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LAY ABSTRACT

Polymer and composite coatings have been utilized for a wide range of
applications due to their barrier properties, scratch and abrasion resistance, chemical
resistance, and biocompatibility. Various techniques have been developed to fabricate
polymer and composite coatings, such as electrophoretic deposition (EPD) and the dip

coating method.

However, limitations remain. EPD unitizes an electrical field to drive charged
particles in a suspension toward conductive substrates to achieve film deposition. This
process requires a stable suspension with charged particles, therefore, the electroneutral
polymers present difficulties in their EPD. In addition, dissolving high molecular
weight polymers at high concentrations in a non-toxic solvent is currently challenging,

which is vital to utilize dip coating technique.

The objective of this work was to develop advanced charging dispersants for EPD
of electroneutral polymers and non-toxic solvents for dip coating of high molecular
weight polymers. New biomimetic and versatile approaches have been developed for
EPD of different electrically neutral polymers, chemically inert materials, and their
composite coatings. A non-toxic co-solvent was proposed to dissolve high molecular

weight polymer at high concentration for dip coating of the polymer and its composite
I



Ph.D. Thesis McMaster
University

Xingian Liu Materials Science and
Engineering

coatings containing flame retardant materials. The results presented in this work showed

the formation of high-quality films with multifunctionality and paved new strategies for

further developments.
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ABSTRACT

Polymer coatings are thin films of polymer deposited on different substrates for
various applications. Such surface coatings can serve a functional purpose (adhesives,
photographic films), protective purpose (anticorrosion), or decorative purpose (paint).
Additionally, their composite coatings containing ceramic, or metal particles are often
used to enhance durability, functionality, or aesthetics. Electrophoretic deposition (EPD)
and dip coating are two promising methods for the fabrication of polymer and composite

coatings due to the ease of fabrication, low cost, and high-volume production.

EPD involves the electrophoresis of charged particles and their deposition on the
electrode surface, which requires the colloidal particles to be charged in a stable
suspension as a precursor solution for deposition. Many polymers cannot be deposited
by EPD directly because of their charge neutrality and poor dispersion. Therefore, it is
critical to develop efficient charging dispersants to modify electrically neutral polymers
for their EPD. The approach was inspired by the strong solubilization power of bile
acids in the human body. Two types of bile salts, cholic acid sodium salt and sodium
chenodeoxycholate, and three types of biosurfactants, carbenoxolone sodium salt,
glycyrrhizic acid, and 18B-glycyrrhetinic acid, which share similar structures with bile

salts, were discovered for charging, dispersion, and EPD of different materials. The
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electrically neutral polymers (PTFE and PVDF), chemically inert materials (diamond,
nanodiamond, graphene, carbon dots, carbon nanotubes and Zr-doped hydrotalcite
(MHT)), and their composites can be well dispersed in suspension and deposited using
these bio-surfactants as dispersants. It was found that the unique chemical structures of
these biomolecules play vital roles in the surface modification and EPD of different
materials. Moreover, the deposited polymer (PVDF, PTFE) and composite (PTFE-
MHT) coatings can provide outstanding corrosion protection for stainless steel. The
biomimetic and versatile strategy opens a way for the deposition of other electrically

neutral materials through EPD. These findings also provide a promising strategy for

selecting new dispersants for EPD.

The deposition of high molecular weight (Mw) polymers such as poly(ethyl
methacrylate) (PEMA) at high concentrations in non-toxic solvents continues to be a
challenge for dip coating. In this work, we firstly proposed using water-isopropanol as
a co-solvent to dissolve high Mw PEMA at high concentrations. It was found that water
molecules can solvate carbonyl groups of PEMA and facilitate their dissolution. This
method avoided the usage of toxic solvents and a long-time heating procedure for their
removal. Moreover, it allows the fabrication of high-quality PEMA and composite
coatings containing different flame retardant materials (FRMs), including double

hydroxide LiAl2(OH)7.2H20 (LiAIDH), huntite, halloysite and hydrotalcite, through the

v
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dip coating method. A novel solid state synthesis method was proposed to fabricate
LiAIDH, which is promising for the fabrication of other advanced DHs. Such composite

coatings combined advanced properties of PEMA and functional properties of FRMs,

such as corrosion inhibition and FR properties.
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Chapter 1 Introduction

1.1 Overall context

Polymer and composite coatings are currently under development for different
applications. Various polymers such as polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), and poly(ethyl methacrylate) (PEMA) have been used as a coating in various
technologies. [1] Polymer and composite coatings are used in a wide variety of applications,
including aerospace and automotive parts for corrosion protection, food processing, biomedical
and pharmaceutical appliances, and energy storage devices. [2, 3] Various techniques have
been successfully employed for polymer coating fabrication. These include spin coating, dip
coating, electrophoretic deposition (EPD), solution casting, and spray coating. [1] Considering
the complexity, expense, and possibility of mass production, both dip coating and EPD are

promising selections for the production of polymer coatings.

EPD has generated significant interest in fabricating coatings and thin films for
biomedical, electronic, energy storage, and photovoltaic applications. [4-7] EPD technique
involves electrophoresis of charged particles and their deposition on the electrode surface. [8-
11] Therefore, charged particles and stable suspension are critical prerequisites for EPD. Many
investigations were conducted to develop surface engineering strategies to charge particles,

develop deposition mechanisms, and optimize the deposition conditions. [12-15] However, the
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EPD of chemically inert and electrically neutral polymers such as PTFE and PVDF remains a
challenge. PTFE is a fluoropolymer, the demand for which in domestic, industrial, and defense
fields is consistently increasing due to its promising physical and chemical properties. PTFE is
highly flexible, chemically stable, thermally stable, and electricity resistant polymer. [16] EPD
technique of PTFE coatings has been reported in only four papers. [17-20] In these cases, toxic
solvent [17] and hazard dispersants [18, 19] were employed for the EPD process, which limited
its biomedical applications. De Riccardis et al. proposed polyvinylpyrrolidone (PVP) as a steric
dispersant for EPD of PTFE. [20] However, the charge would be insufficient for achieving
high-quality films through EPD. PVDF is a promising functional polymer that has been applied
to biomedical implants, energy storage devices, multiferroic devices and other fields [21] due
to its valuable properties, such as excellent mechanical strength, strong chemical resistance,
piezoelectric and ferroelectric properties. [22-25] Two papers achieved the EPD of pure PVDF
in various organic solvents and a mixture of 1-butanone-water without charging additives. [26,
27] Another paper proposed that PVVDF films can be deposited in a mixture of N-methyl-2-
pyrrolidinone-ethanol through EPD without charging agents. [28] However, charged
dispersants are critically important for controlled EPD. Therefore, despite the progress
achieved in the EPD of PTFE and PVDF, challenges remain. Problems still faced include the
need to avoid using toxic solvents and hazardous dispersants, develop efficient and versatile

charging dispersants, and better explain the mechanism of dispersion and deposition.
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Dip coating techniques involve immersing a substrate into a tank containing coating
material, sample withdrawal, and then drainage, which has been widely applied in both industry
and laboratory fields. [29] However, polymers with low molecular weights (Mw) show weak
film-forming and binding properties. The solubility of polymers decreases as Mw increases,
while it is difficult to achieve good substrate coverage using dilute polymer solutions. [30, 31]
Consequently, if the high Mw polymers cannot be dissolved at a high concentration, they
cannot be deposited into a high-quality coating through the dip coating method. Poly(ethyl
methacrylate) (PEMA) faces this problem. PEMA exhibits advanced properties, including
mechanical strength, biocompatibility, chemical stability, and thermal stability. [32, 33] It has
attracted significant interest for its use in bone and cartilage repair[33], polymer electrolytes
and membranes for energy generation and storage devices[34, 35], and coatings for corrosion
protection[36]. However, PEMA has difficulty dissolving at high concentrations in a nontoxic
solvent. Various techniques have been proposed to fabricate PEMA coatings, including casting,
spin coating, and electrospinning. [37-45] However, acetone, chloroform, and benzene are
commonly used as solvents [37-43] and deposition process is usually followed by a long-time
heating procedure for solvent removal. [39-42, 44, 45]. Therefore, it is of paramount
importance to develop a nontoxic solvent to dissolve PEMA at high concentrations for dip

coating.

In this work, one of the primary objectives was to develop new dispersing, charging, and

film-forming agents for EPD of electrically neutral polymers. Based on biomimetic inspiration

3
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from the strong solubilization ability of bile acids in the human digest system, two bile salt
molecules and three steroid-like bio-surfactants were investigated to assist in the EPD of PTFE,
PVDF, and other chemically inert particles, such as diamond, nanodiamond, graphene, carbon
dots, carbon nanotubes and Zr-doped hydrotalcite (MHT), as well as their composites. All these
materials were successfully deposited, which indicated that these bio-surfactants were versatile
agents for surface modification of the materials and their EPD. These versatile agents can also
help to achieve the fabrication of their composite coatings, such as PTFE-diamond, PVDF-
diamond and PTFE-MHT. More than that, potentiodynamic and impedance spectroscopy
studies indicated that PTFE and PVDF films could provide corrosion protection to steel. A
conceptually new strategy was proposed to further enhance the protective properties of PTFE
coatings through the incorporation of MHT in the PTFE matrix based on the memory properties
of MHT. These findings hinted at a promising strategy for selecting new dispersants for EPD.
It can be expected that the study of other steroid-like biomolecules will lead to further
improvement in the development of surface modification techniques and EPD for different
materials. It also opens a way for the deposition of other chemically inert and electrically

neutral materials through EPD.

The other primary objective was to explore a non-toxic solvent for dissolving high Mw
polymers at high concentrations for dip coating. In this work, | firstly dissolved PEMA at a
concentration of up to 50g L™ using mixed water-isopropanol as a co-solvent. The usage of

non-toxic solvent doesn’t limit its use in certain applications and saves fabrication time.

4
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Moreover, this solvent allows for the fabrication of PEMA and composite coatings containing
different flame retardant materials (FRMs), including double hydroxide LiAl>2(OH)7.2H,0
(LiAIDH), huntite, halloysite and hydrotalcite. | proposed a novel solid state synthesis method
to fabricate LiAIDH, which is simple, waste-free and facilitates the control of stoichiometry.
This waste-free method is promising for the fabrication of other advanced DHs. The composite
coatings combined the corrosion-resistant properties of PEMA and the fire-resistant properties
of FRMs. This investigation has provided a new direction for future research into the colloidal
processing of polymers using non-toxic solvents and the fabrication of organic-inorganic

composites using different colloidal techniques.

1.2 Thesis Overview

The following is a summary of the remaining chapters contained in this thesis:

Chapter 2 contains a thorough review of the fundamental colloidal science, dispersion of
colloidal suspension, and problem statement and description of main gaps in the existing
research. Different types of advanced dispersing agents are also reviewed. Finally, there is an
overview of EPD and dip coating methods as coating fabrication techniques, which involves

the challenges of these two methods.

Chapter 3 presents the primary objectives of this work.

Chapter 4 describes a biomimetic approach for EPD of advanced materials such as PTFE,

diamond, graphene, pyrrole, carbon dots, and their composites utilizing sodium cholate
5
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(ChANa) as a charging dispersant and coating-forming agent. SEM and FTIR were used to
characterize the morphology, thickness, and composition of the as-deposited films. Also, it was
discovered that these materials could be deposited as high-quality films through EPD because
of the strong adsorption of amphiphilic ChANa on the material surfaces and the negative charge
from its carboxylic group. Coating adhesion measurements showed good adhesion of the
annealed PTFE films. Potentiodynamic and impedance spectroscopy studies indicate that the
PTFE films provide corrosion protection of steel. It can be expected that bile salt mediated

EPD will allow the deposition of other functional materials of different types.

Chapter 5 presents the application of another bile salt, sodium chenodeoxycholate
(CDCNa) for the EPD of different materials, including PTFE, diamond, nanodiamond,
ibuprofen, carbon nanotubes (CNTs), Zr-doped hydrotalcite (MHT), and their composites.
SEM and FTIR characterized the film’s morphology and functional groups. The CVs indicated
the film formation of CDCH. XRD was used for the characterization of the resulting diamond
and nanodiamond films. It was demonstrated that CDCH films can be deposited, and CDCNa
allowed for EPD of carbon materials such as diamond, nanodiamond, CNTs, and PTFE and
MHT. The incorporation of MHT in the PTFE matrix further improved the protective
properties of PTFE coatings based on the memory properties of MHT, which was demonstrated
by the Tafel and EIS tests. The protection mechanism involves in situ MHT reconstruction,

thereby limiting water diffusion in various coatings’ pores.
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Chapter 6 builds upon the work presented in Chapters 4 and 5 and describes how to utilize
a steroid-like biomolecule, carbenoxolone sodium salt (CBXNaz), to disperse and charge
different materials for EPD. The successfully deposited materials include PTFE, diamond,
nanodiamond, graphene, carbon dots, and PTFE-diamond composite. We performed
comprehensive characterization of the resulting coatings, including SEM, XRD, FTIR,
potentiodynamic, and impedance spectroscopy. Coating characterization revealed that the
materials were well deposited as high-quality films, and the resulting PTFE films can be
applied to protect metals from corrosion. In addition, it indicated that CBXNa> is also a
promising surface modification agent for future application in the EPD of different functional

materials, compared with the two bile salt molecules discussed in Chapters 4 and 5.

Chapter 7 describes the application of glycyrrhizic acid (GRZA) and its principal
metabolite 18B-Glycyrrhetinic acid (GRTA) for EPD of PVDF, PTFE, diamond, and their
composites. Both molecules were selected based on the similar structure to bile acid molecules.
We used SEM, deposit mass measurement, potentiodynamic, and impedance spectroscopy for
film characterization. In this technique, both molecules were strongly adsorbed on the surfaces
of the chemically inert materials. Furthermore, GRZA led to the higher deposition of PVVDF,
whereas GRTA resulted in higher mass loading of PTFE, which revealed the importance of the
structure of bio-surfactants for the deposition of different materials. The obtained films can be

used as protective coatings for metals.
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Chapter 8 reports the exploration of the dip-coating method for the fabrication of PEMA
and composite coatings containing double hydroxide LiAl2(OH)7.2H20 (LiAIDH) utilizing the
mixture of water—isopropanol as a co-solvent. PEMA solutions with concentrations as high as
50 g L can be obtained. A waste-free solid-state synthesis method was used for preparing
LiAIDH. The synthesis time can be reduced with higher temperatures to produce the LiAIDH
on a large scale. We used SEM, XRD, potentiodynamic studies, electrochemical impedance
spectroscopy, thermogravimetric analysis (TGA), and FTIR to characterize the films
thoroughly. The characterization revealed that good-quality PEMA and composite coatings
could be obtained and provide corrosion protection of stainless steel. LIAIDH shows advanced
properties as a flame retardant additive for polymer coatings. These results confirmed that this
dip-coating method shows great promise for use in colloidal processing of other polymers and

composites using nontoxic solvents.

Chapter 9 continues the work described in Chapter 8. The use of a water—isopropanol co-
solvent and the dip-coating technique allows the fabrication of PEMA-FRM composite
coatings. The co-deposited FRM materials include huntite, halloysite, and hydrotalcite,
avoiding the usage of conventional toxic halogenated FRMs. We used FTIR, XRD, SEM, and
TGA to analyze the microstructure and composition of PEMA-FRM coatings. PEMA-FRM
coatings provide corrosion protection of stainless steel, which was revealed by the

electrochemical tests. The composite coating can be deposited as laminates with different
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layers using a dip-coating method, which facilitates the fabrication of composite coatings with

enhanced properties.

Chapter 10 outlines this study’s significant findings and contributions to the field, as well

as future studies.
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Chapter 2 Literature Review

2.1 Fundamental aspects of colloidal processing
2.1.1 The DLVO theory

The classic DLVO theory established by Derjaguin, Landau, Verwey and Overbeek is the
basis for interpretation of the interaction between colloidal particles and their behavior. [1, 2]
According to this theory, the Coulombic double-layer repulsion and van der Waals’ attraction
contribute to the total pair interaction between colloidal particles. Therefore, the total

interaction energy (V1) of two separated, equivalently charged particles can be calculated using
[3]

VT = VA + VR (1)

where the V, is the attractive energy due to the London-van der Waals’ interaction between

two spherical colloidal particles:

Al 2 2 S2-4
VA=_3(52—4+5_2+IH 52 ) (2)
where A is the Hamaker constant, and s can be defined as:
s=2+H/a (3)

where H is the separation distance between the two particles, and a is the radius of the spherical

particles.
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When the distance H is far less than the radius of particles, the Eq.(2) can be simplified:

Va=—-A— (4)

12H

The repulsion energy between two charged spheres, Vy, can be represented by:
Vg = 2megoap? In[1 + e *H] (5)

where ¢ represents the dielectric constant of the liquid, &, represents the dielectric permittivity
of vacuum, ¥ represents the surface potential, 1/k represents the Debye length which

characterizes the thickness of the double layer:

o = (2nty” ©)

ggoKT
where T is the absolute temperature, and n; and z; are the concentration and valence of ions,

respectively, e, is the charge of a single electron, and k is the Boltzmann constant.

Fig. 2-1A describes the relationship between the interaction force profiles between
particles and the interparticle separation. The Van der Waals forces governed the profiles at
large and small distances, whereas the double layer contribution dictated the forces at the
intermediate distances. Fig.2-1B indicates that the total interaction energy showed a maximum
which is called energy barrier that prevents particles from flocculation. This peak in the total
energy curve occurs when the repulsion force between the double layers is significantly higher

than the van der Waals’ attraction.
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Fig. 2-1 The force profiles (A) and the potential energy profiles (B) as functions of the
separation distance between two particles, according to the DLVO theory, used with
permission. [4]

As indicated in the equations above, the DLVO theory considers the effect of
concentration and valence of electrolyte ions, which allows for accurately predicting the
stability of a colloidal suspension. The thickness of electrical double layers (characterized by
the Debye length 1/k) is susceptible to the electrolyte concentration. [3] The DLVO theory
reveals a threshold of electrolyte concentration for particles aggregation. This threshold
decreases as the valence of the electrolyte ions of a charge opposite to that of the particles
increases. [3] The double layer force dominates the interaction between particles at low
electrolyte concentrations or high surface charge densities. In contrast, the attractive van der
Waals’ force dictates the interaction at high electrolyte concentrations or small surface charge
densities. The energy profile exhibited a maximum at intermediate concentrations or charge
densities, and the maximum value occurs at a separation distance close to the Debye length. [3,

4] The energy profile peak decreases with the increase of the electrolyte concentration.

Coagulation occurs when the energy barrier disappears. [3]
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2.1.2 Other interparticle forces

The accuracy of the DLVO theory has been discussed in the previous literature. [5-12]
However, there remain limitations to analysing the interactions of two particles. For example,
the DLVO theory is only applicable to highly diluted systems. It is based on the Poisson-
Boltzmann (PB) approximation, though the PB approximation neglects the attractive ion
correlation forces in the ion cloud. Therefore, this theory can only be used to study the
interaction between isolated particles. The volume exclusion effect [7, 11] can result in an
attractive force between the particles. This attractive contribution could lead the particles to

aggregate and flocculate. [10]

In addition, the DLVO theory cannot explain the effect of the bonding or adsorption of
polymers on the particle surface because it can introduce both attractive and repulsive forces.
[13-19] After adding a polymer into the system, either stable suspension or aggregation of
particles occurs [13, 19]. As shown in Fig.2-2, long-chain polymers anchored onto the particle
surface provide steric hindrance and induce the repulsion force between particles, referred to
as steric stabilization. This will be discussed in detail in sections 2.2.2 and 2.2.3. The adsorption
of polyelectrolytes allows dispersion by electrostatic and steric repulsion. The single polymer
chain can adsorb on two or more particle surfaces at low polymer concentration, resulting in
“bridging flocculation”, as seen in Fig. 2-2. [13, 19] Non-adsorbing polymers can also lead to

depletion flocculation or depletion stabilization of particles in the colloidal system (see Fig.2-

16



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering

2). [19-21] According to previous literature [14, 16, 21], the interactions between the particles

and polyelectrolytes consist of electrostatic, hydrophobic, and dipole-dipole attractions.

| 1. Low polymer concentration | |2, Medium polymer concentration |
, i N Sy N/ R G S
Q,M S _U = ’;w;ﬁ:,
"':—L ‘.7'7'}:‘, ~‘-7. : ¥7' A) '
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Fig. 2-2 A fairly simplified representation on the possible effects of polymer addition on the
stability of colloidal system, used with permission. [21]

Therefore, DLVO theory provides a method to control the stabilization of the colloidal
system through varying the parameters, such as electrolyte concentration and surface charge.
However, from the above discussion of the cases when the DLVO theory has limitations,

adding dispersing agents is also a promising method to stabilize the colloidal system.

2.2 Suspension stability and particle charging

To stabilize the suspension, there is a need to create a repulsion force which is strong
enough to overcome the attractive force between the particles. The most commonly used

methods are electrostatic stabilization, steric stabilization and electrosteric stabilization.
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2.2.1 Electrostatic stability

Electrostatic stabilization occurs when electrostatic charges on the particles generate
repulsion between them. The repulsion is a result of the interaction of the electrical double
layers of charge produced around each particle. To introduce electrostatic stability, we discuss

how particles acquire an electrostatic charge in both aqueous and non-aqueous solution.

2.2.1.1 Electrostatic stability in agueous media

In an aqueous liquid, there are different processes by which particles dispersed can obtain
a charge on the surface. They are (1) preferential adsorption of ions, (2) dissociation of surface
groups, (3) isomorphic substitution, and (4) adsorption of polyelectrolytes. For oxide particles,
it is common to see the preferential adsorption of ions in liquid, while the process of isomorphic
substitution is often seen in clays. The dissociation of common surface groups, including

sulfate, carboxyl and sulfonate groups, has been discussed in [22].

There are two portions of charges in the electrostatically stabilized suspension: the charge
on the particle surface and the opposite and equal countercharge. Here, the positive ions are
assumed to be preferentially adsorbed on the particle surface. If there is no thermal motion, an
equal number of counterions will neutralize the positive ions on the particle surface. However,
the thermal motion exists so that a dense double layer can not form. On the contrary, the
counterions move in the media rather than being firmly anchored on the object's surface. They

are loosely packed and make up the diffuse layer (Fig. 2-3).
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Fig. 2-3 The schematic diagram of the electrical double layer associated with a positively
charged surface in a liquid. [20]

The concentration of ions changes rapidly with a longer distance from the surface, and the
electrical potential drops accordingly in Fig.2-4. The potential decreased to 1/e of the potential
at the particle surface at the distance of 1/x, and beyond this, the change of potential is tiny
along with the increase of the distance. [20] Therefore, the 1/x which is usually called Debye
length can be considered the double layer thickness. It is common to use 1/x for analysis of
the electrical double layer. The size of the double layer relies on many experimental parameters
according to Eq(6) in section 2.1.1. The adjustment of parameters can control the strength of

the double layer repulsion and thus the suspension stability. [20]

90

Potential

|
Debyejlength
1/k
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Fig. 2-4 The electrical potential as a function of distance from the surface. [20]
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The diffuse double layers will begin to overlap when two particles make contact in the
solution. As a result, a repulsion between these two particles occurs due to the interaction
between the double layers. Then, a stable suspension will be developed if the repulsion is

sufficiently enough to resist the attractive van der Waals’ force.

