), carbon fiber, carbon
black, and diamond, have contributed to various applications due to their extraordinary
electrical, thermal, and mechanical properties [25, 139]. The precondition for successful
EPD of particulate materials is the preparation of a stable suspension of charged particles
because the stability of the suspension affects the quality of the resulting deposits. The main
challenge for successful EPD of carbon materials is their dispersal in suspension. For
example, CNT is super hydrophobic and its particles often aggregate into bundles [25]. As-
synthesised CNT is composed of different types with various diameters and chiral
parameters. Those CNT aggregates contain different CNT types, causing heterogeneity,
which has a strong negative impact on the performance of CNT products [140]. Therefore,
advanced dispersants are required for CNT sorting and dispersion for the EPD of high-
quality CNT films. A reported covalent modification of CNT caused damage to CNT and
degradation of its properties [25]. Strategies of non-covalent modifications are based on the
use of polymer-type or head-tail-type surfactants. Polymer surfactants tend to wrap around
CNT bundles rather than individual CNT, which is not true dispersion of individual CNT
[25]. Moreover, polymer wrapping causes insulating layers on CNT, which is detrimental

to EPD. Investigations of using head-tail-type surfactants indicate that CNT has a low
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dispersion efficiency, and, thus, a relatively high concentration of head-tail surfactants is
necessary. However, a higher surfactant concentration induces micelle formation, which

leads to depletion-induced aggregation of CNT [25].

The EPD of graphene related materials (GRM), including graphene, graphene oxide (GO),
and reduced graphene oxide (rGO), is challenging because pristine graphene is
hydrophobic and can not disperse easily [53]. To obtain a stable suspension in polar
solvents, GO has commonly been used as a starting material in the EPD bath due to its
oxygen-containing functional groups [53]. However, in-situ reduction of GO during EPD
can compromise the stability of the suspension. In order to partially recover the properties
of pristine graphene, GO films need to be further reduced to rGO, whether by in-situ
reduction or post-EPD chemical reduction, which complicates the whole process. Various
reducing agents that can be applied for the EPD of GO may introduce undesired

contaminations to the final GRM films.

Because of the hydrophilic properties of GO, it can be dispersed relatively easily in aqueous
media. Although water is an environmentally friendly and low-cost solvent, aqueous EPD
tends to generate gases at the electrodes at high deposit voltages, creating a weak,
heterogeneous, porous deposit. EPD of GRM is less common in organic solvents due to the
difficulty with stabilizing a GRM suspension in many organic solvents [53]. Most of the
organic solvents that can be used for the EPD of carbon materials are not environmentally

friendly. Due to the lack of stability of GRM, various additives or chemical modifications
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need to be applied to obtain a stable suspension. However, additives or chemical

modifications can negatively affect the properties of GRM sheets [53].

Other issues with the EPD of GRM are side reactions, such aqueous electrolysis, the
degradation of organic solvents, electrochemical reductions of additives, or the EPD-based

reduction of GO at high deposit voltages [53].

3.4.3 Composite materials

Fabricating composite films has always been the most promising development direction in
EPD technology, combining multi-component materials with various functionalities to
satisfy different applications. However, the EPD of composite materials simultaneously
from the same suspension is more complex than the EPD of a single material. There are
several key challenges which need to be addressed to successfully create composite films

through EPD.

The first requirement for composite coating via EPD is to ensure that each component has
a similar charge sign and density, otherwise composite material deposition would not be
possible because particles with different charging signs will deposit onto different
electrodes. A low particle charge density results in porous and sponge-like deposits, and a
high surface charge leads to a high particle packing density [141]. A comparable surface

charge on multi-components is beneficial to obtain uniform composite coatings. Therefore,
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it is important to add a suitable dispersant and it should act as an efficient co-dispersant for

the co-deposition of multi-components in the suspension through EPD [120, 122].

Having a comparable deposition rate for each particle species is another requirement that
must be satisfied to co-deposit homogeneous composite films. When the volume fractions
of each species are relatively high, the particles deposit at a comparable rate; if the volume
fractions are low, the deposition rate of each component relies on its individual
electrophoretic mobility [4]. Therefore, it is critical to control the electrophoretic mobilities

of each particle species.

3.5 Objectives

According to the preceding thorough review of fundamental literature, the overall objective
designed for this project is to develop biomimetic strategies for the electrophoretic
deposition of advanced polymers and composites containing multifunctional particles,
which provide corrosion protection, enhanced mechanical strength, superparamagnetic,
multiferroic, and biocompatible properties. To make the overall objective achievable, it

was divided into the following short-term objectives:

1. Develop advanced biosurfactants for the dispersion, charging, and electrophoretic
deposition of electrically neutral and chemically inert polymer coatings such as PTFE,

PVDF, and PVDF-HFP;
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3.6

[1]

[2]

[3]
[4]

[5]

[6]

Investigate the influence that the chemical structures of various bile acids have on the
surface modification, dispersion efficiency, and deposition rate of the chemically inert

polymer PVDF;

. Develop composite organic and inorganic coatings with multifunctional properties for

potential applications in corrosion protection, biomedical implants, and multiferroic

materials;

Characterize the microstructure and multifunctional properties of films fabricated by

EPD.
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Chapter 4 DChNa for EPD of Composite Coatings

This chapter is reproduced from Q. Zhao, X. Liu, S. Veldhuis, 1. Zhitomirsky, Sodium
deoxycholate as a versatile dispersing and coating-forming agent: A new facet of
electrophoretic deposition technology, Colloids and Surfaces A: Physicochemical and
Engineering Aspects, Volume 588, 2020, 124382

(https://doi.org/10.1016/j.colsurfa.2019.124382), with permission from Copyright © 2019

Elsevier B.V. The author of this thesis is the first author and the main contributor of this
publication, including conceiving the initial ideas, development of approach and

methodology, carrying out experiments, analysis of data and preparation of the manuscript.

4.1 Abstract

The unique dispersion power of bile acid salts offers a tremendous potential for the
development of new biomimetic strategies for colloidal processing of materials. This paper
reports the feasibility of electrophoretic deposition (EPD) of polytetrafluoroethylene
(PTFE), diamond and carbon dots (CDs) using commercial sodium deoxycholate (DChNa)
as a charged dispersant and coating-forming agent. The amphiphilic DChNa structure is
beneficial for adsorption of this molecule on chemically inert hydrophobic surfaces and
particle dispersion. The electrochemical film formation mechanism is based on the
electrogenerated acid formation, protonation and charge neutralization of anionic DCh™

species. SEM and FTIR are used for the analysis of film morphology and composition.
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Potentiodynamic and impedance spectroscopy studies show that PTFE films deposited by
EPD provide protection of steel from corrosion. The use of DChNa allows the fabrication
of composites by combined electrochemical strategies. Diamond-polypyrrole (PPy) films
are prepared by an EPD-electropolymerization method. DChNa is a versatile co-dispersant

for co-deposition of different materials by EPD or combined electrochemical methods.

4.2 Introduction

Electrophoretic deposition of materials (EPD) is increasingly being used for the
manufacturing of advanced films for electronic, energy generation and storage,
photovoltaic, biomedical, corrosion protection and sensor applications [1-5]. Especially
important are EPD applications in the nanotechnology of composite materials. EPD
involves electromigration of charged molecules or particles toward the electrode surface
and film deposition [6-9]. One of the challenges in the development of EPD technology is
the particle dispersion and charging [10-12]. The key to achieving efficient particle
dispersion is the strong adsorption of a dispersant on the particle [13, 14]. The EPD of
multicomponent composite materials requires the use of co-dispersants for individual
particles [6]. Another challenge of EPD is to overcome particle dispersive forces at the

electrode surface and obtain continuous adherent films.

Materials innovations in dispersants and coating-forming agents are expected to enable
significant advances in the EPD technology. Recently, interest has been generated in

application of commercial bile acid salts (BSs) for dispersion and EPD of materials. It is
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known that BSs allow for efficient dispersion of various biomolecules [15] due to their
unique steroid-like structure [15-17], which facilitates adsorption on materials. BSs
molecules were used for the dispersion of carbon nanotubes (CNT) [18-23]. It was
demonstrated that such molecules allowed enhanced CNT dispersion, as compared to other
surfactants [24]. BSs have generated interest for drug delivery technologies [25]. It was
found [26-30] that BSs facilitated solubilization of various promising drug molecules in

water and allowed the development of new drug delivery techniques [15, 31-33].

Deoxycholic acid (DChH) is one of the primary bile acids. Sodium deoxycholate (DChNa)
was found to be an efficient dispersant for CNT [34] and a structure-directing agent for the
formation of ordered structures. The use of DChNa as a dispersant allowed CNT sorting by
length for application in thin film transistors [35]. The non-covalent graphene
functionalization with adsorbed DChNa facilitated the formation of polymer-graphene
composites, containing well-dispersed graphene particles in the polymer matrix [36].

DChNa exhibits promising gel-forming properties for various biomedical applications [37,

38].

Recently DChH [39] films were formed by EPD from DChNa solutions. The EPD strategy
was based on the anaphoresis of DCh™ and the local pH decrease at anode, which resulted

from the following reaction:

1
Hy0 = 5 05+ 2H" + 2e” (4-1)
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The DCh™ protonation of discharge resulted in the deposition of water insoluble DChH

films:

DCh™ + H* - DChH (4-2)

The use of DChNa as a dispersant and coating-forming agent facilitated the EPD of CNT
[21, 39]. Moreover, DChNa was used for the solubilization of drug molecules and their
EPD [40]. Previous investigations indicated that DChNa can potentially be used to solve

different problems related to EPD of various functional materials.

The objective of this work was the EPD of polytetrafluoroethylene (PTFE), diamond and
carbon dots (CDs) using DChNa. We presented experimental evidence that PTFE films can
be formed by anodic EPD and such films provided protection of steel from corrosion. We
demonstrated that DChNa is a versatile charged dispersant and coating-forming agent for
EPD and co-EPD of carbon materials, such as diamond and CDs. The experimental results
described below indicated that DChNa can be used for the electrodeposition of composite
coatings by a combined EPD-electropolymerization method. This investigation opens a
new and unexplored route for the electrodeposition of composites by EPD or combined

electrochemical methods.

4.3 Experimental Procedures

DChNa, submicrometric polytetrafluoroethylene (PTFE) and diamond particles, pyrrole

(Py) and Tiron (Aldrich) were used. Carbon dots (CDs) were synthesized according to the
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procedure, described in the literature [41]. EPD of PTFE films was carried out from PTFE
particle suspensions in an ethanol-water medium (40 % ethanol), containing dissolved
DChNa. The use of ethanol facilitated PTFE dispersion. Diamonds and CDs were dispersed
in aqueous DChNa solutions for film formation by EPD. Anodic electropolymerization of
polypyrrole (PPy) was performed from 0.1 M Py solutions, containing 0.01 M Tiron.
Diamond particles were dispersed using DChNa and added to the electropolymerization

bath for the manufacturing of composites.

The EPD cell contained a substrate (type 304 stainless steel, dimensions 25x30x0.1 mm?)
and a Pt counter electrode (25%30x0.1 mm?®). The electrode separation was 15 mm.
Electrodeposition was performed at cell voltages of 7-50 V. PTFE coatings were thermally

treated at 350 °C for 1 h.

Electrochemical testing of the PTFE coatings was performed using a PARSTAT 2273
potentiostat in 3% NaCl solutions. A 3-electrode cell contained a steel substrate working
electrode, Pt counter electrode and a saturated calomel electrode (SCE) as a reference
electrode. Potentiodynamic investigations were carried out at a rate of 1 mV-s .
Electrochemical impedance spectroscopy (EIS) studies were performed at frequencies 10
mHz-10 kHz and AC voltage of 5 mV. Film porosity was estimated from the
electrochemical testing data by the method described in the literature [42, 43] and a
ZSimpWin software (Ametek). Zeta potential studies were performed by the

electrophoretic transport method [44], which allows zeta potential measurements at the

same conditions as conditions of the EPD experiments. Scanning electron microscopy
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(SEM) investigations were performed using JEOL JSM-7000F microscope. FTIR data was
obtained using a Bruker Vertex 70 spectrometer. The coating adhesion strength was
measured according to the ASTM D3359-17 standard. The electrical conductivity of PPy

films was measured by a conventional four-probe method.

4.4 Results and Discussion

Figure 4.1 shows the chemical structure of DChNa, which contains different functional
groups. The steroid amphiphilic DChNa structure contains convex hydrophobic and
concave hydrophilic sides [21]. The negative charge of the dissociated DChNa molecules
in solutions is attributed to their COO™ groups. The hydrophobic side of DChNa facilitates
its adsorption on hydrophobic surfaces, whereas the hydrophilic side, containing OH and

COQO" groups, governs the dissolution and electrokinetic behavior of DChNa in water.

ONa

Figure 4.1 Chemical structure of DChNa.
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In this investigation we found that DChNa can be used for dispersion of PTFE, diamond
and quantum dots (QDs). Table S4.1 and Table S4.2 in the Supplementary information
present data on zeta potentials of particles and conductivities of suspensions used for EPD.
Zeta potential measurements showed that the particles were negatively charged due to
DChNa adsorption. The suspensions prepared without DChNa showed sedimentation
during the 3-5 min. The addition of DChNa resulted in improved suspension stability. The
bath compositions for EPD were optimized and testing results were presented for optimized
conditions, specified in figure captions and supplementary information. The suspensions of
diamond, PTFE and QDs, prepared using DChNa were stable for 2, 5 and 7 days,

respectively.

Figure 4.2 shows the PTFE film microstructure at different magnifications. EPD allowed
the fabrication of relatively dense crack-free films, containing submicrometric PTFE
particles at a deposition rate of 12 pug-cm 2-s~!. However, the films showed small pores
with a typical size of 100-350 nm. Such pores resulted from PTFE packing or O> evolution
at the electrode surface. The deposition of PTFE was confirmed by the analysis of the FTIR
spectra. The FTIR spectrum (Figure 4.3) of as-received PTFE revealed strong absorptions
at 1150 and 1204 cm™'. The absorption at 1204 cm' resulted from symmetric C-F»
vibration [45, 46]. The asymmetric C-F> and C-C vibrations [45, 46] resulted in the
absorption at 1150 cm™2. Such absorptions were also observed in the FTIR data of the
deposited material and indicated that PTFE was deposited by EPD. The annealing of the

PTFE films above the melting temperature facilitated the formation of denser films (Figure
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4.4A). However, the SEM images of the film surface at a higher magnification (Figure 4.4B)
revealed nanopores. The adhesion strength of the sintered PTFE film, measured according
to ASTM D3359-17 standard, corresponded to 5B classification. The SEM studies of film
cross section indicated that film thickness above 10 um was achieved at the deposition

duration of 5 min (Supplementary information, Figure S4.1).

Figure 4.2 SEM images of films, prepared from 1 g-L™' DChNa solutions, containing 5
gL' PTFE at a deposition voltage of 50 V.
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Figure 4.3 FTIR spectra of (a) as-received PTFE and (b) deposit, prepared from 1 g-L™!
DChNa solutions, containing 5 g-L ™! PTFE at a deposition voltage of 50 V.
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R 200nm

Figure 4.4 SEM images at different magnifications of films, prepared from 1 g-L"' DChNa
solutions, containing 5 g-L"! PTFE at a deposition voltage of 50 V and annealed at 350 °C

for 1 hour.

It is important to note that PTFE is a chemically inert and hydrophobic material. Therefore,
the surface modification and charging of PTFE particles presents difficulties. However,
from the experimental data described above it becomes obvious that anion DCh™ species
adsorbed on PTFE and negatively charged the PTFE particles. The adsorbed DCh™
molecules allowed for electrostatic dispersion of PTFE and anaphoretic transport of PTFE
to the anodic substrate. The pH dependent solubility and charge, as well as binding and
coating-forming properties of DCh™ allowed for charge neutralization and coagulation of
the PTFE particles at the anode surface, which facilitated film formation. It is expected that
this approach can potentially be utilized for EPD of other electrically neutral functional

polymers.
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The feasibility of PTFE film formation by EPD paves the way for various applications,
such as electrical insulation, biomedical implants, fuel cells, and formation of lubricating
and nonstick hydrophobic surfaces [47, 48]. Of particular interest are applications of PTFE
films for corrosion protection [49]. Therefore, we investigated protective properties of the
PTFE films prepared by EPD. The comparison of the Tafel plots (Figure 4.5) for uncoated
and coated steel indicated that the coated sample exhibited significantly lower anodic
current and higher corrosion potential. The corrosion current density decreased from 2.59

nA-cm 2 for the uncoated stainless steel to 0.34 pA-cm 2 for the coated stainless steel.
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Figure 4.5 Tafel plots for stainless steel: (a) uncoated and (b) coated from 1 g-L ™! DChNa
solutions, containing 5 gL' PTFE at a deposition voltage of 50 V during 5 min and
annealed at 350 °C for 1 hour.

EIS studies (Figure 4.6) showed increased impedance of the coated samples, which

confirmed that the PTFE coating acted as a barrier, which limited the electrolyte access to
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the electrode surface. The absolute value of impedance (Figure 4.6A) of the coated sample
was practically independent on frequency below 1 kHz due to insulating properties of the
coating. In contrast, the uncoated sample showed reduction of impedance with increasing
frequency. The insulating properties of the coated sample resulted in low phase shift
(Figure 4.6B) at low frequencies. The analysis of EIS data was performed using an
equivalent circuit (Supplementary information, Figure S4.2), similar to that proposed in
Ref. [42]. According to [42], the performance of a coating, containing small porosity can
be described by an equivalent circuit, containing electrolyte resistance Rs, resistance in
pores Rpore and charge transfer resistance Rct. The constant phase elements described
capacitive behavior of the coating and double layer capacitance in pores. In this model [42],
the use of constant phase elements instead of capacitances was necessary due to some
inhomogeneity of pore size distribution and coating microstructure. Modeling results
showed good fitting of experimental and modeling data (Supplementary information,
Figure S4.3).The film porosity (F) was analyzed by the method, described in the literature

[43, 50] using the following equation:

(4-3)

where R,s — is the polarization resistance of the substrate, R.— is polarization resistance of
the coated substrate, AE — is the corrosion potential difference of the coated and uncoated
substrate, f — is the anodic Tafel slope of the substrate. The film porosity was found to be

2.5%. It is expected that further development of the EPD method and optimization of the
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annealing procedure will result in reduced porosity and enhanced protective properties of

the PTFE films.
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Figure 4.6 Bode plots of impedance data for stainless steel (a) uncoated and (b) coated from
1 g-L ™! DChNa solutions, containing 5 g-L ! PTFE at a deposition voltage of 50 V during

5 min and annealed at 350 °C for 1 hour.

