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Abstract: This investigation is motivated by the numerous advantages of electrophoretic deposition
(EPD) for the fabrication of polyvinylidene fluoride (PVDF) and composite coatings and the various
applications of such coatings. It is demonstrated that gallic acid (GA), caffeic acid (CFA), cholic acid
(CA) and 2,3,4 trihydroxybenzoic acid (THB) can be used as charging and dispersing agents for the
EPD of PVDE. The deposition yield of PVDF increases in the following order: THB < CFA < CA < GA.
Test results indicate that the chemical structure of the dispersants exerts influence on the deposition
efficiency. Potentiodynamic and impedance spectroscopy studies show the corrosion protection
properties of PVDF coatings. GA is used for the co-EPD of PVDF with nanosilica and micron-size
silica. The silica content in the composite coatings is varied by the variation of silica content in the
suspensions. The ability to use GA as a charging and dispersing agent for the co-EPD of materials
of different types paves the way for the fabrication of advanced organic-inorganic composites
using EPD.
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1. Introduction

Electrophoretic deposition (EPD) is an important technique for the surface modifi-
cation of materials [1-3]. This technique is of particular interest for biomedical applica-
tions [4-7] due to the high purity of the deposited materials and the possibility of uniform
deposition on complex shape substrates. Investigations focused on the development
of advanced EPD bath formulations [8-10], particle charging additives [11], deposition
kinetics and mechanisms [12-14]. Many investigations were performed on the EPD of
organic-inorganic composites containing inorganic particles in a polymer matrix [4-6,15,16].
Significant interest has been generated in the use of biosurfactants for the fabrication of
colloidal suspensions and the EPD of different materials [17-20]. The chemical structure of
surfactants is an important factor controlling their adsorption on particles and the efficiency
of particle dispersion [21-23]. A dispersant adsorbed on a particle’s surface imparts an
electric charge to the particles and allows for their electrophoretic transport to the elec-
trode [24]. One of the challenges in the EPD technology is the charging, dispersion and
deposition of chemically inert polymers. Another challenge is related to the co-deposition
of such polymers with inorganic materials. Difficulties are related to the poor adsorption
of traditional surfactants on the surfaces of such polymers and the selection of charged
co-dispersants for the co-deposition of polymers with inorganic nanoparticles. However,
there is a need in the development of EPD for the fabrication of composites, based on
chemically inert advanced functional polymers, such as polyvinylidene fluoride (PVDEF).

PVDF is a chemically inert polymer, which shows good resistance to inorganic and
organic acids, various solvents and chemicals [25-27]. This polymer exhibits ferroelectric
and piezoelectric properties, mechanical strength and low flammability [28-31]. Many
PVDF applications involved the use of thin films and coatings [32-34]. Thin films were
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used for piezoelectric actuators and transducers, pyroelectric sensors, electrical insulators
and capacitors [28,35,36]. Significant interest has been generated in PVDF films for water
treatment and the removal of pollutants, gas separation membranes, polymer fuel cells
and batteries [37-40]. Of particular interest are PVDF applications in different biosen-
sors [41-43]. PVDF films are under investigation for application in implantable biomedical
devices [44—46]. PVDF and PVDF-silica composites have generated significant interest for
biomedical tissue engineering [47-49].

PVDF was used as a binder for [50-53] the EPD of different materials. In this strat-
egy, a small amount of dissolved PVDF was co-deposited with particles of inorganic or
carbon materials. PVDF suspensions and solutions were used for EPD without charged
dispersants [54-56]. However, the charging and deposition mechanisms were not under-
stood. The EPD of PVDF films was achieved using bile acids as dispersing and charging
agents [57].

This investigation was motivated by the need for the fabrication of PVDF and com-
posite films and the numerous advantages of the EPD deposition method. The goal of this
investigation was the EPD of pure PVDF and PVDF-silica films. The influence of different
dispersants on the deposition yield was investigated. The highest deposition yield of PVDF
was achieved using gallic acid (GA) as a dispersant. The PVDF films deposited using
GA as a dispersant provided corrosion protection of stainless steel substrates. The use of
GA facilitated the co-deposition of PVDF with micro-and nanosilica. The amount of silica
co-deposited with PVDF could be varied. The results of this investigation indicated that
catecholates and gallates can be used as efficient co-dispersants for the co-deposition of
PVDF with inorganic particles.

2. Materials and Methods

Poly (vinylidene fluoride) (PVDF, spherical particles, diameter 100 nm, Alfa Aesar,
Tewksbury, MA, USA), gallic acid (GA), caffeic acid (CFA), cholic acid (CA), 2,3,4 tri-
hydroxybenzoic acid (THB), NaCl, nanosilica (size 5-20 nm, MilliporeSigma, Oakville,
ON, Canada) and micron-size silica (size 1 pm =+ 10%, PCR Inc., Cumming, GA, USA)
were used.