2.2.1.2 Electrostatic stability in non-aqueous media

Theoretically, the magnitude of electrostatic stabilization in non-aqueous liquid is highly
sensitive to the dielectric constant ¢ of the media which influences stability in particular
through the dissociation degree of the stabilizing electrolyte. There are also a certain number
of ions in the solvents offering enough repulsion force except the presence of charge on the

particles.

For non-aqueous media, their dielectric constant is relatively low, electrolytes in those
liquids cannot dissociate entirely, and often the ionic strengths are far less than 10 M. There
is only a small number of charges that exist in the non-aqueous media. Therefore, unless the
particle concentration is extremely low, the charged and dispersed particles in such non-
aqueous liquid are surrounded by the extended ionic layers and sit on the double layers of each

other. [23-26]

Similar with electrostatic repulsion in aqueous media, there is also the interaction of
double layers of the particles in non-aqueous media. The dielectric constant is a critical

parameter in this case because it has a dual effect on the interaction: (1) it affects the
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dissociation of electrolytes indirectly, and (2) it can measure the screening of charges by the
solvent directly. It is often considered that the electrostatic repulsion in the liquid with low

dielectric constant is too small to achieve the stability of suspension. [27]

In order to prevent the colloidal particles to coagulate irreversibly, three requirements
must be met. (1) The particles need to be sufficiently charged. (2) The number of ions should
be moderate. The presence of enough ions allows the potential decay around the particles steep,
but if the number of ions exceeds demand, the double layer will be compressed thoroughly. (3)
A position needs to be confirmed at which the electrostatic repulsion overcomes the attractive

van der Waals’ force.

In a media with a low dielectric constant, the van der Waals’ attraction between particles
can be evaluated according to the Liftshitz theory. There are several factors influencing the
evaluation, such as the difference in refractive indices and/or dielectric permittivities of the
dispersed inorganic solids and liquids at different frequencies. [28] Compared with water, the
van der Waals’ attraction between particles in the media with a low dielectric constant is
relatively small. As a result, it requires a lower energy barrier to achieve repulsive pair

interaction in the non-aqueous media with a low dielectric constant.
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2.2.2 Steric stability

Steric stabilization represents colloidal stabilization which is achieved by the interaction
between uncharged polymer chains adsorbed onto the surface of particles, as shown in Fig.2-

5. [29]

Fig. 2-5 Schematic representation of steric stabilization of metal colloid particles, used with
permission. [29]

Different from the electrostatic stabilization accomplished by the interaction between the
charged particles, steric stabilization is contributed by the interactions between the polymer
chains, which is determined by the configurational entropy of the chains. Steric stabilization is
commonly associated with the particles in an organic solvent, but it is still effective in agueous
media. Steric stabilization is presently applied to a wide range of products in industry, including
paints, inks, coatings and pharmaceuticals. In ceramics processing, it is commonly employed
to produce stable suspensions in the consolidation of ceramic powders by casting processes
like slip casting and tape casting. To achieve effective steric stabilization, there are two

requirements that need to be met: (1) the polymer chains must be well adsorbed onto the surface
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of particles so that the risk of desorption can be minimized; (2) the adsorbed layer must be

thick enough to provide sufficient repulsion force when the particles approach each other. [20]

2.2.3 Electrosteric stabilization

Electrosteric stabilization combines electrostatic and steric repulsion (Fig.2-6). The

existence of adsorbed polymers and a considerable double layer repulsion is required.

Fig. 2-6 Schematic representation of electrosteric stabilization of metal colloid particles, used
with permission. [29]

Electrosteric stabilization is generally associated with suspensions in aqueous media.
However, some investigations revealed that it also could be achieved in some non-aqueous
liquids. [30] In aqueous media, a common method of electrosteric stabilization is to use the
polyelectrolytes which contain at least one ionizable group (e.g., carboxylic or sulfonic acid

group) that can dissociate to form charged polymers.

Both the solvent properties and the particle surface have huge effects on the dissociation

and adsorption of polymers. Fig.2-7 displays the structure of two commonly used polymers for
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electrosteric stabilization: poly(methacrylic acid) (PMAA) and poly(acrylic acid) (PAA). The

dissociation reaction is described by the following equation:

A— COOH + H,0 = A—CO0™ + H;0* (7

where A represents the main structure of PMAA or PAA without the chain of carboxylic group.
The dissociated and non-dissociated fraction of the functional groups depends on the pH and

the ionic concentration of the solution. [20]

(|;H3 H
—t+—H,C—C H,C—C ==
(o) OH (o) OH
- Jn L .
PMAA PAA

Fig. 2-7 Schematic diagram showing the polymer segments of poly(methacrylic acid) (PMAA)
and poly(acrylic acid) (PAA) , used with permission.[30]

The polymers for electrosteric stabilization can be homopolymers such as poly(acrylic
acid), block copolymers, or graft copolymers. In the industry, polyelectrolytes are commonly
applied in the manufacture of highly concentrated ceramic suspensions (more than 50 vol%

particles) which are followed by the consolidation and burning to produce dense particles.

2.3 Advanced dispersing agents for colloidal processing

Dispersing agents are the materials that are used to form stable colloidal suspension

through electrostatic, steric or electrosteric stabilization methods. Particularly, the usage of
24



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering
dispersing agents plays an essential role in the development of electrodeposition. The
investigation of advanced additives that can charge and disperse functional particles in
colloidal suspension has gained great interest in recent years.[31] To be an effective dispersing
and charging agent for electrodeposition, there are two requirements that need to be met: first,
a dispersant must be well adsorbed on the particle surface. Second, it must impart a charge to
the particles, which could provide electrostatic repulsion between particles and help to achieve

the deposition under the electric field.

2.3.1 Catechol-based dispersants for metal oxide particles

A new direction for research on the advanced dispersing agents which could be strongly
anchored onto the particle surface arose from the study on the mechanism of the mussel
adhesion to diverse surfaces. [32, 33] Previous studies indicated that the strong mussel adhesion
involves  protein  macromolecules, containing catecholic amino acid, L-3,4-
dihydroxyphenylalanine (DOPA). The key benefit of the catechol chemistry is its application
to a vast variety of substrates and excellent binding strength under wet conditions.[34] The
adhesion mechanism of mussels is ascribed to the complexation of metal atoms on the material

surfaces by OH group of the catechol ligands (Fig. 2-8).
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OH

Fig. 2-8 Schematic of mussel adsorption and chemical structure of catechol, used with
permission. [31]

Here, the structures and adsorption mechanisms of the catechol-based molecules are
described (Fig. 2-9). A catechol is an unsaturated six-carbon ring (phenolic group) with two
OH groups bonded to adjacent carbon atoms. DOPA belongs to the catechol family. The
chemical structure of DOPA includes a catechol ligand, and additional carboxylic and amino
groups (Fig. 2-9). This molecule shows zwitterionic properties and has bidentate interfacial
interactions on different surfaces involving metal ions. Although the application of DOPA as
charging agents for EPD still presents difficulties because of the zwitterionic properties, the

analysis of DOPA adsorption has led to the research of other catechol-based molecules.
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Fig. 2-9 Structure of molecules from catechol family, used with permission. [31]

Dopamine structure (Fig.2-9) has two OH groups of the catechol ligand, the adsorption of
which is based on the chelating mechanism. The amino group can be protonated in inorganic
acids. Consequently, dopamine shows cationic properties in acid. The self-polymerization of
dopamine can be observed in basic solutions, which was used for the fabrication of
polydopamine coatings. The polydopamine has strong adhesion to various substrates, such as
Pt, stainless steel, TiO. and other materials.[31] Dopamine can be used as charging and
dispersing agent for EPD of ceramic particles which can also be combined with the EPD of

cationic polyelectrolytes for fabrication of organic-inorganic composites. [35]

Caffeic acid (CA) can act as efficient green corrosion inhibitor for stainless steel. CA has
similar chemical structure with DOPA (Fig. 2-9). CA has anionic properties which are
associated with the dissociation of the carboxylic group. The strong adsorption of CA can be
seen on inorganic surfaces including stainless steel,[36] TiO2, [37] and MnO; [38] in various
liquids. Phenolic and carboxylic (Fig. 2-10) bonding sites are involved in the adsorption of

CA.[38] Bidentate chelating bonding (Fig. 2-10a) and bidentate bridging bonding (Fig. 2-10b)
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mechanisms [39, 40] were proposed. [36-38] The adsorption can involve inner sphere (Fig. 2-
10b) or outer sphere bonding (Fig. 2-10b), depending on the nature of the adsorbent materials.

It was found that CA can be used as a co-dispersant for anodic deposition of composite films.

a 0 b 0
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Fig. 2-10 Suggested adsorption mechanisms of caffeic acid: (a) bidentate chelating bonding,
(b) bidentate bridging bonding (inner sphere), (c) bidentate bridging bonding (outer sphere) of
catechol group, (d) adsorption, involving a carboxylic group, used with permission. [31]
Fig.2-9 displays the chemical structures of 3,4-dihydroxybenzoic acid (DHB), 3,4-
dihydroxyphenylacetic acid (DHP) and 3,4-dihydroxyhydrocinnamic acid (DHC), which
belong to the catechol family. The carboxylic groups contribute to the anionic properties of
these molecules. They also show strong adsorption on metal salts. It was found in recent studies
that these three molecules are promising charging and dispersing agents for electrophoretic

deposition (EPD) of different oxide materials from suspensions in ethanol. Particularly, the

investigations revealed strong adsorption of DHB and DHP on TiO2 nanoparticles. [41, 42].
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Investigations also showed that other molecules, such as gallic acid with a similar structure can

be used for EPD of materials.[43]

2.3.2 Phosphate ester as an electrosteric stabilizer

Previous studies [44, 45] demonstrated that phosphate ester (PE) can impart a significant
positive charge to the surface of BaTiOz particles. PE is considered as a great electrostatic
stabilizer since it can charge the particles positively in organic solvents by donating a proton
to the surface. Moreover, PE contains a mixture of long-chain phosphate esters of ethoxylated
alcohols (see in Fig. 2-11) so that it can also act as a steric dispersant through anchoring the

long-chain polymer to the particle surface.

Monoester Diester

OH OR

RO— P —OH RO — P — OH

| |

R=[-(CH;-CH,-0),-R’]
R’= alkyl or alkylaryl radical

Fig. 2-11 Schematic structure representation of phosphate esters, used with permission. [3]
PE can be applied for cathodic EPD as positively charging and dispersing agents. [46] As
it is shown in Fig.2-12a, there was sedimentation in the suspension of MnO: in pure ethanol

one day after ultrasonic treatment. The particles were high agglomerated, and the deposited
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coatings were non-uniform from such an unstable suspension. In contrast, MnO particles in
the suspension containing PE as a dispersant were well dispersed even seven days after
ultrasonic treatment (Fig.2-12b) and deposited as relatively uniform coatings. The deposits
increased with increasing PE concentration, showed a maximum and then decreased at higher
PE concentrations. This indicated that the PE contributed to the charging and dispersion of the

ceramic particles. [46]
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Fig. 2-12 Deposit mass for films on stainless steel substrates versus PE concentration in the 45
g L™ manganese dioxide suspensions at a deposition voltage of 20 V and deposition time of 1
min. Insert shows suspensions (a) without PE, 1 day after ultrasonic treatment and (b)
containing 1 g L™! PE, 7 days after ultrasonic treatment, used with permission. [46]

2.4 Colloidal processing techniques

Colloidal processing techniques allow the consolidation from colloidal suspensions to
dense and homogeneous green bodies. It is desirable to form bodies directly from the slurry

state. [47] During the previous two decades, a growing number of colloidal processing
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techniques have been developed. The physical or chemical processes, experimental techniques
and devices may vary, but well dispersed suspension with high solids loading is necessary in

all cases.

Several colloidal processing techniques for fabrication of ceramic components with
different shape and complexity and microstructural control are described in Table.2-1. [47, 48]
Their major characteristics are summarized below. Among these processing techniques, EPD
and dip coating methods are promising for application in different fields.

Table 2-1 Representative colloidal techniques classified by consolidation mechanism, used
with permission. [47, 48]

Route Mechanism Processing technique Features
Fhud removal Filtration Shp casting Complex, 3D, thin walled
Pressure filtration Sumple, 3D
Osmortic consolidation Smmple, 3D
Evaporation Dhp coating

Spm coating

Spray coahng

Tape casting
Electrophoresis

Particle flow Particle flow due to apphed gravitational force Centrifugal consolidation Complex, 3D
Particle flow due to electric field Electrophoretic deposition Siumple, 2D or 3D
Gelation Thermal gelation Thermogelation Complex, 3D
protein casting Complex. 3D: porous
Chemical gelation Injection moulding Complex. 3D
Gelcasting

2.4.1 Dip coating

Among the techniques described above, dip coating is a very simple, low-cost, and
reproducible technique. The illustration of dip coating process is displayed in Fig. 2-13. [49]
During the dip coating process, the first step is to immerse the substrate into a solution

containing coating component particles. Next, it is withdrawal at constant speed into a water-
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vapor-containing atmosphere. After that, a uniform liquid coating is produced on the surface
of substrate. The volatile solvents can be removed, and some possible chemical reactions will
occur, which leads to film formation, after drying at ambient temperature. [49] After that, the

coating usually needs hardening or chemical transformation by heat treatment. [49]

Substrate
\ Coating
Precursor ﬂ
solution
®

Step 1 Step 2 Step 3 Step 4

Fig. 2-13 Graphical representation of dip coating technique, used with permission.[49]

In the dip coating method, the quality and performance of the deposited coatings are
dictated by the liquid properties. Consequently, the careful selection of solvents and solutes is
essential. First, solvent volatility is an important factor that needs to be considered. Moderate
volatility allows the liquid film to level out sufficiently, and it can also keep the drying time as
short as possible. Second, the surface tension should be low enough so that the substrate can
be completely wetted, and the liquid can flow homogeneously. Based on the criteria, short-
chain aliphatic alcohols, such as ethanol, isopropanol, and n-propanol, are commonly selected
as solvents for dip coating.[50] Beyond that, a combination of various solvents is often used to
tailor the deposition performance. [50, 51] The selection of solute is much more complex. First,
the solute must be able to dissolve at an appropriate concentration. For example, using dilute

polymer solutions, good substrate coverage is difficult to achieve. Second, the solute is less
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likely to crystallize or precipitate and tends to form an amorphous gel film by hydrolysis when
the solvent is evaporating. [50] More than that, polymers with high Mw are preferred due to

their strong film-forming and binding properties.

The coating thickness can be predicted using the Landau-Levich equation (8) [52]

h= 098U/, ()2
where h represents the thickness of the coating, n is the viscosity of a liquid, U is the
withdrawal speed, yLv is the surface tension of liquid-vapour, p is sol-specific gravity, and g
represents gravity. According to this equation, higher viscosity and withdrawal speed lead to
thicker films, while the following drying and sintering processes would cause the reduction of
coating thickness. According to Hijon [53] and Mohseni [54], the concentration of the
suspension is also an important factor influencing the thickness and uniformity of the as-
deposited thin coating. The lower the concentration, the thinner the film is formed and the
stronger the adhesion between coating and substrate is. Therefore, the thickness of deposited
films can be controlled by the withdrawal speed and the concentration of the coating liquid in
a given system. Films with a thickness of up to 1nm can be produced in a colloidal system, and
the coating of an organic-inorganic composite can achieve a thickness of several microns
because of the lower shrinkage and the higher flexibility of the network. [50] Multiple
depositions in the dip coating process can also obtain thick films. Moreover, this method can

build up laminate containing different coating materials.
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Therefore, when fabricating a polymer coating, a high Mw polymer with high solubility
as the solute and a mixture of different solvents as the solvent are desired for a good quality
film. Additionally, the multiple deposition method opens a gate to fabricating laminates with

different functional layers containing different materials.

2.4.2 Electrophoretic deposition

The electrophoretic deposition (EPD) technique is a promising colloidal processing
methods which has attracted significant attention recently due to its wide range of innovative
applications in fabrication of functional ceramic coatings. It has many advantages, such as short
formation time, nearly no limits for substrate shape and requires only a simple apparatus. The
EPD method is particularly adaptable as it can be adjusted quickly for a given application. [55]
Particularly, EPD enables easy control of the thickness and morphology of the as-deposited

coatings through adjustment of the deposition time and electric field.

In EPD process, the dispersed and charged particles in a liquid, are deposited onto a
conductive substrate with opposite charge under a DC electric field. EPD is classified into two
types depending on which electrode the coating forms on: cathodic EPD and anodic EPD. In
cathodic EPD, the particles are positively charged, and the deposition occurs on the negative
electrode. The process of negatively charged particles depositing on an anode is named anodic
EPD. Any of these two types of EPD can be achieved through proper tuning of charge on the

particle surfaces. Fig.2-14 shows schematics for the two EPD processes. [55]
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Fig. 2-14 Schematic illustration of electrophoretic deposition process. (a) Cathodic EPD and
(b) anodic EPD, used with permission. [55]

2.4.2.1 Mechanism of EPD process

To date, there is no clear mechanism for EPD although it has been applied into different

fields. [56]

Hamaker and Verwey [57, 58] first proposed the mechanism of EPD. They indicated that
stable suspension is the precondition of efficient EPD, and the film formation is similar with
gravity sediment while the main role of the electric field is to deliver the particles to the surface

of the electrode for accumulation.

Grillon et al. [59] indicated that the charged particles would neutralize and then become
static when they contact the electrode or the already deposited films. According to this theory,
it will form a porous coating because the local electric fields interfere with continuous layer
fabrication. However, the theory could not explain some cases, such as when continuous 2-D

films were formed from a colloidal system [60-64].

Koelmans [65] proposed that the increase of electrolyte concentration near the electrode

will cause the reduction of the repulsion between particles. This in turn reduces the zeta
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potential and leads to flocculation of particles. This mechanism is feasible, for example, when
there is generation of OH ions in the electrode reactions in aqueous suspensions, but it is invalid
when there is no increase of electrolyte concentration near the electrode. The explanation for

this invalidation was from Sarkar and Nicholson. [66]

Sarkar and Nicholson [66] proposed an electrical double layer distortion and thinning
mechanism. They suggested that the double layer will be distorted to be thinner ahead and
wider behind the particles when the particles are moving toward the electrode, and then the
coagulation of particles will be promoted. However, De and Nicholson found this mechanism
to be wrong after further research. [67] They developed a mechanism based on a local pH

increase near the electrode surface.

2.4.2.2 Polymer binders in EPD

In ceramic processing, polymer binders are commonly used additives. They are
multifunctional in EPD: (1) they can help to obtain adherent films and avoid cracks in deposits.
(2) the adsorbed binders can act as steric stabilizer in the suspensions and lower the viscosity
of the suspension. In EPD processing, since the binders are adsorbed on the charged particle
surface, they can be delivered onto the electrode surface as well which means the binders will
be incorporated into the deposited films. It is vitally important to control the adsorption of
polymers on the charged particles for EPD. The fraction of adsorption depends on the

concentration of polymer and the interactions between polymer and particle, polymer and
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solvent, particle and solvent, and particle and dispersant. It’s essential to dissolve high
concentration of polymers in suspension by using good solvents. However, when the solubility
of polymer is low in the suspension, it can be adsorbed on the particle surfaces. Their adsorption
can cause bridging flocculation in a poor solvent. On the contrary, good solvents help reach
steric stabilization because the polymer moieties which extend out from the particle surface
can be well solvated in a good solvent. Therefore, using the copolymers of a block or graft type
could be beneficial to EPD. Indeed, soluble polymers help to anchor copolymer molecules to

the particle surface, and thus the chains of soluble polymers offer steric stabilization. [55]

2.4.2.3 Solvents in EPD

The suspension for EPD is a complicated system, and each component makes a significant
impact on the deposition efficiency. There are two main types of solvent for EPD: water and

organic liquids (see in Table. 2-1). [3]

Table 2-2 Solvents used for EPD, used with permission. [3]

Solvent Method of Deposited material
deposition

Water ELD Al,0,=Cr, 0, [46], ZnO [47]
EPD ALO, [48]

Dimethylformamide® ELD Y, 0, [49]. TIO, [50]

Methyl alcohol-water ELD TiO, [8], RuO,-TiO, [51]

Ethyl alcohol-water ELD CeO, [52], Sn0O, [5]
EPD CaSiO, [53]

Isopropyl alcohol EPD Hydroxyapatite [54.55]

Isopropyl alcohol” ELD YBa,Cu,0,_, [56]

Ethyl alcohol-acetylacetone EPD MgO. AlL,O, [57]

Glacial acetic acid EPD PZT [58]

Ethyl alcohol EPD AL O,, ZrO, [59]

Dichloromethane EPD B-alumina [60]

Acetone EPD YSZ[61]

Acetylacetone EPD YSZ[61]

Cyclohexanone EPD YSZ[61]

Methyl ethyl ketone EPD Al O, [62]

Toluene—ethyl alcohol EPD Al O; [62]
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There are many significant benefits of using an aqueous system for EPD. For example,
the deposition potential is relatively low. The usage of an organic solvent can be avoided. [58]
Faster kinetics, important health, environmental, and cost benefits can also be obtained when
using an aqueous system in EPD. However, the aqueous-based suspension leads to a series of
issues in the film-forming process. [68] The major issues are related to the electrochemical
reaction at the electrodes while the current is passing through. This reaction will have a huge
impact on process efficiency and coating quality. The electrolysis of water occurs at low
voltages, and gas evolution cannot be avoided at the electrode when the field strengths is
sufficient high. Subsequently, the bubbles will be retained in the as-deposited films unless
certain procedures are adopted. [55] Additionally, the adsorption of water in deposited films

may cause shrinkage and cracking during the drying procedure. [3]

In general, organic solvents are superior to water for EPD. The lower dielectric constant
of organic solvents restricts particle charge due to its lower dissociation ability, so much higher
field strengths need to be used. Because of the usage of higher electric field, the problems of
electrolytic gas evolution are greatly reduced. Furthermore, the organic solvents are favoured
because of their higher density, good chemical stability and low conductivity. [68] Using
solvents that have high oxidation—reduction potentials including benzene and ketones can
prevent the electrolysis of water and gas evolution in agueous media. However, there are only
a few free ions in these solvents, the charge on particle surface in benzene or ketones will be

inadequate for EPD due to their low dielectric constant. [68] As a result, hundreds of volts need
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to be applied. [55] The major issue along with the usage of organics is the requirement of higher

voltages, cost, toxicity and flammability.