Figure 4.7 SEM images of films, deposited from solutions, containing 0.5 g-L~! CDs and
0.5 g'L"! DChNa at a cell voltage of 15 V.
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DChNa has also been investigated as a dispersant, charging and film-forming agent for
EPD of CDs and diamonds. Figure 4.7 presents SEM images of a coating, deposited by
EPD from a CDs suspension, containing DChNa. SEM studies (Figure 4.7A) showed the
formation of continuous films. The SEM image at higher magnification (Figure 4.7B)
showed film porosity with a pore size on a scale below 100 nm. The film contained many
spherical particles with diameters of 30-200 nm. The deposition rate was found to be 8.6
pg-cm 2-s'. The incorporation of CDs into the DChH films was confirmed by the FTIR
analysis. Figure 4.8 presents FTIR spectra of as-received DChNa, deposited DChH, as-
prepared CDs and co-deposited CDs and DChH. The bands at 2929 and 2865 cm ™! of as-
received DChNa were related to C-H stretching. Such absorption was also found in the
spectra of deposited DChH, as-prepared CDs and co-deposited DChH and CDs. Figure 4.8
(a) shows absorption peak at 1561 and 1406 cm™! due to stretching COO~ asymmetric and
symmetric vibrations, respectively [50]. Observed band at 1042 cm ™! resulted from C-O
stretching [22]. The FTIR spectrum of deposited DChH showed peaks at 1711 and 1379
cm !, assigned to stretching of COOH groups [22] and C-OH bending [51], respectively
(Figure 4.8 (b)). Such absorptions were also observed for a composite DChH-CDs film
(Figure 4.8 (d)). The FTIR analysis of CDs (Figure 4.8 (¢)) revealed peaks at 2364 and
2335 cm ! assigned to C-H vibrations [52]. The bands at 1668 and 1454 cm™! were due to
C-C/C=C stretching [51]. Such peaks were observed for a composite DChH-CDs film
(Figure 4.8 (d)). The broad absorption peak at 1240 cm™' (Figure 4.8 (d)) resulted from C-

H stretching in DChH and CDs.
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Figure 4.8 FTIR spectra of (a) as received DChNa, (b) deposit, prepared from 0.5 g-L™!
DChNa solution, (c¢) as-prepared CDs, (d) deposit, prepared from a solution, containing 0.5
g'L"!' CDs and 0.5 g'L"! DChNa.

Figure 4.9 presents microstructures of the diamond films prepared using DChNa. The films
contained diamond particles with typical size 0.5-0.8 pum and DChH particles of irregular
shape. EPD deposition rate was found to be 3.5 ug-cm 2-s"!. The feasibility of diamond
deposition by EPD indicated that negatively charged DCh™ adsorbed on the diamond
particles and charged the particles. The adsorption of anionic DCh™ species on diamonds
allowed for electromigration of the particles to the substrate. The charge neutralization in
the reaction (4-2) facilitated film formation. Moreover, the electrophoresis of non-adsorbed
DCh™ resulted in the independent deposition of DChH, as described in the previous

investigation [39].
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Figure 4.9 SEM images of films, prepared from 2 g-L~! DChNa solutions, containing 4
gL~ diamond at a deposition voltage of 7 V.

The use of DChNa as a charging, dispersing and film-forming agent opens an efficient and
unexplored route in the EPD of diamond and composite films. Diamond particles are
known to have poor colloidal stability in various solvents, such as water and alcohols [53].
Moreover, surface modification of chemically inert diamond particles by charged
dispersants presents difficulties. Previous investigations were based on the use of weak
natural charge [54] of diamonds in different solvents for seeding [55, 56] of separate
particles by EPD, following by the formation of continuous films by CVD. The drawback
of using weak natural charge of diamond is related to poor control of particle charge and
film formation mechanism. Acid-treated diamonds showed a negative charge, which
allowed for film formation by anaphoresis [57]. A cataphoretic strategy [58] involved the
generation H' in acetone-iodine reactions and H' adsorption on diamond particles. Later,
this method has been utilized for the EPD of nanodiamond [59] and co-deposition of

diamonds with oxide or glass materials [60, 61]. Metal ion adsorption [58, 62] has also
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been used for diamond charging and cathodic EPD. The use of iodine-acetone mixture or
metal ions for particle charging generates various problems, such as corrosion of electrodes,

deposit contamination, poor control of particle charge and low suspension stability.

In contrast to previous studies, we found that diamond dispersion and EPD can be achieved
using a dispersant, such as DChNa. The advantages of using DChNa involve good
suspension stability, control of particle charge and film formation in reactions (4-1, 4-2).
Moreover, DChNa can potentially be used as a co-dispersant for the EPD of composite
coatings. Therefore, the results of this investigations, coupled with the previous studies [39,
40] showed that DChNa can be used for deposition of carbon nanotubes, PTFE, CDs, drugs
and diamonds. DChNa is a promising co-dispersant for co-EPD of different materials and
composite design. Composite materials can also be prepared by combining different
electrochemical techniques [63]. The use of DChNa for EPD of diamonds is beneficial for
the deposition of composites by combined electrodeposition techniques. In this
investigation composite PPy-diamond films have been deposited by a combined

electropolymerization-EPD method.

The comparison of SEM images of pure PPy films, prepared by anodic
electropolymerization (Figure 4.10) and images of PPy-diamond films, prepared by a
combined electropolymerization-EPD method (Figure 4.11), revealed difference in film
morphology and confirmed the fabrication of PPy-diamond composite films. PPy is a
conductive polymer. The conductivity of pure PPy film prepared in this investigation was

86 S-cm™!'. The pure PPy film (Figure 4.10) was relatively smooth. In contrast, the
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composite film (Figure 4.11) showed increased surface roughness. The film contained PPy
coated and uncoated diamond particles. It is expected that EPD of diamonds can also be

combined with electrosynthesis of oxides and anodic electrodeposition of anionic polymers.

Figure 4.10 SEM image of a PPy film, prepared from 0.1 M Py solution containing 0.01 M

Tiron at a deposition voltage of 7 V.

Figure 4.11 SEM images for PPy-diamond films, prepared from 0.1 M Py solution,
containing 0.01 M Tiron, 1 g-L~! diamond and 0.5 g-L™' DChNa at a cell voltage of 7 V.
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4.5 Conclusions

DChNa is a versatile charged dispersant and coating-forming molecule, which allows for
EPD of PTFE, diamond and CDs. The EPD mechanism involved anaphoresis of the
particles, containing adsorbed DCh™ toward the anodic substrate, electrochemical acid
generation at anode, protonation and charge neutralization of DCh™, particle coagulation at
the substrate surface and assembly of films, containing particles bonded by water insoluble
DChH. DChNa can be utilized as a co-dispersant for co-deposition of multicomponent
composite films by EPD. Potentiodynamic and EIS testing showed that PTFE films provide
protection of steel from corrosion. Building on the benefits offered by DChNa, we
fabricated composite PPy-diamond deposits by a new electrodeposition method, which was
based on PPy electropolymerization combined with anodic EPD of diamond. The colloidal-
electrochemical methods designed in this study can potentially be utilized for deposition of
different materials, such as various electrically neutral polymers and carbon materials.
Moreover, new composite materials can be prepared by co-EPD or combined
electrochemical methods, based on EPD and other electrochemical deposition techniques
such as electropolymerization, electrosynthesis, polymer-mediated electrosynthesis and

other techniques.

Especially promising is the use of DChNa-mediated EPD for electrodeposition of
composites, containing various functional materials in a polymer matrix. It is expected that
other bile salts and steroid molecules can also be used for EPD of functional materials. Rich

chemistry of such molecules can provide a basis for a breakthrough in EPD technology.
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Figure S4.1 Cross section of annealed PTFE film, prepared from 1 g-L~! DChNa solution,
containing 5 g-L~! PTFE at a cell voltage of 50 V and deposition time of 5 min.
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Figure S4.2 Equivalent circuit of PTFE coating: Rs-solution resistance, Rpore-resistance of
electrolyte in pores, Rcr-charge transfer resistance, CPEl and CPE2 constant phase
elements, describing coating capacitance and double layer capacitance at the electrode

interface formed by penetrating electrolyte.
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Figure S4.3 Nyquist plot of AC impedance for PTFE coating.

Table S4.1 Zeta potentials of materials

Material Zeta potential (mV)
Diamond -61

PTFE -32

CDs -98

Table S4.2 Conductivities of suspensions

Suspension Conductivity (mS-cm™)
4 g-L ! diamond + 1 g-L"! DChNa 0.17
5g' L 'PTFE+1 g-L™! DChNa 0.13
0.5g'L'CDs+0.5 gL' DChNa 0.09

91



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

4.8

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

References

R. Alheli Herrada, A. Medel, F. Manriquez, 1. Sires, and E. Bustos, "Preparation of
[rO2-Ta205 vertical bar Ti electrodes by immersion, painting and electrophoretic

deposition for the electrochemical removal of hydrocarbons from water," Journal
of Hazardous Materials, vol. 319, pp. 102-110, Dec 5 2016.

L. Besra and M. Liu, "A review on fundamentals and applications of electrophoretic
deposition (EPD)," Progress in Materials Science, vol. 52, no. 1, pp. 1-61, Jan 2007.

G. Falk, A. Nold, and B. Wiegand, "Experimental and numerical analysis of
electrophoretic deposition on charge selective surfaces in external electric fields,"
Advances in Applied Ceramics, vol. 113, no. 1, pp. 55-64, Jan 2014.

X. Pang, 1. Zhitomirsky, and M. Niewczas, "Cathodic electrolytic deposition of
zirconia films," Surface & Coatings Technology, vol. 195, no. 2-3, pp. 138-146,
May 31 2005.

E. Zanchi, B. Talic, A. G. Sabato, S. Molin, A. R. Boccaccini, and F. Smeacetto,
"Electrophoretic co-deposition of Fe20O3 and Mnl,5Co01,504: Processing and
oxidation performance of Fe-doped Mn-Co coatings for solid oxide cell

interconnects," Journal of the European Ceramic Society, vol. 39, no. 13, pp. 3768-
3777, Oct 2019.

A. R. Boccaccini and I. Zhitomirsky, "Application of electrophoretic and
electrolytic deposition techniques in ceramics processing," Current Opinion in
Solid State & Materials Science, vol. 6, no. 3, pp. 251-260, Jun 2002, Art. no. Pii
$1359-0286(02)00080-3.

A. Singh, N. J. English, and K. M. Ryan, "Highly Ordered Nanorod Assemblies
Extending over Device Scale Areas and in Controlled Multilayers by

Electrophoretic Deposition," Journal of Physical Chemistry B, vol. 117, no. 6, pp.
1608-1615, Feb 14 2013.

S. Molin et al., "Microstructural and electrical characterization of Mn-Co spinel
protective coatings for solid oxide cell interconnects," Journal of the European
Ceramic Society, vol. 37, no. 15, pp. 4781-4791, Dec 2017.

K. Grandfield and I. Zhitomirsky, "Electrophoretic deposition of composite

hydroxyapatite-silica-chitosan coatings," Materials Characterization, vol. 59, no.
1, pp. 61-67, Jan 2008.

92



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

M. Cheong and 1. Zhitomirsky, "Electrophoretic deposition of manganese oxide
films," Surface Engineering, vol. 25, no. 5, pp. 346-352, Jul 2009.

Y. Li, K. Wu, and 1. Zhitomirsky, "Electrodeposition of composite zinc oxide-
chitosan films," Colloids and Surfaces a-Physicochemical and Engineering
Aspects, vol. 356, no. 1-3, pp. 63-70, Mar 5 2010.

I. Zhitomirsky and L. Gal-Or, "Formation of hollow fibers by electrophoretic
deposition," Materials Letters, vol. 38, no. 1, pp. 10-17, Jan 1999.

R. M. E. Silva, R. Poon, J. Milne, A. Syed, and 1. Zhitomirsky, "New developments
in liquid-liquid extraction, surface modification and agglomerate-free processing of

inorganic particles," Advances in Colloid and Interface Science, vol. 261, pp. 15-
27, Nov 2018.

K. Grandfield, F. Sun, M. FitzPatrick, M. Cheong, and . Zhitomirsky,
"Electrophoretic ~ deposition of polymer-carbon nanotube-hydroxyapatite

composites," Surface & Coatings Technology, vol. 203, no. 10-11, pp. 1481-1487,
Feb 25 20009.

L. Galantini et al., "Bile salts and derivatives: Rigid unconventional amphiphiles as
dispersants, carriers and superstructure building blocks," Current Opinion in
Colloid & Interface Science, vol. 20, no. 3, pp. 170-182, Jun 2015.

W. C. Herndon, "Structure of choleic acids," Journal of Chemical Education, vol.
44, no. 12, pp. 724-&, 1967 1967.

S. Mukhopadhyay and U. Maitra, "Chemistry and biology of bile acids," Current
Science, vol. 87, no. 12, pp. 1666-1683, Dec 25 2004.

P. Kumar and H. B. Bohidar, "Aqueous dispersion stability of multi-carbon
nanoparticles in anionic, cationic, neutral, bile salt and pulmonary surfactant
solutions," Colloids and Surfaces a-Physicochemical and Engineering Aspects, vol.
361, no. 1-3, pp. 13-24, May 20 2010.

Z. Sun, V. Nicolosi, D. Rickard, S. D. Bergin, D. Aherne, and J. N. Coleman,
"Quantitative evaluation of surfactant-stabilized single-walled carbon nanotubes:

Dispersion quality and its correlation with zeta potential," Journal of Physical
Chemistry C, vol. 112, no. 29, pp. 10692-10699, Jul 24 2008.

M. Gubitosi et al., "Characterization of Carbon Nanotube Dispersions in Solutions

of Bile Salts and Derivatives Containing Aromatic Substituents," Journal of
Physical Chemistry B, vol. 118, no. 4, pp. 1012-1021, Jan 30 2014.

93



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

M. S. Ata, R. Poon, A. M. Syed, J. Milne, and 1. Zhitomirsky, "New developments
in non-covalent surface modification, dispersion and electrophoretic deposition of
carbon nanotubes," Carbon, vol. 130, pp. 584-598, 2018.

M. S. Ata and I. Zhitomirsky, "Colloidal methods for the fabrication of carbon
nanotube-manganese dioxide and carbon nanotube-polypyrrole composites using
bile acids," Journal of Colloid and Interface Science, vol. 454, pp. 27-34, Sep 15
2015.

K. Shi, X. Yang, E. D. Cranston, and 1. Zhitomirsky, "Efficient Lightweight
Supercapacitor with Compression Stability," Advanced Functional Materials, vol.
26, no. 35, pp. 6437-6445, Sep 2016.

W. Wenseleers, Vlasov, I, E. Goovaerts, E. D. Obraztsova, A. S. Lobach, and A.
Bouwen, "Efficient isolation and solubilization of pristine single-walled nanotubes

in bile salt micelles," Advanced Functional Materials, vol. 14, no. 11, pp. 1105-
1112, Nov 2004.

S. Kalepu and V. Nekkanti, "Insoluble drug delivery strategies: review of recent
advances and business prospects," Acta Pharmaceutica Sinica B, vol. 5, no. 5, pp.
442-453, Sep 2015.

M. Posa, J. Csanadi, K. E. Koever, V. Guzsvany, and G. Batta, "Molecular
interactions between selected sodium salts of bile acids and morphine
hydrochloride," Colloids and Surfaces B-Biointerfaces, vol. 94, pp. 317-323, Jun 1
2012.

S. Glanzer et al., "Structural and Functional Implications of the Interaction between
Macrolide Antibiotics and Bile Acids," Chemistry-a European Journal, vol. 21, no.
11, pp. 4350-4358, Mar 9 2015.

M. A. Rub et al., "Aggregation behaviour of amphiphilic drug and bile salt mixtures
at different compositions and temperatures," Journal of Chemical
Thermodynamics, vol. 64, pp. 28-39, Sep 2013.

S. Sen, B. K. Paul, and N. Guchhait, "Differential interaction behaviors of an

alkaloid drug berberine with various bile salts," Journal of Colloid and Interface
Science, vol. 505, pp. 266-277, Nov 1 2017.

T. Yadav, D. Tikariha, S. Sinha, and K. K. Ghosh, "Biophysical studies on the
interactions between antidepressant drugs and bile salts," Journal of Molecular
Liquids, vol. 233, pp. 23-28, May 2017.

94



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

[31] J. Park, J. U. Choi, K. Kim, and Y. Byun, "Bile acid transporter mediated
endocytosis of oral bile acid conjugated nanocomplex," Biomaterials, vol. 147, pp.
145-154, Dec 2017.

[32] H. Chen et al., "Electrochemical conversion of Ni-2(OH)(2)CO3 into Ni(OH)(2)
hierarchical nanostructures loaded on a carbon nanotube paper with high
electrochemical energy storage performance," Journal of Materials Chemistry A,
vol. 3, no. 5, pp. 1875-1878, 2015 2015.

[33] Q. Gao et al., "Fabrication and characterization of metal stent coating with drug-
loaded nanofiber film for gallstone dissolution," Journal of Biomaterials
Applications, vol. 31, no. 5, pp. 784-796, Nov 2016.

[34] E.K.Hobbie, J. A. Fagan, M. L. Becker, S. D. Hudson, N. Fakhri, and M. Pasquali,
"Self-Assembly of Ordered Nanowires in Biological Suspensions of Single-Wall
Carbon Nanotubes," Acs Nano, vol. 3, no. 1, pp. 189-196, Jan 2009.

[35] R. Si, H. Wang, L. Wei, Y. Chen, Z. Wang, and J. Wei, "Length-dependent
performances of sodium deoxycholate-dispersed single-walled carbon nanotube

thin-film transistors," Journal of Materials Research, vol. 28, no. 7, pp. 1004-1011,
Apr 2013.

[36] L. Wang, R. Liao, Z. Tang, Y. Lei, and B. Guo, "Sodium deoxycholate
functionalized graphene and its composites with polyvinyl alcohol," Journal of
Physics D-Applied Physics, vol. 44, no. 44, Nov 9 2011, Art. no. 445302.

[37] A.Jover, F. Meijide, E. R. Nunez, and J. V. Tato, "Dynamic rheology of sodium
deoxycholate gels," Langmuir, vol. 18, no. 4, pp. 987-991, Feb 19 2002.

[38] X. Sun, X. Xin, N. Tang, L. Guo, L. Wang, and G. Xu, "Manipulation of the Gel
Behavior of Biological Surfactant Sodium Deoxycholate by Amino Acids," Journal
of Physical Chemistry B, vol. 118, no. 3, pp. 824-832, Jan 23 2014.

[39] M. S. Ata and 1. Zhitomirsky, "Electrochemical Deposition of Composites Using
Deoxycholic Acid Dispersant," Materials and Manufacturing Processes, vol. 31,
no. 1, pp. 67-73, Jan 2 2016.

