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Layered double hydroxides (LDH) are a class of anionic clay with alternating layers of
positive and negative charge. A metal hydroxide layer with divalent and trivalent metals with a
positive charge is complemented by an interlayer region containing anions and water with a
negative charge. The anions can be exchanged under favorable conditions. Hydrotalcite
(MggAl,(OH)16[CO3]-4H,0) and other variations are naturally occurring minerals. Synthetic LDH
can be prepared as a powder or film by numerous methods. Synthetic LDH is used in electrode
materials, adsorbents, nuclear waste treatment, drug delivery systems, water treatment,
corrosion protection coatings, and catalysis. In this dissertation Zn-Al-NO3 derivatives of
zaccagnaite (Zn4Aly(OH)1,[COs]-3H,0) are electrochemically synthesized as films and applied to
sensing and corrosion resistance applications. First, Zn-Al-NOs LDH was potentiostatically
electrosynthesized on glassy carbon substrates and applied to the electrochemical detection of
gallic acid and caffeic acid in aqueous solutions. The modified electrode was then applied to the
detection of gallic acid in green tea samples. The focus of the work shifts to corrosion
protection of stainless steel. Modified zaccagnaite films were electrodeposited onto stainless
steel in multiples layers to reduce defects caused by drying of the films. The films were
deposited using a step potential method. The corrosion resistance of the films in a marine
environment was investigated while immersed in 3.5 wt.% NaCl environments. Next modified
zaccagnaite films were potentiostatically electrodeposited onto stainless steel followed by a

hydrophobization reaction with palmitic acid in order to prepare superhydrophobic (>150°



contact angle) surfaces. Each parameter of the film synthesis was optimized to produce a
surface with the highest possible contact angle. The fifth chapter examines the corrosion
resistance of the optimized superhydrophobic film and a hydrophobic film. The hydrophobic
film is prepared using the same procedure as the superhydrophobic film except for a difference
in electrodeposition potential. The corrosion resistance of these films is investigated in a
simulated marine environment (3.5 wt.% NaCl) for short and extended durations. The last

chapter summarizes the previous chapters and suggests future directions for this work.
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CHAPTER 1
INTRODUCTION TO LAYERED DOUBLE HYDROXIDES
1.1. Description and Characteristics

Layered double hydroxides (LDH) are clay-like materials containing alternating positively
charged and negatively charged layers. They are a class of anionic clays containing natural and
synthetic variants [1,2]. The positively charged layers are comprised of metal hydroxides and
the negative layers contain anions and water. LDH is structurally similar to brucite, Mg(OH)a,
except that the positively charged layer contains both divalent and trivalent cations. The
positive charge results from the substitution of divalent ions with trivalent ions in brucite-like
metal hydroxide. This positive charge is balanced by interlayer anions which can be exchanged.
The general formula for LDH:

[M2*1xM3*(OH)2][A™ ]x/n'zH20
MZ* and M3* are divalent and trivalent metal cations, A™is an anion such as CO3% or NOs’, x is
the M3*/( M?*+ M3*) mole ratio and z is the number of associated water molecules.

The values of x can vary but the reliable limits are between 0.2 and 0.4 corresponding to
M?*:M3* ratios of 4:1 and 1.6:1 [1]. Although the x value may be within the reliable limits, it
cannot be known for sure that a pure LDH phase has been achieved. There may be secondary
phases such as hydroxides or salts of the metal cations. Furthermore, there are exceptions that
have x values outside the accepted limits [2-4]. The y value is dependent on the anion and the
synthesis conditions. The value of the anion depends on its charge and the amount of trivalent

cation in order to achieve charge neutrality.



1.2. Structure and Bonding

LDH is often compared to the brucite because they both exhibit sheet-like
morphologies. Both have octahedral symmetry where the metal cations are bonded to six
hydroxide groups and each hydroxide group is bonded to three metals. As a result each metal
has a coordination number of six and each oxygen has a coordination number of four except for
terminal oxygens at the edge of the sheets. LDH differs from brucite because it contains two
metals, a divalent and trivalent cation, in the sheets while brucite only has a single divalent
cation. Because two metals are used in LDH they have different metal-oxygen bond lengths.
The different bond distances result in a grooved or wrinkled sheet [5]. The layers contain
divalent and substituted trivalent cations which results in a positive charge. The charge density
is proportional to M3*/( M2*+ M3*). The trivalent cations are not located adjacent to each other
to spread the positive charge throughout the layer. These positively charged layers are stacked
alternating with negatively charged anions and water molecules to balance the charge as
shown in Figure 1.1. The higher the charge density the more anions that can be potentially
intercalated. Anions and water are not only intercalated but also adsorbed on the edges and
surfaces of the LDH layers. The intercalated anions do not participate in direct electrostatic
attraction with the trivalent cations but are hydrogen-bonded to the hydroxide protruding
towards the interlayer. Intercalated water is hydrogen bonded to anions and other water

molecules [6].



Figure 1.1. Structural schematic of LDH.
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The octahedra of the metal ions are flattened in the stacking direction [1]. This results in
a change in symmetry from On to Dsq4. The higher the average metal ionic radius, the more
compressed the octahedral structure becomes. The increased stacking lowers the thickness of
the hydroxide layer and increases the distance between metals.

LDH exhibits two common stacking sequences; a two-layer hexagonal stacking sequence
(2H) or a three-layer rhombohedral stacking sequence (3R) [7]. Both sequences can also exist in
the same material at differing proportions [5]. Further classification based on the ordering of
the sequences is possible and the most common examples are 3R; and 2H; [8,9]. These
designations signify that the interlayer sites are prismatic.

There are many divalent and trivalent cations that can be found in LDH. Table 1.1 shows
those that can be present in synthetic LDH. Monovalent-trivalent and divalent-tetravalent LDH
layers can be synthesized [1,4]. Also, more than two metals can be placed into the lattice

[1,10,11]. Many anions can intercalate into the interlayer including: halides, oxo-anions, organic



anions, oxo-metallates, and polyoxo-metallates. Anion intercalation research shows that
carbonate is the easiest ion to intercalate and the hardest ion to exchange. Halides and nitrates
are equally able to intercalate but are also easily exchanged. LDHs are never intercalated with
carbonate if anion exchange reactions will be performed later. The first LDH discovered was the
natural occurring mineral hydrotalcite. Its formula is represented by MgsAl,(OH)16C0O3¢2H,0 [2].
In this project a nitrate intercalated synthetic zaccagnaite, ZnsAl,(OH)12NOs*3H,0, derivative is

used.