Using methyl alcohol-water and ethyl alcohol-water mixture as solvents was desirable to
reduce cracking and porosity in the deposits fabricated in aqueous media. [69, 70] The total
dielectric constant of solvent could be lowered by adding alcohols to the water. The deposition
rate showed a significant improvement by this method. [71] Combining organic solvent and
water is an efficient way to avoid some problems from their single use, however, the ratio needs

to be carefully controlled.
2.4.2.4 Factors influencing EPD

In EPD process, there are two sets of important parameters: (1) the parameters associated
with suspension, and (2) the parameters related to the process, such as the physical parameters

(deposition voltages, deposition time, etc.) [72]

Ishihara et al. [73] and Chen and Liu [74] proposed the equation below for the weight (w)
of charged particles deposited per unit area of electrode at the early stage, neglecting the charge

provided by the free ions
2 1 E
v=lcaa e Q)0 ©
where C is the particle concentration, €, and &, represents permittivity of vacuum and solvent,

respectively, ¢ and E are the zeta potential of the particles and deposition potential, 1 is solvent

viscosity, L is the distance between the electrodes, and t is the deposition time. [73, 74]
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This equation is named the Hamaker equation. It indicates that the deposition yield in EPD
depends on the suspension and deposition parameters. If the suspension and the equipment for
EPD are fixed, &, €, n and L would be constant. Therefore, the mass loading (w) is a function
of C, E and t. It means that the thickness of as-deposited films can be easily controlled by the

suspension concentration, deposition voltage and time in the EPD process.

Additionally, the suspension system for EPD is complex, and each component has a huge
impact on the deposition efficiency. Therefore, it is essential to build a stable suspension for
EPD. Suspension stabilization can be achieved through electrostatic, steric, or electrosteric
stabilization method, which requires the help of an efficient dispersant. [3] Moreover, EPD can
only perform when the particles are electrically charged. [3] Consequently, adding an agent
that has the function of both dispersing and charging into the suspension is ideal for performing

EPD on electrically neutral particles.
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Chapter 3 Objectives

The objective of this investigation was the development of novel colloidal strategies for
the fabrication of polymer and composite coatings with advanced functionality.

This was achieved by:

e Development of advanced dispersing, charging and film-forming agents for deposition
of different polymers, including PTFE and PVDF, and various functional materials as

well as their composite through EPD.

e Design of non-toxic co-solvent for dissolving high Mw PEMA at high concentration

for dip coating method.

e Fabrication of organic-inorganic composite coatings with multifunctionality through

EPD and dip coating methods.

e Exploration of properties and applications of as-deposited coatings.
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Abstract

Sodium cholate (ChANa) is used for the first time as an advanced charged dispersant and
coating-forming molecular agent for electrophoretic deposition (EPD) of different advanced
materials, such as diamonds, carbon dots, graphene and polytetrafluoroethylene (PTFE). The
amphiphilic structure of ChANa facilitates its adsorption on the materials and allows their good
dispersion. The coating formation mechanism is based on gel-forming properties as well as
pH-dependent solubility and pH-dependent charge of ChANa. A conceptually novel strategy
is proposed for the deposition of PTFE films and composites. PTFE films prepared by EPD
show strong adhesion to stainless steel substrates. Potentiodynamic and impedance
spectroscopy studies indicate that PTFE films provide corrosion protection of steel. The
potentiodynamic studies of the coated stainless steel substrates show significant reduction of
corrosion current, whereas impedance spectroscopy show increasing impedance. The film
thickness is varied in the range of 1-30 pum by variation of deposition time in the range of 0.5—
5 min and deposition voltage in the range of 7-50 V. Building on the strong dispersion power
and electrochemical properties of ChANa we demonstrate the feasibility of composite film
fabrication by a combined electrodeposition method, which involves electropolymerization of
polypyrrole and EPD of diamonds. This investigation opens new and unexplored routes in the
electrochemical deposition of advanced materials using ChANa as a co-dispersing and coating-

forming agent.
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4.1 Introduction

Bile acid salts (BS) are efficient natural surfactants. They enable dispersion of various
biomolecules, such as lipids, proteins, cholesterol, vitamins, fatty acids and monoglycerides.
[1] The strong dispersion power of BS is related to their electric charge and unique amphiphilic
structure. [1-3] Studies of biomolecules solubilization by BS have driven the development of

new colloidal techniques in materials processing and biotechnology.

A new biomimetic approach has been designed for the carbon nanotube (CNT) dispersion
by commercial BS. [4-8] Previous research has shown excellent colloidal stability of CNT,
dispersed using different BS, such as synthetic sodium cholate and sodium salt of taurocholic
acid. [6] BS allowed for superior dispersion of carbon nanotubes, as compared to other

surfactants. [9]

Cholic acid sodium salt (ChANa) is one of the primary BS, synthesized in the liver.
ChANa exhibits a unique set of valuable properties for a large range of possible applications
in colloidal manufacturing of materials. [10] Cholate anions showed adsorption on carbon
nanotubes, graphene and carbon nanoparticles [11-14] and facilitated their dispersion. The
outstanding characteristics of cholate anions include strong adsorption on inorganic materials
[15], gel-forming properties [16, 17] and ability to form inclusion crystals with various
molecules for their reversible insertion and release [18]. Metal ion complexing properties of

ChANa were used for the synthesis of hydroxyapatite [19] and spinel ferrite compounds [20].
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Various BS, such as ChANa, have been used in technologies for drug delivery. [21] Many
promising drug molecules fail in applications due of their limited water solubility. The analysis
[22-26] of interactions of water-insoluble drugs with BS showed that various drug molecules
can be solubilized in water using BS. Moreover, BS inhibit crystallization of drug molecules.
[27] ChANa and other BS are under investigation for the development of advanced strategies
for delivery of various drugs. [1, 27-29] It was found [30] that ChANa can be used for the co-

delivery of therapeutic and imaging agents.

Recent results from our laboratory [7] indicate that thin films of cholic acid (ChAH) can
be deposited using electrophoretic deposition (EPD). The mechanism involved the dissociation
of ChANa and formation of cholate anions (ChA—). The anodic pH reduction due to the

reaction

2H20 —02 + 4H" + 4e” 1)
and electrophoretic transport of ChA— toward the anode led to the deposition of thin films of
water insoluble ChAH in the anodic reaction:

ChA" + H* — ChAH (2)

ChANa has been used as a coating-forming anionic dispersant for anodic EPD of CNT.
[7] Moreover, water-insoluble drugs were dissolved in water in the presence of ChANa and co-
deposited with ChAH. [31] Previous results indicate that ChANa can potentially be utilized as

a charged dispersant for EPD of other functional materials.
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The goal of this paper was the feasibility study of ChANa application for EPD of various
functional materials. For the first time we demonstrate that diamond, graphene, carbon dots
(CDs) and polytetrafluoroethylene (PTFE) can be deposited by EPD using ChANa as a
versatile coating-forming dispersant. The use of ChANa opens the way for the co-deposition
of different functional molecules and materials by co-EPD or new techniques, which combine
EPD with other electrodeposition or electrosynthesis methods. We discuss advantages of the
proposed approach for the electrodeposition of polymer composites and demonstrate the
feasibility of composite film electrodeposition by combining EPD of diamond with

electropolymerization of polypyrrole.

4.2 Experimental Procedures

4.2.1 Materials

ChANa, diamond (particle size<l um), pyrrole (Py), graphene nanoplatelets (surface area
750 m? g!, particle size<2 pum), polytetrafluoroethylene (PTFE, particle size<l pm), Tiron

(Aldrich) were used. CDs were prepared by the method described in Ref. [32].

4.2.2 Coating deposition

EPD was performed using aqueous ChANa solutions, containing diamonds, graphene,
CDs and PTFE. The concentrations of ChANa was 0.5-2 g L™!. The concentrations of diamond,

graphene, CDs and PTFE were 1-5, 0.5-1, 0.5-0.6 and 1-5 g L', respectively. The obtained
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suspensions were ultrasonicated for 10 min before the deposition. The optimized anodic
electropolymerization of polypyrrole (PPy) was performed from 0.1 M Py solutions, containing
0.01 M Tiron. Diamond particles, dispersed using ChANa were added to the
electropolymerization solution for the deposition of composites. The concentrations of the
diamond particles and ChANa in the Electropolymerization solutions were 1 g L' and 0.5 g

L1, respectively.

The electrodeposition cell included an anodic substrate (304 type stainless steel, 20 x 30
x 0.1 mm) and a Pt cathode (20 x 30 x 0.1 mm). The electrode separation was 1.5 cm. The
deposition voltage was 7-50 V. The obtained coatings were dried in air for 24 h. The
concentrations of suspensions and deposition voltages were optimized. The experimental data
for different coatings were presented at optimized conditions, described in figure captions. The
suspensions prepared without dispersant showed sedimentation during 1-2 min. after
ultrasonication. The suspensions, containing diamond and ChANa were stable for 2 days. The

suspensions of other materials, dispersed using ChANa, were stable for>7 days.

4.2.3 Characterization

Electrochemical studies were performed in aqueous 3% NaCl using a PARSTAT 2273
potentiostat and a 3-electrode electrochemical cell with coated or uncoated stainless steel as a
working electrode, SCE (saturated calomel electrode reference) and Pt counter-electrode.

Potentiodynamic studies were performed at 1 mV s™! and the obtained data was presented in
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Tafel plots. Impedance spectroscopy data was acquired at an AC voltage of 5 mV in the
frequency range of 10mHz-10 kHz and presented in Bode plots. A JEOL scanning electron
microscope (SEM) JSM-7000F was used for investigations. A Bruker Vertex 70 spectrometer
was used for the Fourier Transform Infrared Spectroscopy (FTIR) studies. The coating

adhesion strength was measured using ASTM D3359-09 standard.

4.3 Results and discussion

o'

Fig. 4-1 Chemical structure of ChANa.

Fig. 4-1 presents a structure of ChANa used for EPD. The amphiphilic structure of ChANa
contains a hydrophobic (convex) side and a hydrophilic (concave) side. [6] The steroid core of
the chemical structure includes 4 fused rings, containing five or six carbon atoms. The negative
charge of the dissociated ChANa results from COO~ ligand. The hydrophobic side of the
molecule facilitates its adsorption on hydrophobic surfaces, whereas the hydrophilic side,
containing OH and COO~ groups promotes the dissolution of the molecule in water. The

experimental results described below showed that ChANa is a versatile dispersant and coating-
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forming agent for materials deposition by EPD. We investigated EPD of diamond, graphene,

CDs and PTFE using ChANa.

The colloidal stability of particles is critical for their deposition by EPD. [33-36] It is
known that suspensions of diamonds in water, ethanol and isopropanol are very unstable. [37]
Another difficulty is related to charging of diamond particles and control of particle charge. In
our investigation, the diamond films were deposited from stable suspensions on anodic
substrates by EPD using ChANa as a dispersant and coating-forming agent. Fig. 4-2(A-D)
presents microstructures of films, obtained at different experimental conditions. The low
magnification images (Fig. 4-2(A,C) and Supplementary information, Fig. 4-12 and Fig. 4-13)
indicated that crack-free films were formed. The deposition method allowed for the fabrication
of relatively thick films with thickness about 30 um (Supplementary information, Fig. 4-14).
The higher magnification images (Fig. 4-2(B,D)) showed porosity of the films, which resulted
from the diamond particle packing. The film, formed from 2 g L' ChANa solutions, containing
4 g L' diamond, mainly consisted of diamond particles (Fig. 4-2(A,B)). The variation in bath
composition resulted in microstructural changes. The analysis of images for the films deposited
using 1 g L' ChANa solutions with 1 g L' diamond Fig. 4-2(C,D) indicated that many
diamond particles were covered by ChAH. Moreover, ChAH was also formed in the spaces
between the diamond particles. Therefore, the reduced film porosity Fig. 4-2(C,D) resulted

from the enhanced deposition of ChAH.
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The diamond film formation by EPD indicated that ChA™ adsorbed on the diamond
particles and negatively charged particles were dispersed in the suspension. The adsorption of
anionic ChA™ species on diamond allowed for the anaphoresis of the particles to the substrate
surface. The charge neutralization in the reaction (2) facilitated film formation. Moreover, the
electrophoresis of non-adsorbed ChA™ resulted in the independent deposition of ChAH, as it
was described in the previous investigation. [7] The EPD process is influenced by mass

transport and deposit formation mechanism. The EPD rate (W) is described [38] by:

W=MpU/5 (3)
where M is the concentration of molecules or particles or molecules, p is electrophoretic
mobility, 6 — is the distance between the electrodes, U — is the voltage drop in the solution.
According to Ref. [38]

U = Ua-Ug, 4
where Us is the voltage applied to the cell and Uy is the drop of voltage across the deposited

material.

The deposition rate W (Eqg. (3)) is a linear function of concentration M of particles or
molecules in the solution. Therefore, it is not surprising that the increase in mass ratio of

ChANa/diamond in the solution led (Fig. 4-2) to higher ChAH content in the film.
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200nm

Fig. 4-2 SEM images of films, formed from (A,B) 2 g L™! ChANa solutions, containing 4 g L™!
diamond and (C,D) 1 g L™! ChANa solutions, containing 1 g L™' diamond at a cell voltage of
15V.

The comparison of the method developed in this investigation with literature on EPD of
diamond indicated that EPD of diamond using ChANa as a dispersant offers many advantages
such as strong ChA™ adsorption on particle surface, good control of particle charge, suspension
stability and possibility of co-deposition of the diamond particles with other materials. In
previous investigations, anodic electrophoretic seeding techniques [39, 40] were based on the
natural charge [41] of diamonds in different solvents. Treatment of diamonds in acids allowed
the formation of surface COO~ groups, which facilitated anaphoretic deposition. [42]
Continuous films were obtained [43] by cathodic EPD of diamonds in isopropanol using l>—

H>O-acetone additive for particle charging. It was found [43] that chemical reaction of I> and

acetone, catalyzed by H»O, resulted in the generation of H*, which adsorbed on the diamond
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particles making them positively charged. Later, this approach has been used for EPD of
nanodiamond [36] and composites of diamonds and inorganic materials [44, 45]. Diamond
charging has also been achieved by adsorption of AI®* [43] or Mg?* [46] ions. Various
difficulties have been identified in literature related to EPD of diamonds which were attributed
to poor adsorption of dispersants and charging agents on the chemically inert diamond surfaces,
poor suspension stability and lack of co-dispersants for co-EPD of diamond with other
materials for the manufacturing of composites. The use of l—acetone for EPD generates
problems of electrode corrosion and poor EPD bath compatibility with other materials, such as
polymers. In contrast, the EPD of diamond using ChANa is promising for the deposition of
composites of polymers with diamonds. As a step in this direction, we combined the EPD of
diamonds with electropolymerization of polypyrrole (PPy). Previous investigations [47]
demonstrated that adherent and uniform PPy films can be deposited on steel using Tiron as a
dopant. The addition of diamonds, dispersed using ChANa, to the electropolymerization baths
allowed the fabrication of composite films (Fig. 4-3, Supplementary information, Fig. 4-15 and
Fig. 4-16). Diamond particles were observed on the film surface (Fig. 4-3(A)). However, many
diamond particles were coated by PPy (Fig. 4-3(B)). The co-deposition of relatively large
diamond particles with PPy resulted in the increased roughness of the film surface, as compared
to smooth PPy films deposited using Tiron as a dopant. [47] It is suggested that anodic EPD of

diamond can be combined with electropolymerization of other polymers for the deposition of
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new composites. It is expected that polymerbased composite films can also be formed by co-

EPD of diamond with different anionic polymers [33, 38, 48], containing COO™ groups.

200nm

Fig. 4-3 SEM images for PPy-diamond films, formed from 0.1 Py solution, containing 0.01 M
Tiron, 1 g L™ diamond and 0.5 g L™! ChANa at a cell voltage of 7 V, arrows show uncoated
diamond particles.

We found that ChANa can be used as a dispersant for EPD of electrically neutral PTFE

polymer.

_ _ 200nm
Fig. 4-4 SEM images of a film, formed from 1 g L' ChANa solution, containing5g L' PTFE
at a cell voltage of 50 V.
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Fig. 4-5 FTIR data for (a) as-received PTFE and (b) deposit, formed from 1 g L' ChANa
solutions, containing 5 g L™! PTFE at a cell voltage of 50 V.

The use of ChANa facilitated the fabrication of stable PTFE suspensions. PTFE was
successfully deposited by EPD from such suspensions. The SEM studies at low magnification
(Fig. 4-4(A), Supplementary information, Fig. 4-17) showed the formation of a relatively dense
crack-free film, containing submicrometre PTFE particles. The higher magnification SEM
studies (Fig. 4-4(B)) revealed microporosity, which was mainly attributed to particle packing
and O evolution during the anodic deposition. The EPD method allowed for the deposition of
relatively thick coatings with thickness about 30 um (Supplementary information, Fig. 4-18).
The deposition of PTFE was confirmed (Fig. 4-5) by the results of FTIR studies. The FTIR
spectrum of PTFE showed strong absorption peaks at 1150 and 1204 cm™!. The peak at 1204
cm ! was due to symmetric CF, vibration. [49, 50] The asymmetric CF, vibrations and C-C

vibrations [49, 50] contributed to the absorption at 1150 cm™'. Similar peaks were found in the

59



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering
spectrum of the deposit in addition to the relatively weak absorptions related to ChAH. The
annealing of the films at 350 °C led to the melting of the PTFE particles and reduced porosity.
The SEM images (Fig. 4-6(A) Supplementary information, Fig. 4-19) at a low magnification
showed the formation of a crack-free PTFE film. However, the SEM investigations (Fig. 4-
6(B)) at a higher magnification revealed nano pores with a typical diameter <5 nm. Therefore,
further optimization of the EPD bath composition, deposition conditions and annealing
conditions is necessary for the elimination of the nanopores. The SEM analysis of the cross
section of the sintered films indicated that films adhered well to the substrate (Supplementary
information, Fig. 4-20). The adhesion strength of the sintered PTFE film, measured according

to ASTM D3359-09 standard, corresponded to 5B classification.

100nm

Fig. 4-6 SEM images of a film, formed from 1 g L' ChANa solution, containing 5g L' PTFE
at a cell voltage of 50 V and annealed at 350 °C.
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Fig. 4-7 Tafel dependences for steel: (a) uncoated and (b) coated from 1 g L' ChANa solutions,
containing 5 g L™! PTFE at a cell voltage of 50 V for 5 min and annealed at 350 °C.

Electrochemical testing showed that obtained coatings provide protection of steel from
corrosion. The comparison of the Tafel dependences for coated and uncoated steel indicated
that the coated sample showed reduction of anodic current and increase in corrosion potential
(Fig. 4-7). The corrosion current density decreased from 2.59 mA cm™2 for uncoated to 0.39
mA cm~2 for coated steel. The analysis of the EIS data (Fig. 4-8) in the Bode plot for the same
samples revealed significantly higher impedance of the coated samples, compared to the
uncoated sample. The difference is especially evident at frequencies 10 Hz-10 kHz. Therefore,
the PTFE coating acted as a barrier, limiting the electrolyte access to the electrode surface.
Based on these results, the EPD of PTFE coatings show promise for protection of steel from
corrosion. However, further investigations, currently under way, are required for the

microstructure optimization and prevention of formation of defects, such as nanopores.
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Fig. 4-8 Bode plots of impedance data for stainless steel: (a) uncoated and (b) coated from 1 g
L~! ChANa solutions, containing 5 g L™! PTFE at a cell voltage of 50 V during 5 min and
annealed at 350 °C.

ChANa offers advantages for EPD of neutral polymers, compared to other dispersants.
EPD of neutral polymers was achieved using different dispersants, such as head-tail surfactants
and polyelectrolytes. For example, head-tail surfactants [51] were used for EPD of
polyetheretherketone (PEEK). The film formation by EPD requires the use of stable
suspensions. The particles must be well-dispersed and charged in the bulk of the suspensions.
However, the mutual repulsion of the particles must be avoided at the electrode surface in order
to achieve particle coagulation and film formation. From this point of view the use of head-tail
surfactants with pH-independent charge and pH-independent solubility is detrimental for
coating formation. In contrast, ChA™ species are discharged at the electrode surface to form
electrically neutral water-insoluble ChAH, which exhibit gel-forming and film-forming
properties. Therefore, in contrast to head-tail surfactants, ChANa promotes coating formation.

Another strategy is based on the use of polyelectrolytes as charging additives. [52] However,

polyelectrolytes usually promote bridging flocculation of particles.
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The feasibility of EPD of PTFE and diamonds using ChANa indicates that ChANa can be
used as a co-dispersant for their co-deposition and formation of composites. Moreover, PTFE
film formation by EPD opens a novel and unexplored strategy for the deposition of composites
containing particles of different materials in the PTFE matrix. PTFE films and composites are
used for electrical insulation, corrosion protection, electronic, and biomedical applications. As
pointed out above, EPD of multicomponent composites requires the use of universal co-
dispersants for co-deposition of different materials. Of particular interest is the use of ChANa
for the EPD of graphene and CDs and their co-deposition with other materials. It is important
to note that graphene and CDs are important materials for applications in drug delivery. [53-
55] The graphene-carbon nanotube composites and CDs have generated significant interest for
energy storage devices. [32, 55, 56] Therefore, the use of ChANa for co-deposition of graphene
and CDs with drugs and carbon nanotubes can facilitate the fabrication of novel composites for
controlled drug delivery and energy storage.

We found that graphene and CDs can be successfully deposited by EPD using ChANa.
Fig. 4-9 presents SEM data for the study of the graphene films. The SEM image taken at a
lower magnification shows a porous microstructure (Fig. 4-9(A), Supplementary information,
Fig. 4-21, containing graphene particles. The high magnification image (Fig. 4-9(B)) showed
that ChAH was co-deposited, formed necks between the particles and acted as a binder for the

relatively large graphene particles.
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200nm

Fig. 4-9 SEM images of films, formed from 1 g L' ChANa solutions, containing 0.5 g L™
graphene at a cell voltage of 50 V.

Fig. 4-10 SEM images of films, prepared from solutions, containing 0.5 g L' CDs and 0.5 ¢
L~' ChANa at a cell voltage of 15 V.

Smooth films, containing CDs and ChAH were obtained by EPD (Fig. 4-10). However,
relatively large spherical particles with diameters of 0.1-0.6 um were observed on the film
surface. Such spherical particles were also observed in the images of pure ChAH film. [7] The
films exhibited porosity on the nanometric scale. The co-deposition of CDs and ChAH was
confirmed by the FTIR studies of the films. Fig. 4-11 shows FTIR spectra of as-received

ChANa., deposited ChAH, as-prepared CDs and co-deposited CDs and ChAH. The bands at
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2929 and 2860 cm! for as-received ChANa were assigned to stretching C-H vibrations.
Similar bands were observed in the spectra of deposited ChAH, as-prepared CDs and co-
deposited CDs and ChAH. Fig. 4-11(a) shows strong absorptions at 1561 and 1403 cm™!, which
were attributed to stretching asymmetric and symmetric COO- vibrations, respectively. [20]
The band at 1042 cm™! was attributed to C-O stretching. [7] The spectrum of the pure ChAH
revealed absorption at 1703 and 1379 cm™!, assigned to stretching vibrations of protonated
COOH groups [7] and C-OH bending [57], respectively (Fig. 4-11(b)). Such absorptions were
also found for composite ChAH-CDs film (Fig. 4-11(d)). The spectrum of assynthesized CDs
(Fig. 4-11(c)) contained absorptions at 2362 and 2324 cm™! assigned to C-H vibrations. [58]
The absorptions at 1668 and 1454 cm™! were related to C-C/C=C stretching. [57] Similar bands

were found for a composite ChAH-CDs film (Fig. 4-11(d)).
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Fig. 4-11 FTIR data for (a) as received ChANa, (b) deposit, formed from 0.5 g L' ChANa
solution, (c) as-synthesized CDs, (d) deposit, prepared from a solution, containing 0.5 g L™
CDand 0.5g L' ChANa.
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4.4 Conclusions

A biomimetic method has been designed for the electrostatic dispersion and EPD of
different materials, such as diamonds, CDs, graphene and PTFE. ChANa adsorbed on the
materials of different types and facilitated their efficient dispersion and charging. The gel-
forming properties, pH-dependent solubility and charge of ChANa allowed for the use of this
natural organic molecule as a coating-forming agent. The coating formation process was
electrochemically controlled. ChANa can be utilized as a versatile co-dispersant for co-EPD of

composite coatings.