PVDF films were prepared via EPD from 5 g L-! PVDF suspensions in ethanol,
containing 1 g L~! dispersants, such as GA, CFA, CA and THB. The dispersants were
dissolved in ethanol, and then, PVDF particles were added. Ultrasonication was performed
for 30 min in order to obtain stable suspensions for EPD. The EPD of composite films
was performed from 5 g L~! PVDF suspensions, containing 1-8 g L~ silica particles and
1-2 g L~! dispersants. Silica particles were added to the PVDF suspensions, containing
dissolved dispersants. Ultrasonication was performed for 30 min for the fabrication of
stable suspensions for EPD. A type 304 stainless steel (dimensions 25 x 30 x 0.12 mm)
functioned as the working electrode, while a platinum sheet (dimensions 25 x 30 x 0.1 mm)
acted as the counter electrode, with a 17 mm spacing between them in the EPD cell. An
Amersham Biosciences EPS 2A200 power supply was used for EPD. EPD was performed
for 1-5 min at a deposition voltage of 100 V between two electrodes. Following deposition,
the coatings were dried at room temperature before being thermally treated in a Carbolite
ELF furnace at 200 °C for 1 h for further characterization. Deposition yield measurements
were performed via measurement of substrate mass before and after deposition using
precise Mettler Toledo XSR104 Analytical Balance.

Zeta potential measurements were performed by a mass transfer method [58]. FTIR
studies were performed using a Bruker Vertex 70 spectrometer (USA). A PARSTAT 2273
potentiostat from Ametek (USA) was used to conduct electrochemical characterization of
coated and uncoated substrates in a 3.0 wt% aqueous NaCl solution with a 3-electrode
cell that included an uncoated or coated stainless steel substrate as a working electrode, a
saturated calomel reference electrode (SCE), and a Pt mesh counter electrode. The testing
technique and data analysis were both controlled by PowerSuite software. To reduce the
influence of oxygen, the aqueous NaCl solution was deoxygenated for at least 30 min
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using inert nitrogen gas before each test. Potentiodynamic polarization experiments were
carried out at a 1.0 mV s~ ! sweeping rate. Electrochemical impedance spectroscopy (EIS)
experiments were carried out in the frequency range from 10 mHz to 10 kHz with a
sinusoidal excitation voltage of 10 mV. Microstructure analysis was carried out using a
JEOL JSM-7000F (Tokyo, Japan) scanning electron microscope (SEM) and a Talos 200X
(ThermoFisher Scientific, Waltham, MA, USA) transmission electron microscope (TEM).

3. Results and Discussion

Figure 1 shows TEM images of PVDF particles used for EPD. The particles had a
spherical shape with uniform diameters of ~200 nm. PVDF is an electrically neutral
polymer. Therefore, PVDF particles must be charged and dispersed using additives for
film formation via EPD. Figure 2 shows structures of GA, CFA, CA and THB used in this
investigation as additives for PVDF deposition.
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Figure 1. TEM images of PVDF particles at (A,B) different magnifications.

A B

0; EOH OH

Figure 2. Chemical structures of (A) THB, (B) CFA, (C) CA and (D) GA.

The chemical structures of GA, CFA, CA and THB contain anionic COOH groups. The
chemical structures of CA and aromatic GA, CFA and THB molecules are beneficial for their
adsorption on organic materials [19]. THB, CA and GA are especially attractive for adsorp-
tion on inorganic materials, because such molecules can be adsorbed on particle surfaces
via catecholate-type bonding (GA, CFA and THB) or salicylate-type bonding (THB) [18].
The interest in gallates and catecholates for the EPD of metal oxides resulted from the
analysis of strong catecholate-type bonding of mussel proteins to inorganic surfaces [59-61].
In previous investigations, aromatic catecholate- and gallate-type molecules containing
COOH groups and salicylate-type molecules were used as charging and dispersing agents
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for the anodic EPD of different oxide particles in ethanol [62-66]. The adsorption of cate-
cholate molecules containing COOH groups on positively charged MnO; particles resulted
in a charge reversal and allowed for the anodic deposition of MnO; films from particle
suspensions in ethanol [67].