[40] A. Clifford and I. Zhitomirsky, "Aqueous electrophoretic deposition of drugs using
bile acids as solubilizing, charging and film-forming agents," Materials Letters, vol.
227, pp. 1-4, Sep 15 2018.

[41] H. Hou, C. E. Banks, M. Jing, Y. Zhang, and X. Ji, "Carbon Quantum Dots and
Their Derivative 3D Porous Carbon Frameworks for Sodium-lon Batteries with

95



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

Ultralong Cycle Life," Advanced Materials, vol. 27, no. 47, pp. 7861-7866, Dec 16
2015.

[42] S. H. Ahn, J. H. Lee, H. G. Kim, and J. G. Kim, "A study on the quantitative
determination of through-coating porosity in PVD-grown coatings," Applied
Surface Science, vol. 233, no. 1-4, pp. 105-114, Jun 30 2004.

[43] W. Tato and D. Landolt, "Electrochemical determination of the porosity of single
and duplex PVD coatings of titanium and titanium nitride on brass," Journal of the
Electrochemical Society, vol. 145, no. 12, pp. 4173-4181, Dec 1998.

[44] M. Hashiba, H. Okamoto, Y. Nurishi, and K. Hiramatsu, "The zeta-potential
measurement for concentrated aqueous suspension by improved electrophoretic

mass-transport apparatus - application to AlI203, ZrO3 and SiC suspensions,"
Journal of Materials Science, vol. 23, no. 8, pp. 2893-2896, Aug 1988.

[45] H. W. Starkweather Jr, R. C. Ferguson, D. B. Chase, and J. M. Minor, "Infrared
spectra of amorphous and crystalline poly (tetrafluoroethylene)," Macromolecules,
vol. 18, no. 9, pp. 1684-1686, 1985.

[46] R. Wang, G. Xu, and Y. He, "Structure and properties of polytetrafluoroethylene
(PTFE) fibers," E-Polymers, vol. 17, no. 3, pp. 215-220, May 2017.

[47] G.J. Puts, P. Crouse, and B. M. Ameduri, "Polytetrafluoroethylene: synthesis and

characterization of the original extreme polymer," Chemical reviews, vol. 119, no.
3, pp. 1763-1805, 2019.

[48] P. Gao et al., "Carbon composite coatings on Ti for corrosion protection as bipolar
plates of proton exchange membrane fuel cells," Micro & Nano Letters, vol. 13, no.
7, pp- 931-935, Jul 2018.

[49] K. Grytsenko, Y. V. Kolomzarov, O. Belyaev, and S. Schrader, "Protective
applications of vacuum-deposited perfluoropolymer films," Semiconductor Physics
Quantum Electronics & Optoelectronics, 2016.

[50] D. C. Culita, L. Patron, V. S. Teodorescu, and L. Balint, "Synthesis and
characterization of spinelic ferrites obtained from coordination compounds as
precursors," Journal of Alloys and Compounds, vol. 432, no. 1-2, pp. 211-216, Apr
252007.

[51] I A. Jankovic, Z. V. Saponjic, M. 1. Comor, and J. M. Nedeljkovic, "Surface
modification of colloidal TiO2 nanoparticles with bidentate benzene derivatives,"
The Journal of Physical Chemistry C, vol. 113, no. 29, pp. 12645-12652, 2009.

96



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

D. Philip, A. John, C. Y. Panicker, and H. T. Varghese, "FT-Raman, FT-IR and
surface enhanced Raman scattering spectra of sodium salicylate," Spectrochimica

Acta Part A: Molecular and Biomolecular Spectroscopy, vol. 57, no. 8, pp. 1561-
1566, 2001.

L. La-Torre-Riveros, K. Soto, M. A. Scibioh, and C. R. Cabrera,
"Electrophoretically fabricated diamond nanoparticle-based electrodes," Journal of
The Electrochemical Society, vol. 157, no. 6, pp. B831-B836, 2010.

Y. Wang et al., "Preparing porous diamond composites via electrophoretic
deposition of diamond particles on foam nickel substrate," Materials Letters, vol.
138, pp. 52-55, Jan 1 2015.

J. Valdes, J. Mitchel, J. Mucha, L. Seibles, and H. Huggins, "Selected-Area
Nucleation and Patterning of Diamond Thin Films by Electrophoretic Seeding,"
Journal of the Electrochemical Society, vol. 138, no. 2, pp. 635-636, 1991.

D.-G. Lee and R. K. Singh, "Synthesis of (111) oriented diamond thin films by
electrophoretic deposition process," Applied physics letters, vol. 70, no. 12, pp.
1542-1544, 1997.

B. Dzepina, 1. Sigalas, M. Herrmann, and R. Nilen, "The aqueous electrophoretic
deposition (EPD) of diamond—diamond laminates," International Journal of
Refractory Metals and Hard Materials, vol. 36, pp. 126-129, 2013/01/01/ 2013.

I. Zhitomirsky, "Cathodic electrophoretic deposition of diamond particles,"
Materials Letters, vol. 37, no. 1-2, pp. 72-78, Sep 1998.

A. Affoune, B. Prasad, H. Sato, and T. Enoki, "Electrophoretic deposition of
nanosized diamond particles," Langmuir, vol. 17, no. 2, pp. 547-551, 2001.

K. Kamada, K. Maehara, M. Mukai, S. Ida, and Y. Matsumoto, "Fabrication of
metal oxide—diamond composite films by electrophoretic deposition and anodic
dissolution," Journal of materials research, vol. 18, no. 12, pp. 2826-2831, 2003.

Y. Wang, Q. Chen, J. Cho, and A. Boccaccini, "Electrophoretic co-deposition of
diamond/borosilicate glass composite coatings," Surface and Coatings Technology,
vol. 201, no. 18, pp. 7645-7651, 2007.

S. Yu et al., "Fabrication of SiC/diamond composite coatings by electrophoretic

deposition and chemical vapor deposition," International Journal of Applied
Ceramic Technology, vol. 14, no. 4, pp. 644-651, Jul-Aug 2017.

97



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

[63] 1. Zhitomirsky and A. Petric, "Electrochemical deposition of yttrium oxide,"
Journal of Materials Chemistry, vol. 10, no. 5, pp. 1215-1218, May 2000.

98



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

Chapter S LCA for PTFE Composites

This chapter is reproduced from Q. Zhao, X. Liu, I. Zhitomirsky, Electrophoretic deposition
of materials using lithocholic acid as a dispersant, Materials Letters, Volume 275, 2020,

128129, (https://doi.org/10.1016/j.matlet.2020.128129), with permission from Copyright

© 2020 Elsevier B.V. The author of this thesis is the first author and the main contributor
of this publication, including conceiving the initial ideas, development of approach and

methodology, carrying out experiments, analysis of data and preparation of the manuscript.

5.1 Abstract

Lithocholic acid (LCA) was used as an anionic biosurfactant for the dispersion and
electrophoretic  deposition (EPD) of electrically neutral materials, such as
poly(tetrafluoroethylene) (PTFE) and diamond from suspensions in ethanol. The steroid
structure of LCA facilitated its adsorption on PTFE and diamond, which allowed for
particle charging and deposition by anodic EPD. LCA was used as a co-dispersant for the
fabrication of composite PTFE-diamond coatings. PTFE coatings provided corrosion
protection of stainless steel in 3% NaCl solutions. Potentiodynamic studies revealed
increased corrosion potential and decreased corrosion current of coated steel in comparison
with uncoated steel. Impedance spectroscopy studies and analysis of the equivalent circuit
showed that PTFE coating acted a barrier for electrolyte diffusion. LCA is a promising

surfactant for EPD of other hydrophobic electrically neutral materials.

99


https://doi.org/10.1016/j.matlet.2020.128129

Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

5.2 Introduction

Electrophoretic deposition (EPD) offers unique opportunities in deposition of films and
coatings of different materials [1-3]. EPD involves electrophoretic motion of charged
molecules or particles in a slurry under the influence of an electric field and their deposition
on a substrate [4-6]. Organic solvents are preferable of the fabrication of slurries for EPD,
because electric fields of sufficient strength must be applied for electrophoresis and film
formation. It is important to note that relatively low fields can be applied to aqueous slurries,
because electrolysis of water and related gas evolution result in porous films, which show
poor adhesion. EPD is a promising method for deposition of diamond and hydrophobic
polymers, such as poly(tetrafluoroethylene) (PTFE). PTFE is an advanced coating material
for biomedical implants, pharmaceutical, automotive, electrical and corrosion protection
applications [7, 8]. Diamond films and composites are used for various biomedical
applications, such as prostheses, heart valves, microelectromechanical devices and
biosensors as well as electrochemical, optical, catalytic and electronic applications [9].
Diamond particles are also used for polymer strengthening [9]. However, conventional
charging additives show poor adsorption on chemically inert surfaces of PTFE and
diamond in organic solvents. The goal of this investigation was EPD of PTFE and diamond
and their co-EPD in an organic solvent. We discovered that lithocholic acid (LCA) can be
used for efficient particle charging and dispersion in ethanol. Following the goal of this
investigation we deposited PTFE, diamond and composite PTFE-diamond films. The PTFE

films acted as a barrier for corrosion protection of steel.
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5.3 Experimental Procedures

PTFE powder (average size 1 pm), lithocholic acid (LCA) and diamond (average size 1
um) (Aldrich) were used. EPD was performed from PTFE and diamond suspensions in
ethanol. The concentrations of PTFE, diamond and LCA in the suspensions were 5, 5 and
1 g-L !, respectively. LCA was dissolved in ethanol and then PTFE and diamond particles
were added. The obtained suspensions were ultrasonicated before EPD. Stainless steel (304
type) anodes and Pt cathodes were used for anodic EPD. The deposition voltage was 50 V,
the distance between electrodes was 1.5 cm. A scanning electron microscope (SEM, JSM-
7000F, JEOL) was used for microstructure investigations. A spectrometer Vertex 70
(Bruker) was used for the Fourier Transform Infrared Spectroscopy (FTIR) investigations.
The coating adhesion strength was analyzed using ASTM D3359-17 standard.
Electrochemical characterization was performed in 3 g-L™! NaCl aqueous solutions using
a PARSTAT (Ametek, model 2273) potentiostat. Potentiodynamic studies at a sweep rate
of 1 mV-s! and electrochemical impedance spectroscopy (EIS) analysis in the frequency
range 10 mHz-10 kHz were used for the characterization of protective properties of the

coatings.

5.4 Results and Discussion

Figure 5.1A shows a chemical structure of LCA, which contains a steroid core and an
anionic carboxylic group. It was hypothesized that the steroid skeleton will facilitate the

LCA adsorption on hydrophobic surfaces, whereas the carboxylic group will provide a
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charge required for EPD. It was found that PTFE and diamond particles can be dispersed
and charged in ethanol using LCA as a surfactant and a charging agent. EPD experiments
showed the formation of PTFE and diamond films. FTIR analysis confirmed deposition of

PTFE.

Figure 5.1B compares FTIR spectra of as-received PTFE and deposited PTFE. The
spectrum of as-received PTFE shows peaks at 1150 and 1204 cm ™! due to CF» asymmetric
and symmetric vibrations, respectively [10, 11]. The C—C vibrations can also contribute to
the absorption at 1150 cm™!. Similar peaks were observed in the spectrum of the deposit,

prepared from the PTFE suspension.

Transmittance (a.u.)

2000 1750 1500 1250 1000 750
Wavenumber (cm™)

Figure 5.1 (A) Chemical structure of LCA and (B) FTIR data of (a) as-received PTFE and
(b) PTFE deposit, prepared from 5 g-L ™! PTFE suspension, containing 1 g-L™' LCA.
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SEM studies of the deposited PTFE showed (Figure 5.2A) submicrometric PTFE particles,
the voids between the particles resulted from their packing. Coating annealing resulted in
reduced porosity (Figure 5.2B). The SEM image of the annealed sample showed
nanocracks in the surface layer. SEM studies showed that diamond particles can be
deposited using LCA as a dispersant (Figure 5.2C). Moreover, LCA was used as a co-
dispersant for diamond and PTFE. SEM image of the deposit prepared from mixed

suspensions showed particles of diamond and PTFE (Figure 5.2D).

G 200nm

)

Figure 5.2 SEM images of films: (A) PTFE, as-deposited; (B) PTFE, annealed at 350 °C,
prepared from 5 g-L™! PTFE suspension, containing 1 g-L ™' LCA; (C) as-deposited
diamond from 5 g-L! diamond suspension, containing 1 g-L™! LCA; (D) as-deposited
PTFE-diamond composite, prepared from a suspension, containing 5 g-L ™! PTFE, 5 g-L!
diamond and 1 g-L"! LCA.

The PTFE coatings prepared by anodic EPD provided corrosion protection of stainless-

steel substrates. Figure 5.3 shows Tafel plots for coated and uncoated samples. Coated
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samples showed increased corrosion potential and decreased anodic current, which indicate
corrosion protection [12]. The corrosion current decreased from 2.63 pA-cm 2 for uncoated
stainless steel to 0.93 pA-cm 2 for coated stainless steel. Coated stainless steel showed
significantly higher impedance |Z| (Figure 5.4), compared to uncoated stainless steel due to
insulating properties and low capacitance of the coating. The impedance of uncoated
stainless steel is influenced by the capacitive properties of the electrical double layer [13,
14] at the solution/electrode interface. As a result, the impedance |Z| of the uncoated steel
decreased with increasing frequency (Figure 5.4). A defect-free polymer coating acts as a
barrier to electrolyte diffusion and prevents corrosion [13]. However, small defects in

coatings [15] create low resistance channels for electrolyte diffusion.
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Figure 5.3 Tafel dependences for steel: (a) uncoated and (b) coated from 5 g-L™! PTFE
suspension, containing 1 g-L™! LCA and annealed at 350 °C for 1 h.
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Figure 5.4 EIS Bode plots for steel (A) absolute value of impedance |Z| versus frequency,
(B) phase angle versus frequency for (a) uncoated and (b) coated from 5 g-L~! PTFE
suspension, containing 1 g-L™! LCA and annealed at 350 °C for 1 h.

The electrochemical impedance of coated stainless steel is usually described by a
transmission line circuit [13, 16], which includes different parameters, such as coating
capacitance C, coating resistance perpendicular to the surface R,, solution resistance Ry,
impedance at the metal/coating interface Z;, coating resistance tangential to surface R;, and
interfacial resistance R;. At low frequencies (@) the impedance of the coated electrode can

be described by the equation [13, 16]:

R, R? R.R;
Z=Rs+R,+— —t— 5-1

st p+2+j4+1—ijRi (-1
At low frequencies the impedance is nearly independent on the frequency [13, 16]. Indeed,
the impedance |Z| of the uncoated sample (Figure 5.4) showed very small variations in the
range of 10 mHz-100 Hz. The decrease of |Z| and increase of phase angle at higher

frequencies are attributed to reduced impedance of the capacitive component (Figure 5.4).
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The approach developed in this study can potentially be used for the deposition of other

electrically neutral materials from organic solvents.

5.5 Conclusions

We received evidence that LCA is a promising charged surfactant for EPD of electrically
neutral chemically inert materials such as PTFE and diamond. The use of ethanol as a
solvent eliminates problems related to gas evolution in aqueous suspensions and allows for
applications of relatively high fields, which allow for reduced porosity and high deposition
yield. LCA can be used as a co-surfactant for the deposition of composite films. The
analysis of Tafel plots and EIS data showed that PTFE coatings provided corrosion

protection of stainless steel.
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Chapter 6 Influence of Bile Acids on EPD of PVDF

Composites

This chapter is reproduced from Q. Zhao, S. Veldhuis, R. Mathews, 1. Zhitomirsky,
Influence of chemical structure of bile acid dispersants on electrophoretic deposition of
poly(vinylidene fluoride) and composites, Colloids and Surfaces A: Physicochemical and
Engineering Aspects, Volume 627, 2021, 127181,

(https://doi.org/10.1016/j.colsurfa.2021.127181) with permission from Copyright © 2021

Elsevier B.V. The author of this thesis is the first author and the main contributor of this
publication, including conceiving the initial ideas, development of approach and
methodology, carrying out experiments, analysis of data, writing the initial draft and

preparation of the manuscript.

6.1 Abstract

A biomimetic strategy has been developed for the dispersion of poly(vinylidene fluoride)
(PVDF) particles using commercial analogs of bile acids (BAs), such as lithocholic acid
(LCA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA) , ursodeoxycholic acid
(UDCA), and cholic acid (ChA). BAs were used as anionic surfactants for electrophoretic
deposition of PVDF films. The EPD method allowed controlled deposition of PVDF films
at high deposition rates. The PVDF deposition yield, obtained using different BAs,

increased in the order LCA<CDCA<DCA<UDCA<ChA. It depends on the number of OH
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groups and their positions and orientation in the BAs structures. Annealed PVDF films
provided corrosion protection of stainless steel in 3% NaCl solutions. ChA was used as a
co-surfactant for diamond, silica and PVDF particles and allowed for the deposition of
PVDF-diamond and PVDF-silica films of varied compositions. The biomimetic approach
developed in this investigation opens a new strategy for the chemical modification and
charging of electrically neutral hydrophobic materials and deposition of functional

polymers and composites by EPD from colloidal suspensions.

6.2 Introduction

PVDF is an advanced functional polymer, which exhibits valuable properties, such as high
mechanical strength, excellent chemical resistance, piezoelectric and ferroelectric
properties, high dielectric constant, good processability and low flammability [1-4]. PVDF
coatings and films are gaining attention for many applications [5-7]. Good resistance to
organic and inorganic acids as well as to various chemicals and solvents, low melting
temperature and low permeability are important factors for PVDF applications for
corrosion protection of metals and alloys [8-10]. PVDF films were developed for electrical
insulation, piezoelectric transducers, pyroelectric sensors, actuators and capacitors [1, 11,
12]. Moreover, PVDF films were used as separators for batteries and fuel cells, membranes

for water treatment, pollutants removal, gas separation and other applications [13-16].

The interest in applications of PVDF films and coatings has generated the need in the

development of advanced deposition techniques. Electrophoretic deposition (EPD) has
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generated significant interest for the deposition of organic and inorganic materials [17-19].
Fundamental aspects of the EPD technique have been described in review papers [20-24].
Main challenges in the EPD of advanced materials include the development of efficient
techniques for surface modification of particles, their charging and fabrication of stable

colloidal suspensions [24, 25].