Table 1.1. Possible cations in LDH [compiled from 1,12,13].

-l -1 Hn-v

Li-Al | Mg, Fe, Co, Ni, Cu, Zn, Ca-Al | Zn, Co-Ti
Co, Ni, Cu, Zn, Ca-Cr Zn-Sn
Mg, Fe, Co, Cu, Zn, Ca-Fe

Fe, Co, Ni—Co

Ni-Ni

Mg, Fe, Co, Ni, Cu, Zn, Ca-Ga

Ni, Ca-Ln

1.3. Preparation of LDH
1.3.1. In Situ Methods
There are numerous ways to synthesize LDH films but each technique can be divided

into two categories; in situ growth and physical deposition methods. The in situ growth method



has the greatest adhesion due to the presence of chemical bonds between substrate and film.
Also, the substrate shape is not limited to simple geometries. One method to prepare LDH films
involves the homogenous precipitation of divalent and trivalent metal salts by the slow
hydrolysis of urea. Urea is a weak Bronsted base and is highly soluble in water. Controlled urea
hydrolysis in aqueous solutions yield ammonium cyanate or NHs* and NCO". Sustained urea
hydrolysis produces CO; (acidic conditions) or CO3% (basic conditions). When the reaction is
conducted at temperatures greater than 60°C, urea decomposes into ammonium hydroxide
which leads to homogenous precipitation of metal hydroxides [14,15]. Urea hydrolysis uses the
substrate, usually aluminum, as the trivalent metal source and the divalent metal is dissolved as
a salt in solution. Mg-Al LDH can only be synthesized with this technique. The urea hydrolysis
method was used in the creation of Mg-Al LDH films on sulfonated polystyrene substrate [16].
Since the substrate contained no metal ions both LDH cations were dissolved in the reaction
solution. In order for Zn-Al and Ni-Al LDH films to be fabricated, ammonia must be substituted
for urea and the reaction proceeds in the same manner [17,18]. The Ni-Al LDH film synthesized
via the ammonia method is oriented with its ab-faces perpendicular to the substrate and has a
very rough surface. The microstructure can be adjusted by altering crystallization time and
temperature. The Zn-Al LDH film is surprisingly different with a random orientation. Metal
substrates have also been used as the source of divalent cations. Zn-Al and Cu-Al LDH films have
been synthesized on zinc and copper substrates using the ammonia method [19]. The
aluminum source is a dissolved salt. The thickness and lateral size of the crystallites can be

controlled.



Electrodeposition of LDH films has been performed on metal substrates. LDHs
containing Co", Ni" or Zn" and Al"' have been synthesized by the cathodic reduction of nitrate
ions to create a localized pH increase at the electrode [20,21]. Aluminum hydroxide usually
forms initially because of its low solubility and lower pH of formation when compared to the
other metal hydroxides [22]. Once the pH increases enough both metal hydroxides precipitate
simultaneously. LDH films have been electrochemically synthesized on glassy carbon, gold,
platinum, FeCrAlloy, stainless steel, and magnesium alloy [4,20-26]. Choosing an optimum
deposition potential is important in obtaining a pure LDH phase [21-23]. The electrodeposited
films have low crystallinity and crystallites are randomly oriented because of the rapid kinetics

of the deposition mechanism.

1.3.2. Physical Deposition Methods

Physical deposition allows for a wider variety of substrates to be coated and greater
variety in the composition of LDH. If the LDH can be synthesized as a powder, it can be
fabricated into a film using an appropriate technique. Physical deposition is limited by the
weaker adhesion between the film and substrate because of the lack of chemical bonds. Also,
the substrate geometry must be simple in order to obtain successful deposition.

Layer-by-layer (LBL) assembly has been utilized in the synthesis of LDH films because of
its simplicity and low cost. Film deposition is independent of the type of substrate, size, and film
morphology. Delamination of LDH can produce positively charged nanosheets which can be
used in LBL deposition [27-29]. The positively charged sheets can be alternated with negatively

charged polymers or negatively charged nanosheets to produce inorganic-organic composite or



inorganic films [30-32]. Ultrathin multifunctional heterogeneous films containing different LDH
layers can also be assembled by LBL electrostatic assembly [33]. Any negatively-charged species
can be combined with positively-charged LDH nanosheets.

LDH particles produced by using separate nucleation and aging steps (SNAS) had
smaller diameters and higher uniformity in size distribution than particles produced by regular
co-precipitation methods [34]. LDH colloids prepared by the SNAS method produced self-
supporting films and films that can be peeled from substrates with dimensions up to several
centimeters [35]. The film’s ab-faces, platelets, were parallel to the substrate. Solvent
evaporation can effectively produce LDH films as long as a colloidal suspension can be
prepared. The careful selection of solvent and ultrasonication are sometimes required.

Sol-gel methods combined with spin-coating are another technique utilized to fabricate
LDH films. The LDH precursor suspension is applied in excess onto the substrate. The substrate
is then rotated at very high speeds to spread the solution equally by centrifugal force. The film
is then formed by thermal treatment. LDH films with ab-faces parallel to the substrate have
been synthesized [36,37]. The sol-gel method is easily scaled up but is wasteful because of the
large amounts of nonaqueous solvents used.

LDH can be synthesized by rehydrating mixed oxide phases that were produced through
the calcination of LDH. Amorphous ZnO/Al,Os films deposited on glass substrates by sol-gel
deposition and calcined at 400°C can be converted into an LDH film by rehydration in hot water

[38].



1.4. Post-Synthesis Treatment

Post-synthesis treatment is common when the LDH is synthesized as a powder. This
treatment usually involves reflux of the LDH in its mother liquor (aged) or simple stirring in
mother liquor (fresh or raw). The precipitate from both methods is centrifuged and washed
repeatedly with high purity water. Aging results in more crystalline material and sharper more
intense diffraction peaks [1]. Anion exchange is possible on LDH powders because of its
alternating layered structure. Nitrate- and chloride-LDH are the best precursors for anion
exchange reactions because of their low selectivity [39]. The procedure for anion exchange
involves an aqueous suspension of the precursor stirred in the presence of a large excess (10-20
times) of the desired anion. The pH of the reaction is important because the hydroxide layer
and the desired anion must both be stable. Delamination is another common post-synthesis
treatment for LDH powders. Delamination can be carried out with a variety of techniques. The
delamination of LDH powders can produce thin positively charged platelets which can be
utilized in composites with polymer, metal or organic materials [40]. The composites have a
wide array of applications.