The compatibility of ChANa-mediated EPD with other electrochemical processes allowed
the fabrication of composites by combined electrochemical methods. EPD of diamonds was
combined with PPy electropolymerization for the deposition of diamond-PPy composites.
Annealed PTFE coatings showed strong adhesion to the stainless steel substrates. The results
of the potentiodynamic and impedance spectroscopy studies showed that annealed PTFE films
provide corrosion protection of stainless steel. It is expected that ChANa-mediated EPD will

allow the deposition of other functional materials of different types.
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4.5 Supplementary information

Fig. 4-12 Low magnification SEM image of a film, formed from 2 g L' ChANa solutions,
containing 4 g L diamond at a cell voltage of 15 V.

Fig. 4-13 Low magnification SEM image of a film, formed from 1 g L' ChANa solutions,
containing 1 g L diamond at a cell voltage of 15 V.
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Fig. 4-14 Cross section SEM image of a film, formed from 1 g L™* ChANa solutions, containing
1 g L't diamond at a cell voltage of 15 V.

Fig. 4-15 Low magnification SEM image for PPy-diamond films, formed from 0.1 Py solution,
containing 0.01 M Tiron, 1 g L diamond and 0.5 g L™t ChANa at a cell voltage of 7 V.
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10pm

Fig. 4-16 Cross section SEM image for PPy-diamond films, formed from 0.1 Py solution,
containing 0.01 M Tiron, 1 g L diamond and 0.5 g L™ ChANa at a cell voltage of 7 V.

Fig. 4-17 Low magnification SEM image of a film, formed from 1 g L™* ChANa solution,
containing 5 g L™* PTFE at a cell voltage of 50 V.
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Fig. 4-18 Cross section SEM image of a film, formed from 1 g L™* ChANa solution, containing
59 L PTFE at a cell voltage of 50 V.

Fig. 4-19 SEM image of a film, formed from 1 g L"* ChANa solutions, containing5g L PTFE
at a cell voltage of 50 V and annealed at 350° C.
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Fig. 4-20 Cross section SEM image of a film, formed from 1 g L™* ChANa solution, containing
59 L PTFE at a cell voltage of 50 V and annealed at 350° C.

Fig. 4-21 Low magnification SEM image of a film, formed from 1 g L ChANa solution,
containing 0.5 g L™ graphene at a cell voltage of 50 V.
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Abstract

For the first time thin films of chenodeoxycholic acid (CDCH) were electrodeposited from
sodium chenodeoxycholate (CDCNa) solutions potentiodynamically and by constant voltage
deposition. The proposed deposition method was based on pH-dependent gel-forming
properties of CDCH. CDCNa was found to be an efficient anionic surfactant for electrophoretic
deposition (EPD) of carbon materials, such as submicrometre diamond, nanodiamond, carbon
nanotubes, as well as memory type Zr-doped hydrotalcite (MHT) and poly(tetrafluoroethylene)
(PTFE). In this approach, bifacial amphipathic CDCNa acted as a compatibilizing agent
between the hydrophobic material surface and water. This study enabled the fabrication of
composite coatings using CDCNa as a co-dispersing surfactant. An important practical
outcome of this work was the development of advanced coatings for corrosion protection. We
present a conceptually new strategy which enhances the protective properties of polymer
coatings. It is based on the memory properties of MHT, which are linked to its ability to restore
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the original structure and composition after thermal dehydration. The protection mechanism
involves in-situ MHT reconstruction, which limits water diffusion in pores of coatings. Another
new finding was that CDCNa facilitated solubilization and EPD of ibuprofen in water. This
finding paves the way for the development of drug delivery technologies and deposition of
various water insoluble organic functional materials. Particularly important for future
applications is the possibility of EPD of various hydrophobic polymers and composites using

a biomimetic approach based on the CDCNa mediated deposition.

5.1 Introduction

This investigation was motivated by unique colloidal properties of sodium
chenodeoxycholate (CDCNa), which are promising for new applications of this biomolecule
for surface modification and colloidal processing of advanced materials. It is known that
CDCNa has important functional properties in a human body. It facilitates solubilization and
transportation of lipids in the intestine and accelerates colonic transit. [1, 2] The unique
colloidal properties of CDCNa were used in pharmaceutical nanotechnologies for dissolving
cholesterol gallstones gallstones. [2, 3] The CDCNa-mediated dissolution therapy via oral
administration is an important alternative to surgery. [4] The gallstone treatment method was
based on the analysis of the molecular-level dissolution of cholesterol in the presence of

CDCNa. [4]
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The strong solubilization power of CDCNa has been utilized for the development of new
strategies for the solubilization and delivery of poorly soluble drug molecules. [5] CDCNa
exhibits antimicrobial properties, which are currently under investigations for various
applications in medicine [6]. Biomedical studies revealed interesting adsorption and
solubilization properties, catalytic effect, charge transfer and chelating properties of CDCNa.
[6-8] Other investigations revealed thermal stability [9] and pH-dependent gel forming
properties [10] of this biomolecule. Such properties are promising for novel applications in

nanotechnology of organic and inorganic materials.

CDCNa has been widely investigated as a co-adsorbent for the dye sensitized
nanocrystalline solar cells. [11-13] The adsorbed CDCNa prevented dye aggregation on the
Ti02 surface and allowed for larger electron lifetime, higher open circuit voltage and enhanced
cell efficiency. [11-13] Enhanced performance was achieved not only by coadsorption, but also
by incorporation of CDCNa into the electrolyte solutions. [14] Comparison of the data for
electrodes prepared with and without CDCNa showed its strong impact on the photovoltaic cell
performance. [15-17] CDCNa has been successfully combined with various dyes [16-20],
containing different anchoring ligands. Furthermore, the use of CDCNa allowed for reduced
dye loadings. [19] These studies revealed promising properties of CDCNa for surface
modification of photovoltaic materials. [21] However, despite the tremendous progress
achieved in the use of CDCNa for biomedical and photovoltaic applications, the potential of

CDCNa for many other applications remains unexplored.
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The goal of this investigation was the application of CDCNa for surface modification and
electrodeposition of organic and inorganic materials. We discovered that thin films of
chenodeoxycholic acid (CDCH) can be prepared from CDCNa solutions by colloidal-
electrochemical deposition using potentiodynamic and constant voltage techniques. The
proposed deposition mechanism was based on the gelforming properties of CDCH. The method

allowed for the control of the deposition yield.

Following the goal of this investigation we used CDCNa for surface modification,
charging, dispersion and electrophoretic deposition (EPD) of chemically inert and electrically
neutral materials such as poly (tetrafluoroethylene) (PTFE), submicrometre diamond (SD) and
nanodiamond (ND), carbon nanotubes, memory type Zr- doped hydrotalcite (MHT) and
composites. We demonstrated that the bifacial amphipathic structure of CDCNa was beneficial
for dispersion of PTFE, carbon nanotubes and diamonds. In our approach, CDCNa acted as a
compatibilizing agent between the hydrophobic material surface and water. The chelating
properties of CDCNa facilitated its adsorption on MHT. Experimental results of this
investigation indicated that CDCNa can be used as a co-dispersant for various materials and
deposition of composites. PTFE films have been developed for corrosion protection of stainless
steel. The use of CDCNa as a co-dispersant for PTFE and MHT allowed for the development
of composite coatings with enhanced corrosion protection. A conceptually new approach has
been developed, which was based on the memory properties of MHT. It was found that MHT

additive limited electrolyte diffusion in pores of PTFE coating. Another important finding was
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the solubilization and electrodeposition of ibuprofen (IBP) in the presence of CDCNa, which

is promising for biomedical applications.

5.2 Experimental Procedures
5.2.1 Materials

Sodium chenodeoxycholate (CDCNa), submicrometre diamond (SD, size<l um),
nanodiamond (ND, size<10 nm), ibuprofen (IBP), poly(tetrafluoroethylene) (PTFE, size<1 pm)
(Aldrich), carbon nanotubes (multiwalled, Bayer) and Zr-doped hydrotalcite (MHT, Zr:Mg:Al

atomic ratio of 0.14:3:0.78) (MEL Chemicals) were used.

5.2.2 Coating Deposition

Electrodeposition process of CDCH was investigated potentiodynamically from aqueous
1 g L' CDCNa solution. Cyclic voltammetry (CV) data was recorded at a sweep rate of 5 mV
s ! using an electrochemical cell described in Ref. [22]. In-situ studies of the deposition yield
were performed at a constant voltage mode from 0.1 g L' CDCNa solution at a cell voltage of
5 V using a quartz crystal microbalance (QCM) and a cell described in Ref. [23]. Constant
voltage deposition was also performed from 1 g L™' CDCNa solution using a two-electrode
EPD cell, containing a stainless steel (304 type) substrate (25%x45x0.1 mm) and a Pt foil

counter-electrode. The electrode separation was 17 mm and cell voltage was 10 V.
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EPD of diamonds and nanodiamonds, carbon nanotubes, PTFE and MHT particles was
performed in the EPD cell at a deposition voltage of 50 V, the particle concentration in the
suspensions was 0.5—-5 g L™! and dissolved CDCNa concentration was 1 g L™!. EPD of PTFE
was performed using a mixed water-ethanol solvent (40 % ethanol). The use of ethanol
facilitated PTFE dispersion. Other materials were deposited from aqueous suspensions. The
obtained suspensions were ultrasonicated for 10 min before the deposition. The deposition time
was 5 min. The obtained coatings were dried in air for 24 h. The concentrations of suspensions
and deposition voltages were optimized. The experimental data for different coatings were

presented at optimized conditions, described in figure captions.

5.2.3 Characterization

Electrochemical studies were performed in an aqueous 30 g L' NaCl aqueous solution
using a PARSTAT 2273 potentiostat and a 3-electrode electrochemical cell with coated or
uncoated stainless steel as a working electrode, SCE (reference saturated calomel electrode)
and Pt counter-electrode. Potentiodynamic polarization studies were performed at a sweep rate
of 1 mV s™!. Electrochemical impedance spectroscopy (EIS) data at an AC signal amplitude of
5 mV was obtained in the frequency range of 0.01 Hz — 10 kHz and presented in Bode plots.
A JEOL scanning electron microscope (SEM) JSM-7000 F was used for microstructure
investigations. A Bruker Vertex 70 spectrometer was used for the Fourier Transform Infrared

Spectroscopy (FTIR) studies. Xray diffraction (XRD) experiments were carried out using a
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Nicolet 12 powder diffractometer, with monochromatized CuKa radiation. The coating

adhesion strength was measured using D3359—17 standard, ASTM.

5.3 Results and discussion

CDCNa has been chosen as a promising surfactant for EPD due to its bifacial amphipathic
structure (Supplementary information, Fig. 5-12) and electric charge. The CDCNa structure
has a hydrophilic side, containing OH groups and a hydrophobic side. The CDCNa dissociation
results in charged CDC™ species, the negative electric charge of them is attributed to anionic

COQO" groups:

CDCNa — CDC + Na* (1)

Electrodeposition of organic and inorganic materials involves their transport in an electric
field. [24-26] Film formation is based on their discharge or charge compensation [26, 27],
which facilitate coagulation at the electrode. We demonstrated here for the first time the
electrodeposition of chenodeoxycholic acid (CDCH) films from CDCNa solutions and
proposed a deposition mechanism.

Fig. 5-1(A) shows CVs for an Au electrode in 1 g L' CDCNa solution. Cycling of the Au
electrodes in the 1 g L™' CDCNa solution resulted in the film formation. The current gradually
decreased with increasing cycle number due to the formation of an insulating film on the
electrode. The reduction of current indicated film formation. The film deposition process has

also been investigated using in-situ mass gain measurements by QCM. Fig. 5-1(B) shows a
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continuous mass gain achieved during the constant voltage deposition. The decrease in the slop
of the curve resulted from the continuous increase of film resistance with increasing deposit

mass [28] and corresponding decrease of electric field in the suspension.
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Fig. 5-1 (A) CVs for an Au electrode in aqueous 1 g L' CDCNa solution at a sweep rate of 5
mV s™! (arrow shows increasing cycle number), (B) QCM data for in-situ deposit mass
measurements at a deposition voltage of 5 V in 0.1 g L™' CDCNa solution for a gold coated
quartz electrode with an area of 0.2 cm?.

The proposed mechanism of deposition was based on the analysis of literature data on pH-
dependent water solubility and adsorption properties of CDCH. [29] The literature studies of
CDCH solubility and adsorption involved the analysis of CDCH in supernatant and precipitate
phases of gastrointestinal contents with different pH from stomach, duodenum and jejunum.
[30] It was found that pKa of CDCH is 6.2 and CDCH precipitates at pH=4 [29]. The pH
reduction promoted enhanced adsorption and gelation of CDCH. The pH increase above
pH=7.5 resulted in increasing solubility of CDCH, which allowed for solubilization of

gallstones and other biomolecules. [30] The precipitation and gelation of CDCH at low pH was

also confirmed in other studies. [10]
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It was hypothesized that an acidic pH was created locally at the anode area due to the
reaction:
H,O — 2H" +2e" + % O3 (2
The CDC™ transport to the anode allowed for CDCH film deposition by an
electrogenerated acid method, which involved charge neutralization, local precipitation and
formation of insoluble film at the electrode surface:
CDC + H* — CDCH (3)
Electrodeposition was also performed on stainless steel substrates. Fig. 5-2 shows SEM
images of films deposited potentiodynamically at a sweep rate of 5 mV s ! and at a constant
voltage of 10 V. The potentiodynamically deposited film was porous and consisted of

submicrometre particles. The film deposited at a constant voltage showed a continuous dense

layer and submicrometre particles deposited on the top of the dense layer.

Fig. 5-2 SEM images of CDCH films on stainless steel deposited from 1 g L' CDCNa
solutions: (A) potentiodynamically at a sweep rate of 5 mV s™! and (B) at a constant voltage of
10V.
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The proposed deposition mechanism was confirmed by the analysis of the FTIR spectra
(Fig. 5-3). The spectrum of as-received CDCNa and deposited material showed absorptions at
1078 and 1077 cm™!, respectively, attributed to C-O stretching vibration. [31] As-received
CDCNa also showed absorptions at 1406 and 1558 cm™' which resulted from symmetric and
asymmetric COO- vibration. [31] The peak at 1708 cm™! in the spectrum of the deposited
materials is related to stretching of protonated COOH. [32] This peak has not been detected in
the spectrum of CDCNa. Therefore, FTIR analysis confirmed CDCH deposition from CDCNa

solutions.
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Fig. 5-3 FTIR spectra of (a) as-received CDCNa, (b) deposited CDCH, (c) as-received PTFE
and (d) deposit, obtained from 5 g L™! PTFE suspension, containing dissolved 1 g L™! CDCNa.

FTIR spectroscopy has also been used for the analysis of PTFE deposition. The FTIR

spectrum of as-received PTFE (Fig. 5-3) showed peaks at 1154 and 1202 cm™!, which resulted
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from CF2 asymmetric and symmetric vibrations, respectively. [33, 34]The peaks at 1151 and
1203 cm™! in the spectrum of the deposited material provided evidence of the successful EPD
of PTFE (Fig. 5-3). The concentration of CDCNa was significantly lower than the

concentration of PTFE in the suspension. As a result, the FTIR spectrum (Fig. 5-3(d)) of the

deposited material showed mainly peaks of PTFE.

Fig. 5-4 SEM images of (A,B) as deposited films and (C,D) films, annealed at 350 °C, prepared
from (A,C) 1 g L! PTFE suspensions, (B,D) 5 g L™! PTFE suspensions, containing dissolved
1g L' CDCNa at a deposition voltage of 50 V, arrows in (D) show nanocracks.

The SEM images of as-deposited PTFE coatings are shown in Fig. 5-4. The image of the

coating, prepared from 1 g L' PTFE suspensions, containing 1 g L' CDCNa, revealed

porosity and particle agglomeration. The deposit, obtained from 5 g L' PTFE suspensions,
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containing 1 g L™! CDCNa, showed significantly reduced agglomeration and lower porosity.
Annealing of the coatings resulted in increased density (Fig. 5-4). However, the coatings
showed small nanocracks. SEM investigations of the annealed coatings showed that coating
thickness increased with increasing deposition duration. The thickness of the films deposited
at the voltage of 50 V and deposition duration of 5 min was about 10 um. The coating adhesion
strength (D3359-17 standard, ASTM) was found to correspond to 5B grade (Supplementary

information, Fig. 5-13).

SEM investigations showed that MHT can be deposited using 5 g L™! MHT suspensions,
containing dissolved 1 g L' CDCNa at a deposition voltage of 50 V (Fig. 5-5). However, PTFE
and MHT have no charge and cannot be deposited electrochemically without charging
additives. It was hypothesized that CDCNa adsorbed on PTFE and MHT, imparting a negative
charge for electrodeposition. Therefore, CDCNa can be used as a co-dispersant for the
deposition of composite films, containing PTFE and MHT. The co-deposition of PTFE and
MHT was confirmed by the deposition yield measurements at different deposition durations. It
was found that the addition of MHT to the PTFE suspension resulted in enhanced deposition
yield due to co-deposition of both materials (Supplementary information, Fig. 5-14 and related

data analysis).
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Fig. 5-5 SEM image of a film, deposited from 5 g L™! MHT suspensions, containing dissolved
1g L' CDCNa at a deposition voltage of 50 V.

It was suggested that annealed PTFE and composite films can provide corrosion
protection of stainless steel. Potentiodynamic and impedance spectroscopy studies are
important tools to investigate the corrosion protection of polymer and composite coatings. [35-
38] The increase in corrosion potential and reduction of anodic current of PTFE coated stainless
steel in comparison with uncoated steel are indicators of corrosion protection (Fig. 5-6(A)).
The corrosion current decreased from 2.63 pA ¢cm 2 for uncoated sample to 0.40 pA cm2 for
PTFE coated sample. Coated stainless steel showed significantly higher impedance |Z| (Fig. 5-
6(B)), 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 [35, 39] at the solution/electrode interface. As a result, the
impedance |Z| of the uncoated steel decreased with increasing frequency (Fig. 5-6(B)). A
defect-free coating provides a barrier to electrolyte diffusion and prevents corrosion. [39-41]

However, small defects in coatings [42] create low resistance paths for electrolyte diffusion.
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The electrochemical impedance of coated stainless steel is usually described by a general
transmission line model [39, 43], which includes different parameters, such as coating
capacitance C, coating resistance perpendicular to the surface Rp, solution resistance Rs,
impedance at the metal/coating interface Z;, coating resistance tangential to surface R, and
interfacial resistance Ri. At low frequencies (w) the impedance of the coated electrode can be

described by the equation [39, 43]:

P2 4 1-0iCR (4)

At low frequencies the impedance is nearly independent on the frequency. [39, 43] Indeed,
the impedance |Z| of the uncoated sample (Fig. 5-6(B)) 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 (Fig. 5-6(B,C)).
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Fig. 5-6 (A) Tafel plots and (B,C) EIS data: (B) absolute values of impedance | Z | and (C)
phase angles ¢ versus frequency for (a) uncoated stainless steel, (b,c) coated stainless steel
from (b) 5 g L' PTFE and (c) 5 g L™! PTFE and 0.5 g L™* MHT suspensions, containing
dissolved 1 g L' CDCNa at a deposition voltage of 50 V. The coated samples were annealed
at 350 °C for 1 h.

Literature data [44] on the corrosion protection of metals by organic coatings in agueous

NaCl solutions indicated that water diffusion in pores must be prevented in order to improve
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protective properties of coatings. Our efforts to enhance corrosion protection have resulted in
a conceptually new strategy, based on the use of memory properties of MHT. Previous
investigations showed [45] that MHT is an important flame retardant material, which exhibits
mass loss of 44 % resulting from dehydration under thermal annealing. The annealed material
can be completely reconstructed [45] by addition of water. Building on the memory properties
of MHT [45], we used this material as an additive in order to limit water diffusion in the
nanocracks and nanopores of the PTFE coating. Turning again to the SEM image shown in Fig.
5-4(D) it should be noted that such nanocracks or nanopores can provide paths for the water

transport.

Fig. 5-7 shows a schematic of the strategy used in this investigation to limit electrolyte
diffusion in pores. MHT was used as an additive and it was co-deposited with PTFE by EPD.
Taking into account the thermogravimetry data [45] for MHT, it is obvious that annealing of
the composite coatings at 350°C resulted in the dehydration of MHT. However, previous
investigation [45] showed memory properties of annealed MHT, which can be easily
reconstructed in the presence of water to form original hydroxide material. It is suggested that
water diffusion led to the in-situ hydration and reconstruction of the dehydrated MHT particles,
which was accompanied by water uptake, increase of particle volume and blocking of porous
channels. Tafel plot showed an increase in corrosion potential and reduction of the anodic
current of the composite coating, compared to pure PTFE sample (Fig. 5-6). The composite

coating showed lower corrosion current, which was found to be 0.11 uA cm 2. Moreover, the
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composite coatings, containing MHT showed enhanced impedance, compared to pure PTFE
coating (Fig. 5-6). From the electrochemical testing results it is evident that MHT additive is
beneficial for the development of protective coatings. However, the concentration of MHT in

the coatings must be optimized.
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Fig. 5-7 Schematic of a coating deposited by EPD, annealed coating and annealed coating in
the electrolyte solution.

The use of MHT represents a conceptually new strategy in the development of advanced
coatings for corrosion protection. It is important to note that many polymers, such as PTFE,
show good chemical stability. Such polymers are attractive materials for the development of
protective coatings. The failure of polymer coatings often results from diffusion of electrolyte
in nanopores and nanocracks of the polymer coating, which leads to corrosion of metals below
the coating-substrate interface, loss of adhesion and peeling off the chemically stable coating
material. Our strategy allowed for water consumption by dehydrated memory-type MHT in-
situ, which limited the electrolyte diffusion. In contrast to other materials from the bile salt

family [46], CDCNa allowed co-dispersion and co-deposition of PTFE and MHT. The use of
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CDCNawas a key for the fabrication of composite coatings by EPD from colloidal suspensions
and development of a new strategy based on the application of memory properties of MHT.
CDCNa is a promising dispersing, charging and film forming agent, which can potentially be
used for the co-deposition of other electrically neutral polymers with MHT or other chemically

active additives for the development of advanced coatings.