PVDEF is an electrically neutral polymer. Therefore, there is a need in the development of
charged surfactants, which must be adsorbed on the PVDF particles for their dispersion and
charging. Several investigations [26-29] reported co-EPD of inorganic or carbon materials
with a small amount of PVDF as a binder. In those approaches, PVDF was dissolved in a
solvent and co-deposited together with particles of other materials. Pure PVDF films were
deposited from PVDF solutions in various organic solvents or suspensions in a mixed 2-
butanone-water solvent without the use of charging agents [30, 31]. PVDF films were also
deposited from suspensions formed in a mixed N-methyl-2-pyrrolidinone-ethanol solvent
[32]. However, the mechanisms of PVDF co-deposition with charged particles [26-29] and
deposition of pure PVDF without charging additives [30, 32] have not been described. EPD
method has also been applied [33, 34] for the deposition of poly(vinylidene fluoride-co-
hexafluoropropylene) co-polymer (PVDF-HFP) from its solution in acetone. The proposed
charging mechanism involved adsorption of water from the moist air, dissociation of water
molecules, bonding of OH™ ions to acetone and interaction of PVDF-HFP with anionic
acetone-OH™ species [34]. Despite the progress achieved in the deposition of PVDF and

PVDF-HFP from their solutions in different solvents, there is a need in the development of
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advanced dispersing and charging agents for controlled deposition of PVDF films and

composites at high deposition rates using suspensions of PVDF particles.

This investigation was motivated by unique properties of advanced natural surfactants, such
as synthetic bile acids (BAs) and bile salts (BSs), which were used for colloidal processing
of materials [35-37]. BSs are natural anionic surfactants, which facilitate solubilization and
dispersion of various biomolecules and drugs. BAs and BSs exhibit interesting adsorption
properties resulting from their amphiphilic facial structures, containing hydrophobic and

hydrophilic sides.

The goal of this investigation was EPD of PVDF and composites from suspensions in an
ethanol solvent using BAs as dispersing and charging agents. The experimental results
showed that various BAs can be used for dispersion and charging of PVDF particles and
EPD of PVDF films. Our investigation revealed strong influence of the chemical structure
of BAs on surface modification of PVDF and the deposition yield. Testing results indicated
that the deposition yield depended on the number of OH groups, their location and
orientation in the BA structure. The method allowed the fabrication of PVDF films, which
provided corrosion protection of stainless steel. The protective properties of the films
prepared using different BAs were linked to the deposition kinetics and morphologies of
the obtained films. BAs allowed surface modification of other materials, such as silica and
diamonds, which were co-deposited with PVDF using BAs as co-dispersants. We
demonstrated the fabrication of composite PVDF-diamond and PVDF-silica films. The

approach developed in this investigation opens a new strategy for the chemical
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modification and charging of chemically inert materials and deposition of functional

polymers and composites by EPD from colloidal suspensions.

6.3 Experimental Procedures

Poly(vinylidene fluoride) powder (PVDF, Alfa Aesar Company), lithocholic acid (LCA),
chenodeoxycholic acid (CDCA), deoxycholic acid (DCA) , ursodeoxycholic acid (UDCA),
cholic acid (ChA), NaCl, synthetic monocrystalline diamond powder (average size < 1 um,
Millipore-Sigma Company), silica powder (average size 0.5 micron, PCR Inc.) were used.
BAs were dissolved in ethanol for film formation by EPD. The BAs concentration in the
solutions was 1 g-L"!. PVDF films were deposited from 10 g-L"! PVDF suspensions in the
BAs solutions. EPD of composite films was performed from 10 g-L™! PVDF suspensions,
containing 1-5 g-L! diamond or 1-5 g-L ! silica in the BAs solutions. The suspensions

were ultrasonicated prior to EPD.

The EPD cell contained a type 304 stainless steel (dimensions 25x30x0.1 mm?) served as
the working electrode and a platinum sheet (dimensions 25%30x0.1 mm?) served as the
counter electrode with a separation distance of 15 mm between them. EPD was carried out
with EPS 2A200 external power supply from Amersham Biosciences. The constant
deposition voltage applied between two electrodes varied between 10~150 V for 1~20 min.
After deposition, films were dried at room temperature and thermally treated at 200 °C for

1 h in the furnace for further characterization.
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Electrochemical characterizations of coated and uncoated substrates were preformed using
a PARSTAT 2273 potentiostat from Ametek in 3.0 wt% aqueous NaCl solution with a 3-
electrode cell including a uncoated or coated stainless steel substrate as a working electrode,
a saturated calomel reference electrode (SCE) and a Pt mesh counter electrode. A
PowerSuite software was used to control the testing procedure and data analysis. Prior to
each test, the aqueous NaCl solution was deoxygenated for at least 30 min using inert
nitrogen gas to minimize effect of oxygen. Potentiodynamic polarization tests were
conducted at a sweeping rate of 1.0 mV-s' from negative to positive direction.
Electrochemical impedance spectroscopy (EIS) studies were preformed under a sinusoidal
excitation potential of 10 mV in the frequency range of 10 mHz-10 kHz. A JEOL JSM-

7000F scanning electron microscope (SEM) was used for microstructure investigation.

6.4 Results and Discussion

In this investigation EPD of PVDF was performed from PVDF particle suspensions in
ethanol, containing dissolved BAs. It is well known that organic solvents, such as ethanol,
are preferable for EPD of various materials. It is in this regard that the use of water as a
solvent for EPD generates a problem of significant H> and O: evolution related to
electrochemical decomposition of water in cathodic and anodic reactions, respectively.
Another difficulty is related to high electrical conductivity of aqueous solutions. Therefore,
aqueous EPD can be performed at very low voltages. However, higher voltages are

necessary for creation of sufficiently high electric fields in the suspensions for
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electrophoresis of colloidal particles. BAs are practically insoluble in water, however they
are well-soluble in ethanol. Therefore, in this investigation various BAs were used as
surfactants for EPD of PVDF in ethanol. It will be shown below that the choice of BA

molecules was crucial to achieving high deposition yield.

Figure 6.1 shows chemical structures of BAs used in this investigation. BAs are steroid
amphiphilic molecules, which have a hydrophobic hydrocarbon convex face and a concave
hydrophilic face with a carboxylic and OH groups. The chemical structure of LCA includes
one OH group. CDCA, DCA and UDCA have two OH groups. The OH groups have
different positions in the structures of CDCA and DCA. UDCA is the 73-OH epimer of
CDCA [38] and C7-OH groups have different space orientations in the structures of CDCA

and UDCA. The chemical structure of ChA contains three OH groups.

Figure 6.1 Chemical structures of BAs.
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The use of BAs as surfactants allowed for anodic EPD of PVDF from stable suspensions.
The ability to form PVDF films by EPD indicated that dissociated BAs adsorbed on the
PVDF particles and imparted a negative charge to the particles. Figure 6.2 shows deposit
mass achieved in the presence of surfactants at a deposition voltage of 50 V and deposition

time of 5 min.

16t 1.56

LCA CDCA DCA UDCA CA
Bile acids

Figure 6.2 Deposit mass of PVDF films deposited using various BAs as surfactants from
10 g-L! PVDF suspensions in ethanol solutions, containing 1 g-L ™! BAs at a deposition

voltage of 50 V and deposition time of 5 min.

The deposition yield increased in the order LCA<CDCA<DCA<UDCA<ChA. The use of
LCA as a surfactant, containing one OH group, resulted in a relatively small deposition
yield. Higher deposition yields were achieved using BAs surfactants with two OH groups,
such as CDCA, DCA, and UDCA. The highest deposition yield was obtained using ChA
with three OH groups. The increase in deposition yield with increasing number of OH

groups in the BAs structure can result from enhanced BAs adsorption on the PVDF

116



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

particles. The comparison of the deposition yields achieved using CDCA and DCA
indicated that positions of the two OH groups in their structure also exert influence on the
surfactant efficiency. The deposition yield achieved using UDCA was significantly higher
than that for CDCA. This result indicated that orientation of OH groups in the surfactant
structure is another important factor, controlling surfactant efficiency. It is suggested that
adsorption of BAs on the PVDF surface was based on a hydrophobic interaction mechanism
[39], which involved interaction of the hydrophobic side of the BAs molecules and
hydrophobic PVDF particles. This suggestion can be supported by literature data on
hydrophobic interactions between hydrophobic face of ChA and PVDF membranes in
ethanol [40]. However, the influence of the BAs structures on the deposition yield is not
well understood. It is known that the surfactant efficiency is influenced by different factors
governing their behavior in solvents, such as critical micelle concentration (CMC),

solubility, hydrophilicity, and other factors.

The behavior of various BSs in aqueous solution has been widely investigated. However,
relatively limited information is available on behavior of BAs in ethanol and other organic
solvents. It is known that properties of BSs are influenced not only by the number of OH
groups, but also by their position and orientation [41]. Hydrophilicity of BSs increases with
increasing number of OH groups. The analysis of BSs showed that salts of CDCA and DCA
exhibit comparable hydrophilicities, whereas hydrophilic properties of UDCA are similar
to ChA [41]. Hydrophilicity of surfactants belongs to the important factors controlling

micelle formation. It is also known that the formation of BSs micelles is influenced by the
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number, position and orientation of OH groups of BSs molecules [35, 42]. The analysis of
micelle formation of BSs revealed a two step mechanism, which results in a relatively wide
CMC ranges instead of specific CMC values [35]. Moreover, the CMC data reported in the
BSs literature varied to a great extent between various methods and within the same
technique [35]. It was found that micelle formation resulted in the reduced ChA adsorption
on PVDF [40]. Therefore, it can be suggested that the difference in the chemical structure
of the BAs dispersants exerts influence on their aggregation in the ethanol solutions and

their efficiency as dispersants for PVDF.

The film mass can be varied by the variation of the deposition voltage at a fixed deposition
time or by variation of deposition time at a constant voltage (Figure 6.3). Therefore, the
amount of the deposited material can be easily varied and controlled. The deposition yield
data deviated from linear Hamaker law [21] dependences (Figure 6.3). Such deviations can
be attributed to different factors, discussed in the literature, such as reduction of electric
field in the bulk suspension due to the increasing voltage drop in the growing films [24,
43], and reduction of the particle concentration in the bulk suspension with increasing
deposition time [22, 24]. Moreover, the deposition yield depends not only on mass transport
rate, described by the Hamaker law, but it is also influenced by the mechanism of film

formation [24, 44].
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Figure 6.3 Deposit mass versus (A) deposition voltage at a deposition time of 5 min and
(B) deposition time at a deposition voltage of 50 V for 10 g-L™! PVDF suspensions in
ethanol, containing dissolved (a) 1 g-L™! LCA and (b) 1 g-L™' ChA.

Figure 6.4 compares the SEM images of as-deposited and annealed PVDF films prepared

using different BAs at a deposition voltage of 50V and deposition time of 5 min.
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Figure 6.4 SEM images of (A1-AS5) as deposited and (B1-B5) annealed films, prepared
from 10 g-L~! PVDF suspensions in ethanol, containing dissolved (A1, B1) 1 gL' LCA,
(A2,B2) 1 g'L"! CDCA and (A3,B3) 1 g'L"! DCA, (A4, B4) 1 g-L ! UDCA and (A5, B5)
1 gL' ChA.

The low deposition yield achieved using LCA resulted in poor coverage of the substrate at

a deposition time of 5 min. The SEM image (Figure 6.4 A1) shows that some areas of the

substrate remained uncovered by the particles. The higher deposition yield achieved using
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CDCA and DCA resulted in improved substrate coverage (Figure 6.4 (A2, A3)). Annealing
of the films at the temperature that slightly higher than its melting temperature resulted in
deposited PVDF powder melting. The melting PVDF material flowed around the substrates
and recrystalized to film form, covering the substrate completely. However, the films were
very thin, non-uniform and non-smooth due to inhomogeneous and limited deposition of
PVDF particles (Figure 6.4 (B1-B3)). The high deposition rate achieved using UDCA and
ChA allowed for the good coverage of the substrates (Figure 6.4 (A4, AS)). The SEM
images shows spherical PVDF particles with a typical size of 0.2 um which formed
relatively dense packed films (Figure 6.4 (A4, AS)). Annealing resulted in the formation of

crack-free, smooth, dense, and uniform films (Figure 6.4 (B4, BY)).

It was found that annealed films provided corrosion protection of stainless steel substrates
in 3% NaCl solutions. Figure 6.5 shows Tafel plots of the coated and uncoated samples.
The coated samples showed significant increase in the corrosion potential and reduction of
anodic current, compared to the uncoated samples. As pointed out in the Introduction,
advanced chemical and physical properties of PVDF make it an important material for
corrosion protection of metals and alloys. Therefore, EPD is a promising method for the
fabrication of PVDF coatings for corrosion protection. The results of EIS studies are
presented as Bode plots in Figure 6.6. The comparison of the impedance data for the coated
and uncoated samples indicated that coated samples showed enhanced impedance, which

resulted from the insulating properties of the PVDF films. The high resistance of the films
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prepared using UDCA and ChA at frequencies 10 Hz -10 kHz indicated that such films

provided enhanced barrier to the electrolyte diffusion to the substrate surface.
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Figure 6.5 Tafel plots for uncoated 304 type stainless steel and coated from 10 g-L ! PVDF

suspensions containing different BAs at deposition voltage of 50 V and deposition time of

5 min and annealed at 200 °C for 1 hour.
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Figure 6.6 EIS Bode plots for uncoated 304 type stainless steel and coated from 10 g-L™!
PVDF suspensions containing different BAs at deposition voltage of 50 V and deposition

time of 5 min and annealed at 200 °C for 1 hour.
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The feasibility of PVDF deposition using BAs as dispersants, opens a strategy for the
deposition of composites. Of particular interest is the deposition of PVDF-diamond films
and PVDF-silica films. The co-deposition of diamond and PVDF is a promising strategy
for the fabrication of films with enhanced piezoelectric, pyroelectric, thermal conductivity,
and mechanical properties [45, 46]. PVDF-silica composites are of significant interest for
biomedical applications [47] and fabrication of films with enhanced piezoelectric, thermal
and mechanical properties [48]. Therefore, in this investigation ChA was used as a co-

dispersant for deposition of PVDF-diamond and PVDF-silica films.

Figure 6.7 (Al, A2) shows SEM images of as-deposited films from 10 g-L™! PVDF
suspensions containing 1 g-L™!' diamond. The SEM images show small spherical PVDF
particles and larger diamond particles of irregular shapes. The increase of diamond
concentration in the suspensions resulted in the increasing amount of diamond in the films
(Figure 6.7 (A3, A4)). The SEM images indicate that ChA can be used as a co-dispersant
for the co-deposition of PVDF and diamond. Small PVDF particles filled the voids between
the larger diamond particles and allowed the formation of relatively dense deposits.
Annealing resulted in melting of PVDF particles and formation of crack-free continuous
PVDF layers, embedded with diamond particles (Figure 6.7 (B1-B4)). The comparison of
images of the sintered films confirmed that the increase in diamond concentration in the
suspension resulted in larger amount of the diamond particles in the films. The SEM images
of films prepared from the 10 g-L™! PVDF suspensions containing 1 g-L™! silica showed

small spherical PVDF particles and larger silica particles of a spherical shape (Figure 6.8
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(A1, A2)). The increase in the silica concentration in the suspension to 5 g-L ! resulted in
larger amount of silica in the deposited films (Figure 6.8 (A3, A4)). Therefore, ChA acted
as a co-dispersant and allowed co-deposition of silica and PVDF. Annealing resulted in
melting of PVDF particles and formation a continuous layer, containing spherical silica
particles. The comparison of the SEM images of the annealed films confirmed that the
increase in the silica concentration in the suspension resulted in the increasing amount of
silica in the deposited films (Figure 6.8 (B3, B4)). Therefore, the results of SEM studies
showed that the composition of the coatings can be varied by the variation of diamond and

silica concentration in the suspensions.
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500nm

Figure 6.7 SEM images of (A1-A4) as-deposited and (B1-B4) annealed films at (A1, BI,
A3, B3) low magnification and (A2, B2, A4, B4) high magnifications for deposition from
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10 g-L~! PVDF suspensions, containing (A1, A2, B1, B2) 1 g-L"! diamond and (A3, A4,
B3,B4) 5 g-L ! diamond and 1 g-L! ChA for deposition voltage of 50 V.

500nm

500nm

500nm
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Figure 6.8 SEM images of (A1-A4) as-deposited and (B1-B4) annealed films at (A1, B1,
A3, B3) low magnification and (A2, B2, A4, B4) high magnifications for deposition from
10 g-L™! PVDF suspensions, containing (A1, A2, B1, B2) 1 g-L ! silica and (A3, A4, B3,
B4) 5 g-L !silicaand 1 g'L ™' ChA for deposition voltage of 50 V.

6.5 Conclusions

BAs can be used as anionic surfactants for EPD of PVDF films in ethanol solvent. The
PVDF deposition yield, obtained using different BAs, increased in the order
LCA<CDCA<DCA<UDCA<ChA. It depends on the number of OH groups and their
positions and orientation in the structures of the anionic BAs surfactants. The use of BAs
allowed controlled deposition of PVDF films at high deposition rates. Annealed PVDF
films provided corrosion protection of stainless steel in 3% NaCl solutions. ChA was used
as a co-surfactant for diamond, silica and PVDF particles and allowed for the deposition of
PVDF-diamond and PVDF silica films of controlled composition. The biomimetic
approach developed in this investigation opens a new strategy for the chemical
modification and charging of electrically neutral hydrophobic materials and deposition of

functional polymers and composites by EPD from colloidal suspensions.
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Chapter 7 Versatile Strategies for EPD of PVDF

Nanocomposites

This chapter is reproduced from Q. Zhao, X. Liu, S. Veldhuis, 1. Zhitomirsky, Versatile
Strategy for Electrophoretic Deposition of Polyvinylidene Fluoride-Metal Oxide

Nanocomposites, Materials 2021, 14, 7902, (https.//doi.org/10.3390/mal4247902) with

permission from Copyright © 1996-2022 MDPI. The author of this thesis is the first author
and the main contributor of this publication, including conceiving the initial ideas,
development of approach and methodology, carrying out experiments, analysis of data,

writing the initial draft and preparation of the manuscript.

7.1 Abstract

Polyvinylidene fluoride (PVDF) is an advanced functional polymer which exhibits
excellent chemical and thermal stability, and good mechanical, piezoelectric and
ferroelectric properties. This work opens a new strategy for the fabrication of
nanocomposites, combining the functional properties of PVDF and advanced inorganic
nanomaterials. Electrophoretic deposition (EPD) has been developed for the fabrication of
films containing PVDF and nanoparticles of TiO2, MnO> and NiFe2O4. An important
finding was the feasibility of EPD of electrically neutral PVDF and inorganic nanoparticles
using caffeic acid (CA) and catechol violet (CV) as co-dispersants. The experiments

revealed strong adsorption of CA and CV on PVDF and inorganic nanoparticles, which
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involved different mechanisms and facilitated particle dispersion, charging and deposition.
The analysis of the deposition yield data, chemical structure of the dispersants and the
microstructure and composition of the films provided an insight into the adsorption and
dispersion mechanisms and the influence of deposition conditions on the deposition rate,
film microstructure and composition. PVDF films provided the corrosion protection of
stainless steel. Overcoming the limitations of other techniques, this investigation
demonstrates a conceptually new approach for the fabrication of PVDF-NiFe>O4 films,
which showed superparamagnetic properties. The approach developed in this investigation

offers versatile strategies for the EPD of advanced organic-inorganic nanocomposites.