LDH films typically do not undergo post-treatment except for rinsing with high purity
water and drying in air or under a stream of nitrogen. Sometimes the films are heated up to
100°C in order to remove surface waters. LDH films can undergo various post-synthesis
modifications. One such modification is calcination which is performed on the powder as well
as the films [41,42]. Temperatures of various decomposition processes vary depending on the
intercalated anion. Calcination involves heating the LDH up to temperatures of 1000°C in order

to produce a mixed oxide phase. As the film is heated to 250°C the film becomes dehydrated



because the surface and interlayer waters have been driven off. The removal of water forces
the interlayers to collapse. At 300-500°C dehydroxylation of the metal hydroxide layers occurs
to form mixed oxides and the decomposition of the anion occurs. The decomposition of LDH
eventually leads to the formation of a spinel product.

Surface modifications can be performed on synthesized LDH films. Surface anion
exchange reactions are performed by immersing the film in a solution containing the dissolved
modifier. These reactions usually impart some properties on the film such as hydrophobicity or

corrosion resistance [10,17,43].

1.5. LDH Film Applications
1.5.1. Anti-Corrosion Coatings
The estimated cost of metal corrosion amounts to just over $276 billion which is more
than 3% of the US GDP in 2002 [44]. Due to inflation and the aging infrastructure the current
cost is much higher. There are many ways to reduce corrosion but the most effective method is
to utilize protective coatings [45,46]. There have been several studies that have observed the
corrosion resistance of LDH films on various metal substrates. These films were synthesized by
a variety of methods [10,25,36]. In situ prepared films provided the best protection and
adhesion; however, most coatings deteriorated during prolonged immersion in corrosive
solution. Intercalation of corrosion inhibitors into the LDH films has been investigated [47].
Recent research has focused on the surface chemistry of anti-corrosion films.
Specifically, superhydrophobic films with high water contact angles (CA) of >150 and very small

CA hysteresis have been investigated [48,49]. Superhydrophobic films can be constructed from



the combination of appropriate hierarchical micro/nanoscale surface structure (surface
roughness) and low surface energy materials. Most LDH films are hydrophilic although there are
a few exceptions with a hydrophobic CA [4,50]. Most of the hydrophobic and superhydrophobic
films are prepared on top of a porous aluminum substrate or another metal which has been
acid etched [10,17]. The films are usually prepared by an in situ hydrothermal method and
result in vertically aligned nanosheets with high surface roughness. The LDH films are then
immersed in an aqueous solution at an elevated temperature containing the low surface energy
modifier which is usually sodium laurate. The barrier properties of the LDH film combine with

the hydrophobic properties of the laurate modified surface to enhance corrosion protection.

1.5.2. Clay-modified Electrodes (CLMEs) and Other Electrochemical Applications

Electron transfer at clay-modified electrodes (CLMEs) has been thoroughly researched.
LDH is a nonconducting material which results in poor charge transport. This means that only a
small amount of adsorbed anions are electroactive [51]. Although LDHs are nonconducting,
they have a high surface area, and adsorptive properties because of their permanent positive
charge. CLMEs are attractive electrode materials because of their ability to concentrate the
analyte in a small area near the electrode surface during the preconcentration step allowing for
the detection of very dilute concentrations [52].

CLMEs have electrocatalytic properties and the ability to immobilize electrocatalytic
reagents that increase sensitivity and selectivity. Electrocatalysis is the mediation of an electron
transfer between the analyte and electrode surface by an immobilized catalyst or the film itself.

A reduction in overpotential and an increase in peak current usually results [53]. CLMEs may

10



also be applied to the development of biosensors because of the adsorption of proteins on clay
surfaces. LDH films have been synthesized with immobilized redox mediators [54].

Charge transport in CLMEs can be improved by using redox active sites in the LDH film
such as Ni%*, Co?* or Mn?* [56]. CLMEs with improved charge transport have been as ion-
selective electrodes, oxidation of primary alcohols and sugars, and utilized in amperometric
sensing [56-58]. Ni based LDHs have also been investigated as cathodes for nickel batteries and
biosensors with immobilized proteins [59,60]. Co-based LDH films been synthesized for use as

capacitors [61].

1.5.3. Optical, Electrical and Magnetic Applications

LDH films have been used as precursors for M"M",04 spinel films. Superparamagnetic
MgFe,04 films were obtained by calcining MgFe''Fe'' LDH films [62]. A porous ZnO/Zn/Al,04
nanosheet was prepared from Zn-Al LDH film on a Zn-covered stainless steel substrate. When
used as an anode for Li-ion batteries, the material exhibited better properties than pure ZnO
because the inactive ZnAl,O4 relieved stress due to volume change during charge-discharge
cycling [19].

LDH films used in optical or electrical devices are intercalated with an organic anion. Co-
Al LDH nanosheets and poly(sodium styrene 4-sulfonate) composite films behaved as
ferromagnetic layers at room temperature [63]. Multilayer assemblies had a significant
magneto-optical response in the UV-Vis region. Anionic sulfonated poly(p-phenylene)
derivative/LDH ultrathin films showed blue luminescence and LDH monolayers with tris(1,10-

phenanthroline-4,7-diphenylsulfonate)ruthenium(Il) anions showed red luminescence [64,65].
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Optically transparent films with reversible thermochromic behavior between 35-65°C were
synthesized by intercalating Zn-Al LDH films with different molar ratios of
4-(4-anilinophenylazo)benzenesulfonate and sodium dodecylbenzene sulfonate [66]. A LDH
monolayer grafted with poly(methylmethacrylate) on quartz exhibited excellent UV blocking

capabilities [67].