This study indicates that chemical structure of bile salts is an important factor for their
application in colloidal-electrochemical processing of materials. Other bile salts, such as
taurocholic acid, taurodeoxycholic acid and lithocholic acid cannot be deposited by EPD due
to their different structure and solubility properties. Deoxycholic acid can be used for the
dispersion and deposition of limited number of organic materials. [46] In contrast, we found
that CDCNa allows deposition of various organic and inorganic materials and their co-

deposition.

It is hypothesized that hydrophobic surface of the steroid CDCNa skeleton allowed for
adsorption of this molecule on the hydrophobic surfaces of PTFE and the bifacial amphipathic
structure of CDCNa facilitated PTFE particles dispersion. CDCNa acted as a compatibilizing
agent between the hydrophobic material surface and water (Supplementary information, Fig.
5-15). It was suggested that interactions of COO™ groups of dissociated CDCNa with metal
atoms on the MHT surface facilitated CDC™ adsorption on MHT. The adsorption mechanisms
of various molecules, containing chelating carboxylic groups, on inorganic particles were

described in literature. [47, 48]
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CDCNa was used for dispersion, charging and EPD of carbon materials, such as SD, ND
and carbon nanotubes from aqueous suspensions. Fig. 5-8 shows X-ray diffraction patterns of
deposits, obtained from SD and ND suspensions, containing CDCNa. The diffraction patterns
show peaks of diamond, corresponding to the JCPDS file 6-675. ND exhibited broad peaks
due to the small particles size. The SEM images showed diamond particles on the surface of

continuous CDCH layer, ND particles were agglomerated (Fig. 5-9).
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Fig. 5-8 X-ray diffraction patterns of coatings prepared using (a) 5g L' SD and (b) 5¢g L™
ND suspensions, containing dissolved 1 g L' CDCNa at a deposition voltage of 50 V (¢ -
JCPDS file 6-675 of diamond).
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Fig. 5-9 SEM images of deposits, prepared from (A) 1g L' SDand (B) 1 g L' ND suspensions,
containing 1 g L™! CDCNa at a deposition voltage of 50 V.

EPD of ND presents difficulties, related to poor dispersant adsorption on the ND surface
and poor colloidal stability of ND suspensions. Our method offers advantages, compared to
another EPD strategy, described in literature [49]. According to ref. [49], ND particles were
charged by adsorbed H*, which were generated in chemical reaction of I, and acetone. However,
this method introduces problems related to corrosion of electrodes in the highly acidic bath,
poor adhesion and deposit contamination. Another difficulty involves chemical degradation of
materials in the l>—acetone mixture, which limits the application of this bath for the EPD of
composites. In contrast, CDCNa is a versatile dispersant for the EPD of different materials and
composites. Moreover, film forming and binding properties of CDCH are beneficial for the

fabrication of adherent coatings.

SEM studies showed that carbon nanotubes formed a continuous network, CDCH was
deposited in the spaces between the nanotubes and acted as a binder (Fig. 5-10). The

experimental data presented in Figs. 5-8-5-10 show the feasibility of EPD of SD, ND and
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carbon nanotubes. The suggested adsorption mechanism of CDCNa on SD, ND and carbon
nanotubes are shown in Fig. 5-15 and Fig. 5-16 (Supplementary information). For practical
applications such materials can be co-deposited with polymers, such as PTFE to form

composites.

Fig. 5-10 SEM image of a deposit, obtained from 1 g L' carbon nanotube suspensions,
containing 1 g L' CDCNa at a deposition voltage of 30 V, arrows show carbon nanotubes.

This investigation showed that CDCNa is a versatile dispersant for co-deposition of
different materials from colloidal suspensions. Moreover, CDCNa is a promising solubilizing
agent, which can be potentially used for solubilizing of different drug molecules and their EPD.
It is important to note that the delivery of insoluble drugs is an important direction in modern
biomedical research. [50] Many failures in the development and applications of new drugs are
related to their poor water solubility. [50] The deposition of composite coatings by EPD is a
promising strategy for drug delivery. As a step in this direction, we investigated EPD of IBP,
which was used as a model water insoluble drug. [51] It was found that CDCNa facilitated IBP

solubilization in water and allowed film formation by EPD. XRD analysis revealed that CDCH
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was amorphous (Fig. 5-11). In contrast, the diffraction pattern of a deposit prepared from an
IBP solution, containing CDCNa, showed well defined peaks of IBP, corresponding to the
JCPDS file 32-1723. We suggested that mixed micelles of CDCNa and IBP were formed in
water and facilitated IBP transport to the anode surface, where IBP incorporated into the CDCH
film. This mechanism can potentially be used for the deposition of other drugs and various

functional molecules for biomedical, electronic, energy storage and other applications.

'
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Fig. 5-11 X-ray diffraction patterns of (a) as-received CDCNa and (b) deposit, obtained from
3 g L7 IBP aqueous solution, containing 1 g L~! CDCNa at a deposition voltage of 30 V (# -
JCPDS file 32-1723 of IBP).

5.4 Conclusions

For the first time we demonstrate that CDCH films can be deposited using an
electrogenerated acid method and pH-dependent gel-forming properties of CDCH. Another

major finding was that CDCNa allowed EPD of carbon materials, such as SD, ND and carbon
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nanotubes, as well as PTFE and MHT. This discovery paved the way for the fabrication of
composite coatings using CDCNa as a co-dispersing surfactant. This study represents an
advance in the EPD of hydrophobic materials from aqueous solutions. In our approach, bifacial
amphipathic CDCNa acted as a compatibilizing agent between the hydrophobic material
surface and water. An important practical outcome of this study was the development of

advanced coatings for enhanced corrosion protection of stainless steel.

We put forward a conceptually novel strategy to enhance protective properties of polymer
coatings, which is based on the memory properties of MHT. The mechanism involves in-situ
MHT reconstruction, which limits water diffusion in pores. This strategy paves the way for the
fabrication of advanced polymer coatings for corrosion protection. It is expected that this
strategy can be utilized for other advanced polymers and chemically active additives for
corrosion protection in different environments. The feasibility of co-deposition of various
materials using CDCNa as a co-dispersing surfactant opens new avenues for the fabrication of
new composites with enhanced functional properties. Another important finding was that
CDCNa facilitated IBP solubilization and deposition of CDCH films, containing IBP. This
finding has practical significance for development of new drug delivery technologies and
deposition of various water insoluble organic functional materials. Particularly important for
future applications is the possibility of EPD of various hydrophobic polymers, functional
materials and composites from aqueous suspensions using a biomimetic approach based on the

CDCNa mediated deposition.
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5.5 Supplementary information

ONa

H

Fig. 5-12 Chemical structure of CDCNa.

Fig. 5-13 Results of adhesion test for PTFE film.
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Fig. 5-14 Deposit mass versus deposition time for 5 g L™ PTFE suspension, containing 1g L™
CDCNa: (a) without MHT and (b) containing 2 g L* MHT at a deposition voltage of 50 V.

According to Hamaker equation the deposition yield M per unit area of the electrode is
proportional to the concentration of particles in suspension C, deposition time, electrophoretic

mobility p, electric field E[52].
M= pEtC (S1)
In the case of co-deposition, the deposition yield is given by
M= wEtC: + n2EtCs (S2)

where subscripts 1 and 2 correspond to different materials in the suspension. The addition

of MHT to PTFE resulted in increased deposition yield in agreement with equation S2.

Therefore, the deposition yield measurements confirm co-deposition of PTFE and MHT.
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The deviation from the linear dependence at deposition time above 4 min can result from
the reduction in electric field in the bulk of the suspension due to the voltage drop in the

insulating deposit. [28]

® OH ® COO-

Fig. 5-15 Schematic of CDCNa adsorption on a hydrophobic particle.
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Abstract

This investigation describes for the first time the application of carbenoxolone for
electrophoretic deposition (EPD) of different carbon materials, polytetrafluoroethylene (PTFE)
and their composite films. Carbenoxolone is a versatile biosurfactant, which adsorbs on
materials due to its amphiphilic structure and allows their charging and dispersion. Moreover,
carbenoxolone exhibits film-forming properties, which are investigated in experiments on EPD
of films using water and ethanol-water solvents. The new deposition process is monitored in
situ and the deposition yield and film microstructure are analyzed at different conditions. The
EPD mechanism of materials involves electrode reactions of the carbenoxolone surfactant. The
data of potentiodynamic studies coupled with the results of impedance spectroscopy show that
PTFE films can be applied to protect metals from corrosion. Electron microscopy,
electrochemical techniques and modeling are used for analysis of the microstructure and
porosity of films prepared at different conditions. Carbenoxolone is applied as a co-surfactant

for the EPD of composites.

6.1 Introduction

EPD and other electrochemical strategies are widely applied to modify the surfaces of
materials and to form coatings and thin films [1-6]. The EPD technique involves
electrophoresis of charged particles and their deposition on the electrode surface [7-10]. Many
investigations have been conducted to develop surface engineering strategies to charge
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particles and to develop deposition mechanisms and optimize the deposition conditions [11-
14]. Advanced techniques, novel additives and bath compositions have been applied for EPD
[15-17]. There has been significant progress in the EPD of composite and multilayer films [18-
21]. EPD was combined with electrosynthesis for the manufacturing of nanocomposite
organic—inorganic films [22, 23]. A new approach involved the use of film-forming charged
dispersants for EPD of materials [24, 25]. It was found that small organic molecules such as
bile salts adsorbed on carbon nanotubes and the negative charge of the adsorbed molecules
facilitated carbon nanotube dispersion [24]. Moreover, bile salts exhibited both a pH-dependent
charge and gel properties, which facilitated the fabrication of thin films of bile acids [24]. The
film-forming and binding properties of bile salts facilitated EPD of materials. Therefore,
further development of film-forming charged dispersants is a promising approach to surface

modification and EPD of materials.

EPD is an eco-friendly technology which facilitates the deposition of thin films of
different functional materials, avoiding the use of toxic precursors and solvents [26]. It is
widely used for high quality film deposition for various electronic and biomedical applications
due to the high purity of the deposited materials [26, 27]. One of the challenges in designing
EPD processes is the development of eco-friendly charged surfactants for various materials.
Therefore, the use of natural and biocompatible surfactants for charging and dispersion of

materials is of particular interest for the development of EPD technology.

110



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering

Carbenoxolone sodium salt (CBXNa) is a promising biocompatible molecule which can
potentially be used for surface modification and EPD of materials [28]. This molecule was used
as an anionic dopant for electropolymerization of polypyrrole [28]. CBXNaz is currently used
in medicine for the treatment of gastric and duodenal ulcers. This drug molecule exhibits
important antiviral and gel-forming properties. CBXNaz: is a derivative of glycyrrhetinic acid
(Fig. 6-1) with a steroid-like chemical structure. It is a bipolar amphiphilic molecule,
containing carboxylic and succinyl groups bonded to opposite sides of the steroid-like core.
Dissociated CBXNay exhibits anionic properties in aqueous solutions due to its two COO—
groups. The COO— groups are protonated in acidic solutions to form insoluble CBXHoa.
Compared to bile salts, CBXNay offers the benefit of a higher charge to mass ratio, which is
important for electrostatic dispersion of materials. Another advantage of CBXNa; is that the

succinyl group of CBXNaz facilitates its bonding to various materials [29].

The goal of this study was the development of a new and versatile approach for EPD of
different materials, such as carbon materials, PTFE and composites. It involved the application
of CBXNa as a versatile surface modification, dispersion, charging and film-forming agent.

We analyzed the deposition mechanisms, film microstructures and properties.
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Fig. 6-1 (A) CBXNa structure, (B) film mass as a function of time analyzed in situ using QCM
for 0.1 gL ! CBXNa; solutions in water at deposition voltages of (a) 3 and (b) 5V.

6.2 Materials and Methods

CBXNaz, diamond (size < 1 um), nanodiamond (size < 10 nm), graphene nanoplatelets
(BET area 750 m?g 2, size < 2 um) and PTFE (~1 pum) (Aldrich) were used. Carbon dots were
prepared as described in [30]. CBXNa. solutions in water or water-ethanol solvents with
dispersed particles of the carbon materials and PTFE were prepared for EPD. The particle
concentration was 0.1-10 gL%, deposition voltages were 3—70V, deposition times were 3-5
min. The distance between stainless steel (type 304) and counterelectrodes (Pt foil) in the EPD

cell was 15 mm. The electrode dimensions were 25 x 30 x 0.1 mm. PTFE coated samples were
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annealed at 350 °C for 1 h. The yield of EPD has been analyzed in situ using a microbalance

(AMETEK, QCM 922) and Au coated quartz crystals. The area of the electrode was 0.18 cm?.

Corrosion protection of the electrophoretically deposited films was studied in 3% (mass
per volume) sodium chloride solutions using a potentiostat (AMETEK 2273) and a three-
electrode cell with uncoated or coated substrate, Pt auxiliary electrode and an SCE reference.
The working electrode area was 1 cm?. Potentiodynamic testing was carried out at a 60
mVmin-! scan rate in the potential range of —1.1—+0.8 V versus SCE. EIS data was acquired at
a 5 mV voltage amplitude in the frequency range of 10 mHz-10 kHz. Microstructure studies
were carried out using a JSM-7000F microscope (JEOL, SEM) at voltages 5-10 kV. XRD
testing was carried out with a Nicolet 12 diffractometer and CuKa radiation. A Bruker FTIR
spectrometer (Vertex 70) was applied for spectroscopy analysis using the attenuated total

reflection (ATR) technique.

6.3 Results

A typical requirement for EPD is the colloidal stability of charged species in the
deposition bath. The charging agent selection plays an essential role in the control of bath
stability and the rate of electrophoresis. However, strong repulsion of charged particles inhibits
film formation. Therefore, when selecting charging surface agents for EPD it is important to

consider not only bulk suspension stability but also the ability of the agents to facilitate particle
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discharge and coagulation at the substrate surface. Our strategy is based on the charging of

particles by CBX?  species in CBXNa solutions and their discharge in electrode reactions.

The ability to form films from pure CBXNa solutions is a favorable factor for EPD of
materials. The deposition mechanism involved electrolysis of water in an anodic reaction [24,
25, 31, 32]:

2H20 — O, + 2H* + 2¢- (1)

The electromigration of CBX?™ species led to their discharge at the anode and formation
of CBXH: films:

CBXZ + 2H' — CBXH; )

Reaction (2) is critical for the deposition process, because it results in the discharge of
CBX? and deposition of insoluble CBXH>. The deposition mechanism described in Reactions
(1) and (2) is similar to that used for anodic deposition of other small organic molecules and

macromolecules [24, 25, 33, 34].

Water is an important component of an electrodeposition bath because it is necessary for the
H* generation in Reaction (1). However, organic solvents offer several benefits for EPD of
materials. The EPD vyield is proportional to the electric field in the suspension [35]. The
generation of high electric fields in aqueous suspensions by the application of high voltages
presents difficulties due to the high conductivity of aqueous suspensions, which results in high
currents, significant O gas evolution and enhanced H* generation in Reaction (1). The high
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rate of H™ generation can result in expansion of a low pH region away from the anode. This
can potentially lead to the precipitation of CBXH: at some distance from the electrode surface.
Moreover, significant O evolution results in porous films. The use of ethanol-water mixture
as a solvent is beneficial for EPD at relatively high voltages and a reduced rate of Reaction (1).
The dispersion of hydrophobic PTFE in water presented difficulties. However, PTFE

suspensions were formed in an ethanol-water mixture.

The deposition of pure CBXH: films was studied using water and ethanol-water (5% water)
solvents. The deposition yield was analyzed by in situ method, based on continuous QCM
monitoring of deposit mass during the deposition. This technique has limitations, because it
can be used for relatively low deposition yields. Therefore, QCM analysis was performed at
relatively low voltages and low solution concentrations. The deposition yield data presented in
Figure 1B showed continuous mass increase with time due to film growth. The increase in the
applied voltage led to a higher rate of deposition. The rate of mass gain reduced with EPD time
due to the continuous rise of the voltage drop in the deposit and reduction of electric field

strength in the solution [35].

EPD from aqueous CBXNa solutions at voltages below 15V led to the formation of continuous
films which were crack-free (Figure 2A,B). However, the deposition at higher voltages resulted
in the formation of pinholes, due to the O evolution. In contrast, significantly higher voltages
can be applied for the EPD of films from the solutions of CBXNaz in the ethanol-water mixture.

The EPD process resulted in the formation of continuous films at voltages of 20-80 V. The
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microstructure of the films formed at 20 V showed a large number of fibers with a typical
length of 5-10 um and diameters of about 0.5 um. Fiber formation can result from self-
assembly of water-insoluble hydrophobic CBXH> molecules. The formation of fibrous
particles by electrochemical self-assembly was observed in other experiments on anodic
electrodeposition of other small organic molecules [36, 37]. Such fibers were not observed at
higher voltages. The increase of voltage above 80V in the water-ethanol solvent resulted in
pinholes. Therefore, the EPD from aqueous suspensions was limited to voltages not higher than
15V, whereas the deposition from ethanol-water suspensions was performed at voltages below
80 V. It is important to note that the selection of a solvent is important for the fabrication of
stable suspensions for EPD. Therefore, in this investigation EPD of different materials was
performed in aqueous or ethanol-water suspensions in order to achieve good suspension

stability for each material.

Ipm

Fig. 6-2 SEM images of films, deposited from 1 g L ! CBXNa; solutions in water at (A) 5V,

(B) 15 V and in ethanol-water solvent (5% water) at (C) 20 V and (D) 80 V.
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The deposition mechanism of carbon materials and PTFE involved CBX? adsorption; the
adsorbed CBX? makes the materials negatively charged and facilitates EPD from stable
suspensions. Fig. 6-3 shows microstructures of films containing diamond and nanodiamond,
as well as the XRD patterns of the films. Electron microscopy showed the formation of
continuous films, which were crack-free and contained diamonds (Fig.6-3(A)). Nanodiamond
particles showed poor dispersion in water. However, relatively stable suspensions were
obtained in ethanol-water solvent, which facilitated nanodiamond dispersion in the presence of
CBXNaa. Electron microscopy studies showed some agglomerates on the film surface (Fig. 6-
3(B)). The size of the primary particles in such agglomerates was significantly larger than the
size of the nanodiamond particles. The agglomeration of the nanodiamond particles can result
from their lower zeta-potential (Supplementary material, Table 6-1). The incorporation of
diamond and nanodiamond in the films was confirmed by XRD (Fig. 6-3(C)), which showed

peaks (111), (220) and (113) of diamond. The peak broadening for nanodiamond resulted from

its small size (Fig. 6-3(C)).

~
Intensity (a.u.)l

- 30 40 S0 60 70 S0 90
lpm ‘ = 200nm 20 (Degrees)

Fig. 6-3 (A,B) SEM and (C) XRD data for films prepared from 1 gL ' CBXNa solutions with
(A,C(a)) 1 gL ! diamond at 7 V in water and (B,C(b)) 1 gL ! nanodiamond at 70 V in ethanol-
water (5% water) solvent.
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The feasibility of diamond deposition by EPD from their dispersion in CBXNaz solutions
indicated that CBX? adsorbed on chemically inert diamond surfaces. It was hypothesized that
the hydrophobic interactions allowed for adsorption of amphiphilic CBX? on the diamond
particles. It was found that other carbon materials, such as carbon dots and graphene, can also
be deposited from their dispersions in the CBXNaz solutions. Fig. 6-4 shows that continuous
and crack-free films were deposited. The SEM image shows relatively large graphene particles.

The incorporation of carbon dots into the CBXH: films was verified by FTIR.

* 200nm

Fig. 6-4 SEM images of films, prepared from (A) 0.5 gL ' CBXNaz with 0.5 gL ! carbon dots
in water at 15 V and (B) 1 gL ' CBXNa, with 1 gL ! graphene in water at 10 V.

The FTIR spectrum of CBXNa;, (Fig. 6-5(A(a))) presents peaks at 1397 and 1564 cm,
owing to symmetric and asymmetric vibrating of salified carboxylic groups, respectively [38].
Such absorptions were not observed for the deposited CBXH2 (Fig. 6-5(A(b))) which exhibited
enhanced absorption at 1716 cm-! due to stretching of the protonated COOH ligand [38]. The
peaks at 1647 cm (Fig. 6-5(A(a))) and 1650 cm™ (Fig. 6-5(A(b))) resulted from C=C

stretching [39]. Carbon dots (Fig. 6-5(A(c))) showed absorptions at 1457 cm™, attributed to
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stretching of a C-C type. The minimum, at 1368 cm2, was observed due to bending of surface
C-OH groups [39]. Similar peaks were recorded for the films formed from carbon dot

suspensions (Fig. 6-5(A(d))).

EPD of PTFE was performed from suspension of PTFE particles, which were dispersed
and charged using CBX?. (Fig. 6-5(B(a))) shows FTIR data for PTFE, which exhibits
absorptions at 1149 and 1203 cm. According to the literature, C—C and C—F, asymmetric
vibrating contribute to absorption at 1149 cm?, whereas the minimum at 1203 cm~* was due
to symmetric vibrating of C—F> [40]. The FTIR spectra of deposits prepared from CBXNa>

solutions (Fig. 6-5(B(b,c))) containing PTFE showed similar peaks, and confirm the deposition

of PTFE.
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Fig. 6-5 FTIR testing data for (A) (a) original CBXNay, (b) film material, formed from 1gL!
CBXNa in water at 15 V, (c) carbon dots, (d) deposit formed from 0.5 gL -* CBXNa, with 0.5
gLt carbon dots in water at 15 V; (B) (a) PTFE (b,c) deposits, obtained from 1 gL-! CBXNa
with (b) 0.5 gLt and (c) 1 gL PTFE in ethanol-water solvent at 50 V.
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The higher polymer content in the suspension led to the enlarged polymer content in the
film. The electron microscopy imaging data (Fig. 6-6) for the composite deposit formed by
EPD from 10 gLt PTFE suspension contained larger number of the PTFE particles, compared
to the film formed from the 5 gL* PTFE bath. The SEM analysis revealed the formation of
continuous deposits. The SEM images for the films prepared from 10 gL' PTFE suspension
showed reduced porosity and relatively dense packing of the submicrometre PTFE particles.
Annealing led to the burning out of the CBXH: phase and melting of the PTFE particles, which
resulted in reduced porosity. The films prepared from 5 gL! PTFE suspension were porous
(Fig. 6-6) due to low PTFE content. The increase in the PTFE content in the films resulted in
reduced porosity, as indicated by the electron microscopy images of films formed from 10 gL
PTFE suspensions (Fig. 6-6). Such films were analyzed by potentiodynamic and EIS studies in

the 3% NaCl solutions.