7.2 Introduction

Poly (vinylidene fluoride) (PVDF) is an advanced functional polymer, which has
outstanding chemical resistance, thermal stability, mechanical strength, piezoelectric and
ferroelectric properties [1-6]. Significant interest has been generated in the fabrication of
advanced nanocomposites, combining functional properties of PVDF and inorganic
nanomaterials [7]. Flexible PVDF-MnO, nanocomposites showed enhanced piezoelectric
and mechanical properties [8]. Moreover, such nanocomposites are of particular interest
for energy storage applications [9] due to the outstanding pseudocapacitive properties of
MnO;. PVDF-Ti0O2 nanocomposites have been developed [10] for application in separation
membranes, which showed enhanced fouling resistance. Ferrimagnetic NiFe2O4

nanoparticles were added to PVDF [11] in order to obtain composites, combining the
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ferroelectric and piezoelectric properties of PVDF and the magnetic properties of NiFe,Oa.
The addition of NiFe>O4 nanoparticles resulted in enhanced formation of ferroelectric f3
phase of PVDF [12]. Nanocomposites of PVDF and NiFe;O4 showed magnetoelectric
properties, which were analyzed by investigating the influence of the magnetic field on
ferroelectric properties [13]. Many applications of PVDF-metal oxide nanocomposites
involved the use of films and significant attention has been focused on the development of
film deposition techniques. The combination of organic and inorganic materials in
composites offers a possibility of fabricating multifunctional materials with advanced

properties [14-16].

Colloidal film deposition techniques are of particular interest for nanotechnology of
composites due to the possibility of composite design on the nanometric scale. Currently,
there are several methods which are commonly used for the fabrication of PVDF films:
solvent casting, spin coating, and electrospinning [17]. Such techniques are based on the
use of PVDF solutions. PVDF dissolves in a few non-ecofriendly organic solvents such as
dimethylformamide, dimethyl sulfoxide, N-methyl pyrrolidone or dimethylacetamide, and
there is a significant interest in replacing such solvents with more environmentally friendly

solvents.

Electrochemical deposition methods are very promising for the deposition of PVDF and
composite films. Various electrochemical strategies have been utilized for the fabrication
of polymer-metal oxide nanocomposites [18, 19]. Electrophoretic deposition (EPD) is a

colloidal technique, which offers advantages for the deposition of nanocomposites due to
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high deposition rate, simple control of film thickness, and uniformity [20-26]. This
technique is especially important for the deposition of nanoparticles as uniform monolayers
or multilayers on substrates of complex shape [27]. Several previous investigations
reported the EPD of pure PVDF films in different organic solvents without the use of
surfactants [28-30]. It should be noted that PVDF is an electrically neutral polymer, and
the use of charged surfactants facilitates the control of particle charge and EPD yield. Co-
surfactants are highly desired for the co-deposition of PVDF with inorganic nanoparticles.
Inorganic nanoparticles are prone to forming agglomerates due to their high surface energy.
It is challenging to disperse magnetic nanoparticles due to their magnetic interactions,
which promote agglomeration. In a previous investigation [31], bile salts were used as
charged surfactants for PVDF. However, bile salts show poor adsorption on metal oxide
surfaces and their applications for EPD of PVDF-metal oxide films present difficulties. The
EPD of metal oxide nanoparticles requires the use of efficient surfactants with a very small
size and strong adsorption on the particle surface. It is challenging to develop co-
dispersants with strong adsorption on metal oxide nanoparticles and hydrophobic PVDF
particles. In our investigation we addressed this problem using a biomimetic strategy,

which is based on the use of catecholate-type molecules as dispersants.

The goal of this investigation was the fabrication of PVDF-metal oxide films by EPD using
chelating catecholate molecules as co-dispersants for PVDF and metal oxide nanoparticles.
Due to significant interest in the fabrication of PVDF composites containing MnO», TiO>

and NiFe>Os nanoparticles, we selected such nanomaterials as model metal oxides of
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different types for the feasibility studies, which showed the versatility of our approach. The
biomimetic approach of our investigation was based on the analysis of the mechanism of
mussel protein adhesion to different surfaces, which involves the super-strong catecholate
type bonding to inorganic surfaces. The investigations of deposition efficiency provided an
insight into the influence of the chemical structure of the dispersant molecules and charged
groups on their adsorption on PVDF and metal oxide nanoparticles and related adsorption
mechanisms. We demonstrate the feasibility of deposition of nanocomposite films using
ethanol as a non-toxic solvent and report valuable properties of the deposited films, such
as corrosion protection and superparamagnetic properties. Following the work objective
we investigated the microstructure, composition, and properties of the films deposited at

different conditions.

7.3 Experimental Procedures

7.3.1 Materials

Poly (vinylidene fluoride) (PVDF) and catechol violet (CV) were purchased from Alfa
Aesar (Haverhill, MA, US). Caffeic acid (CA), titanium oxide (TiO2, 21 nm) nanopowder,
iron nickel oxide (NiFe2O4, < 50 nm) nanopowder, and KMnO4 were purchased from
Aldrich (St. Louis, MO, US). Nanoparticles of MnO> with an average size of 50 nm were
prepared by a chemical reduction of KMnOs aqueous solutions with ethanol, as was
described in the previous investigation [32]. The nanoparticles prepared by this method

were amorphous [32].
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7.3.2 Film deposition

PVDF particles were dispersed in pure ethanol using CA or CV dispersants. The
concentration of PVDF was 5-10 g-L™!. The concentration of CA or CV was 0.2-1 g-L"!,
TiO2, MnQO;, and NiFe>O4 were added for the fabrication of composite films, and their
concentrations were 1-3 g-L'. EPD was performed using these suspensions after
ultrasonicating and stirring. A stainless-steel substrate (304 type, 20x30x0.1 mm?) and a
platinum sheet (20x30x0.1 mm?) served as a working electrode and counter electrode,
respectively, with 15 mm separation in electrochemical deposition cell for EPD. A
deposition voltage of 20-100 V was applied for 5 min. EPD resulted in the accumulation
of particles at the substrate surface. The films were dried at room temperature and then
annealed at 200 °C for 1 h. The annealing process was essential for the formation of dense

films.

7.3.3 Characterization

Zeta-potential measurements were performed using the mass transport method [33].
Electrochemical studies were performed in 3% aqueous NaCl solution using a potentiostat
(PARSTAT 2273, Princeton Applied Research, Oak Ridge, TN, US) and a 3-electrode cell
with coated or uncoated stainless steel as a working electrode, a platinum counter electrode,
and a saturated calomel electrode (SCE) as a reference electrode. Potentiodynamic studies
were conducted at a sweeping rate of 1 mV-s~! from the negative to positive direction and

obtained data was presented in Tafel plots. Electrochemical impedance spectroscopy (EIS)
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studies were preformed under a sinusoidal excitation voltage of 10 mV in the frequency
range of 10 mHz-10 kHz. A JEOL JSM-7000 F microscope (Tokyo, Japan) was used for
scanning electron microscopy (SEM) investigations. Talos 200 X microscope (Waltham,
MA, USA) was used for transmission electron microscopy (TEM) studies. FTIR studies
were performed using a Bruker Vertex 70 spectrometer (Billerica, MA, US). X-ray
diffraction (XRD) was carried out using a Nicolet 12 powder diffractometer with
monochromatized Co Ka radiation. Magnetic measurements were conducted using a

Quantum Design PPMS-9 system (San Diego, CA, US).

7.4 Results and Discussion

TEM investigations showed that as-received PVDF particles were of spherical shape with
a diameter of about 200 nm (Figure S7.1). A significant challenge in the EPD of PVDF is
obtaining stable suspensions of charged PVDF particles. This can be achieved using
efficient dispersants, which must be adsorbed on the particle surface to impart colloidal
stability and electric charge. Difficulties are related to poor adsorption of traditional
dispersants on the surface of chemically inert electrically neutral hydrophobic PVDF
particles. Another challenge is to find co-dispersants suitable for the co-dispersion of PVDF
with metal oxide nanoparticles. Previous investigations showed that mutual repulsion of
charged particles or polymer macromolecules at the electrode surface can prevent their

deposition [19]. Particle coagulation and deposit formation at the electrode surface are
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influenced by the properties of the dispersant and local pH changes at the electrode [19].

Such challenges were addressed using CV and CA as dispersants (Figure 7.1).

The chemical structures of CV and CA contain a catechol group with two phenolic OH
groups bonded to adjacent carbon atoms of the aromatic ring. The catecholate molecules
were chosen due to the ability of catechol bonding to metal atoms on material surfaces
[34].The interest in dispersant with catechol anchoring groups resulted from the
investigation of mechanism of mussel protein adsorption on rock surfaces in see water [34].
The catecholate adsorption involves two phenolic OH groups. Various bonding
mechanisms are based on bidentate bridging or chelating bonding in the inner sphere or

outer sphere modes [34].

HO

OH

Caffeic Acid (CA) Catechol Violet (CV)

Figure 7.1 Chemical structures of dispersants.

The catechol adsorption on different surfaces is influenced by solvents, the nature of the

surface atoms, and the chemical structure of the material. CA is a monoaromatic molecule,
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whereas the chemical structure of CV contains three aromatic groups. The anionic

properties of CA and CV are related to their COOH and SOsH groups, respectively.

In this investigation, CA and CV were used as dispersing and charging agents for EPD of
PVDF powder from its suspension in ethanol. PVDF suspensions in ethanol were unstable
and quick sedimentation was unavoidable even with ultrasonic treatment or stirring. No
deposition was achieved from pure PVDF suspension because PVDF powder is electrically
neutral. The addition of CA and CV molecules resulted in improved stability of PVDF
suspensions by electrostatic stabilization, and anodic films were deposited by EPD. It was
hypothesized that CA or CV molecules dissociated in ethanol, adsorbed on PVDF particles,
and their deprotonated anionic groups imparted a negative charge to the PVDF particles.
As a result, the negatively charged PVDF particles were deposited anodically from the
suspensions containing catecholate molecules as additives. The deposition yield
measurements indicated that the film mass increased significantly with increasing
concentration of PVDF powder (Figure 7.2A). The PVDF particles in 10 g-L™! PVDF
suspensions, containing 0.5 g-L ™! CA and 0.5 g-L™! CV showed zeta potentials of =11 mV

and —26 mV, respectively.

141



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

5 5
o) —_—
a a
=] Il o.5CcA £ Il 0.5CA10P
< 4r o.2cv < 4 M o.2cvsP
=) I 0.5cv =1 I 0.5Cv10P
gl Eil
4 @
s A S B
E 2 E2f
= B
g g
alr all
L L
2 a
0 0
2 5 10 15 25 50 75 100

PVDF concentration (g-L ") Deposition Voltage (V)

Figure 7.2 (A) Deposit mass versus PVDF concentration for suspensions, containing 0.2
g'L' CA (0.2CA), 0.5 g'L™' CA (0.5CA), 0.2 g'L™' CV (0.2CV), 0.5 g'L"' CV (0.5 CV)
at a deposition voltage of 50 V and a deposition time of 5 min and (B) deposit mass versus
deposition voltage for suspensions containing 0.2 g-L ™! CA and 5 g-L™! PVDF (0.2CAS5P);
0.5g'L"'CAand 10 g-L"' PVDF (0.5CA10P); 0.2 gL' CVand 5 g-L ! PVDF (0.2CV5P);
and 0.5 gL' CV and 10 g-L"! PVDF (0.5CV10P) for deposition time of 5 min.

CA and CV catecholate molecules showed sufficient charging and dispersing effects in a
wide range of PVDF concentrations. The PVDF films produced with CV had higher deposit
mass than that with CA, which indicated that CV allowed higher deposition efficiency than
CA. It was suggested that adsorption of CA and CV molecules on PVDF particles involved
hydrophobic interactions of the aromatic rings of the molecules with hydrophobic PVDF
surfaces. The larger number of aromatic rings in the CV structure resulted in stronger
interactions, which allowed for better adsorption CV and enhanced PVDF dispersion and
charging. Figure 7.2B shows deposit mass versus deposition voltage dependencies. The
deposit mass presented increasing trends with increasing deposition voltage, indicating

higher efficiency of particles motion and packing on the substrates. Therefore, the mass of
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the deposited PVDF films can be varied and controlled by EPD bath composition and

deposition voltage.

Morphologies of the as-deposited and heat-treated PVDF films fabricated using CA and
CV were analyzed by SEM. Figure 7.3 (A, B) shows that the as-deposited spherical PVDF
powder was relatively densely packed on the stainless steel 304 substrates, offering good
coverage of the substrates. However, there were still some nanosized voids between the
PVDF spheres. After heat treatment at the temperature right above the melting point of
PVDF for 1 h, PVDF spherical particles were completely melted and re-solidified into

uniform and crack-free films (Figure 7.3 (C, D)).

500nm

500nm : : 500nm

143



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

Figure 7.3 SEM images of films at different magnifications prepared from suspensions
containing 10 g-L~' PVDF with (A, C) 0.5 g'L™! CA or (B, D) 0.5 g-L ™' CV at a deposition
voltage of 50 V for 5 min; (A, B) as-deposited and (C, D) annealed at 200 °C.

The as-deposited PVDF films prepared using CA and CV were also analyzed by FTIR
(Figure 7.4). Several previous investigations showed that aromatic dispersants can be
deposited by EPD to form particles of different shapes at the substrate surface [25, 35, 36].
Therefore, FTIR studies were used to confirm the deposition of PTFE. The FTIR data of
as-received PVDF showed strong absorptions at 1399, 1179, and 873 cm ™. The absorption
at 1399 cm ! resulted from wagging of CH> and antisymmetric stretching of C-C bonds
[37]. The bands at 1179 and 873 cm™! were associated with the stretching and rocking of
the CF> bonds [37, 38]. Those absorptions were also achieved for deposited PVDF films

using CA or CV, which confirmed successful deposition of PVDF.
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Figure 7.4 FTIR spectra of (a) as-received PVDF and (b, ¢) as-deposited PVDF, prepared
from 0.5 g-L™! (b) CA or (¢) CV solution containing 10 g-L ™' PVDF at a deposition voltage
of 50 V during 5 min.

The heat-treated PVDF films were studied for corrosion protection of stainless steel in 3%
NaCl solutions by potentiodynamic analysis and electrochemical impedance spectroscopy.
It was found that the annealed films offered corrosion protection of stainless steel (304-
type) substrates. Testing results were presented in Tafel plots (Figure 7.5). Compared to
the bare substrates, the coated samples showed significantly higher corrosion potential and
lower anodic current (Figure 7.5). The calculated corrosion currents of coated samples were
0.17 pA-cm 2 and 0.083 pA-cm 2, for films prepared using CA and CV, respectively at a
deposition voltage of 50 V and deposition duration of 5 min. The lower corrosion currents
for the films, prepared using CV can result from higher film mass (Figure 7.2). The
corrosion currents decreased significantly compared to that of uncoated samples (2.6
uA-cm 2). The PVDF-coated sample prepared using CV showed an even lower corrosion
current than that prepared using CA. Bode plots in Figure 7.6 showed enhanced absolute
impedance in a wide frequency range for coated samples. This indicated that annealed
PVDF films acted as barriers for the corrosive electrolyte diffusion to the substrate,

insulating the substrates from corrosion damage.
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Figure 7.5 Tafel plots for stainless steel (a) uncoated and (b, ¢) coated from 0.5 gL ! (b)
CA or (¢) CV solutions, containing 10 g-L ! PVDF at a deposition voltage of 50 V during

5 min and annealed at 200 °C for 1 hour.
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Figure 7.6 (A) Absolute impedance and (B) Phase versus frequency impedance data for
stainless steel (a) uncoated and (b, ¢) coated from 0.5 g-L™!' (b) CA or (¢) CV solutions,

containing 10 g-L ! PVDF at a deposition voltage of 50 V during 5 min and annealed at

200 °C for 1 hour.
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The feasibility of EPD of PVDF using CA and CV as surfactants paved the way for the
fabrication of nanocomposites, containing functional metal oxide nanoparticles. Following
the objective of this investigation, we used MnO», TiO,, and NiFe,Os nanoparticles as
model metal oxide materials with advanced functionality for the fabrication of composite
films. The use of CA and CV for EPD was based on different structural features of the
dispersants, which facilitated their adsorption on PVDF or metal oxides. As pointed out
above, the aromatic rings of the dispersant molecules facilitated their adsorption on PVDF.
However, catecholate type bonding [34] involving phenolic OH groups is beneficial for
adsorption on metal oxide nanoparticles. Co-deposition experiments were focused on the
use of CA or CV as co-dispersants. The SEM images of the as-deposited films showed co-
deposited PVDF and metal oxide nanoparticles (Figure 7.7 (A-C)). Annealing of as-
deposited films caused the melting of PVDF particles and the formation of crack-free

continuous PVDF matrix layers with imbedded nanoparticles (Figure 7.7 (D-F)).
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Figure 7.7 SEM images of films, prepared from 5 g-L~! PVDF solutions, containing (A, D)
lgL 'CAand1g L !'MnOs, (B,E)1 gL 'CVand1gL!TiOs (C,F)1g-L'CV and
1 g-L ™! NiFe,0y4 at a deposition voltage of 50 V and (D, E, F) annealed at 200 °C for 1

hour.

The SEM images of the annealed films showed agglomeration of the oxide particles (Figure
7.7 (D-F) and Supplementary materials, Figure S7.2 (A-C)). The typical size of the
agglomerates was in the range of 200-600 nm. Such agglomeration can result from different
factors, such as discharge of the particles at the electrode surface and their reduced
electrostatic repulsion, hydrophobic interactions between polymer macromolecules,
hydrophilic interactions of the inorganic particles, and magnetic interactions of
ferrimagnetic NiFe2O4 particles. The composite films, containing PVDF and metal oxide

nanoparticles were studied by X-ray diffraction method (Figure 7.8).

The X-ray diffraction peaks of PVDF (corresponding to JCPDS file 00-061-1403) were
observed in X-ray diffraction patterns of pure PVDF (Figure 7.8a) and composite films
(Figure 7.8 (b-d)). The composite films prepared from suspensions containing TiO, showed
XRD peaks of the anatase phase of TiO2 (JCPDS file 00-064-0863) and very small peaks
of the rutile TiO» phase (04-003-0648). The synthesis method [32] used in this investigation
allowed for the formation of amorphous MnOa». As a result, the X-ray diffraction pattern of
the composite PVDF-MnO; films showed peaks of PVDF and a broad halo related to the
amorphous MnO> phase. X-ray diffraction studies of PVDF-NiFe>O4 films showed peaks

of NiFe,O4 corresponding to JCPDS file 00-054-0964 in addition to peaks of PVDF.
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Figure 7.8 X-ray diffraction pattern of films (a) pure PVDF, (b) PVDF and TiO», (¢) PVDF
and MnO, and (d) PVDF and NiFe>O4 (peaks corresponding to ¢ JCPDS file 00-061-1403,
e JCPDS file 00-064-0863, m JCPDS file 04-003-0648, v JCPDS file 00-054-0964). EPD

conditions are similar to Figure 7.7.