1.5.4. Film Catalysis

Calcined LDHs and activated rehydrated LDHs which contain intercalated hydroxide ions
have excellent base catalytic properties. They have been studied as catalysts for aldol
condensation, Michael addition, Claisen-Schmidt, Knoevenagel condensation, Wittig, and Henry
reactions [68-73]. Fabrication of LDH films as catalysts allows for easy removal when the
reaction has completed. Films with ab-faces perpendicular to the substrate can potentially have
greater catalytic efficiency due to the high availability of active sites at the edges of the

crystallites.

1.5.5. Other Applications

Intercalated LDH immobilized into a specific orientation on a substrate have intercalated
molecules that also show a preferred orientation. A Zn-Al LDH film with ab-faces parallel to the
substrate was synthesized with intercalated a-napthalene acetate and B-napthalene acetate
[74]. Both intercalated molecules exhibited tilt angles of 60° (a) and 65° (B). An organic

chromophore film located in an inorganic matrix has many potential applications.
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Hydroxide sheets of an LDH film can be used to immobilize functional molecules such as
monolayers of zeolites, polymer nanobeads, and caged proteins [75]. The electrostatic
attraction between the highly order LDH monolayer and the negatively charged particles allows
for an ordered structure. LDH monolayers can be used as assembly templates for different
kinds of composites. LDH can also be used to synthesize inorganic particles in the interlayer
regions. Cadmium sulfate nanoparticles with controllable sizes have been synthesized from
LDH-Cd(EDTA) films [76]. ZnS and CdS 3D structured films were made using the LDH films as the
precursor and the template [77].

LDH films have been used in selectively permeable gas membranes. Silicone modified
Mg-Al LDH films on macroporous alumina disks formed by solvent evaporation have exhibited a
CO2/N; separation factor of 34 [78]. LDH films prepared by electrophoretic deposition on

macroporous alumina have exhibited permselectivity for CO; [79].

1.6. Characterization Techniques
1.6.1. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a vibrational spectroscopy technique
that measures the infrared (IR) energy absorption of a gas, liquid or solid sample. The complex
vibrations of molecules can be divided into separate vibrational modes. The vibrational modes
of chemical bonds have measurable and characteristic frequencies in the IR region. These
absorption bands can be used to identify functional groups and provide information pertaining
to the chemical bonds in the sample. The IR region is subdivided into three regions; far (400-10

cmt), mid (4000-400 cm™) and near (14,000-4,000 cm™2).
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The main components of a FTIR include a radiation source, Michelson interferometer,
sample compartment, and detector. A schematic of an instrument is shown in Figure 1.2. The
source generates radiation containing multiple frequencies which heads to the Michelson
interferometer. The interferometer contains two mirrors (one stationary and one moveable)
and a beam splitter. The interferometer splits the beam from the source into two so that the
paths of the beams are different. The two beams are recombined and directed to the detector
where the difference in intensities is measured as a function of the difference in the split
radiation paths. The signal is amplified and converted to a digital signal. The digital signal then
reaches the computer where the Fourier transform is performed and the spectrum is
generated. The spectrum can be viewed as percent transmittance or absorption vs.
wavenumber. The equations for transmittance and absorbance are

%T =1/lo (Equation 1. 1)

A = -log1o(T) (Equation 1.2)
where %T is percent transmittance, | is the transmitted light intensity, lo is the incident light
intensity, and A is absorbance [80].

FTIR is a very important technique for LDH characterization. The mid-IR region (4000-
400 cm™) is the main focus when characterizing LDH. The presence of metal hydroxide, water
(intercalated and surface) and anions can be determined. Table 1.2 shows the major LDH FTIR
peaks. Breaking down the mid-IR region further hydroxide stretching is observed at 3700-3000
cml. The hydroxide stretching modes are a result of the metal-hydroxide bonds and from
water. In the 3000-1000 cm™ region water bending and anion stretching modes are observed.

Below 1000 cm™ anion vibrational modes can be seen. LDH intercalated with halides do not
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have internal vibrational modes since they do not have an oscillating dipole. In the same region
metal hydroxide stretching and bending occurs. The metal hydroxide vibrations are dependent

on the cation content of the LDH.

Figure 1.2. Schematic of FTIR.
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Table 1.2. Common FTIR peaks.
IR Assignment Associated Wavenumber Range (cm™)
M-OH translation 400-800
Doublet M-OH deformation 940-1000
Asymmetric anion stretch (NOs™ or CO3%) 1340-1400
H20 bending 1600-1660
OH stretching 3000-3700
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1.6.2. Powder X-Ray Diffraction

Powder X-ray diffraction (XRD) is a very important structural characterization technique.
It is used mostly for the identification of unknown crystalline material. The analysis of unknown
solids is important in the fields of engineering, environmental science, geology, materials
science, and biology. Crystalline material can be examined in order to determine phase
composition, unit cell dimensions, and sample purity. The main components of an X-ray
diffractometer shown in Figure 1.3 are a source, monochromator/filters, goniometer, sample

holder, and detector.

Figure 1.3. X-ray diffractometer schematic.
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X-ray generation occurs when a cathode ray tube heats a filament through the
application of high voltage. As the filament heats up electrons are produced and accelerated
towards a metal anode. Electrons that have enough energy to displace inner shell electrons of
the anode result in the emission of X-rays. The resulting X-ray spectra contains several
components which include Ky and Kg. Ko is comprised of Ka1 and Kq2, which has a longer
wavelength and half the intensity of Kq1. The actual wavelengths depend on the metal
comprising the anode. Copper is the most common anode used in X-ray diffraction and the Kq
wavelengths are close enough to each other that a weighted average (CuKq, = 0.15418 A) is used
in calculations. Soller slits are used to collimate the X-ray beam. The X-rays are focused and
directed to the sample located in the middle of the goniometer. The goniometer ensures that
the sample and detector are rotated such that the focused X-ray beam strikes the sample at an
angle 8 while the detector collects X-rays at an angle of 26. A monochromator is used to select
the wavelength of interest diffracted from the sample. The detector records the intensity of the
reflected X-rays and converts the collected X-rays into a counts value which is output to the
computer. A peak is observed when the geometry of the incident X-rays follows Bragg’s Law,
constructive interference occurs and a peak is visible in the resulting XRD pattern which is
observed as intensity (usually counts per second) vs. degrees (20). A diagram of X-ray
diffraction is shown in Figure 1.4. Bragg’'s Law relates the wavelength (A) of the X-ray radiation
to the diffraction angle (8) and lattice spacing (d).

nA = 2dsin(0) (Equation 1.3)
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The variable n represents the order of diffraction and is usually represented by a positive

integer. Usually only the first order is examined. Typical scans are run from 5° to 70° although

some may start at 2° and end at a higher 26.