200nm 200nm

200nm

Fig. 6-6 SEM data for films (A,B) before and (C,D) after annealing (1 h at 350 °C), for films
prepared using 1 gLt CBXNa, with (A,C) 5 gLt PTFE and (B,D) 10 gL~ PTFE in ethanol-
water solvent at 50 V.
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The data from electrochemical testing presented in Fig. 6-7 demonstrate that films of the
PTFE polymer allowed for corrosion protection. The Tafel graphs show that coating deposition
resulted in a lower current for the anodic part of the graph, with an enlarged corrosion potential.
The analysis of the Tafel plots showed corrosion currents of 0.01 and 2.6 pAcm2 for coated
and uncoated substrates, respectively. The EIS data presented in the Nyquist plot were analyzed
using an equivalent circuit (Fig. 6-7), similar to that described in [41], where Rs, Rpore and Rt
are solution resistance, resistance of electrolyte in pores and charge transfer resistance,
respectively. Ci represents capacitance of the film and C; is a double layer capacitance at the

substrate surface in pores. The modeling results correlated with the experimental data.
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Fig. 6-7 (A) Tafel plot, (B) Nyquist plot for substrate (a) without and (b) with coating; inset

shows equivalent circuit. The working electrode area was 1 cm?. The coating was deposited
from 1 gLt CBXNaz with 10 gL PTFE in a mixed ethanol-water solvent at 50 V and annealed

(1 h at 350 °C).

The porosity (P) of the films was tested according to Ref. [41] by the equation

le%nxlo- | AE/B | (3)

P
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where AE is the difference of corrosion potentials for the substrates with and without films,
B and Rpm are the slope of the anodic part of the Tafel graph and the substrate polarization
resistance, respectively, Ry is the polarization resistance of the coated substrate, and Rp = Rpore+
Ret. The EIS data was analyzed with the aid of a circuit (Figure 7) [41], which allowed for

measurement of Rpm and Rp. The film porosity was found to be 0.28%.

In this investigation the possibility of EPD of PTFE composites has been studied using
CBXNay as a co-dispersant. Figure 8 presents electron microscopy data for the composite
coatings prepared from mixed PTFE and diamond suspensions. The SEM images show
relatively dense packing of the PTFE and diamond particles. The electron microscopy images
showed that the higher concentration of diamond in the suspension led to a larger diamond
content in the films. The films deposited from 1 gLt CBXNa solutions with 5 gL.-* PTFE and
0.5 gLt diamond show individual diamond particles incorporated in the relatively dense PTFE
layer. The higher diamond concentration in the EPD bath resulted in films which mainly
contained diamond, with PTFE acting as a binder for the diamond particles (Fig. 6-8). The
results of the microscopy indicated that the composition of the films can be controlled and

varied.
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200nm a 200nm

200nm 200nm

Fig. 6-8 SEM data for films (A,B) before and (C,D) after annealing (1 h at 350 °C), for films
prepared from 1 gLt CBXNa; solutions with 5 gL.-! PTFE with (A,C) 0.5 gL and (B,D) 1
gL diamond at 50 V.

The fabrication of continuous CBXH> films provided evidence of the film-forming
properties of CBXNa.. It can also be used as a charging and dispersing agent for particles with
functional properties. The combination of film-forming, charging and dispersing properties
makes CBXNaz a promising additive for EPD of materials. The results of this investigation
also indicated that CBXNa is a versatile dispersing, charging and film forming agent for co-
EPD of different materials. However, due to the difference in the surface chemistry and
properties of different materials, deposition parameters such as CBXNa concentration, voltage
and solvent must be optimized for each material. CBXNa, can be used for EPD of other
materials, such as carbon nanotubes. The deposition yield (Supplementary information, Fig. 6-

9) was comparable with that obtained using a bile salt such as cholic acid sodium salt as a

dispersant and film forming agent [24].
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6.4 Conclusions

The deposition mechanism of pure CBXH: involved protonation of CBX?" in the anodic
reactions and the forming of insoluble CBXHz> films. The EPD mechanism of carbon materials,
PTFE and composites involved adsorption of CBX? on particles, electrophoretic transport and
discharge of adsorbed CBX?-, which facilitated film formation. The deposition rate, film
morphology and composition can be varied and controlled. CBXNaz is a versatile surfactant
and co-surfactant for EPD of various materials and composites. The EPD method can be
applied for protection of metals from corrosion in industry. CBXNaz is a promising surface
modification agent for future applications in EPD of functional inorganic materials due to the
chelating properties of its carboxylic groups. Therefore, further progress in CBXNa:

applications can result in the manufacturing of advanced functional composites by EPD.

6.5 Supplementary Information
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Fig. 6-9 Deposition yields at different deposition times obtained from aqueous 1 gL™*
suspensions of multiwalled carbon nanotubes (Bayer, Germany) containing 1 gL*
124



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering

carbenoxolone (1CBXNaz-1CNTs) and aqueous 1 gL suspensions of multiwalled carbon
nanotubes, containing 1 gL cholic acid sodium salt (LChANa-1CNTs) at a deposition voltage
of 5 V.

Material Zeta-potential, mV
Graphene 6.93
Diamond 37.22

Manodiamond 0.3
I'ITE 4.38

Table 6-1 Zeta potentials of materials, dispersed by CBXNaz, measured by the method,
described in Hashita,M; Okamoto, H.; Nurishi, Y.; Hiramatsu, K. The zeta-potential
measurements for concentrated aqueous suspension by improved electrophoretic mass
transport apparatus-application to Al,Os3, ZrO, and SiC suspensions, Journal of Materials
Science 1968, 23, 2893-2896.
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Abstract

Natural anionic molecules, such as glycyrrhizic acid and 18B-Glycyrrhetinic acid are used
as dispersants for electrophoretic deposition (EPD) of polyvinylidene fluoride,
polytetrafluoroethylene, diamond and composites. The superior behavior of the dispersants is
linked to the beneficial effects of their chemical structure, pH-dependent charge, pH-dependent
solubility, and film-forming properties. The analysis of the deposition yield provides an insight
into the influence of the chemical structure of the dispersants on EPD efficiency of different
materials. Obtained films provide corrosion protection of steel and can be used for various

applications based on advanced functional properties of the deposited materials.

7.1 Introduction

Electrophoretic deposition (EPD) has generated significant interest for the fabrication of
coatings and thin films for biomedical, electronic, energy storage, photovoltaic and other
applications. [1-4] Major challenges in the EPD are related to the development of efficient and
nontoxic charging dispersants and versatile co-dispersants for deposition of composite
materials. The dispersant adsorption on particles is critically important for particle charging

and formation of stable suspensions.

Natural anionic molecules, such as glycyrrhizic acid (GRZA) and its principal metabolite
18B-Glycyrrhetinic acid (GRTA) [5] have attracted our attention for application as dispersants

for the EPD method. GRZA is derived from the licorice root. GRZA and GRTA are advanced
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functional materials for various biomedical applications [6, 7], such as anti-tumor, anti-
inflammatory, antioxidant, antimicrobial, antiulcer and other applications. GRZA is currently
under investigation as a drug for Covid-19 treatment and other antiviral applications. [6] GRZA
and GRTA showed a remarkable ability to bind different organic molecules and to adsorb on
different surfaces, which are important factors for their potential application for EPD of organic
materials. [6] Of particular importance for possible application in EPD are pH dependent

charge, pH-dependent solubility and gel-forming properties of GRZA and GRTA. [8]

The goal of this investigation was the application of GRZA and GRTA for EPD of
polymers, carbon materials and composites. The results presented below indicated that GRZA
and GRTA efficiently adsorbed on the surfaces of chemically inert materials and can be used
as efficient dispersing and charging agents for deposition and co-deposition of different
materials. We proposed deposition mechanisms and analyzed the influence of chemical
structures of the dispersants on the deposition efficiency. The microstructure and properties of

the deposited films were analyzed.

7.2 Experimental procedures

18B-Glycyrrhetinic acid (GRTA), glycyrrhizic acid ammonium salt (GRZA), NaOH,
submicrometre powders of polyvinylidene fluoride (PVDF), polytetrafluoroethylene (PTFE),

and diamond were used.
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EPD was performed in an ethanol-water medium (95 % ethanol) containing particles of
the deposited material dispersed in 1 g-L"* GRTA or GRZA solutions. A few drops of 0.1 M
NaOH was added to facilitate dissolution of GRTA. The particle concentrations of PVDF,
PTFE, and diamond in the suspension were 10, 1 and 1 g-L, respectively (Supplementary
information). Constant voltage EPD was carried out in a two-electrode cell, containing a low
cost 304 stainless steel substrate (25x30x0.1 mm) and a Pt counter cathode (20x30x0.1 mm)
using a 237 Keithley Sourcemeter. The electrode separation was 1.5 cm. EPD was performed
at selected deposition parameters (Supplementary information), such as deposition voltages
10-50 V for 5 mins. The PVDF and PTFE films were annealed at 200 and 350 °C, respectively,

for1h.

A JEOL JSM-7000F microscope was used for microstructure investigations.
Electrochemical studies were performed in an aqueous 30 g-L™ NaCl solution using a
potentiostat (PARSTAT 2273, Ametek) and a 3-electrode electrochemical cell with coated or
uncoated stainless steel as a working electrode, SCE (reference saturated calomel electrode)
and Pt counter-electrode. Potentiodynamic studies were performed at a scan rate of 1 mV s,
and obtained data were presented in Tafel plots. Electrochemical impedance spectroscopy (EIS)
data at an AC signal amplitude of 5 mV was obtained in the frequency range of 0.01 Hz — 10

kHz at an open circuit potential and presented in Bode plots.
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7.3 Results and discussion

Fig. 7-1 shows chemical structures of the GRTA and GRZA molecules. GRTA is a
pentacyclic triterpenoid hydrophobic molecule, containing an anionic COOH group. In contrast
to GRTA, the GRZA molecule has an amphipathic character due to a hydrophilic diglucuronic
unit. GRZA has three carboxylic groups, which can impart a higher charge to this molecule in

solutions, compared to that of GRTA.
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Fig. 7-1 Chemical structure of (A) GRTA and (B) GRZA. Deposit mass of (C) PVDF films,
prepared from (@) GRTA and (b) GRZA solutions containing PVDF, and (D) PTFE films,
prepared from (a) GRTA and (b) GRZA solutions containing PTFE at different voltages.

Anodic films were prepared from pure GRZA and GRTA solutions. The films were

continuous and crack-free (Supplementary information Fig. 7-5). It is suggested that the
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deposition mechanism was similar to that, proposed for other organic molecules, containing
carboxylic groups. [9, 10] It involved electrophoresis of the dissociated anionic molecules,
protonation of the COO- groups and charge neutralization in the low pH region at the anode
surface, which facilitated film formation. The film-forming properties of GRZA and GRTA is

an important factor for their application for EPD of materials.

It is challenging to disperse and deposit chemically inert materials such as PVDF, PTFE
and diamonds. However, such materials were successfully deposited using GRZA and GRTA
as dispersants. Zeta-potential measurements confirmed negative charges of the particles in the
suspensions (Supplementary information, Table 7-1). Fig. 7-1(C,D) compares deposition
yields obtained at different voltages. The deposit mass increased with increasing voltage.
Significantly higher deposition yield of PVDF was achieved using GRZA, compared to that
for GRTA. This can be attributed to higher charge of the GRZA molecules. However, the use
of GRTA allowed higher deposition yield of PTFE, which can result from better adsorption of
hydrophobic GRTA on hydrophobic PTFE particles, which facilitated their dispersion,
charging and EPD. The deposition current decreased during constant voltage EPD due to the
voltage drop in the formed film and corresponding voltage drop reduction in the bulk of the

suspension (Supplementary information, Fig. 7-6 and 7-7).
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Fig. 7-2 SEM images of (A,B) as-deposited and (C,D) annealed PVDF films, prepared from
(A,C) GRTA and (B,D) GRZA solutions containing PVDF, and (E,F) asdeposited and (G,H)
annealed PTFE films, prepared from (E,G) GRTA and (F,H) GRZA solutions containing PTFE.

The deposition of PVDF and PTFE was confirmed by the FTIR analysis of the deposited

films (Fig. 7-8 and 7-9). The SEM images of the asdeposited films (Fig. 7-2) showed relatively
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dense packing of the PVDF and PTFE particles, which facilitated the fabrication of dense films

after annealing. The films were crack-free (Fig. 7-2) and provided corrosion protection of the

substrates.
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Fig. 7-3 Tafel plots and EIS data for (s) uncoated and (a, b) coated stainless steel, (A-C) PVDF
and (D-F) PTFE films, prepared using (a) GRTA and (b) GRZA dispersants.

Fig.7-3 shows testing results for PVDF and PTFE films prepared using GRTA and GRZA
dispersants at a deposition voltage of 50 V and deposition time of 5 min. The films provided
corrosion protection of stainless steel, as it was indicated by the higher corrosion potential,
lower anodic current and higher impedance of the coated samples, compared to the uncoated

substrates.

Testing results correlated with the deposition yield measurements and indicated that

coatings with higher film mass provided better corrosion protection. PVDF coatings prepared
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using GRZA (Fig. 7-3A-C) showed higher corrosion potential and significantly higher
impedance, especially at high frequencies. In contrast, the PTFE coatings prepared using
GRZA (Fig. 7-3D-F) showed higher anodic current and significantly lower impedance,

especially at high frequencies, compared to the PTFE coating formed using GRTA.

ITpm

Fig. 7-4 SEM images of annealed (A,B) PVDF-diamond films, prepared from (A) GRTA and
(B) GRZA solutions containing PVDF and diamond, and (C,D) PTFE-diamond films, prepared
from (C) GRTA or (D) GRZA solutions containing PTFE and diamond.

GRTA and GRZA were also used as co-dispersants for diamond, PVDF and PTFE for
EPD of composite PVDF-diamond and PTFE-diamond films. Fig. 7-4 shows SEM images of

the composite films, containing diamond particles in the PTFE or PVDF matrix.
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GRTA allowed good dispersion and EPD of carbon nanotube films (Fig. 7-10). However,
no deposition of carbon nanotubes was achieved using amphipathic GRZA molecules. These
results coupled with EPD data for PVDF and PTFE indicated that the efficiency of such
dispersants is influenced by their chemical structure. The EPD of diamond, PVDF, PTFE and
composites is promising for various applications, based on advanced functional properties of
such materials. Despite the tremendous previous research efforts, the progress in this area was
limited due to the lack of efficient dispersants. The method developed in this investigation
allowed efficient EPD of such materials and composites using natural molecules as dispersants
and co-dispersants for different materials. The unique pharmacological and biological
properties of GRTA and GRZA as well as film-forming and gel-forming properties of such
molecules make them promising multifunctional dispersants for various applications in thin

film EPD technology.

7.4 Conclusions

GRTA or GRZA are new versatile film-forming dispersants, which allowed controlled
EPD of chemically inert PVDF and PTFE polymers and diamonds. The results presented
stressed the importance of the chemical structure of GRTA and GRZA for the deposition of
different materials. GRZA allowed for higher deposition yield of PVDF, whereas the use of
GRTA resulted in higher deposition yield of PTFE. GRTA and GRZA can be used as co-

dispersants for the fabrication of PVDF-diamond and PTFE-diamond composites. Obtained
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films can be used for corrosion protection of metals and offer benefits for other applications

based on the advanced functionality of the deposited materials.

7.5 Supplementary data
Selection of the deposition voltage and time.

The selection of the deposition voltages was based on the following considerations[11,

12]:

High voltages offer the advantage of smaller deposition times and higher deposition rates.
However, higher voltages usually result in significant gas evolution and increased film porosity.
High voltages can promote agglomeration of small particles and sedimentation. A certain
voltage (electric field) is necessary in order to overcome interparticle interactions and allow

particles to bond to the substrate. High voltage can result in non-uniform deposits.
Selection of the bath composition.

The dispersants showed different efficiencies in dispersion, charging and EPD of PVDF,
PTFE and diamonds. Therefore, for comparison, the concentrations of the dispersants were
selected at 1 g L™ and at this dispersant concentration the materials (PVDF, PTFE and
diamonds) content was selected in order to achieve sufficiently high deposition rates for
deposition of individual materials and comparable deposition rates of the individual materials

for the deposition of composites.

139



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering

Cost of dispersants and estimated cost of protection of 1 m? of stainless steel
Cost of GRTA $13/g

Cost of GRZA $5/g

Estimated cost of protecting 1 m? of stainless steel

PVDF coating $ 4.5

PTFE coating $ 8.2

Table 7-1 Zeta potentials of materials measured using the mass transport method [13]

Material Dispersant Zeta-potential, mV

PTFE GRTA -12.3

PVDF GRTA -6.3
Diamond GRTA -20.1

PTFE GRZA -7.2

PVDF GRZA -32.4
Diamond GRZA -24.1

Fig. 7-5 SEM images of as-deposited (A,C) GRTA and (B,D) GRZA films, prepared from 1
g-L''GRTA and 1 g-L™* GRZA solutions in (A,B) water or in (C,D) the mixture of 95% ethanol
and 5% water at a deposition voltage of 20 V for 5mins.
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Fig. 7-6 Current-time dependencies for EPD of different materials using GRTA as a dispersant
at a deposition voltage of 50V and a substrate area of 10 cm?. The concentrations of GRTA,
PVDF, PTFE, and diamond in the suspension were 1, 10, 1 and 1 g-L, respectively.
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Fig. 7-7 Current-time dependencies for EPD of different materials using GRZA as a dispersant
at a deposition voltage of 50V and a substrate area of 10 cm?. The concentrations of GRZA,
PVDF, PTFE, and diamond in the suspension were 1, 10, 1 and 1 g-L, respectively.
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Fig. 7-8 FTIR spectra of (a) as-received PVDF and deposited PVDF films, prepared from (b)
GRTA and (c) GRZA solutions containing PVDF. (A Bruker Vertex 70 spectrometer was used
for the FTIR studies.). The FTIR spectra of the deposited materials show characteristic peaks
of PVDF[14, 15] and confirm PVDF deposition.
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Fig. 7-9 FTIR spectra of (a) as-received PTFE and as-deposited PTFE films, prepared from (b)
GRTA and (c) GRZA solutions containing PTFE. The FTIR spectra of the deposited materials
show characteristic peaks of PTFE[16, 17] and confirm PTFE deposition.
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200nm

Fig. 7-10 SEM images at different magnifications of films, prepared from 1 g-L* GRTA
solutions containing 1 g-L™* multiwalled CNT at a deposition voltage of 30 V for 5 mins.
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Abstract

This paper reports the feasibility of fabrication of poly(ethyl methacrylate) (PEMA) and
composite films by a dip coating method. We demonstrate that PEMA can be dissolved in a
mixed isopropanol-water co-solvent avoiding the use of traditional toxic solvents. The
feasibility of fabricating concentrated solutions of high molecular weight PEMA is a key factor
the fabrication of monolayer or multilayer coatings by a dip coating method. The solubilization
range is established and 10 g L™ PEMA solutions are prepared with water/isopropanol volume
ratio (Rs) of 0.015-0.380. PEMA precipitation is observed at Rs> 0.4. It is found that PEMA
solutions with concentration as high as 50 g L can be obtained at Rs = 0.176. The deposit
mass is influenced by Rs, PEMA concentration and number of the deposited layers. PEMA
coatings provide corrosion protection of stainless steel in 3% NaCl solutions. The dip coating
method is used for the fabrication of composite coating, containing layered double hydroxide
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LiAl2(OH)7.2H20 (LiAIDH) and PEMA. LiAIDH is prepared by novel solid state synthesis
method, which is simple, waste-free and facilitates the control of stoichiometry. The synthesis
time decreases with increasing synthesis temperature from 20 to 70 “C. The relatively short
synthesis time makes this low-temperature method suitable for the large scale production of
LiAIDH. This waste-free method is promising for the fabrication of other advanced DHs.
LiAIDH shows advanced properties for its applications as flame retardant additive (FR) for
polymer coatings. LIAIDH outperforms traditional inorganic FR materials of hydroxide type.
Another finding is that PEMA-LIAIDH interactions facilitated the fabrication of stable
suspensions for dip coating of composites. Corrosion protection of PEMA-LIAIDH coatings
with different LIAIDH content is investigated. The advantages of bi-layer coatings containing
individual layers with different compositions are demonstrated. The proposed method is
promising for the fabrication of other composites, containing various functional materials in
the PEMA matrix, which can be deposited as monolayers, multilayers or coatings of graded

composition.

8.1 Introduction

Poly(ethyl methacrylate) (PEMA) is an advanced polymer, which exhibits important
properties, such as mechanical strength and thermal stability [1], biocompatibility and chemical
stability [2]. PEMA has generated significant interest for various applications, such as bone

and cartilage repair [2], polymer electrolytes and membranes for energy generation and storage
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devices [3, 4], biodegradable antimicrobial packaging materials [5], optical and electronic
components [6], and coatings for corrosion protection [7]. PEMA offers great promise for the
development of shape memory materials [8]. Significant interest has been generated in the
development of functional PEMA composites with graphene [9, 10], carbon nanotubes and
cellulose [11]. PEMA composites, containing fatty acids were developed as phase change
materials for thermal energy storage [12]. High-performance PEMA composites, containing
inorganic oxide and hydroxide particles possess a set of properties that make them desirable
materials for optical and electrochemical devices. [13-15] PEMA-hydroxyapatite composites

are known to have potential for the fabrication of bone cements [16].