The addition of GA, CFA, CA and THB to the PVDF suspensions in ethanol allowed
for the fabrication of PVDF films via EPD. The suspensions of electrically neutral PVDF
were unstable, and EPD was not achieved from such suspensions. It was hypothesized
that added dispersants adsorbed on PVDF particles imparted an electric charge to the
particles and allowed for the suspension stabilization and deposition of PVDF from stable
suspensions. Dispersant adsorption on particles can result from hydrophobic interactions.
Figures 3B and S1 (Supplementary Materials) show the deposit masses of the films pre-
pared with different dispersants at a PVDF concentration of 5 g L~1. The EPD experiments
indicated that selected anionic dispersants adsorbed on the PVDF imparted charge to the
PVDF particles and allowed their EPD. The chemical structures of the aromatic dispersants
THB, CFA and GA exerted influence on the deposition efficiency, with the highest deposi-
tion yield obtained using GA. The deposition yield obtained using CA was higher than
that obtained using THB and CFA. The deposition yield increased in the following order:
THB < CFA < CA < GA. The suspensions containing CA and GA were further investigated
due to the larger deposition yields obtained using such dispersants. Moreover, CA and GA
are promising for the dispersion and charging of inorganic particles because they allow for
catecholate-type bonding to the particle surface [18]. The deposition yield increased with
increasing PVDF concentration in suspensions with the highest deposition yield achieved
using GA for all PVDF concentrations (Figures 3B and S2). The deposition yield of PVDF
increased with increasing deposition voltage and time (Figures S3 and 54). Zeta potentials
of PVDF particles obtained in the presence of THB, CFA, CA and GA were found to be —4.2,
—4.5, —7.1 and —13.9 mV, respectively. The highest deposition yield and zeta potential
of PVDF achieved using GA indicated stronger GA adsorption on PVDF and enhanced
particle charging. The EPD of PVDF was optimized using GA dispersant at the deposition
voltage of 100 V, deposition time of 5 min and PVDF concentration of 5 g L. It should be
noted that at higher voltages, deposition times and PVDF concentrations, the deposition
process required the addition of a polymer binder due to increased deposit mass and risk of
spalling of green deposits. A GA concentration of 1 g L~! was the minimum concentration
required for EPD from 5 g L~! PVDF solutions and the co-EPD of PVDF with micron-size
silica. It is shown below that in the case of nanosilica with smaller particle sizes and large
nanosilica concentrations, the GA content could be increased to 2 g L™! in order to achieve
the improved co-deposition of nanosilica with PVDE. The deposition of PVDF was also
confirmed by results of Fourier Transform Infrared Spectroscopy (FTIR). The comparison
of the FTIR spectrum of the as-received PVDF powder and spectra of deposits obtained
using THB, CFA, CA and GA dispersants (Figure S5) indicated that PVDF coatings were
deposited via EPD. The spectra of the deposits contained characteristic peaks of as-received
PVDF (Figure S5).

Figure 4A shows SEM images of the as-deposited PVDF film. The as-deposited film
was porous. Annealing at 200 °C for 1 h resulted in the PVDF melting and the formation of
a dense film (Figure 4B).

The annealed PVDF films showed promising corrosion protection properties. Figure 5
presents potentiodynamic testing data for coated and uncoated substrates. Coated sub-
strates showed a lower corrosion current of 0.27 pA cm ™2, compared to the corrosion
current of 2.6 A cm~2 for uncoated steel. The Tafel plot for the coated sample showed
reduced anodic current and increased corrosion potential. Moreover, the Bode plots of
impedance data confirmed corrosion protection properties of the PVDF coatings (Figure 6).
Coated samples showed larger impedance compared to uncoated substrate in 3% NaCl
solutions. Therefore, deposited coating provided a barrier preventing electrolyte access to
the substrate.
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Figure 3. (A) Deposit mass achieved for different dispersants using 5 g L~! PVDF suspensions con-

taining 1 g L~! dispersants, (B) deposit mass versus PVDF concentration in suspensions, containing
1 g L~! dispersants for deposition time of 5 min and deposition voltage of 100 V.
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Figure 4. SEM images of (A) as-deposited and (B) annealed PVDF films fabricated via EPD from
5gL~! PVDF suspension containing 1 g L~! GA as a dispersant. The films were obtained at
deposition time of 5 min and deposition voltage of 100 V.
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Figure 5. Tafel plots for (a) uncoated substrate and (b) coated from 5 g L-! PVDF suspensions
containing 1 g ™! GA and annealed at 200 °C. PVDF films were obtained at deposition time of 5 min
and deposition voltage of 100 V.