Figure 1.4. Diagram of X-ray beams and diffraction from crystal planes.

\'\\ Incident X-rays Diffracted X-rays A

XRD can be used to determine interlayer distance, crystallinity, particle size, repeat layer
distances and distances between adjacent cations in powder LDH. Powder LDH commonly
displays reflections with Miller indices of 003, 006, 009, 012, 015, and 018 from 2° to 60° based
on the interlayer spacings. Two other peaks, reflections 110 and 113, depend on the actual LDH
lattice sheets and are commonly observed in powder LDH. In electrochemically synthesized LDH
the material is less crystalline because of the fast deposition time and all of the LDH peaks may
not be visible [23]. Although electrochemically synthesized material provides less XRD
information, we can still calculate the basal spacing and identify some impurity phases. The 003

and 006 reflections will be seen even if the LDH is poorly crystalline. The 003 reflection is the



peak with the smallest angle. The exact diffraction angle will depend on the size of the anion.
The larger the anion the smaller the 003 peak angle and vice versa. The interlayer or d-spacing
can be calculated from the 003 reflection using Bragg’s Law. The interlayer spacing is the
distance from one LDH sheet to the next and is affected by the size of the anion in the
interlayer. The interlayer spacing is a certain range for the anion that is intercalated into the
LDH. Nitrate LDHs can have two different interlayer distances depending on the metal
hydroxide layer charge. A higher layer charge results in the ions intercalating with an
orientation parallel to the stacking direction (8.8 A) and a lower layer charge results in an
orientation perpendicular to the stacking direction (8.0 A) [81,82]. Nitrate LDH are poorly
ordered and their structure has not been thoroughly investigated [83]. Impurity phases such as
metal or metal oxides can be observed from 30°-50° [23].

The di10 and d113 reflections are observed in more crystalline LDH samples and can give
information about the LDH sheets. The two peaks are usually located after 60° and sometimes
overlap. The di1o reflection can provide the distance between two adjacent hydroxide groups or
the average distance between two metal ions. This distance is calculated by multiplying the d-

spacing of the (110) reflection by 2.

1.6.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a technique used to examine the morphology of
a conducting sample whether it is a powder or film. High energy electrons are focused into a
beam to probe the surface of the sample. The magnification ranges from 10-500,000 and

results in images have a resolution of nanometers to micrometers. The electron beam has an
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energy range of 0.5 to 50 keV and can be focused into a spot size ranging from 0.4 to 5 nm. A

SEM schematic is shown in Figure 1.5.

Figure 1.5. SEM instrument diagram.
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The electron beam produces several signals but the most important include secondary
electrons and back-scattered electrons. Back-scattered electrons are the result of elastic
scattering and provide a visualization of the composition. They can also provide information
about the distribution of elements in the sample. Secondary electrons can show surface
topography. Usually the surface of the sample must be conducting and grounded.
Nonconducting surfaces cause scanning faults and image artifacts. Nonconducting surfaces can
be coated with a thin layer of electrically conducting material such as gold. Nonconducting
samples can be examined using environmental SEM (ESEM). ESEM instruments have relatively

high pressure chambers, short working distances, and low vacuum at the electron gun. The high
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pressure around the sample neutralizes charge and amplifies the second electron signals. In this

project films were examined by ESEM to observe morphology and homogeneity.

1.6.4. Elemental Analysis

There are several techniques that can provide elemental composition of layered double
hydroxides. Atomic absorption spectroscopy (AAS) and inductively couple plasma mass
spectrometry (ICP-MS) are often used for powders. When the elemental composition of a thin
film is required, energy dispersive X-ray spectroscopy (EDS) is usually performed. AAS and ICP-
MS require greater samples masses for analysis while EDS only requires a 2 nm thick film. EDS
also requires very little sample preparation and is a nondestructive technique.

EDS is often combined with SEM so an electron beam is used to probe the sample. The
electrons excite electrons in the inner shells which results in their ejections from the shell and
the creation of an electron hole. An electron from the outer shell fills the hole resulting in the
emission of an X-ray containing the energy difference between the shells. The energy of the X-
ray is characteristic of whichever atom it came from and a detector can measure the energy
and the number of X-rays emitted. The most common detector is a Si(Li) detector which is a PIN
diode with a lithium center. Electron-hole pairs form and a voltage pulse occurs when an X-ray
passes through the detector. Low conductivity and high resolution must be achieved through

liquid-nitrogen cooling.
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1.6.5. Other Characterization Techniques

Some notable techniques used in previous research but not conducted in this project
include Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and thermogravimetric
analysis (TGA). Raman spectroscopy is vibrational spectroscopy similar to infrared spectroscopy
that is based on the inelastic scattering of a monochromatic source. Raman provides
complimentary bonding information to infrared spectroscopy. XPS is a surface technique in
which a sample is irradiated with a beam of X-rays and the kinetic energy and number of
escaping electrons is measured. It can provide information concerning the elemental
composition of the surface, elemental contamination, electronic state of each element, and
depth profiling with ion etching. TGA is a technique that monitors the weight of a sample as it
is subjected to a programmed temperature ramp. It can provide information about the

chemical formula and decomposition products.

1.7. Chapter Summaries

Chapter 2 covers in-situ electrochemical synthesis of Zn-Al-NOs LDH or zaccagnaite films
on glassy carbon electrodes. These films were characterized structurally via XRD and FTIR. The
electrochemical behavior of the clay modified electrodes was studied when they were used to
detect two phenolic acids, caffeic acid and gallic acid, by differential pulse voltammetry. Then
the clay modified electrodes were used as sensors to detect gallic acid in green tea samples.

Chapter 3 investigates the multilayer electrochemical deposition of modified
zaccagnaite films onto stainless steel substrates. The elemental content and structure of the

film were investigated. The films were tested for their corrosion protection in simulated sea
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water (3.5% NaCl). The coatings showed greater protection than the bare stainless steel
substrate. The films were immersed in 3.5% NaCl for 1 week and maintained their corrosion
protection.