It has previously been shown [17] that polymer materials, containing inorganic double
hydroxides (DH) exhibit advanced optical, electrical, mechanical, magnetic, thermal and fire
retardant (FR) properties. Moreover, high-performance polymer-DH composites possess a set
of properties that make them desirable materials for drug delivery, corrosion protection and
catalysis. [18-20] Many investigations focused on the development of polymer-DH composites
for biomedical implants, sensors, and energy storage applications. [18, 20, 21] DH have been
gaining ground as FR additives for various polymer products. [22, 23] The FR properties of
DH are related to water release resulting from their thermal dehydration and related
endothermic effect. [23, 24] Moreover, some complex hydroxides exhibit promising memory
properties [25], which make them especially attractive for FR applications. LiAl2(OH)7.2H20

(LiAIDH) is a promising DH for the application as an FR additive for polymer composites, due
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to its high water release. [26] The theoretical mass loss related to LIAIDH dehydration is 46%
of the initial mass. It is higher than the 35% mass loss of AI(OH)s, which is used as an advanced
FR for many applications. [27, 28] Moreover LIAIDH is a promising material for corrosion

protection of metals and alloys. [29, 30]

The goal of this investigation was the fabrication of PEMA and PEMA-LIAIDH
composite coatings by a dip coating method. PEMA is soluble in toxic solvents, such as
tetrahydrofuran, chloroform, dimethyl formamide, benzene and toluene, which were used in
the literature for the coating formation by casting and spin coating methods. [31-37] The use
of such solvents and methods required relatively long solution preparation and film deposition
procedures. Moreover, in many cases the fabrication procedures required long-time heating to
remove a toxic solvent. [6, 33-36, 38] Motivated by the need to find a non-toxic solvent for dip
coating, we found a possibility of PEMA dissolution in a mixed water-isopropanol co-solvent
despite the PEMA insolubility in water and isopropanol. We established a range of co-solvent
compositions, which allowed for PEMA solubilization and proposed a solubilization
mechanism. The key factor for the PEMA deposition by the dip coating method was the
discovered ability to dissolve high molecular weight PEMA and achieve high concentrations
of the solutions. We found that PEMA coatings can be deposited as monolayers or multilayers
and analyzed the deposition yield at different PEMA concentrations, solvent compositions and
number of the deposited layers. This approach paves a way for the deposition of other polymers

using non-toxic co-solvents. Another key finding was corrosion protection properties of the
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PEMA coatings, prepared by simple dip coating method. The composite PEMA-LIAIDH films
were prepared. Avoiding the multiple disadvantages of wet chemical methods for the
fabrication of complex hydroxides, we developed a solid-state synthesis method and
demonstrated that this method can be used for mass production of LiAIDH. We investigated
the influence of temperature and time on the LIAIDH synthesis. The method is simple, fast,
and chemical waste-free. It allows excellent stoichiometry control. This method represents an
unexplored route for the fabrication of stoichiometric complex hydroxides and complex oxides.
We proposed the LIAIDH synthesis mechanism and obtained PEMA-LIAIDH composites.
Such composites combine advanced properties of PEMA polymer and functional properties of
LiAIDH, such as FR properties and corrosion inhibition. We complemented these findings with
analysis of FR properties of LIAIDH, which showed advantages, compared to other hydroxide
type FR additives. Results from this work represent the feasibility step towards the fabrication
of multilayer and functionally graded composites based on PEMA and LiAIDH. Evidence was
presented that demonstrates a chemical interaction of PEMA and LiAIDH, which is a key factor
for the fabrication of stable LiAIDH dispersions in PEMA solutions and variation of LiAIDH
content in the composite films. The results of electrochemical studies showed that pure PEMA
coatings, PEMA-LiIAIDH composite coatings and coatings of graded composition can be used
for corrosion protection of metals. Thermal analysis showed that LiAIDH can be used as an FR

additive for PEMA coatings.
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8.2 Experimental procedures

Poly(ethyl methacrylate) (PEMA, Mw=515,000), LiOH.H20, AI(OH)s, isopropanol,
NaCl (Aldrich) were used. The synthesis of LIAIDH was performed by a solid state synthesis
method from mixtures of LIOH.H20 and Al(OH)sz in a humid air (96% humidity). The synthesis
temperature was varied in the range of 20—70 "C. PEMA was dissolved in a mixed isopropanol-
water solvent at 60 ‘C and cooled down to room temperature. Stainless steel foils (304 type,
thickness 0.1 mm) were used as substrates for coating deposition. Dip coating was performed
from pure PEMA solutions with concentration of 1-50 g L™ or 10 g L™ PEMA solutions,
containing 5-10 g L™ LIAIDH. A JEOL SEM (scanning electron microscope, JSM-7000F) was
used for the analysis of coating microstructure. A Bruker Smart 6000 X-ray diffractometer
(XRD, CuKa radiation) was utilized for the analysis of coating composition. Electrochemical
characterization was performed using a PARSTAT 2273 (Ametek) potentiostat-impedance
analyzer. Testing was carried out in 30 g L™ NaCl solution in water using a corrosion cell,
containing a working electrode (coated or uncoated stainless steel), counter-electrode (Pt mesh)
and a reference electrode (SCE, saturated calomel electrode). The results of potentiodynamic
studies (1 mV st rate) were presented in Tafel plots. Electrochemical impedance spectroscopy
(EIS) data was obtained using alternating current (AC) in the frequency range of 0.01 Hz-10
kHz and voltage amplitude of 5 mV. Thermogravimetric analysis (TGA, thermoanalyzer

Netzsch STA-409) was performed at 5 °C min-1 heating rate in air. The deposits were removed
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from the substrates for the TGA studies. Fourier Transform Infrared Spectroscopy (FTIR)

studies were performed using a Bruker Vertex 70 spectrometer.

8.3 Results and discussion

This investigation showed that PEMA can be dissolved in a water-isopropanol co-solvent
despite the insolubility of PEMA in pure water or pure isopropanol. This finding offers benefits
of using a non-toxic solvent for the fabrication of PEMA coatings. The ability to dissolve
PEMA with high Mw of 515 kDa and to form PEMA solutions of relatively high concentrations
in the range of 10-50 g L was a vital factor for the development of the dip coating method. It
should be noted that polymers with low Mw show weak film-forming and binding properties.
However, the solubility of various polymers usually decreases [39, 40] with increasing Mw due
to enhanced interactions of the polymer chains. Moreover, it is difficult to achieve good
substrate coverage using dilute polymer solutions. In this investigation, 10 g L PEMA
solutions were prepared from water-isopropanol mixtures with water/isopropanol ratio (Rs) of
0.015-0.380. PEMA precipitation was observed at Rs> 0.4. The ability to use water-
isopropanol solvent for dip coating eliminates the need in toxic solvents [31-37] and long-time
heating procedures for their removal [6, 33-36, 38], which were used for other film deposition

techniques.
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Fig. 8-1 Coating mass for (A) monolayer coatings prepared from 10 g L™ PEMA solutions
versus Rs, (B) monolayer coatings versus PEMA concentration for Rs = 0.176, (C) multilayer
coatings versus number of individual layers, prepared from 10 g L™t PEMA solutions with Rs
=0.176.

It is suggested that at a low water content in the mixture, the water molecules are separated
in isopropanol and such molecules can solvate carbonyl groups of PEMA and facilitate PEMA
dissolution. [41] The increase in the water content resulted in enhanced solvation and
solubilization of PEMA. The solvation shell around the carbonyl groups acted as
compatibilizing layers [41] between isopropanol and PEMA. It was found that 50 g L™ PEMA
solutions can be obtained at Rs = 0.176. Further increase in water content resulted in the
formation of water clusters and the creation of H-bonds between water molecules. [41] This
led to the reduced polymer solvation and precipitation of PEMA at higher water content. CH>
groups of the polymer can potentially exert influence on polymer solvation by water molecules.
In order to analyze the possible effect of the CH2 groups we investigated the solubilization of
polymethylmethacrylate (PMMA) and polybuthylmethacrylate (PBMA) of similar molecular
mass in the mixed water-isopropanol solvent. PEMA showed enhanced solubility in a wider

range of concentrations, compared to PMMA. PMMA solubility was limited to 20 g L%,

whereas PEMA solutions with concentration above 50 g L™ were obtained. PBMA was
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insoluble in water-isopropanol mixtures as well as in the individual solvents. Therefore, the
difference in the length of the ChHzns1 chain cannot explain the difference in polymer
solubilities. Fig. 8-1(A) shows the deposition yield of the dip coating method for water-
isopropanol mixtures with different Rs at PEMA concentration of 10 g L™%. The deposition yield
increased with increasing Rs, showed a maximum and then decreased. It was hypothesized that
enhanced PEMA solvation with increasing Rs at low Rs values facilitated PEMA-substrate
interactions and coating formation. On the other hand, further RS increase resulted in reduced
PEMA solvation and lower deposition yield. The deposition yield increased with increasing
PEMA concentration from 1 to 50 g L™t at Rs = 0.176 (Fig. 1(B)). The coatings can be deposited
as monolayers or laminates. The deposition yield increased with increasing number of the
individual layers (Fig. 8-1(C)). It will be shown below that the ability to deposit multilayer
coatings is important for the fabrication of not only pure PEMA but also composite coatings,
containing different layers. The results of this study indicated that the use of toxic solvents for
the fabrication of PEMA films can be avoided. This new approach is especially important for
biomedical applications of PEMA coatings. Moreover, this approach can potentially be used
for the fabrication of PEMA coatings and bulk composite materials by other colloidal methods.
It can be expected that further development of this method will result in advances in colloidal

processing of other polymers using non-toxic solvents.

155



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering

=
()

=
=

02 o S

Ll

.4}

Potential (V)

=
=™

S TERRT e e
logi(Aem?)

Fig. 8-2 Tafel plots for (a) uncoated substrate and (b) coated from 10 g L"* PEMA solutions
with Rs = 0.176.
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Fig. 8-3 EIS Bode plots for (a) uncoated substrate and (b) coated from 10 g L PEMA solutions
with Rs = 0.176.

Another key finding of this work was that PEMA coatings provided corrosion protection
of stainless steel substrates. Fig. 8-2 shows Tafel plots for uncoated and coated stainless steel.
The coated substrates showed reduced anodic current and increased corrosion potential. The

analysis of EIS data (Fig. 8-3) showed higher impedance of the coated samples in a wide
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frequency range. The EIS data showed that the deposited layer acted as a barrier, which

prevented electrolyte access to the substrate surface.
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Fig. 8-4 X-ray diffraction patterns of LiIAIDH synthesized at (a) 20 °C for 10 days, (a) 50 °C
for 3 days, and (a) 70 °C for 1 day (o — peaks corresponding to PDF 031-0704).

Dip coating method was used for the fabrication of composite coatings, containing
LiAIDH. Avoiding multiple problems of wet chemical synthesis methods, such as
stoichiometry control, time consuming washing and drying steps and chemical waste removal,
we prepared LIAIDH by a simple solid state synthesis method. Fig. 8-4 shows XRD patterns
of the LiAIDH powders prepared by a solid state synthesis method. The synthesis was
performed at different temperatures in the range of 2070 °C in order to analyze the influence
of temperature on the synthesis process. Pure LIAIDH phase was obtained at 20 "C after
synthesis for 10 days. The X-ray diffraction pattern presented in Fig. 8-4 shows diffraction
peaks, corresponding to PDF 031-0704. The increase in temperature allowed for reduced

synthesis time. Pure LiAIDH phase was obtained at 50 and 70 °C for synthesis times of 3 days
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and 1 day, respectively (Fig. 8-4). DHs are usually produced by different methods, such as
coprecipitation from mixed solutions of metal salts, reconstruction, ion exchange and
hydrothermal methods. [17] The solid-state synthesis method is simple and offers processing
advantages. The ability to reduce the synthesis time is important for scaling-up the synthesis
method. It is expected that other DHs can potentially be produced by a solid state synthesis
method. The solid state method facilitates the stoichiometry control. It is in this regard that the
fabrication of double hydroxides by traditional co-precipitation methods requires a selection of
pH suitable for the controlled co-precipitation. In many cases the selection of such pH presents
difficulties. However, the mechanism of solid-state synthesis is not well understood. It is
suggested that condensation of water molecules from humid air resulted in release of Li* ions
to the aqueous phase. It is known that Li* ions are strongly adsorbed by AI(OH)s; and such
adsorption was used for commercial Li* extraction. [42] It has been reported [43] that the
adsorption of Li* by AI(OH)s results in the formation of LiAIDH phase at the surface of the
AI(OH)3 particles. Therefore, it is hypothesized that the release of Li* ions from the LiOH
phase and their adsorption on the AI(OH)s particles in the mixture of LiIOH and AI(OH) 3
particles used for the synthesis, resulted in the formation of the LIAIDH phase at the particle
interface. Further release of Li* ions resulted in the gradual transformation of the mixture of
two hydroxides into the pure LIAIDH phase. This process was accelerated with a temperature
increase and allowed for the reduced synthesis time. Fig. 8-5 shows morphology of the LiAIDH

particles, prepared by the solid-state synthesis method. The SEM image shows platelet shape
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LIiAIDH particles, some particles showed agglomerates, containing submicron primary
particles. The small particle size is beneficial for the fabrication of composites, containing

LiAIDH as an FR additive.

200nm

Fig. 8-5 SEM image of LiAIDH particles, prepared at 70 °C.
Fig. 8-6(a) shows TGA data for LIAIDH. The observed mass loss was attributed to
dehydration. The total mass loss at 1000 “C was found to be 45.9%, which is close to the

theoretical value for this material.

As pointed out above, LIAIDH offers advantages of higher mass loss related to
dehydration (45.9%), compared to that (35%) of AI(OH)s, which is widely used for many
commercial applications. An important finding of this investigation was the ability to form
stable suspensions of LIAIDH particles in the PEMA solutions, which facilitated the fabrication
of composite films and variation of LiAIDH concentration in the films. It was hypothesized
that particle-polymer interactions allowed the fabrication of stable suspensions. Such

interactions can involve H-bonding of the surface OH groups of the LiIAIDH particles and
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carbonyl groups of PEMA. It is thus possible that PEMA acted not only as a film-forming agent

but also as a dispersant.
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Fig. 8-6 TGA data for (a) LiIAIDH prepared by solid state synthesis at 70 “C during 24 h and
(b,c) PEMA-LIAIDH composites obtained from 10 g L™ PEMA solutions with (b) 5 and (c) 10
g L LiAIDH.

TGA studies were also performed using deposited materials, prepared by dip coatings
from PEMA solutions, containing LIAIDH (Fig. 8-6(b,c)). The deposits, prepared from

LiAIDH suspensions in the 10 g L™t PEMA solutions, with 5 and 10 g L™ LiAIDH showed total

mass loss of 78.6% and 71.2%, respectively.
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Fig. 8-7 (A) XRD patterns for PEMA-LIAIDH composite prepared from 10 g L PEMA
solutions, with (a) 5 and (b) 10 g L™ LiAIDH (o — peaks corresponding to PDF 031-0704), (B)
FTIR spectra for (a) as-received PEMA, (b) as-prepared LIAIDH and composites, prepared
from 10 g L™ PEMA solutions, with (a) 5 and (b) 10 g L™ LiAIDH.
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Fig. 8-8 SEM images at different magnifications for deposits prepared from 10 g L' PEMA
solutions, containing (A,B) 5 and (C,D) 10 g L™ LiAIDH.
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The total mass loss of the deposited materials included mass loss related to burning out of
PEMA and dehydration of LiAIDH. Therefore, the results of TGA studies indicated the
formation of composite coatings containing FR LIAIDH additive in the PEMA matrix. The
lower mass loss for the coatings prepared from 10 g L™t LiAIDH resulted from higher LiAIDH
content in the deposited layer. The incorporation of LIAIDH into the PEMA coating was also
confirmed by the results of XRD and SEM studies. The X-ray diffraction pattern of the coating
showed peaks of LIAIDH (Fig. 8-7(A)). The peak broadening at low angles for the sample with
lower LiAIDH content resulted from the contribution of the PEMA phase, which shows a very
broad diffraction peak. [36, 44] The FTIR spectra of PEMA (Fig. 8-7B(a)) showed vibrational
peaks at 2984 cm™*, which resulted from the asymmetric C-H stretching of the methylene group
of PEMA. [44] The peak at 1722 cm™ was assigned to the C—O carbonyl group. The vibrational
peaks corresponding to -CH> rocking was observed at 749 cm™. The peak at 1150 cm™ was
attributed to carboxylic acid ester groups. [44] The FTIR spectra of as-synthesized LiAIDH
(Fig. 8-7B(b)) showed a broad absorption band at about 3393 cm™ which was assigned to the
O-H stretching of hydroxy groups. [45] Sharp peaks at 677 and 527 cm™ were characteristics
of AlOg octahedra. [45] The FTIR spectra of composite coatings showed (Fig. 8-7B(c,d))
characteristic peaks of both PEMA and LiAIDH and provided evidence of their successful co-
deposition. SEM images showed LiAIDH particles in the dense PEMA layer (Fig. 8-8 (A,B))

for the coating prepared from 10 g L' PEMA solutions with 5 g L™* LiAIDH. However, the
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increase in the LIAIDH concentration resulted in porous coatings (Fig. 8-8 (C,D)), containing

LiAIDH particles in the porous fibrous PEMA network.
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Fig. 8-9 Tafel plots for stainless steel substrates coated from (a) 10 g L' PEMA solution,
containing 5 g L™ LiAIDH, (b) 10 g L' PEMA solution, containing 10 g L™ LiAIDH, (c) 10 g
Lt PEMA solution (first layer) and 10 g L' PEMA solution, containing 10 g L™* LiAIDH
(second layer).

The results of potentiodynamic studies showed that the coating prepared from 10 g L™
PEMA solution, containing 5 g L™ LiAIDH provided corrosion protection of stainless steel.
The comparison with the data for the coated substrate (Fig. 8-9(a)) and uncoated (Fig. 8-2(a))
indicated that the coating deposition resulted in the increased corrosion potential and

significant reduction of the anodic current. The corrosion current for the coated sample (Fig.

8-9(a)) was 0.05 pA cm™.
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Fig. 8-10 Bode plots for stainless steel substrates coated from (a) 10 g L™t PEMA solution,
containing 5 g L™ LiAIDH, (b) 10 g L' PEMA solution, containing 10 g L™ LiAIDH, (c) 10 g
Lt PEMA solution (first layer) and 10 g L™ PEMA solution, containing 10 g L™ LiAIDH
(second layer).

The coating, prepared from 10 g L™ PEMA solution, containing 10 g L™* LiAIDH showed
a higher corrosion current (Fig. 8-9(b)) of 0.76 pA cm, which resulted from higher coating
porosity. Fig. 8-9(c) presents testing results for a bi-layer coating, containing a pure polymer
bottom layer, prepared from 10 g L™* PEMA solution and a top composite layer, prepared from
10 g L PEMA solution, containing 10 g L LiAIDH. The corrosion current for this coating
was 0.15 pA cm™. In this approach the bottom layer provided enhanced corrosion protection,
whereas the top layer contained relatively large amount of FR LiAIDH additive. Therefore, the
dip coating method can potentially be used for the fabrication of multilayer coatings and
coatings of graded composition, containing individual layers with different functionality. The
EIS data presented in Fig. 10 indicate that coated substrates with composite PEMA-LiIAIDH

coating showed higher impedance, compared to uncoated samples (Fig. 8-3A(a)). The coating

prepared from the suspension, containing 10 g L LiAIDH showed lower impedance,
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compared to the suspension, containing 5 g L™ LiAIDH. This can be attributed to higher
porosity of the coating prepared from the 10 g L™* LiAIDH suspension. However, the bi-layer
coating showed significantly higher impedance compared to the monolayer coatings and

indicated better corrosion protection.

8.4 Conclusions

We demonstrated that PEMA can be dissolved in a mixed isopropanol-water co-solvent.
In this approach the use of traditional toxic solvents can be avoided. The ability to dissolve
high molecular mass PEMA and achieve high PEMA concentration are the key factors for the
development of the dip coating method. The method offers advantages compared to other
coating techniques, which are based on the use of toxic solvents and require long deposition
time and long-time heating procedures for solvent removal. Room temperature processing of
the proposed method is critically important for the fabrication of composites, containing FR
additives of DH type. This approach is especially important for biomedical applications of
PEMA coatings. The solubilization range was established and 10 g L™* PEMA solutions were
prepared from water-isopropanol mixtures with Rs of 0.015-0.380. PEMA precipitation was
observed at Rs> 0.4. It was found that 50 g L™ PEMA solutions can be obtained at Rs=0.176.
The proposed PEMA solubilization mechanism was based on the co-solvation effect of water
and isopropanol, it involves hydrogen bonding of PEMA and water molecules. The deposition

yield of the dip coating method was influenced by Rs and PEMA concentration. The coatings
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can be deposited as monolayers or multilayers. It can be expected that further development of
this method will result in advances in colloidal processing of other polymers using non-toxic

solvents.

PEMA coatings prepared by the dip coating method can be used for corrosion protection
of metals. LIAIDH was prepared by a novel solid state synthesis method, which offers many
advantages, compared to traditional techniques, such as waste-free processing, excellent
stoichiometry control and ability to avoid waste removal, washing and drying procedures. The
synthesis time decreased with increasing temperature in the range of 20-70 °C. The relatively
short synthesis time at 70 “C makes this waste-free technique very promising for the mass
production of other DHs for FR and other applications. LIAIDH is a promising material for FR
applications due to its relatively high water release on dehydration. LiAIDH was used as FR
material for polymer coatings. LIAIDH outperforms traditional FR materials of hydroxide type
due to its high water content. It was found that PEMA-LIAIDH interactions facilitated the
fabrication of stable suspensions for dip coating of composites. Dip coating method allowed
for the fabrication of composite PEMA-LIAIDH coatings with different LiAIDH content. Bi-
layer coatings, containing different layers offer benefits for the development of coatings with
improved corrosion protection and FR properties. The approach developed in this study can
potentially be used for the fabrication of monolayer, multilayer coatings as well as coatings of
graded composition, containing other functional materials. The results of this investigation

open an avenue for a variety of future investigations of both a technological and fundamental
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nature, focused on the synthesis of complex hydroxides and oxides by low temperature
synthesis methods, colloidal processing of polymers using non-toxic solvents and fabrication

of organic-inorganic composites by different colloidal methods.
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Abstract

This investigation is motivated by the need for the development of polymer coatings,
containing inorganic flame retardant materials (FRM) and replacement of toxic halogenated
FRM. A green strategy is reported for the fabrication of poly(ethyl methacrylate) (PEMA)-
FRM composite coatings by a dip coating method. The use of water-isopropanol co-solvent
allows the replacement of regular toxic solvents for PEMA. The ability to form concentrated
solutions of high molecular mass PEMA and disperse FRM particles in such solutions are the
main factors for the fabrication of coatings by a dip coating technique. Huntite, halloysite and
hydrotalcite are used as advanced FRM for the fabrication of PEMA-FRM coatings. FTIR,
XRD, SEM and TGA data are used for the analysis of microstructure and composition of
PEMA-FRM coatings. PEMA and PEMA-FRM coatings provide corrosion protection of
stainless steel. The ability to form laminates of different layers by a dip coating method

facilitates the fabrication of composite coatings with enhanced properties.

9.1 Introduction

Flame retardant materials (FRM) are vital for the development of composites for various
industrial applications[1, 2]. FRM additives have many applications in various composite
products, such as insulation of black boxes for flight data recorders and aircraft coatings[3],
communication and electrical cables[4], furniture and coatings for various wood products[3],
electrical cables[4], mining and transportation equipment[4], polymer coatings for corrosion
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protection of metals[4], wind turbines[5], asphalt binders[6], papers[7], thermoplastics,
thermosets, and flame resistant fabrics[4]. FRM are gaining increasing attention for the
development of composites for advanced energy generation devices[8, 9]. FRM are mandatory
components of various building product composites, such as wall and ceiling linings, fabrics
for office and residential buildings[4], fire blankets[4], theatre curtains and a large variety of
consumer products, including window blinds, electrical appliances, furniture and children's

toys[10].

There is a large demand for novel composites with FRM additives for cars, aircrafts and
ships due to the increasing use of flammable plastics and polymer materials[4, 11]. FRM are
used in car seats, car upholstery, electronic devices and paints[12, 13]. FRM additives for
polymers are increasingly important due to the replacement of metals with polymer based
composites[10, 14]. FRM are of special importance for equipment of communication and
computing centres[15, 16]. The use of FRM is of critical importance for polymer industry in
order to meet nonflammability standards for a large variety of polymer products[17]. However,
the benefits of FRM must be weighed against the potential risks associated with human or
environmental impacts. Various materials and flame retardant mechanisms were investigated

for applications in commercial products[1, 2, 18].