The results of this investigation showed the feasibility of co-deposition of PVDF with
nanoparticles of TiO2, MnO», and NiFe>O4. As pointed out in Introduction, the investigation
of nanocomposites containing such metal oxide nanoparticles is important for various
applications. As a step in this direction, we investigated the magnetic properties of PVDF-
NiFe>O4 nanocomposites. Figure 7.9a shows that as-received NiFe,O4 particles exhibit a
superparamagnetic behavior, as indicated by the S-shaped dependence of magnetization on
magnetic field. The composite materials showed a similar dependence with reduced mass
normalized magnetization (Figure 7.9b). Therefore, the EPD method allows fabrication of

nanocomposites, combining the magnetic properties of NiFe.Os4 with the inherent
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functional properties of PVDF, such as piezoelectric, ferroelectric, corrosion protection,

and other properties.
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Figure 7.9 Magnetization versus magnetic field for (a) as received NiFe>O4 nanoparticles
and (b) PVDF-NiFe,O4 composites prepared from 5 g-L' PVDF solutions containing 1
g'L " CV and 1 g'L ! NiFe>2O4 at a deposition voltage of 50 V.

7.5 Conclusions

An EPD method has been developed for the deposition of PVDF and composite films
containing nanoparticles of TiO2, MnO., NiFe;O4, which were used as model materials
with advanced functionality for the deposition of the organic-inorganic nanocomposites by
the EPD method. It was found that CA and CV adsorbed on chemically inert, electrically
neutral PVDF, providing dispersion and charging of the PVDF particles. The dispersant
adsorption was a key factor for the successful EPD of the PVDF films. The deposition yield

measurements showed that the amount of the deposited material can be controlled by the
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PVDF concentration in the suspensions, the deposition voltage, and the concentration of
selected dispersant. The results of the potentiodynamic and impedance spectroscopy
studies showed that PVDF films provided corrosion protection of stainless-steel substrates.
The adsorption of CA and CV on the PVDF particles involved hydrophobic interactions,
whereas the catecholate-type bonding facilitated their adsorption on the metal oxide
nanoparticles. The unique ability of CA and CV to adsorb on different materials was a key
factor for their use as co-dispersants for the EPD of nanocomposites. The co-deposition of
PVDF with metal oxides was confirmed by the results of SEM, FTIR, and XRD studies.
The ability to combine the functional properties of PVDF with the functional properties of
metal oxides was demonstrated by the investigation of PVDF-NiFe,O4 films, which
showed superparamagnetic properties. The approach developed in this investigation paves
the way for the EPD of other chemically inert, electrically neutral polymers and their co-
deposition with inorganic materials for the fabrication of novel nanocomposites with

advanced functionality.
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7.7 Supplementary Data
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Figure S7.2 SEM images of annealed composite films.
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Chapter 8 EPD of PVDF-HFP-NiFe>O4 Composites

This chapter is reproduced from Q. Zhao, I. Zhitomirsky, Biomimetic strategy for
electrophoretic deposition of composite ferroelectric poly(vinylidene, fluoride-co-
hexafluoropropylene) — ferrimagnetic NiFe:O4 films, Colloids and Surfaces A:
Physicochemical and  Engineering  Aspects, Volume 651, 2022, 129743,

(hitps://doi.org/10.1016/j.colsurfa.2022.129743) with permission from Copyright © 2022

Elsevier B.V. The author of this thesis is the first author and the main contributor of this
publication, including conceiving the initial ideas, development of approach and
methodology carrying out experiments, analysis of data, writing the initial draft and

preparation of the manuscript.

8.1 Abstract

This investigation is motivated by interest in fabrication of composite films combining
ferrimagnetic properties of spinel ferrites with multifunctional properties of ferroelectric
polymers. It addresses the need in the development of surface modification techniques for
inorganic materials and polymers and their electrophoretic deposition (EPD) for the
fabrication of composite films. This article describes for the first time the fabrication of
composite ferroelectric poly(vinylidenefluoride-co-hexafluoropropylene) (PVDF-HFP) -
ferrimagnetic NiFe2O4 films by EPD. The approach is based on feasibility of fabrication,

surface modification and EPD of PVDF HFP particles using natural biosurfactants, such as

157


https://doi.org/10.1016/j.colsurfa.2022.129743

Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

catecholate-type caffeic acid (CA) and bile acid-type cholic acid (ChA). The analysis of
chemical structure of CA and ChA provides an insight into the surface modification
mechanisms and EPD efficiency. Film morphologies and corrosion protection properties
are analyzed. An important finding is the ability of CA to act as a charging dispersant for
materials of different types, such as PVDF-HFP polymer particles and inorganic
nanoparticles of NiFe;O4 spinel and fabrication of composite films by EPD. The film
deposition yield, morphology and composition of PVDF-HFP-NiFe,O4 films are analyzed.
NiFe>O4 content and magnetic properties of the composites are varied by variation of EPD
bath composition. This investigation provides a platform for EPD of composite films
combining ferrimagnetic properties of spinel ferrites with multifunctional properties of

ferroelectric polymers.

8.2 Introduction

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) co-polymer exhibits
ferroelectric, piezoelectric properties, high chemical stability, flexibility, biocompatibility
and optical transparency [1-4]. The advanced functionality of PVDF-HFP provides a

platform for various practical applications [5-7].

PVDF-HFP showed promising properties for applications in lithium battery separators and
electrolytes [8, 9]. Researchers have employed PVDF-HFP for biosensors [10] and fuel

cells [11]. Composites were developed for magnetically controllable oil-water separation
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[12], distillation membranes [ 13], batteries [14], magnetoelectric devices [15], triboelectric

nanogenerators [16], and energy storage devices [17].

PVDF-HFP ferroelectric copolymer is a promising material for the development of
multiferroics. Materials, combining ferroelectric and magnetic ordering [18], also known
as multiferroics [19], have generated significant interest for various applications based on
magnetoelectric effects. It has been widely reported that individual compounds and solid
solutions of different types, such as hexagonal manganite, perovskites, boracites, BaMeF4
(Me = Mn, Fe, Co, Ni) and hexagonal BaTiO3 type oxides exhibit multiferroic properties
[18, 20]. A significant challenge in the development of multiferroics for practical
applications is obtaining ferri- or ferromagnetic ordering and ferroelectric ordering at room
temperature in a single material. Many multiferroic materials exhibit antiferromagnetic
properties, other materials have ferromagnetic Curie points or ferrimagnetic Neel points at
very low temperatures. Such materials usually show high conductivity, which is detrimental
for the observation of ferroelectric properties. Therefore, the combination of ferroelectric
polymers such as PVDF-HFP and magnetic particles in composite materials is a promising

approach for the fabrication of multiferroic materials.

PVDF-HFP and composite films addressed the need for various applications [9] and
significant attention was focused on the development of film deposition techniques. Thin
films were obtained by spin-coating [10], electrospinning [21], spray coating [10], and dip
coating [12]. Electrophoretic deposition (EPD) offers many advantages for deposition of

polymer films and composites [22-27]. EPD method combines benefits of high yields and
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deposition rates with the advantages of deposition selectivity, film uniformity, and purity
[28-30]. This method is technically simple with a significant potential for upscaling [31-
34]. Another key benefit is the possibility of composite manufacturing [35-40]. The choice

of dispersants [26, 41-43] plays a crucial role in materials deposition by EPD.

Several investigations focused on EPD of PVDF-HFP. This co-polymer was used as a
binder for EPD of TiO> nanoparticles [44]. PVDF-HFP content in the EPD deposits was
8.5 wt%. Charging of TiO; particles was achieved using iodine-acetone mixture [44]. The
transport of TiOz particles through 30% PVDF-HFP solution facilitated deposition of a thin
PVDF-HFP layer on the TiO; film [44]. EPD of PVDF-HFP was also performed from a
surfactant-free colloidal suspension in acetone [45]. This approach was based on moisture
adsorption from air by an acetone bath. It was suggested [45] that chemical interaction of
acetone and adsorbed water resulted in dissociation of water and charging of PVDF-HFP
particles. A similar approach was used for co-EPD of PVDF-HFP with Al-doped
Lis7sLaszZr1.75Tao25012 [46] and Li-montmorillonite [47] for applications in lithium ion

batteries.

This investigation was motivated by increasing interest in composite films based on
ferroelectric PVDF-HFP polymer and magnetic particles. It addressed the need in the
development of advanced EPD strategies, based on the use of surfactants. The goal of this
investigation was EPD of PVDF-HFP-NiFe;O4 films. The biomimetic approach was based

on the use of natural biosurfactants of different types, such as caffeic acid (CA) and cholic
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acid (ChA). Figure 8.1 shows chemical structures of CA and ChA molecules used in this

study.

A B

HO
HO"
OH

Figure 8.1 Chemical structures of (A) CA and (B) ChA.

CA belongs to the catechol family of organic molecules. The interest in catecholate
molecules for EPD of inorganic materials has been motivated by the analysis of strong
bonding of catecholate monomers of mussel proteins to inorganic surfaces [48-50].
Previous investigations of small charged catecholate molecules resulted in discovery of
advanced dispersants, which strongly adsorbed on inorganic particles in ethanol and
facilitated their electrostatic dispersion and EPD [51]. The anionic properties of CA
molecule are related to its COOH group. CA was used for EPD of TiO2, MnO>, and ZrO>
from their suspensions in ethanol [51, 52]. Adsorption of CA on positively charged MnO»
particles in ethanol resulted in charge reversal and MnO, films were prepared by anodic
EPD [53]. In this investigation CA was used for EPD of PVDF-HFP polymer and inorganic

NiFe>O4 nanoparticles.

161



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

ChA is another promising anionic dispersant for EPD of PVDF-HFP particles. ChA is a
natural bile acid molecule, containing anionic COOH group. The facial amphiphilicity of
bile acids is an important factor governing their interaction with different organic materials,
which resulted in exceptional dispersion power. Previous investigations showed that bile
acids can be used for charging and EPD of PVDF particles in ethanol [54]. The comparison
of deposition yields of PVDF achieved using different bile acids showed that ChA is the
most efficient dispersant for EPD of PVDF films [54]. Therefore, it was hypothesized that
ChA can also be used for EPD of PVDF-HFP particles. The experimental results presented
below demonstrate EPD of PVDF-HFP-NiFe;O4 films and describe film properties,

composition and microstructure.

8.3 Experimental Procedures

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, average Mw of 400000,
beads, diameter 5 mm, density 1.77 g/mL at 25 °C, quality level 100, ISO 9001), N-methyl-
2-pyrrolidone (NMP, =99.5%)), caffeic acid (CA, =98.0%), cholic acid (ChA, =98%),
absolute ethanol >99.995%) and iron nickel oxide (NiFe;Os, size <50 nm, = 98%)

nanopowder (MilliporeSigma, Canada) were used.

20 g-L! solution of PVDF-HFP in 20 mL NMP was prepared and slowly (~600 drops)
added to ethanol, containing dissolved CA or ChA dispersants at a stirring speed of 200
rpm. The final concentrations of PVDF-HFP and dispersants in the mixed solvent were 5

g'L ' and 1 g-L!, respectively. This procedure allowed the fabrication of stable colloidal

162



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

suspensions of fine charged particles, which were used for EPD of PVDF-HFP films.
NiFe>O4 was added to the suspensions of PVDF-HFP, containing CA for fabricating
composite films. The mass ratio of PVDF-HFP:NiFe>O4 was 1:1 or 1:9. These suspensions
were stirred and ultrasonicated before EPD. The EPD cell contained a 304-type stainless
steel foil substrate and a platinum foil counter electrode with 15 mm separation. The films

were deposited under the voltages of 10-100 V for 1-11 min.

The film microstructure was investigated using JEOL JSM-7000F microscope. Zeta
potential measurements were performed by a mass transfer method [55]. Electrochemical
studies were performed in 3% aqueous NaCl solution using a potentiostat (PARSTAT 2273,
Princeton Applied Research) and a 3-electrode cell with coated or uncoated stainless steel
as a working electrode, platinum counter electrode and a saturated calomel electrode (SCE)
reference. Potentiodynamic studies were conducted at a sweeping rate of 1 mV-s '
Electrochemical impedance spectroscopy (EIS) studies were performed under a sinusoidal
excitation voltage of 10 mV in the frequency range of 10 mHz-10 kHz. A Bruker Vertex
70 spectrometer was used for FTIR studies by attenuated total reflectance (ATR) method.
X-ray diffraction (XRD) was carried out using a Nicolet 12 powder diffractometer with
monochromatized Cu Ka radiation. As deposited films were scraped off from stainless steel
electrodes and collected for magnetic measurements, FTIR, XRD, thermogravimetric

analysis (TGA) and differential thermal analysis (DTA). TGA and DTA studies were

preformed using Netzsch STH-409 thermoanalyzer between room temperature and 1000 °C
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at a heating rate of 5 °C-min '. Magnetic measurements were conducted using a Quantum

Design PPMS-9 system using powder samples.

8.4 Results and Discussion

The fabrication of PVDF-HFP suspensions presented difficulties due to the large size of
as-received PVDF-HFP beads (~ 5 mm). Moreover, PVDF-HFP is an electrically neutral
polymer. Therefore, as-received PVDF-HFP cannot be used for EPD. The experimental
procedure described above facilitated the fabrication of stable colloidal suspensions of
charged PVDF-HFP particles for film formation by EPD. The size of polymer particles
precipitated from solutions is influenced by different factors, such as polymer solubility in
a solvent, polymer concentration, nature of antisolvent, mixing rate, stirring rate,
temperature, nature of dispersants and other factors discussed in the literatures [56-58]. It
is known that PVDF-HFP shows good solubility in NMP [59, 60], however this polymer is
insoluble in ethanol. Therefore, NMP and ethanol were used as a solvent and an antisolvent,

respectively.

Figure 8.2 (A, B) shows TEM images of PVDF-HFP particles. The particles were formed
by adding PVDF-HFP solution in NMP to ethanol, which is an antisolvent for PVDF-HFP,
in the presence of CA or ChA. It is seen that a typical size of the PVDF-HFP particles was

about 1-2 um. Drying resulted in necks formation between the particles (Figure 8.2B).
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Figure 8.2 TEM images at different magnifications of PVDF-HFP particles.

Natural organic molecules such as CA and ChA were used for the fabrication of colloidal
suspensions of PVDF-HFP particles and film formation by EPD. CA and ChA facilitated
the fabrication of stable suspensions of PVDF-HFP particles and imparted them a negative
charge, which allowed for PVDF-HFP film deposition by EPD. PVDF-HFP films were
obtained at a deposition voltage of 20-50 V using CA. However, higher deposition voltages
of about 100 V were necessary for EPD of PVDF-HFP films using ChA. Therefore, PVDF-
HFP films were deposited at a deposition voltage of 100 V using ChA in order to achieve
a comparable deposit mass at the same deposition time with that obtained using CA at a
deposition voltage of 50 V. PVDF-HFP particles, dispersed using CA and ChA showed
zeta potentials of -28 and -11 mV, respectively. It should be noted that dispersants provide
charging and dispersion of the particles in the bulk of the suspensions. However, the same
particles must coagulate at the electrode surface. According to the literature [61] a certain
value of an electric field is necessary to overcome particle mutual repulsion at the electrode
surface for deposit formation. The required electric field can be different for suspensions
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stabilized using different surfactants. It depends on zeta potential of the particles, size and
properties of adsorbed dispersants. It is suggested that larger size of adsorbed ChA,
compared to that of CA, was detrimental for particle coagulation at the electrode surface

and the deposition process required a higher voltage.

Figure 8.3 shows morphologies of the films prepared using CA and ChA. EPD resulted in
deposition of relatively dense, continuous and crack-free films. However, small pores were
observed in high magnification SEM images. Such pores can result from packing of
polymer particles [62, 63]. The morphology of EPD coatings is dependent [61] on the
applied voltage and dispersant. Fast packing of particles at high voltages can result in
enhanced porosity [61]. More adherent films with reduced number of defects can be
obtained at moderate voltages [61]. The SEM images of cross sections indicate that film
thickness is about 1.5-2 um. Since PVDF-HFP is hydrophobic, and the as-deposited films
were relatively dense, the corrosion resistance of the films was expected. Therefore,
corrosion studies were performed in aqueous 3% NaCl solutions by potentiodynamic
method and testing results were presented in the Tafel plots (Figure 8.4). In comparison to
uncoated 304 stainless steel (Figure 8.4 (a)), the PVDF-HFP coated substrates (Figure 8.4
(b, ¢)) presented substantially increased corrosion potential and lowered anodic current.
The calculated corrosion current decreased from 2.6 pA-cm 2 for uncoated substrate to 0.13
pA-cm 2 and 0.25 pA-cm 2 for substrates coated with PVDF-HFP using CA and ChA,

respectively.
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Figure 8.3 SEM images for PVDF-HFP films prepared using (A-C) CA at 50 V and (D-F)
ChA at 100 V: (A, B, D, E) film surfaces at different magnifications, (C, F) cross sections,

arrows show film thickness.

EIS data showed that the PVDF-HFP film was a barrier preventing the electrolyte from
reaching the substrate surface. Bode plots (Figure 8.5A) revealed a significantly higher
absolute impedance of both coated samples than the bare substrate across a broad frequency
range from 10 Hz to 10 kHz. This corrosion resistance property of the coated sample led to

low phase shift (Figure 8.5B) at low frequencies. The protective properties of the coatings
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were optimized at deposition time of 5 min. At lower deposition times (Supplementary
Information, Figure S8.1 and Figure S8.2) the corrosion protection is less efficient. The
increase in the deposition time above 5 min did not show improvement in corrosion

protection.

Potential (V)

-10 -9 -8 -7 -6 -5
Log i (A-cm™)
Figure 8.4 Tafel plots of (a) uncoated and (b, ¢) coated stainless steel. The coatings were

prepared from PVDF-HFP suspensions at optimized deposition conditions: (b) CA at 50 V
(c) ChA at 100 V and deposition time of 5 min.
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Figure 8.5 EIS data of (a) uncoated and (b, c) coated stainless steel. The coatings were
prepared from PVDF-HFP suspensions at optimized deposition conditions using (b) CA at
50 V (c) ChA at 100 V and deposition time of 5 min.