Chapter 4 involves the hydrophobization of electrodeposited modified zaccagnaite films
on stainless steel. The surface hydroxide groups reacted with palmitic acid to produce a surface
with low wettability and a high contact angle. The surface exchange reaction was optimized
according to the parameters of electrodeposition time, palmitic acid concentration, reaction
time, and reaction temperature. Contact angle was measured to evaluate each parameter. The
films were characterized by FTIR, XRD, SEM/EDS and profilometer.

Chapter 5 examines the corrosion protection of optimized superhydrophobic film
synthesized in Chapter 4 and another similar hydrophobic film. The films were tested for their
corrosion protection in simulated sea water (3.5% NaCl) with potentiodynamic polarization and
electrochemical impedance spectroscopy. Both the hydrophobic and superhydrophobic films
exhibited greater corrosion protection than the bare stainless steel substrate with the
superhydrophobic film providing the greatest protection.

Chapter 6 summarizes the previous chapters and proposes further experiments to

expand upon this work.
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CHAPTER 2
PHENOLIC ACID SENSOR BASED ON LDH MODIFIED GLASSY CARBON”

2.1. Introduction

Polyphenols are found in plants and plant products such as wine, tea, and coffee. They
are also known to behave as strong antioxidants [1]. Phenolic acids are classified as either
benzoic acid or cinnamic acid derivatives. Gallic acid (GA) is a naturally occurring benzoic acid
derivative with several health benefits and is found in significant concentrations in teas, berries,
hot cocoa, and walnuts [2-5]. GA is a strong antioxidant that possesses anti-inflammatory [6],
antimicrobial [7], antimutagenic [8] and anticarcinogenic activities [9]. GA also assists in the
regulation of cellular communication [10]. In the pharmaceutical industry, it is used in the
determination of phenol content by the Folin-Ciocalteau assay.

Caffeic acid (CA) is a cinnamic acid derivative which is found in wine, coffee, tea, olive
oil, fruits, and vegetables [11]. CA is an integral part of a plant’s defense against infection [12,
13] and also enhances immunity in humans [14]. The CA content of wines affects many
properties such as color, bitterness and oxidation level. CA is also a strong antioxidant with
antimutagenic and anticarcinogenic properties [15]. Caffeic acid derivatives show promise in
exhibiting anti-HIV activity in cell cultures [16], and have been shown to control the levels of
triglycerides and cholesterol in humans [14].

There are several published methods on GA determination which include spectrometric,

chromatographic and electrochemical methods [2, 17-20]. Electrochemical sensing allows for

* Parts of this chapter have been previously published, either in part or in full, from M. Kahl, T. D. Golden,
Electroanalysis, 2014, 26, 8. Reproduced with permission from John Wiley & Sons, Inc.
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inexpensive, sensitive and reproducible determination. The oxidation of GA at the glassy
carbon electrode (GCE) has been the subject of a previous study [21]. Electrode modifying
materials include carbon nanotubes, polyethyleneimine-functionalized graphene and
polyepinephrine [18, 22, 23]. These studies achieved great limits of detection but narrow linear
ranges. There are also several methods for CA determination that incorporate
chromatographic [14, 24-28] and electrochemical methods [29-32]. Oxidation of CA on glassy
carbon has been studied as well [13, 33]. CA has been determined by lead film,
electrochemically reduced graphene oxide—Nafion composite film, and molecularly imprinted
siloxanes [30,34,35]. The detection limits were great but the linear ranges were narrow and
some films require extensive preparation.

Since GA and CA are phenolic acids, they are prone to form polymeric products on the
surface of electrodes during the oxidation process. These polymeric products can foul the
surface of the electrode and distort electrochemical responses. Modified electrodes can
protect against surface fouling and possibly catalyze the oxidation reaction. Wang et al.
fabricated carbon nanotube modified electrodes to enhance the stability and sensitivity for
measuring various phenolic compounds [36].

Layered double hydroxides (LDH) are attractive materials because of their
biocompatibility, catalytic activity, great adsorbability, low cost, chemical stability, high ion
exchange capacity, and intercalation properties [37, 38]. These properties make them suitable
for electrochemical sensor applications. Yarger et al. demonstrated that LDH modified
electrodes can be easily synthesized [39]. The electrochemical synthesis of hydroxides occurs by

electrogeneration of base via nitrate reduction at the electrode (Egs. 1-4) [40]. KNOs is used as
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the supporting electrolyte and source of nitrates. The pH at the electrode increases because of
the generation of OH™ and the consumption of H* (Egs. 5 and 6). The higher the applied
cathodic potential, the higher and quicker the pH increases, because the nitrate reduction
reactions proceed at a faster rate. Precipitation of metal hydroxides at the electrode consumes

OH and lowers the pH (Eq. 7) [41]. The proposed electrode reactions are:

NOs + 2H* + 2e- - NO2 + H20 E°=0.934V (Equation 2.1)
NOs + 10H* + 8 = NHs* + 3H,0 E°=0.360V (Equation 2.2)
NO3 + H,0 + 2e" - NOz + 20H" E°=0.010V (Equation 2.3)
NOs3 + 7H;0 + 8e” - NHa* + 100H" E°=-0.120V (Equation 2.4)
2H" +2e > H; E°=0.000V (Equation 2.5)
2H,0 + 2e” - H + 20H" E°=-0.828V (Equation 2.6)
M"™ + n(OH)" = M(OH), (where M is aluminum or zinc) (Equation 2.7)

Electrochemical synthesis of LDH films is cheap, simple and allows for greater control during
deposition. Previous studies have used glassy carbon modified with a LDH film (LDHf/GCE) to
determine bisphenol A, simultaneously determine hydroquinone and catechol, as well as uric
acid and epinephrine [42-44].

In this study, an LDHf/GCE electrode was fabricated to electrochemically determine GA
and CA content in phosphate buffer solution. Also, the oxidation of GA and CA was studied for
both the GCE and the LDHf/GCE electrochemical sensors. The electrodeposition procedure to
produce the LDHf/GCE sensor was a facile one step synthesis. The electrochemical
determination method was applied to the determination of GA in commercial green tea

samples.
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2.2. Experimental
2.2.1. Preparation of Electrolyte Solution and Substrate

Gallic acid monohydrate and caffeic acid were purchased from Fischer Scientific Inc.
Phosphate buffer solution (PBS) was prepared by mixing stock solution of 0.2 M NaH,PO4 and
0.2M NazHPOa4. Aluminum nitrate nonahydrate (Al(NOs)3*9H,0, Alfa Aesar), zinc nitrate
hexahydrate (Zn(NOs),¢6H,0, Alfa Aesar), and potassium nitrate (KNOs, Fisher Scientific) were
used as received for the synthesis of Zn/Al LDH. All the solutions were prepared with Millipore
water.