As pointed out above, GA is an important dispersant for the EPD of oxide materi-
als [18], which allows for catecholate-type bonding to metal atoms on the particle surface.
Therefore, it was hypothesized that GA can act as a co-dispersant for PVDF and silica parti-
cles. The co-EPD of PVDF and silica was performed using micron-size silica and nanosilica.
Figure 7 shows SEM images of coatings prepared from PVDF and silica particles and dis-
persed using GA. The SEM images at different magnifications showed crack-free coatings
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containing nanosilica or micron-size silica particles. The particles were incorporated into
the PVDF matrix as individual particles or agglomerates. The EPD of composite films was
performed from suspensions with different concentrations of silica particles. Figure 8 shows
films mass as a function of silica concentration in 5 g L~! PVDF suspensions, containing
1 g L~! GA. The deposition yield for suspensions, containing micron-size silica particles
increased with increasing concentrations of particles in suspension. The increase in the
deposition yield indicated the increased deposition of silica and the possibility of varia-
tions in coating composition. The deposition yield for suspensions containing nanosilica
increased in the concentration range of 0-4 g L~! and remained nearly constant at higher
nanosilica concentrations. It is suggested that larger GA content is necessary for dispersion
and deposition on nanosilica due to the larger surface area of this material. Indeed, a con-
tinuous increase in the deposition yield was observed with increasing nanosilica content
in suspensions containing 5 ¢ L~! PVDF and 2 g L~! GA (Figure S6). It is important to
note that applications of many charging agents for EPD are limited to materials of specific
types, such as metal oxides or carbon materials. The fabrication of composite coatings
requires the use of advanced charging agents suitable for the charging of materials of
different types. Therefore, GA is a promising charging agent for the fabrication of advanced
organic-inorganic composites.
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Figure 6. Bode plots for (a) uncoated substrate and (b) coated from 5 g L~! PVDF suspensions
containing 1 g L.~! GA and annealed at 200 °C. PVDF films were obtained at deposition time of 5 min
and deposition voltage of 100 V.
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Figure 7. SEM images at different magnifications for coatings deposited from 5 g L~! PVDF suspen-

sions, containing 1 g L 'GAand1 g L~! (A,B) nanosilica and (C,D) micron-size silica and annealed
at 200 °C. Deposition was performed during 5 min at a deposition voltage of 100 V.
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Figure 8. Deposit mass versus silica concentration in 5 g L~! PVDF suspension containing 1 g L™
GA. Deposition was performed during 5 min at a deposition voltage of 100 V.

The co-deposition of PVDF with nanosilica and micron-size silica was also confirmed
via the comparison of SEM images of annealed pure PVDF films without silica and with
nanosilica or micron-size silica (Figure S7).

EPD is a promising technique for the deposition of PVDF and composites based on
the functional properties of PVDF and other functional materials. Such composites can
potentially be used for applications in biomedical implants and devices. The results of this
investigation pave the way for the deposition of PVDF films for applications based on the
piezoelectric and ferroelectric properties of this polymer [68]. EPD is a versatile alternative
for the fabrication of multifunctional composites, combining ferroelectric and magnetic
properties of materials [69,70], thin film sensors [71], and energy storage devices [72].

4. Conclusions

GA, CFA, CA and THB showed adsorption on chemically inert, electrically neutral
PVDF particles and were used as charging and dispersing agents for the EPD of PVDF coat-
ings. The deposition yield of PVDF increased in the following order: THB < CFA < CA < GA.
PVDF coatings exhibited corrosion protection properties. GA can be used as a charging dis-
persant for the co-deposition of PVDF with nanosilica or micron-size silica and the fabrica-
tion of composite films. The film composition can be varied by the variation of silica concen-
tration in suspensions for EPD. The use of GA as a charging co-dispersant for materials of
different types paves the way for the deposition of advanced organic-inorganic composites.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/surfaces5020022/s1, Figure S1: Deposit mass achieved for different
dispersants using 5 g L~! PVDF suspensions containing 1 g L~! dispersants for deposition time
of 5 min and deposition voltage of 50 V; Figure S2: Deposit mass versus PVDF concentration in
suspensions, containing 1 g L~! dispersants for deposition time of 5 min and deposition voltage of
50 V; Figure S3: Deposit mass versus deposition time at a deposition voltage of 100 V for 5 g L™
PVDF suspensions; Figure S4: Deposit mass versus deposition voltage for 5 g L~! PVDF suspensions
at deposition time of 5 min; Figure S5: FTIR spectra of deposits, prepared from using 5 g L~! PVDF
suspensions containing 1 g L1 dispersants: (a) THB, (b) CFA, (c) CA, (d) GA for deposition time
of 5 min and deposition voltage of 100 V and (e) as-received PVDF; Figure S6: Deposit mass versus
nanosilica concentration in 5 g L~! PVDF suspension containing 2 g L~ GA at deposition time
of 5 min at voltages of 50 V and 100 V; Figure S7: SEM images of coatings, prepared from 5 g L1
PVDF solution, containing 1 g L~1 GA (A) without silica, (B) with 1 g L~ ! nanosilica and (C) with
1 g L~! micron size silica deposited at a deposition voltage of 100 V and deposition time of 5 min
and annealed at 200 °C for 1 h [73,74].
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