Following the goal of this investigation, EPD experiments were performed on co-
deposition of PVDF-HFP and NiFe>Os. Sedimentation tests showed poor dispersion of
NiFe;0Os4 in the presence of ChA. However, CA allowed enhanced stability of NiFe,O4
suspensions. NiFe;O4 particles, dispersed using CA showed zeta potential of -32 mV.
Therefore, CA was used for co-deposition of PVDF-HFP and NiFe;O4. Figure 8.6 shows

X-ray diffraction patterns of pure NiFe>O4 and composite films.
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Figure 8.6 XRD patterns of (a) as-received NiFe,Ou, and deposits obtained from 5 g-L!
PVDF-HFP suspensions, containing 1 g-L ™! CA with (b) 5 g-L™! NiFexOa4 (c) 45 g-L™!

NiFe>O4 at 20 V and deposition time of 5 min (¢ peaks corresponding to JCPDS file 54-
0964)

As-received NiFe>O4 powder showed XRD peaks corresponding to the JCPDS file 54-0964.
Similar peaks were observed in the diffraction patterns of deposited materials and indicated
NiFe>O4 deposition. The formation of composite materials was confirmed by FTIR studies.
The broad peak centered at 549 cm™' for as-received NiFe,O4 in Figure 8.7 (a) was
attributed to Fe-O and Ni-O stretching [64]. The FTIR spectrum of PVDF-HFP (Figure 8.7
(b)) showed peak at 1398 cm ™! assigned to -C-F stretching and the bands at 1178 and 1064
cm ! were ascribed to the symmetrical stretching mode of CF2 [65]. The amorphous phase
of the polymer contributed to the bands at 876 and 841 cm ~! [66]. The vibrational bands

observed at 757 and 611 cm™! are characteristic absorptions of the crystalline phase VDF
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unit [67]. The composite films showed the characteristic peaks of both NiFe.O4 and PVDF-

HFP, which demonstrated the successful co-deposition of NiFe>O4 and PVDF-HFP.

Transmittance (a.u.)

2000 1500 1000 500
Wavenumber(cm™)

Figure 8.7 FTIR spectra of (a) as-received NiFe,Oa, (b) PVDF-HFP deposit, prepared from
5 gL' PVDF-HFP suspension, containing 1 g-L™' CA at 50 V and deposition time of 5
min and (c) PVDF-HFP-NiFe;Os deposit, prepared from 5 g-L ™! PVDF-HFP and 5 g-L™"

NiFe,O4 suspension, containing 1 g-L~! CA at 20 V and deposition time of 5 min.

TGA and DTA studies (Figure 8.8) were used for the analysis of film composition. TGA
data showed stepwise sample mass reduction below 600 °C and the sample mass remained
nearly constant at higher temperatures. The total mass loss at 900 °C was found to be 56.0
and 29.2 mass% for deposits prepared from 5 g-L~! PVDF-HFP suspension, containing 1
gL ! CA with 5 and 45 g-L ™! NiFe;Ou, respectively. The decrease of samples mass with
temperature was mainly attributed to the pyrolysis of the copolymer. The TGA data
indicated that the increase in NiFe>O4 concentration in suspension resulted in increasing

NiFe>O4 concentration in the deposited film. The DTA curves in Figure 8.8 were in
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agreement with TGA investigations. The exothermic peaks between 460 °C and 620 °C
were related to the burning out of PVDF-HFP polymer. The sample with larger NiFe>O4
and lower PVDF-HFP content showed reduced exothermic peak. The difference in TGA
mass loss (Figure 8.8A (a, b)) and DTA peak positions (Figure 8.8B (a, b)) can be explained
by the dynamic nature of the TGA/DTA test, which was performed at a heating rate of
5 °C'min”! and difference in the polymer content in the samples. In the experimental
conditions of such a dynamic TGA/DTA test for the samples with different compositions,
the burning out of the polymer occurs in a range of temperatures. During TGA/DTA
experiments, oxygen diffuses through composite and CO, gas diffuses away. The process
is governed by the rate of oxygen supply to the polymer component and the rate of CO»
release. The lower content of the inorganic phase in the composite facilitates gas diffusion
and burning out of the polymer, resulting in a sharp reduction of sample mass (Figure 8.8A
(a)) at temperatures above 460 °C. The sharp reduction of sample mass also resulted from
larger polymer content. In the sample with larger content of the inorganic phase and lower
polymer content, the inorganic phase limits the diffusion processes. As a result, the sample
mass (Figure 8.8A (b)) decreases gradually and reduced exothermic peak for this sample is

observed at higher temperatures (Figure 8.8B (b)).
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Figure 8.8 (A) TGA and (B) DTA data for deposits prepared from 5 g-L~! PVDF-HFP
suspensions, containing 1 g-L™' CA with (a) 5 and (b) 45 g-L™! NiFe,O4 at 20 V and

deposition time of 5 min.

Figure 8.9 shows SEM images of composite films at different magnifications. The films
prepared from 5 g-L™! PVDF-HFP suspensions, containing 1 g-L™! CA with 5 g-L!
NiFe>Os were relatively dense, crack-free and smooth. The films prepared from 5 g-L™!
PVDF-HFP suspensions, containing 1 g-L™' CA with 45 g-L ™! NiFe2O4 showed higher
porosity. It should be noted that PVDF-HFP acted as a binder for NiFe,O4 particles. The
sample with larger NiFe2O4 content and lower PVDF-HFP content showed enlarged
porosity due to packing of NiFe;O4 particles. Energy-dispersive X-ray spectroscopy (EDX)
mapping of film surfaces showed relatively uniform distribution of NiFe2O4 particles
(Figure S8.3). Only a low number of small agglomerates were observed in the images and
EDX maps of composites with lower NiFe>O4 content. The analysis of cross section (Figure
S8.4) of such films also showed that some agglomeration which resulted in deviation from

uniform distribution of NiFe.O4 phase in some areas of the films. In contrast, the EDX
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studies of cross sections of the films with larger NiFe2O4 content showed uniform

distribution of NiFe>Oys in the film (Figure S8.4).

The results of thermogravimetry showed that film composition and morphology can be
varied by the variation of NiFe;O4 particle concentration in the suspensions. Moreover,
deposition yield studies showed that the amount of the deposited materials can be varied
by variation of deposition time at a constant voltage or voltage at constant deposition time
(Figure 8.10). The decrease in the deposition rate with time (Figure 8.10), especially at
deposition times above 6 min, can result from the decreasing voltage drop in the suspension
due to the increasing voltage drop in the deposited layer [68, 69]. At low deposition times,
such as 1 min, the deposit mass was low and substrate coverage was incomplete; at high
deposition times, such as 15 min, the deposit spalling was observed due to the large mass
of the deposited material. The deposition voltages used for deposition of composite
materials were lower than the deposition voltages for pure polymer. The deposition
voltages were limited to 40 V and the optimized deposition voltage for the composite film
was 20V. This was attributed to electric field induced agglomeration of NiFe,O4 particles.
The effect of electric field induced agglomeration of inorganic nanoparticles was
discovered by W. M. Winslow [70]. This effect was observed in other investigations and

attributed to dipole-dipole interactions [71].

174



Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

Spm

Figure 8.9 SEM images for films prepared at a deposition voltage of 20 V and deposition
time of 5 min from 5 g-L~! PVDF-HFP suspensions, containing 1 g-L ™' CA with (A-C) 5
and (D-F) 45 g-L ™! NiFe,Ou: (A, B, D, E) surfaces at different magnifications, (C, F) cross

sections, arrows show film thickness.
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Figure 8.10 Deposit mass versus (A) deposition time at a deposition voltage of 20 V and
(B) voltage at a deposition time of 5 min for films prepared from 5 g-L™!' PVDF-HFP
suspensions, containing 1 g-L™! CA with 5 g-L™! NiFe;Oa.

Investigations also showed that magnetic properties of the composites can be varied. Figure

8.11 compares magnetization data for as-received NiFe;O4 and composite deposits.

- 40

IQ.,D la)
=

£ 20¢

3 C
=

S o}

Nt

]

N

E

220t

en

s

-40

-i[) -ll 0 0 1I0 2I0
Field (kOe)

Figure 8.11 Magnetization versus magnetic field for (a) as-received NiFe,O4 and composite
deposits prepared from 5 g-L~! PVDF-HFP suspensions, containing 1 g-L ™! CA and (b) 45
and (c) 5 g-L ™! NiFe»O4 at 20 V and deposition time of 5 min.
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The magnetization data for as-received NiFe>O4 show ferrimagnetic behavior of this
material at room temperature. As expected, composite materials also showed magnetic
properties, but with lower magnetization. Magnetization data confirmed incorporation of
NiFe>O4 into the composites. PVDF-HFP polymer is a diamagnetic material, which gives
a negative contribution to the total magnetization. Therefore, magnetic properties of the
composites are governed by their composition. Figure 8.11 indicated that magnetization
decreased with decreasing NiFe>O4 content in the composites. It should be noted that FTIR
data indicated only co-deposition of PVDF-HFP with NiFe>O4, whereas TGA/DTA data
coupled with magnetic measurements testing results also showed that film composition and
magnetic properties can be varied by the variation of bath composition. Therefore, obtained
composites combined magnetic properties of NiFe,O4 with functional properties of PVDF-
HFP. EPD of PVDF-HFP-NiFe>O4 composites offers inherent processing advantages of
EPD technique, such as simple and low cost equipment, fast deposition rate, good control
of the deposition rate, electric field controlled film uniformity and possibility of deposition
on substrates of complex shape and large area [30, 72]. Moreover, EPD offers benefits for
the fabrication of advanced composites with different phase connectivities of ferroelectric
and ferro-/ferrimagnetic phases [73]. This investigation provides a platform for EPD of
composite films combining ferrimagnetic properties of spinel ferrites with multifunctional
properties of ferroelectric polymers. It should be noted that a combination of ferrimagnetic
and ferroelectric materials doesn’t necessarily lead [74] to the multiferroic properties of the

composite. Magnetoelectric coupling in the multiferroic materials requires various
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interactions [74] between the individual components, which are based on magnetostrictive,

piezoelectric and other properties of the individual materials.

8.5 Conclusions

This study showed the feasibility of fabrication, surface modification and EPD of PVDF-
HFP particles using natural biosurfactants, such as CA and ChA. The EPD method allowed
fabrication of dense films, which exhibited corrosion protection properties. CA allowed
PVDF-HFP deposition at reduced deposition voltages. An important finding was the
possibility of co-EPD of different type materials, such as PVDF-HFP polymer and
magnetic NiFe2O4 spinel nanoparticles using CA. The use of biosurfactants offered benefits
of controlled EPD of materials. For the first time EPD method was applied for the
fabrication of composite ferroelectric poly(vinylidenefluoride-co-hexafluoropropylene)
(PVDF-HFP) - ferrimagnetic NiFe;O4 films. The composition, microstructure, deposition
rate and magnetic properties of the composite films can be varied. The method developed
in this investigation provide a simple and versatile strategy for the fabrication of composite
films, combining ferrimagnetic properties of spinel oxides with multifunctional properties

of ferroelectric polymers.
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Figure S8.1 (A) Tafel plot and (B, C) Bode plot of complex impedance for coated stainless
steel. The coating was prepared from PVDF-HFP suspensions using CA at 50 V and

deposition time of 2 min.
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Figure S8.2 (A) Tafel plot and (B, C) Bode plot of complex impedance for coated stainless
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steel. The coating was prepared from PVDF-HFP suspensions using ChA at 100 V and

deposition time of 2 min.

= Opm

Figure S8.3 Electron microscopy data for deposits prepared from 5 g-L™' PVDF-HFP
suspensions, containing 1 g-L~! CA with (a-c) 5 and (d-f) 45 g-L™! NiFe»O4 at 20 V and
deposition time of 5 min: (a, d) SEM and (b, c, e, f) corresponding EDX.
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Spm

Figure S8.4 Electron microscopy data for deposits prepared from 5 g-L™' PVDF-HFP
suspensions, containing 1 g-L™! CA with (a-c) 5 and (d-f) 45 g-L ! NiFe;O4 at 20 V and
deposition time of 5 min: (a, d) Cross-sectional SEM and (b, c, e, f) corresponding EDX.
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Chapter 9 EPD of PVDF-HFP-CuFe204 Composites

This chapter is reproduced from Q. Zhao and I. Zhitomirsky, Colloidal processing of
ferroelectric  poly(vinylidene  fluoride-co-hexafluoropropylene) —  ferrimagnetic
pseudocapacitive CuFe>0O4 composite films, Colloid Polymer Science 300, 1197—1204

(2022), (https://doi.org/10.1007/s00396-022-05022-9) with permission from Copyright ©

2022 Elsevier B.V. The author of this thesis is the first author and the main contributor of
this publication, including conceiving the initial ideas, carrying out experiments,
development of approach and methodology, analysis of data, writing the initial draft and

preparation of the manuscript.

9.1 Abstract

Composite polymer-ceramic films are prepared from colloidal suspensions by
electrophoretic deposition (EPD). Co-deposition of ferrimagnetic CuFe.Os4 with
ferroelectric poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) polymer is
achieved using a co-dispersant, which is also used for the preparation of PVDF-HFP
particles. The mechanism of co-dispersant adsorption on CuFe;Os and PVDF-HFP in
colloidal suspensions is analyzed. Electrochemical studies of CuFe>Os reveal good
pseudocapacitive properties of this material in a negative potential range, which make it a
material of choice for magnetocapacitive devices. A capacitance of 1.72 F-cm 2 (43.1 F-g'})

is observed at 2 mV-s! for pure material in a neutral Na>SOs electrolyte. The

190


https://doi.org/10.1007/s00396-022-05022-9

Ph.D. Thesis - Qinfu Zhao; McMaster University - Material Science and Engineering

microstructure and composition of PVDF-HFP-CuFe;O4 films are analyzed. Composite
films show ferrimagnetic properties, which are analyzed in a wide temperature range. EPD
method represents a versatile strategy for the fabrication of composite films based on

functional properties of CuFe2O4 and PVDF-HFP.

9.2 Introduction

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) is an important functional
polymer for various applications [1-3] due to its high chemical stability, biocompatibility,
flexibility, optical transparency, ferroelectric and piezoelectric properties [4-7]. PVDF-
HFP has generated significant interest for fuel cells [8], biosensors [9], and lithium batteries
[10, 11]. Many applications are based on the use of PVDF-HFP composites for triboelectric
nanogenerators [12], magnetoelectric devices [13], batteries [14], distillation membranes

[15], energy storage devices [16] and magnetically controllable oil-water separation [17].

Ferroelectric PVDF-HFP is a very promising polymer for the fabrication of multiferroic
composite materials, combining ferroelectric and magnetic properties. Multiferroic
composites offer advantages compared to individual multiferroic compounds. The analysis
of review literature [18, 19] on multiferroic compounds indicates that such compounds
exhibit antiferroelectric properties or weak ferro-/ferrimagnetic properties at low
temperatures. The combination of ferroelectric PVDF-HFP with advanced ferrites in
composite materials can potentially result in the fabrication of multiferroic composites with

high magnetization. Moreover, recent studies revealed pseudocapacitive properties of
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spinel ferrites [20-22]. The theoretical capacitance of such materials is by many orders of
magnitude higher than the capacitance of the best ferroelectric materials. Therefore, the
incorporation of spinel ferrites into PVDF-HFP matrix can impart advanced capacitive

properties to the composites.

CuFe>0q4 is a promising ferrimagnetic spinel material for the fabrication of PVDF-HFP
composites. This material exhibits advanced magnetic and photocatalytic properties [23].
Magnetic properties of CuFe,Ou spinel depend on distribution of Cu?>* and Fe*" ions in
crystallographic tetrahedral and octahedral positions [24, 25]. It is known that Fe*" cations
in oxide materials can be reduced electrochemically [26-28] to Fe?", whereas Cu?" cations
can be reduced [29-31] to Cu'. Therefore, interesting pseudocapacitive properties of
CuFe>O4 can be expected in a negative potential range. However, pseudocapacitive
properties of CuFe>Os were observed in a positive potential range [32-36]. The
investigation of pseudocapacitive properties of CuFe>O4 in the negative potential range is
of particular interest for the analysis of potential magnetocapacitive effects. Such effects
can result from changes in magnetization due to changes in magnetic moments of ions

during the reduction process.

Many applications of multiferroic and magnetocapacitive materials involve the use of thin
films and significant attention was focused on the development of film deposition
techniques [37-40]. PVDF-HFP is a promising polymer for the fabrication of composite
films due to its high chemical stability and flexibility. PVDF-HFP films were deposited by

dip coating [17], spray coating [9], electrospinning [41], and spin-coating [9]. Colloidal
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techniques, such as electrophoretic deposition (EPD) [42-45], offer advantages for the
fabrication of composite films. EPD facilitates uniform deposition on substrates of complex
shape at a high deposition rate [46, 47]. This method allows excellent control of deposit
stoichiometry, which is critically important for the deposition of complex oxides with
advanced functionality [48]. The success in the fabrication of composites by colloidal
method is inevitably related to the development of advanced techniques for surface
functionalization and dispersion of particles [49-51]. EPD of composites requires the use
of co-dispersants, suitable for deposition of individual components [52-54]. Recent studies
showed that EPD of CuFe>O4 can be achieved using Mg(NO3); as a charging and dispersing
agent. However, the use of Mg(NO3)> can result in film contamination due to the cathodic
electrosynthesis [55] of Mg(OH),. Moreover, this strategy cannot be used for co-deposition

of CuFe;04 with PVDF-HFP.

The goal of this investigation was the fabrication of PVDF-HFP-CuFe;O4 films by EPD.
The results presented below demonstrate good pseudocapacitive properties of CuFe>O4 in
a negative potential range. Co-deposition of PVDF-HFP and CuFe;O4 films was achieved
using caffeic acid as a co-dispersant. Composite films showed ferrimagnetic properties.
The EPD method represents a versatile strategy for the fabrication of composite films with
advanced functional properties. The incorporation of CuFe;Os4 into PVDF-HFP offers
benefits for the fabrication of films with advanced functionality, due to magnetic,

pseudocapacitive and photocatalytic properties of CuFe;Oa.
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9.3 Experimental Procedures

CuFe>04 nanopowder (size<100 nm), poly(vinylidene fluoride-co-hexafluoropropylene)
(PVDF-HFP, Mw~400 kDa), absolute ethanol, N-methyl-2-pyrrolidone (NMP) and caffeic
acid (CA) were obtained from (MilliporeSigma, Canada). As-received PVDF-HFP
contained beads with a typical size of 0.5 cm. The PVDF-HFP beads were dissolved in
NMP solvent and added dropwise to ethanol, containing dissolved CA. Obtained 5 g-L™!
suspensions of PVDF-HFP particles, dispersed using CA in a mixed solvent of 75%
ethanol-25% NMP were used for electrophoretic deposition of pure PVDF-HFP.
Composite PVDF-HFP-CuFe>Os films were obtained from suspensions, containing 5 g-L ™!
PVDF-HFP and 5 g-L ™! CuFe>04, which were dispersed in 75% ethanol-25% NMP solvent
using CA as a co-dispersant. The concentration of dissolved CA in suspensions used for

EPD was 1 g- L%,

304 stainless steel and Pt foils were used as anodic substrates and cathodes, respectively,
for anodic EPD. The deposition voltages were 50 V for PVDF-HFP films and 30 V for
composite PVDF-HFP-CuFe>Oq4 films. The distance between electrodes was 1.5 cm. The

suspensions were ultrasonicated for 30 min before EPD. The deposition time was 5 min.