The bare GCE was polished with 1 um diamond and then with 0.3 and 0.05 um alumina
slurry on micro-cloth pads. The electrode was rinsed with ethanol after the diamond polish
step and with distilled water after each alumina polish. The electrolytic solution was prepared
by dissolving a 2:1 molar ratio of Zn?* to AlI** ions, with NOs™ as the interlayer anion, in Millipore
water. Potassium nitrate at a concentration of 0.1 M was added as an electrolyte to help

facilitate the formation of the Zn-Al-NOs LDH film at the electrode surface.

2.2.2. Electrochemical Techniques
2.2.2.1. Electrochemical Deposition

Electrochemical deposition of LDH films were performed by cathodic potentiostatic
deposition using a Princeton Applied Research (PAR) 273A potentiostat/galvanostat. The
working electrode (WE) was a bare GCE (CH Instruments, Inc., diameter = 3 mm), a saturated
calomel electrode (SCE) was used as the reference electrode (RE), and a platinum mesh was the

counter electrode (CE). The electrochemical cell configuration is depicted in Figure 2.1. A
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voltage of -0.9 V was applied at the GCE for 60s to deposit a thin film of LDH. The solution was
purged with nitrogen gas for 20 min prior to deposition to remove carbon dioxide. The resulting

films were rinsed with Millipore water and dried with a stream of nitrogen.

Figure 2.1. Electrochemical Cell for LDH deposition.
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2.2.2.2. Cyclic Voltammetry

Figure 2.2. A) Applied waveform for a CV and B) cyclic voltammogram of a classical reversible

system.
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Cyclic voltammetry (CV) is a technique where the potential is scanned from an initial

potential to a maximum potential and then returns back to the initial potential. The applied
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potential represents a triangular waveform as shown in Figure 2.2A and current is measured
throughout the duration of the experiment. CV is an important technique to investigate the
redox behavior of the analyte and its reaction mechanism can be elucidated from the peaks
observed. Figure 2.2B shows the voltammogram of a classical reversible system. The formal
potential (E®) for a reversible reaction can be calculated from the anodic (Epa) and cathodic

peak potentials (Epc) with the following equation:

Epat+Epc .
E¥ = % (Equation 2.8)

In this study CVs are used to show the enhanced redox properties of the modified film
versus the GCE and determine the optimum pH for analytical determination of GA or CA. CVs
are also used to show the effect of scan rate on voltammograms. Peak current (ip) in a
reversible system can be calculated from the number of electrons transferred (n), the electrode
area (A), diffusion coefficient (D), scan rate (v) and concentration of species (C) with the
Randles-Sevcik equation:

i, = (2.687 x 10°)n%2v1/2Dp/2AC (Equation 2.9)

CV experiments were performed with an EG&G Princeton Applied Research (PAR) model
273A potentiostat/galvanostat. The same electrochemical cell represented in Figure 2.1 was
used for CV experiments. The WE was a bare GCE or LDHf/GCE, a SCE was used as the RE, and a

platinum mesh was the CE.
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2.2.2.3. Differential Pulse Voltammetry

Differential pulse voltammetry (DPV) is an electroanalytical technique used for the
detection of low concentration of analyte. An induction period or quiet time at a constant
potential precedes the pulse application. The potential waveform, displayed in Figure 2.3,
consists of small pulses of a constant magnitude superimposed over a staircase waveform. The
current is sampled twice during each pulse period, once before the pulse and again at the end
of the pulse. The difference of the two current measurements is the displayed versus applied
potential. It is an effective technique because charging current, caused by the migration of
electrolyte ions in response to the charging the electrode, is minimized and therefore the
Faradaic current, which is generated by redox reactions, is isolated increasing the signal to

noise.

Figure 2.3. DPV waveform.
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Differential pulse voltammetry was performed with a Pine WaveDriver 20
bipotentiostat/galvanostat. The same electrochemical cell represented in Figure 2.1. was used
for DPV experiments. The WE was the LDHf/GCE, a SCE was used as the RE, and a platinum

mesh was the CE.

2.2.2.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is performed by applying a sinusoidal AC
potential to the electrochemical cell and measuring the current response. A small excitation
signal, between 1-10 mV, is used. The impedance of the system, opposition of a circuit to
current when voltage is applied, is measured over a range of frequencies. The current response
to the excitation signal is linear but shifted in phase. This phase shift (g) results in impedance (2)
being comprised of a real and also an imaginary component as seen in Equation 2.10.

Z(w) = % = Z,exp(jo) = Zy(cosg + jsing) (Equation 2.10)

A Nyquist plot displays the real component on the x-axis and the imaginary component
on the y-axis but does not show the corresponding frequencies. An example Nyquist plot is
shown in Figure 2.4A. The semicircle domain at higher frequencies corresponds to the electron
transfer process between the redox species and the electrode. The semicircle diameter
provides the electron transfer resistance. The greater the semicircle the greater the electron
transfer resistance of the sample. The line at lower frequencies represents the diffusion limited
process or the diffusion to a large planar electrode. The data in the Nyquist plot can be
modeled by a circuit. A common circuit is the Randles circuit shown in Figure2.4B. The

components are the solution resistance (Rs), the double layer capacitance (Cql), the charge
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transfer resistance (Rct), and the Warburg diffusion element (Zw) which models semi-infinite

linear diffusion.

Figure 2.4. A) Nyquist Plot and B) Randles Circuit.
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Impedance measurements were conducted with a Princeton Applied Research PARSTAT
2273 potentiostat/galvanostat/FRA. Impedance experiments were carried out in 5x103 M
Ks[Fe(CN)s] and 0.1 M KCI. The AC amplitude was 5 mV and the frequency range was 50 mHz to
100 kHz. All impedance measurements were carried out at open circuit potential and the data
was modeled with ZSimpWin software. The Nyquist plots were modeled after a simple Randles
circuit. The WE was a bare GCE or LDHf/GCE, a SCE was used as the RE, and a platinum wire was

the CE.