Many polymer products contained halogen based FRM[16]. The heating of such materials

results in the formation of volatile metal halides, acting as flame inhibitors. The halogen based
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FRM are usually introduced into the polymer chain by copolymerization. However, the

halogenated FRM are toxic and bioaccumulative[19-26].

Investigations showed[19, 27, 28] that the use of toxic halogen based FRM resulted in
widespread contamination of the environment. A high level of toxic FRM contaminations was
found in soil[27], rivers[21], atmosphere, soft drinks, food [22-25], and home dust [20]. Such
investigations showed the need in replacement of toxic halogenated FRM with more
environmentally friendly inorganic FRM materials. Significant interest has been generated in
the development of polymer composites containing advanced inorganic FRM additives of
hydroxide and carbonate type [14, 29, 30]. The flame retardant properties of such FRM
materials result from the release of water or CO, which limit oxygen access to the polymer

materials and from related endothermic effect.

This investigation was inspired by increasing interest in the development of composite
polymer coatings, containing inorganic FRM additives of hydroxide and carbonate type and
the need for avoiding halogenated FRM. Poly(ethyl methacrylate) (PEMA) was selected as a
model functional polymer for the development of composite coatings. The selection of this
polymer was based on its advanced functional properties for various applications, such as
corrosion protection of metals [31], thermal [32] and electrical [33, 34] energy storage,
materials for packaging [35, 36], biomedical composites [37] and other applications. In this
investigation, huntite (MgsCa(CO3)4 platelets, halloysite (Al2Si2Os(OH)42H20 nanotubes, and

submicrometre hydrotalcite (MgsAl2(COs3)(OH)164H20, particles were used as inorganic FRM
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materials of hydroxide or carbonate type. The results presented below indicated that composite
coatings can be prepared, containing FRM additives in the PEMA matrix. The thermal and
corrosion protection properties of the composite coatings were analyzed. Moreover, in the
proposed approach the use of regular toxic solvents for the processing of PEMA and its

composites was avoided.

9.2 Materials and Methods

Poly(ethyl methacrylate) (PEMA, Mw=515,000), hydrotalcite
(MgsAl>(CO3)(OH)164H-0, size ~ 0.5 um), halloysite (Al2Si2Os(OH)4.2H20 nanotubes, length
1-2 pm, diameter 100-150 nm), isopropanol (MilliporeSigma) and huntite (MgzCa(COz)4
platelets, Sibelco, size ~ 0.5-3 um) were used. PEMA was dissolved in a mixed solvent of 85%
isopropanol and 15% water at 60 °C and subsequently cooled to room temperature. A 0.1 mm
thick stainless-steel foil (304 types) was used as a substrate for coating deposition. The
substrates were polished with sandpaper, washed with water and isopropanol. 10-20 g L*
PEMA solutions were used for dip coating of pure PEMA coatings. The substrates were
immersed into the solutions during 1 min and then were withdrawn from the solutions at a
constant speed of 1 cm min’. Coatings were obtained after solvent evaporation by drying in
air. Pure PEMA coatings were annealed at 200 °C for 1 h. The monolayer composite coatings
were prepared by a similar dip coating procedure using 10 g L PEMA solutions, containing

different FRM additives, such as huntite, halloysite and hydrotalcite. The FRM concentration
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in the suspensions was 10 g L. The bi-layer composite coatings were prepared by deposition
of first layer from 10 g L™ PEMA solutions followed by annealing procedure at 200 °C for 1 h
and then formation of as-deposited second layer from 10 g L™ PEMA solutions, containing 10
g L't FRM. The suspensions were ultrasonicated for 5 min before film deposition using Fisher

Scientific FB-505 sonic dismembrator.

The microstructure of coatings was studied using a JEOL SEM (scanning electron
microscope, JSM-7000 F). A Bruker Vertex 70 spectrometer was used for FTIR spectroscopy.
Coating composition was analyzed using a Bruker Smart 6000 X-ray diffractometer (XRD,
CuKa radiation). A potentiostat-impedance analyzer PARSTAT 2273 (Ametek) was utilized
to perform the electrochemical characterization in 3% NaCl aqueous solution with a 3-
electrode corrosion cell, which included uncoated or coated stainless steel as the working
electrode, Pt mesh as counter electrode and saturated calomel electrode (SCE) as the reference
electrode. Electrochemical impedance spectroscopy (EIS) was performed using alternating
current (AC) in the frequency range from 10 mHz to 10kHz and voltage amplitudes of 5 mV.
The results of potentiodynamic studies (1 mV s™! rate) and EIS were presented in Tafel and
Bode plots. Thermogravimetric analysis (TGA) was conducted in air at a heating rate of 5 °C
min utilizing a thermal analyzer (Netzsch STA-409). The samples for TGA analysis contained

as-deposited coating materials, which were removed from the substrates.
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9.3 Results and Discussion

The approach developed in this investigation offers environmental benefits by avoiding
the use of regular toxic solvents for PEMA and halogenated FRM. PEMA is soluble only in
relatively toxic and carcinogenic individual solvents, such as methyl ethyl ketone, toluene and
benzene. PEMA is insoluble in alcohols and water. In our approach, PEMA was dissolved in a
mixed co-solvent, containing isopropanol and water, avoiding the use of traditional toxic and
carcinogenic solvents. The main factor to achieving coating deposition by a dip-coating method
was solubilization of high molecular mass PEMA at formation of concentrated solutions. This
investigation addressed the need to replace the toxic halogenated FRM with more
environmentally friendly materials. Our approach was based on the use of environmentally
friendly inorganic FRM such as hydrotalcite, halloysite and huntite. The mass losses for
hydrotalcite, halloysite and huntite related to release of water and CO; are 43.1, 24.5 and
49.9 %, respectively. Hydrotalcite offers benefits of relatively high mass loss, which is mainly
due to the release of water. Despite lower mass loss, halloysite offers many benefits for the
development of composite coatings. The tubular shape of natural halloysite particles is
beneficial for the mechanical reinforcement of a polymer matrix. The hollow space of the
halloysite nanotubes can be loaded with corrosion inhibitors and other functional materials,
which can impart advanced functional properties to the composites. Huntite offers benefits of
relatively high decomposition temperature, which makes it a material of choice for the polymer

coatings, requiring post-deposition thermal treatment. Huntite belongs to the carbonate type-
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materials, which are currently under intensive investigations for the development of polymer
composites with enhanced mechanical properties[38]. It will be shown below that corrosion
protection properties of PEMA can be improved by annealing at 200°C. The thermal stability
of huntite at this temperature is beneficial for the fabrication of PEMA-huntite composites. The
results presented below also showed that the dip coating procedure allowed for the fabrication
of coatings of graded composition and microstructure, with an annealed bottom PEMA layer

and a composite top layer, containing inorganic FRM.

Tpm

Figure 9-1 . SEM images of (A) as-deposited coatings and (B) coatings annealed at 200 °C for
1h, prepared from 20 g Lt PEMA solutions.

Fig. 9-1 shows SEM images of PEMA coatings, prepared from 20 g L PEMA solutions.
The as-deposited coatings showed a relatively porous surface (Fig. 9-1 A). Annealing at 200°C
resulted in the formation of dense coatings (Fig. 9-1 B). The thickness of the annealed coatings
was about 2 pm. The as-deposited and annealed PEMA coatings prepared from 10 g L1 PEMA
solutions showed a similar morphology (Supplementary information, Fig. 9-9) with a thickness

of the annealed coating of about 1 um.
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The annealed PEMA coatings showed corrosion protection of the substrates. Fig. 9-2
shows Tafel and Bode plots for the coated and uncoated substrates. Compared with the
uncovered stainless steel, both as-deposited and annealed PEMA coatings showed lower anodic
currents and higher corrosion potentials. Accordingly, the Bode plot showed much higher
absolute impedances |Z| of the coated samples in a wide frequency range from 10 mHz to 10

kHz. Therefore, PEMA coatings acted as a barrier layer, which limited the electrolyte

penetration to the substrate.

A 04 .
/]
— D2E
- [ ..--"".H ]
= i - -
E ¢ L LT
E N2 g, }.--i _J..-"" ‘5
= ot
204 4 -~
’-..‘“-
0.6 |“"
0 & & 7 & 5 (R T 1L T (TS [V (1 w ot o o e f
log i {A-em™) Frequency (Hz) Frequency (Hz)

Figure 9-2 (A) Tafel and (B,C) EIS data for (a) uncoated and (b,c) coated substrate, for coatings:
(b) as-deposited and (c) annealed at 200 °C for 1h, prepared from 20 g L PEMA solutions.
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200mm

Figure 9-3 SEM images at different magnifications of as-deposited monolayer composite
coatings: (A,B) PEMA-huntite, (C,D) PEMA-halloysite and (E,F) PEMA-hydrotalcite.

PEMA-based composite coatings were deposited with three types of FRM. The SEM
images (Fig. 9-3) at low magnification showed continuous porous composite coating formed
by the dip coating technique. The images at high magnification revealed the presence of FRM
particles. Fig. 9-3B shows the platelet morphology of huntite in the PEMA matrix. Halloysite
nanotubes were densely packed, as shown in Fig. 9-3D. Fig. 9-3F shows submicrometric
hydrotalcite particles embedding in PEMA matrix. Voids were inevitable in the composite

layers due to the packing of FRM particles. The thickness of the coatings was about 2-2.5 um.
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Figure 9-4 FTIR spectra of (A) as-received materials: (a) PEMA, (b) huntite, (c) halloysite and
(d) hydrotalcite, and (B) as-deposited composite coatings: (a) PEMA-huntite, (b) PEMA-
halloysite, and (c) PEMA-hydrotalcite.

FTIR and XRD results confirmed the successful fabrication of PEMA-FRM composite
coatings. The spectrum of as-received PEMA in Fig. 9-4A(a) showed absorptions at 2983,
1727, 1146 and 1023 cm™ due to the asymmetric C—H stretching, C=0 stretching, C-O-C
symmetric stretching and C-H bending, respectively[39, 40]. These four characteristic peaks
were also observed in FTIR spectra of composite coatings, as shown in Fig. 9-4B(a-c). The

FTIR spectrum of as-received huntite (Fig. 9-4A(b) showed characteristic absorptions at 1510,

1434, 894, and 864 cm?, attributed to carbonate ligands[41-44].

The as-received halloysite showed peaks at 3692 and 3621 cm™ due to the presence of the
surface hydroxyl group (Fig. 9-4A(c))[45]. The peaks at 1006, 906, and 525 cm™ were ascribed
to the stretching mode of Si-O-Si, bending vibrations of Al-OH, and bending and stretching
vibrations of Si-O-Al, respectively[46, 47]. The as-received hydrotalcite (Fig. 9-4A(d)) showed

a peak at 3432 cm™ due to stretching mode of the hydroxy groups, the asymmetric stretching
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of the carbonate contributed to the peak at 1363 cm™, the bands at 777, 648, and 553 cm™ were
assigned to oxygen—metal-oxygen stretching[48, 49]. The spectra of the composite coatings
showed absorptions of huntite (Fig. 9-4B(a)), halloysite (Fig. 9-4B(b)) and hydrotalcite (Fig.9-
4B(c)) in addition to the PEMA absorptions and confirmed FRM incorporation into the PEMA

coatings.

Fig. 9-5 shows XRD data for the composite coatings. The peaks of huntite, halloysite and

hydrotalcite were found in XRD patterns of composite coatings.
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Figure 9-5 XRD patterns of as-deposited composite coatings: (a) PEMA-huntite, (b) PEMA-
halloysite, and (c) PEMA-hydrotalcite (¢- JCPDS file 14-0409, e - JCPDS file 09-0453, *-
JCPDS file 50-1684.

The composite coatings were studied by TGA. The TGA analysis of pure PEMA was
reported in several investigations[50-54]. It was found that PEMA decomposition starts at

230°C and complete burning-out of PEMA was observed at 400°C. Fig. 9-6 shows several

steps in mass loss of composite coatings related to decomposition of FRM and burning out of
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PEMA. The total mass loss of PEMA-huntite at 900°C was 76.5%. From the TGA data the
huntite content in the coating was found to be 46.9%. The total loss in mass of PEMA-
halloysite was 62.6%, and the halloysite content in the composite was 49.5%. The mass loss
for PEMA-hydrotalcite was 76.6% and the hydrotalcite content in the composite coating was
found to be 41.1%. The calculations of the FRM content in the composite coatings were based
on the theoretical mass loss of 49.9, 24.5 and 43.1% for huntite, halloysite and hydrotalcite,
respectively. The experimental mass loss for such materials was very close to the theoretical

mass loss[41, 55, 56].

Composite coatings are promising due to the possibility of combining corrosion protection
and FRM properties. The experimental results presented above showed enhanced corrosion
protection of annealed PEMA. However, annealing at 200°C can result in partial
decomposition of halloysite and hydrotalcite. Therefore, in this investigation bi-layer coatings
were prepared, containing annealed bottom layer of pure PEMA and as-deposited composite
PEMA-FRM layer. The microstructure of PEMA-FRM layers deposited on annealed PEMA
layers (Supplementary information, Fig. 9-10), was similar to the microstructure of PEMA-
FRM layers deposited directly on stainless steel (Fig.9-3). Dip coating is a versatile method[57]
for the fabrication of composite and multilayer coatings. It is known that multilayer and
functionally graded materials offer advantages for the fabrication of composites with enhanced
functional properties[58, 59]. In contrast to other techniques, such as electrophoretic

deposition[60, 61], dip coatings can be obtained on conductive and insulating substrates.
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Figure 9-6 TGA data for as-deposited composite coatings: (A) PEMA-huntite, (B) PEMA-
halloysite, and (C) PEMA-hydrotalcite.

Fig. 9-7 compares results of potentiodynamic testing of monolayer PEMA-FRM coatings
and bi-layer coatings, containing annealed bottom PEMA layer and top PEMA-FRM layer.
The comparison of Tafel plots for PEMA-FRM coated substrates (Fig. 9-7A(a), B(a) and C(a))
with corresponding data for uncoated samples (Fig. 9-2A(a)) indicated that PEMA-FRM
coatings provided corrosion protection of the substrates. The coated samples showed lower
anodic currents, compared to uncoated samples and higher corrosion potentials. As it was
hypothesized, the bi-layer coatings provided improved corrosion protection, compared to the

monolayer coatings. The Tafel plots showed further reduction of the anodic current, compared

184



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering

to the monolayer coatings (Fig. 9-7A(b), B(b) and C(b). The corresponding Bode plots were

presented in Fig. 9-8.
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Figure 9-7 (A-C) Tafel plots for as-deposited (a) monolayer PEMA-FRM coatings and (b) bi-
layer composite coatings, containing annealed PEMA bottom layer and PEMA-FRM top layer
with (A) huntite, (B) halloysite, and (C) hydrotalcite.

The Bode plots for the monolayer PEMA-FRM coatings showed enhanced impedance |Z|
(Fig. 9-8A(a), C(a) and E(a)), compared to uncoated stainless steel (Fig. 9-2B(a)). The bi-layer
coating showed higher |Z| (Fig. 9-8A(b), C(b) and E(b)), compared to the monolayer coatings.

Therefore, bi-layer coatings represented an enhanced barrier for electrolyte
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Figure 9-8 (A-F) EIS data for as-deposited (a) monolayer PEMA-FRM coatings and (b) bi-
layer composite coatings, containing annealed PEMA bottom layer and PEMA-FRM top layer
with (A,B) huntite, (C,D) halloysite, and (E,F) hydrotalcite.

9.4 Conclusions
The approach developed in this investigation offers benefits of using a non-toxic co-

solvent and replacement of regular toxic solvents for PEMA. The use of advanced inorganic

FRM materials, such as huntite, halloysite and hydrotalcite instead of toxic halogenated FRM
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offers additional environmental benefits. The ability to obtain concentrated solutions of high
molecular mass PEMA and disperse FRM particles in such solutions plays a vital role in the
fabrication of coatings by a dip coating method. SEM, TGA, XRD and FTIR studied confirmed
the fabrication of composite coatings with a large FRM content. Pure PEMA and PEMA-FRM
coatings provide corrosion protection of stainless steel. Annealed PEMA coatings provide
enhanced corrosion protection due to lower porosity. The ability to form composite laminates,
containing different layers by a dip coating method is a promising strategy for the fabrication

of composite coatings with enhanced functionality.

9.5 Supplementary data

200nm 200nm

Figure 9-9 SEM images of (A) as-deposited coatings and (B) coatings annealed at 200 °C for
1h, prepared from 10 g L™ PEMA solutions.
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L 2(Mnm

Figure 9-10 SEM images at different magnifications of as-deposited bi-layer composite
coatings, containing annealed PEMA bottom layer and PEMA-FRM top layer with (A,B)
huntite, (C,D) halloysite, and (E,F) hydrotalcite.
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Chapter 10 Conclusion and Future Works

10.1 Summary of conclusions

In summary, the primary objective of this work was to develop novel colloidal strategies
for the fabrication of polymer and composite coatings with advanced functionality. The
overarching objective was accomplished. Conceptually new strategies have been developed for
the deposition of advanced polymers and other functional particles. New technologies offer
processing advantages and can be used for the manufacturing of coatings with advanced

functionality. The major achievements of this dissertation can be summarized as follows:

1. The bile salt ChANa can adsorb on the surface of different materials, such as
diamonds, CDs, graphene and PTFE, and facilitate their efficient dispersion and
charging. The gel-forming properties, pH-dependent solubility and charge of ChANa
allowed for the use of this natural organic molecule as a coating-forming agent.
ChANa can be utilized as a versatile co-dispersant for co-EPD of composite coatings.
EPD of diamonds was combined with PPy electropolymerization for the deposition
of diamond-PPy composites. It was shown that annealed PTFE films provide
corrosion protection of stainless steel. It is expected that ChANa-mediated EPD will

allow the deposition of other functional materials of different types.

2. For the first time it was demonstrated that CDCH films can be deposited using an

electrogenerated acid method and pH-dependent gel-forming properties of CDCH.
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Another major finding was that CDCNa allowed EPD of carbon materials, such as
SD, ND and carbon nanotubes, as well as PTFE and MHT. A conceptually novel
strategy to enhance protective properties of polymer coatings was put forward, which
was based on the memory properties of MHT. This strategy will pave the way for the

fabrication of advanced polymer coatings for corrosion protection in the future.

3. The deposition mechanism of pure CBXH: involved protonation of CBX? in the
anodic reactions and the forming of insoluble CBXH; films. The EPD mechanism of
carbon materials, PTFE and composites involved adsorption of CBX?" on particles,
electrophoretic transport and discharge of adsorbed CBX?-, which facilitated film
formation. The deposition rate, film morphology and composition can be varied and
controlled. CBXNaz is a versatile surfactant and co-surfactant for EPD of various
materials and composites. The EPD method can be applied for protection of metals
from corrosion in industry. CBXNa; is a promising surface modification agent for
future applications in EPD of functional inorganic materials due to the chelating
properties of its carboxylic groups. Therefore, further progress in CBXNa:
applications can result in the manufacturing of advanced functional composites by

EPD.

4. GRTA or GRZA are new versatile film-forming dispersants, which allowed
controlled EPD of chemically inert PVDF and PTFE polymers and diamonds. The

results presented stressed the importance of the chemical structure of GRTA and
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GRZA for the deposition of different materials. GRZA allowed for higher deposition
yield of PVDF, whereas the use of GRTA resulted in higher deposition yield of PTFE.
GRTA and GRZA can be used as co-dispersants for the fabrication of PVDF-diamond
and PTFE-diamond composites. Obtained films can be used for corrosion protection
of metals and offer benefits for other applications based on the advanced functionality

of the deposited materials.

5. This research demonstrated that PEMA can be dissolved in a mixed isopropanol-
water co-solvent which avoided the use of toxic solvents. The ability to dissolve high
molecular mass PEMA and achieve high PEMA concentration were the key factors
considered for the development of the dip coating method. PEMA coatings prepared
by the dip coating method can be used for corrosion protection of metals. LiAIDH
was prepared by a novel solid state synthesis method, which offers many advantages,
compared to traditional techniques. LIAIDH was used as FR material for polymer
coatings due to its relatively high water release on dehydration. It was found that dip
coating method allowed for the fabrication of composite PEMA-LIAIDH coatings
with different LIAIDH content. Bi-layer coatings, containing different layers offer
benefits for the development of coatings with improved corrosion protection and FR
properties. The approach can potentially be used for the fabrication of monolayer,
multilayer coatings as well as coatings of graded composition, containing other

functional materials.

196



Ph.D. Thesis McMaster University
Xingian Liu Materials Science and Engineering
6. The FRM materials can be well dispersed in PEMA solution which allows the
fabrication of PEMA-FRM composite coatings. The use of advanced inorganic FRM
materials, such as huntite, halloysite and hydrotalcite instead of toxic halogenated

FRM offers additional environmental benefits. The ability to obtain concentrated
solutions of high molecular weight PEMA and disperse FRM particles in such
solutions plays a vital role in the fabrication of coatings by a dip coating method. Pure

PEMA and PEMA-FRM coatings provide corrosion protection of stainless steel.
Annealed PEMA coatings provide enhanced corrosion protection due to lower
porosity. The ability to form composite laminates containing different layers by a dip

coating method was demonstrated to be a promising strategy for the fabrication of

composite coatings with enhanced functionality.

10.2 Future Work

Although several novel strategies have been developed to fabricate polymer and polymer
composite coatings through EPD and dip coating technique, there is still much work that could

be done, as explained below.

In this work, two types of bile salts, ChANa and CDCNa, and three types of biosurfactants,
CBXNaz, GRTA, and GRZA, were proposed as charging dispersants for various materials. All
the molecules are efficient in dispersing PTFE and imparting the charge onto the particle

surface of PTFE for EPD. The GRTA-mediated and GRZA-mediated EPD were compared and
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it was found that GRTA resulted in a higher deposition yield of PTFE. However, the
efficiencies of each of the five dispersants have not yet been compared, nor have the structural
differences among these molecules, which influence their efficiency, been discussed. For future
work, further investigation into the relationship between the structure and the efficiency of
adsorbing, dispersing and charging through these methods should be compared. More bio-
surfactants and functional materials can be added to this research if necessary. Only through
this method can a complete selection system be constructed to assist in matching the most
efficient bio-surfactant with a specific type of material. This selection system has not

previously been explored.

Furthermore, previous studies have shown that PEMA coatings were commonly
fabricated in a toxic solvent, using various techniques, including casting, spin coating, and
electrospinning. The toxic solvents also need a long-time heating procedure for removal. This
research proposed using a mixture of water-isopropanol as a co-solvent to dissolve high My
PEMA at high concentrations for dip coating. Previous problems have been solved with this
method. However, if PEMA can be charged and well-dispersed in a non-toxic solvent, then the
EPD method is also a good choice for fabricating the PEMA coating. Therefore, based on the
high efficiency of bile salts for the EPD of different materials, it is recommended to select a
suitable bile salt as dispersing, charging and film-forming agent for the EPD of PEMA. Its

composite coatings are expected to be fabricated through this method as well.
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