Microstructure characterization was performed by a scanning electron microscope (SEM,
JSM-7000F, JEOL) and a transmission electron microscope (TEM, Talos 200X).
Pseudocapacitive properties of CuFe2Os were studied using electrodes with high active

mass loadings of 40 mg-cm? for comparison with other pseudocapacitive materials [56].
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The electrode fabrication procedure was similar to that used for other pseudocapacitive
materials [56-58]. Slurries of CuFe2O4 in NMP, containing dissolved PVDF-HFP were
used for impregnation of Ni foam (Vale, Canada) current collectors. PVDF-HFP acted as a
binder for CuFe;O4 particles. The binder content in the electrode material was 5%. The
initial thickness of the porous current collectors (95% porosity) was 1.6 mm. After
impregnation and drying, the obtained electrodes were pressed to 30% on the initial
thickness in order to reduce porosity and improve electric contact of active material with
current collector. Electrochemical testing was performed using PARSTAT 2273 (Ametek)
potentiostat and a 3-electrode cell, containing a working electrode with area of 1 cm?,
saturated calomel electrode (SCE) and Pt mesh counter electrode in 0.5 M Na>SOg4
electrolyte. Cyclic voltammetry studies were performed in a negative potential range of -
0.8-0.0 V versus SCE. Complex impedance (Z*) measurements were performed at a
voltage amplitude of 5 mV in a frequency (f) range of 10 mHz-10 kHz. Electrode area
normalized capacitance (Cs) and mass normalized capacitances (Cm) were calculated from

the CV and impedance data.

The following equation was used for capacitance calculations from CV data:

t(Umax) 0
o AQ _ |f0 Idt| + |ft(Umax) Idt| o.1)
AU 2Umax

where AQ is charge, AU is the potential range, / is current and ¢ is time.
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The impedance Z*(w) =Z'(w) + iZ"(w) data at different frequencies ® = 2nf was used for

the calculation of complex capacitance C*(®) =C'(®) - iC"(®):

, _ —Z"(w)
CO LW 2
A ) _
C T w7 o

Deposited films were scraped off from the substrates and powder samples obtained were
used for X-ray diffraction (XRD) studies, magnetic measurements, Fourier transform
infrared spectroscopy (FTIR) studies, thermogravimetric analysis (TGA) and differential
thermal analysis (DTA). XRD studies (diffractometer Bruker D8, Cu-Ka radiation, UK)

were performed at the rate of 0.01 degrees per second.

Magnetic properties were studied using a Quantum Design PPMS-9 system. Magnetization
hysteresis loops were obtained by applying external magnetic field at the sweep rate of 10
Oe'min"!. The temperature dependence of the magnetization was studied by both zero-
field-cooled (ZFC) and field-cooled (FC) procedures. The sample was cooled down to 1.9
K in the zero external field (ZFC) and then magnetization was measured during heating to
300 K under the applied field of 100 Oe. The sample was subsequently cooled back to 1.9
K under an applied field of 100 Oe (FC) and the measurements of magnetization were

carried out during heating to 300 K.
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FTIR studies were performed using a Bruker Vertex 70 spectrometer (USA) in the range
of 400-4000 cm™!. The TGA and DTA studies were performed using a thermoanalyzer
(Netzsch STH-409), which was operated in air between room temperature and 1000 “C at

a heating rate of 5 "C-min"".

9.4 Results and Discussion

Figure 9.1 shows results of magnetic measurements of pure CuFe>O4 material. Magnetic
measurements indicated that as-received CuFe>O4 particles showed ferrimagnetic behavior

at room temperature.

40
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Figure 9.1 Magnetization versus magnetic field for as-received CuFe;Os.

Electrochemical studies showed pseudocapacitive properties of CuFe;O4 in the negative
potential range. Figure 9.2A shows CVs for CuFe>O4 electrodes in the potential range of -

0.8-0.0 V versus SCE.
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Figure 9.2 (A) CVs at sweep rates of (a) 5, (b) 10 and (c) 20 mV-s ! and (B) capacitance,

calculated from CV data versus scan rate for CuFe>Oq electrodes.

For an ideal capacitor Q=CU, therefore a constant current [=dQ/dt=CdU/dt is observed at
a constant scan rate (dU/dt). The analysis of CV data at low scan rates revealed nearly
constant charge/discharge currents without redox peaks, which indicated pseudocapacitive
behavior. However, CVs were slightly tilted at higher scan rates. This can result from ion
diffusion limitations in pores of the material at high scan rates. The capacitance of 1.72
F-cm 2 (43.1 F-g'!') was observed at 2 mV-s . The capacitance decreased with increasing
scan rate to the level of 0.5 F-cm %(12.4 F-g ') at 100 mV-s ™. A relatively high capacitance
of CuFe>O4 makes it a promising energy storage material. As pointed out above the high
capacitance in the negative potential range can result in magnetocapacitive effects in this
material, because reduction of metal ions in this range results in changing of their magnetic
moments, which influence superexchange interactions of the ions and ferrimagnetic

behavior of the material. Figure 9.3 shows impedance spectroscopy data for the CuFe;O4
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electrodes. The Nyquist plot of complex impedance showed a relatively low resistance of

the electrode.
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Figure 9.3 (A) Nyquist plot, (B,C) frequency dependences of (B) Cs’ and (C) Cs” for
CuFe 0.

It should be noted that capacitance Cs’ obtained from impedance data depends on frequency,
whereas Cs derived from the CV data depends on scan rate. Therefore, the capacitances
must be compared at similar charge-discharge time scales. It was found that such
comparison gives comparable capacitances measured by both methods. The frequency,
corresponding to the maximum in the Cgs” is a relaxation frequency, which was relatively

high and indicated good material performance.

Following the goal of this investigation, EPD method was used for the fabrication of PVDF-
HFP-CuFe;04 films. Figure 9.4 shows a TEM image of PVDF-HFP particles prepared in
this investigation. It should be noted that original large PVDF-HFP beads cannot be used
for EPD due to their large size. The particle preparation procedure resulted in the

fabrication of relatively small particles with a typical size of 1.5-2 um. Drying resulted in
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neck formation between the particles and facilitated the formation of relatively dense films
by EPD (Figure 9.5). It is suggested that adsorbed anionic CA imparted a negative charge
to the particles for their anodic EPD. Moreover, CA acted as a co-dispersant for PVDF-
HFP and CuFe>O4 and facilitated their co-EPD from colloidal suspensions. SEM images in
Figure 9.5 show that small CuFe,O4 nanoparticles were co-deposited with PVDF-HFP and
incorporated into the PVDF-HFP matrix. It should be noted that CuFe>O4 nanoparticles are
prone to agglomeration in colloidal suspensions due to van der Waals and magnetic
attraction forces. The use of CA allowed for their efficient dispersion, charging and

deposition.

Figure 9.4 TEM image of PVDF-HFP particles.
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200nm

Figure 9.5 SEM images at different magnifications for (A, B) PVDF-HFP and (C, D)
PVDF-HFP-CuFe:Oq4 films prepared by EPD.

Figure 9.6A shows the chemical structure of CA. This molecule belongs to the catecholate
group of materials [59], which show strong adsorption on inorganic surfaces by creation of
bidentate chelating or bridging bonding (Figure 9.6 (B, C)). The electric charge of adsorbed

CA allows EPD of materials [59].
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Figure 9.6 (A) Chemical structure of CA, (B, C) CA adsorption on particle surface by
bidentate (A) bridging or (C) chelating bonding, involving metal atoms M=Cu or Fe on the

surface.

The interest in catecholate dispersants [53, 59] for EPD of inorganic materials has been
fueled by analysis of strong mussel adsorption on surfaces, which involves catecholate-
type amino acid monomers of mussel proteins [60, 61]. It is suggested that the adsorption
of CA on PVDF-HFP involved hydrophobic interactions. Many commercial dispersants
fail to provide co-EPD of materials of different materials classes. In contrast, CA co-

dispersant allowed co-EPD of PVDF-HFP polymer and inorganic CuFe,O4 particles.

The co-deposition of CuFe.Os4 and of PVDF-HFP was confirmed by XRD, FTIR,
TGA/DTA and magnetic measurements. Figure 9.7 shows X-ray diffraction patterns of as-

received CuFe>04 and PVDF-HFP-CuFe>O4 composite.
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Figure 9.7 X-ray diffraction patterns of (a) as-received CuFe>O4 and (b) PVDF-HFP-
CuFe>04 deposit prepared by EPD (e peaks, corresponding to JCPDS file 04-006-6233 of
CuFe;04).

As-received CuFe;04 showed peaks, corresponding to JCPDS file 04-006-6233. The
deposited PVDF-HFP-CuFe;O4 films showed similar peaks and confirmed deposition of

CuFe;0s4.
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Figure 9.8 FTIR spectra of (a) as-received CuFe>Os, (b) deposited PVDF-HFP film and (c)
deposited PVDF-HFP-CuFe;04 composite film.

Figure 9.8 shows FTIR spectra of as-received CuFe;O4 nanoparticles, deposited PVDF-
HFP and PVDF-HFP-CuFe>O4 composites. The spectrum of CuFe>O4 showed broad peaks
around 552 and 1014 cm ™!, which can be attributed to M-O vibrations (M=Cu, Fe) and

surface vibrations of M-OH groups, respectively [62, 63].

The absorptions at 611 and 757 cm™! in the spectrum of PVDF-HFP are attributed to
characteristic vibrations of the crystalline VDF group [64]. The amorphous phase
contributed to peaks at 841 and 876 cm ! [65]. The absorptions at 1064 and 1178 cm™!
resulted from the stretching symmetrical vibrations of CF2 [66]. The absorption at 1398
cm ! resulted from -C-F stretching [66]. The spectrum of deposited PVDF-HFP-CuFe;O4
composite film showed peaks related to PVDF-HFP as well as CuFe;O4 and confirmed

their co-deposition.
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TGA studies showed mass loss, related to burning out of PVDF-HFP. The remaining mass
of the composite material at high temperatures represents the mass of CuFe;O4. The DTA
data showed an exothermic peak due to burning out of PVDF-HFP, corresponding to the
step in the TGA data (Figure 9.9). Therefore, TGA/DTA data also confirms co-deposition

of PVDF-HFP with CuFe>Os.
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Figure 9.9 (a) TGA and (b) DTA data for PVDF-HFP-CuFe>O4 composite deposit.

Figure 9.10 shows magnetic measurement data for the composite film. The magnetization
versus magnetic field dependence shows ferrimagnetic behavior of the composite film. The
composite showed a relatively high magnetization. As expected, the mass normalized
magnetization is lower than that for pure CuFe;O4 material. ZFC and FC curves confirmed
ferrimagnetic behavior of the composite material. ZFC curve in the range of 1.9-298 K did
not show a maximum related to blocking temperature of transition from the ferrimagnetic

to a superparamagnetic state.
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Figure 9.10 (A) Magnetization versus magnetic field at 300 K and (B) ZFC and FC
magnetization data for PVDF-HFP-CuFe>O4 composite.

Testing results indicate that PVDF-HFP-CuFe.O4 composite material, combining
functional properties of PVDF-HFP and CuFe;Os4 can be prepared by EPD. Further
investigations will be focused on the variation of film composition, which can be achieved
by variation of mass ratio of PVDF-HFP and CuFe;O4 in the EPD bath. It should be noted
that PVDF-HFP exhibits low conductivity, which is detrimental for observation of
pseudocapacitive properties of CuFe;Os. Therefore, advanced pseudocapacitive, magnetic
and photocatalytic properties [23] can be observed at a high CuFe>O4 content in the
composite. A relatively high conductivity of CuFe>Oy4 is beneficial for the pseudocapacitive
charging mechanism [67]. Such films can potentially exhibit magnetocapacitive effects due
to redox-active properties of CuFe2Os4 in the negative potential range. In contrast,
ferroelectric properties of PVDF-HFP can be combined with magnetic properties of
CuFey0O4 at high PVDF-HFP content. The relatively high dielectric constant of CuFe>O4

[67] can result in enhanced dielectric constant of such composites.
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9.5 Conclusions

EPD method has been developed for the fabrication of composite films of ferrimagnetic
CuFe;O4 and ferroelectric PVDF-HFP. Electrochemical studies revealed advanced
pseudocapacitive properties of CuFe2O4 in a negative potential range. A capacitance of
1.72 F-cm 2 (43.1 F-g!) was observed at 2 mV-s™! for pure material in a neutral Na>SOx4
electrolyte. The high pseudocapacitance of CuFe;O4 in a negative potential range makes it
a material of choice for energy storage devices. CA facilitated the fabrication of PVDF-
HFP particles. The challenges related to dispersion of ferrimagnetic CuFe>O4 nanoparticles
in colloidal suspensions were addressed using CA, which acted as a co-dispersant and
charging agent for co-deposition of CuFe>O4 and PVDF-HFP. Composite films showed
ferrimagnetic properties. EPD method represents a versatile strategy for the fabrication of
composite films and opens an avenue for the fabrication of composites with different
functional properties. High pseudocapacitance and magnetization can be expected at high
concentrations of CuFe;Os4 nanoparticles in the composite films. Moreover, such
composites can potentially exhibit magnetocapacitive properties due to redox-active
properties of CuFe;O4 in the negative potential range and other functional properties of
CuFez04, such as photocatalytic properties. At high PVDF-HFP content, the enhanced
ferroelectric properties can be expected. The incorporation of CuFe>O4 into the PVDF-HFP

can impart enlarged dielectric constant and ferrimagnetic properties to such composites.
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Chapter 10 Conclusions and Future Works

In general, the overall objective of developing biomimetic strategies for the electrophoretic
deposition of polymers and composites was primarily achieved. High quality
polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF) and poly(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) polymer coatings and their composites
with multifunctional properties were successfully fabricated using catecholate-type and
bile acid-type biosurfactants by EPD for promising applications in corrosion protection,
biomedical devices, biosensors, and energy storage devices, amongst other things. The
adhesion strength of the polymer films prepared in this investigation corresponded to the
highest 5B classification, measured according to ASTM test method D3359. This
investigation resulted in the development of new families of advanced biosurfactants. The
analysis of the influence of surfactant structure and functional groups on dispersion and
EPD efficiency of different materials provides an insight into the design of advanced
surfactants for colloidal processing of materials of different types. The approaches
developed in this research pave the way for the EPD of other chemically inert, electrically
neutral polymers and co-depositing them with inorganic materials to create novel
nanocomposites with advanced functionality. Specifically, the major findings can be

summarized as follows:

1. DChNa is a versatile, charged dispersant and coating-forming molecule which allows

for the EPD of PTFE, diamond, and CDs from aqueous solutions. Adsorbed DCh™
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species on PTFE offered negative charge and electrostatic dispersion of PTFE particles,
and anaphoretic transport of PTFE to the anodic substrate, forming deposition by
protonation to water insoluble DChH. Potentiodynamic testing showed that PTFE films
provide protection against corrosion for steel. Conceptual new strategy for fabricating
chemical inert polymer composite films by EPD was demonstrated by using of DChNa
as co-dispersant, which also paved the ways for the utilization of other bile acids or
salts as biosurfactants for EPD technique.

. LCA is a promising natural co-surfactant for the EPD of corrosion protective PTFE
films and PTFE-diamond composites with reduced porosity and a high deposition yield
in an ethanol solvent, which eliminated the gas evolution during aqueous EPD.

. BAs allowed for controlled EPD of hydrophobic and inert PVDF at high deposition
rates in an ethanol suspension, resulting in PVDF having a deposition yield that
increased in the order of LCA<CDCA<DCA<UDCA<ChA. The number, position, and
orientation of OH groups on the structures of BAs showed great influence on their
dispersing efficiency and the deposition yield of PVDF particles. ChA was discovered
as a promising co-surfactant for the EPD of PVDF-diamond and PVDF-silica
composites with controlled composition.

Catecholate-type molecules CA and CV showed unique adsorption capabilities on
different materials, making them choice co-dispersants for the EPD of organic-
inorganic nanocomposites. It was found that CA and CV adsorbed on PVDF particles
through hydrophobic interactions and on the metal oxides of TiO2, MnO,, and NiFe>O4

through catecholate-type bonding. Tafel and EIS data showed that deposited PVDF
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films provide corrosion protection properties. Co-deposited PVDF-NiFe;O4
nanocomposites showed superparamagnetic properties.

CA was used for fabricating micrometer level PVDF-HFP particles from large pellets
(5 mm in diameter), which facilitated the EPD of dense PVDF-HFP films exhibiting
corrosion protection properties. Importantly, the use of CA as a biosurfactant allowed
for the co-EPD of PVDF-HFP composites mixed with ferrimagnetic spinel oxides, such
as NiFe>O4 and CuFe>O4. The compositions, microstructures, and magnetic properties
of the composite films can be easily tuned by controlling the deposition parameters.
PVDF-HFP-CuFe;Os composite films showed ferrimagnetic properties and could
potentially exhibit magnetocapacitive properties due to the redox-active properties of
CuFe>04 in the negative potential range. The method developed in this investigation
provides a simple and versatile strategy for the fabrication of composite films,
combining ferrimagnetic properties of spinel oxides with multifunctional properties of

ferroelectric polymers.

The biomimetic approaches developed in this research allowed for the development of new

strategies for the surface modification of chemically inert PTFE, PVDF and PVDF-HFP

fluoropolymers and the deposition of functional polymer films and composites by EPD

from colloidal suspensions. Looking ahead, these approaches will pave the way for the EPD

of other chemically inert, electrically neutral fluoropolymers or other advanced polymers

from other polymer classes. These investigations also provide simple and versatile methods

for making composite films that boast multifunctional properties. The use of catecholic and
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steroid molecules as co-surfactants provides a basis for a breakthrough in EPD technology
for co-depositing different types of materials. It is expected that other catecholate type
molecules and BAs/BSs molecules, their derivatives, and other natural biosurfactants can
also address the challenges to EPD and be used for the EPD of functional materials for
various applications. The new strategies developed during this investigation are promising
for the development of electrophoretic nanotechnology of advanced composite films for
applications in supercapacitors, batteries, solar cells, biomedical implants and sensors,

corrosion protection, and ferroelectric, piezoelectric, and magnetic devices.
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