2.2.3. Structural Characterization of Deposited Films

Scanning electron microscopy (SEM) images were collected using an FEI Quanta 200
ESEM. An Everhart-Thornley Detecter with a Photomultiplier Tube (EDT-PMT) was employed in
high vacuum at a spot size of 3.0 and high voltage of 25 kV. X-ray diffraction (XRD)
measurements were conducted after each deposition. For all samples, diffractograms were
obtained with a Siemens D500 X-ray Diffractometer (24 mA and 35 kV) in a standard Bragg-
Brentano configuration. Each sample was scanned from 2.0° to 50° (26), with a step size of
0.05° and a dwell time of 1.0 second, using CuKA radiation (A =1.540562A). A Perkin Elmer
Spectrum One FTIR Spectrophotometer (Waltham, MA, USA) was used to analyze the
composition of the LDH. KBr pressed pellets were used to collect background spectra. The
samples were mixed and ground to ensure homogeneity with KBr to give a 1:100 sample to KBr
ratio then pressed into an 8 mm FTIR pellet die. Each sample was scanned at a range of 4000 —

450 cm™! wavenumbers.
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2.3. Results and Discussion
2.3.1. Structural Characterization

The FTIR spectrum for the electrochemical sensor shown in Figure 2.5A confirms the
presence of LDH with only nitrate ions and water in the interlayer regions. The broad peak at
3454 cm™ corresponds to the O-H stretching of the LDH layer and interlayer water molecules.
The peak at 1636 cm™ represents the bending vibration of interlayer region water molecules.
The peaks at 1382 and 833 cm™ are a result of the asymmetric stretching and out-of-plane
symmetric deformation of nitrate ions in the interlayer region [39, 45]. The broad peak at 985

cmis associated with Al-OH deformation [46].

Figure 2.5. A) FT-IR spectrum of Zn-Al-NO3 LDHf/GCE and B) XRD pattern of Zn-Al-NO3

LDHf/GCE.
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6 ®Glassy Carbon

Intensity

The typical XRD pattern of the deposited Zn-Al-NOs LDH is shown in Figure 2.5B. The
two peaks at 11° and 26.5° correspond to the 003 and 006 basal planes of the LDH, respectively.
The peak at 43.6° corresponds to the (10) reflection of glassy carbon. The Zn-Al-NOs LDH d-
spacing was 8.04 A, which is in agreement with previous studies [39].

Electrochemical impedance spectroscopy was performed on films after the LDHf
deposition process. There are two components to the EIS spectra: a semicircle domain at
higher frequencies and a line at lower frequencies. The semicircle domain corresponds to
electron-transfer limited process and the diameter of the semicircle provides the electron-
transfer resistance, Ret. The linear domain at lower frequencies represents the diffusion limited
process. The bare GCE (curve a) in Figure 2.6 exhibits a very small semicircle domain which
conveys that there is very little resistance to interfacial electron transfer between the redox
probe in solution and the electrode support. The deposition of LDHf on the electrode surface

results in larger semicircles (curves b-e). The formation of the nonconducting film creates a
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barrier for electron transfer on the surface increasing the electron transfer resistance. Longer
deposition times result in higher interfacial electron transfer resistance [43]. The thickness of
the 60 s film was determined to be 800-1200 nm by side profile SEM. Longer depositions or

thicker films would result in decreased peak currents and poorer detection limits for modified

electrodes.

Figure 2.6. Nyquist plots obtained for a) bare GC electrode and b)-e) LDHf/GCEs at deposition

times of 30, 60, 90 and 120s, respectively.
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2.3.2. Film Morphology
Figure 2.7 shows an SEM image of a glassy carbon electrode with a thin film of

electrodeposited Zn-Al-NOs LDH. The image shows a smooth and featureless surface for the
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film. Fractures in the film are a result of shrinkage when films are removed from plating

solution and dried.

Figure 2.7. SEM image of LDHf/GCE.
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2.3.3. Voltammetric Response of LDHf/GCE to GA and CA

Figure 2.8A shows 3 consecutive CVs of GA at a bare GCE. There are two oxidation peaks
in each voltammogram, the first is much more prominent than the second. The two oxidation
peaks indicate that the electrochemical oxidation of GA is an ECEC reaction [21]. The peak
current decreases as the number of cycles increases suggesting that the oxidized GA is fouling
the electrode. Figure 2.8B shows 3 consecutive CVs of CA at a bare GCE. There is only one
oxidation peak, but the mechanism has been determined to be ECEC also [33]. The peak current

does not decrease during the 3 consecutive CVs indicating that CA does not foul the electrode.
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Figure 2.8. Consecutive CV cycles of 0.1 mM (A) GA and (B) CA at a bare GCE.
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Figure 2.9. CVs of 0.1 mM (A) GA and (B) CA at (a) bare GCE and (b) LDHf/GCE.
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Figure 2.9Ais a CV of GA at a bare GCE (curve a) and an LDHf/GCE (curve b). Itis
obvious that both oxidation peak currents are greater for the LDHf/GCE than the GCE. The
increase in peak current may be due to higher surface area and adsorptive ability of the Zn-Al-
NOs film. More adsorption of GA indicates higher accumulation efficiency and increases surface
concentration. This indicates that analyte can be preconcentrated on the surface of the
modified electrode in order to improve quantitative analysis. Negatively charged phenolic acids
(GA or CA) can participate in anion exchange with surface and intercalated nitrate species in
LDH. Intercalation of the analyte into the LDH film is possible but very unlikely. Furthermore,
ligand exchange or surface complexation reactions between Al-OH and negatively charged
phenolic acids could occur [47]. The modified electrode is more sensitive to GA than the bare
GCE. Furthermore, the oxidation peak occurs at a lower potential (0.4419 vs. 0.5059 V) when
compared to the unmodified electrode. The decrease in overpotential indicates that LDH acts
as a mediator for the electrocatalytic oxidation of GA.

Figure 2.9B shows CVs for CA at a bare GCE (curve a) and an LDHf/GCE (curve b). The
redox peak currents are sharper and significantly enhanced for the LDHf/GCE, especially the
oxidation peak, which indicates that the Zn-Al LDH film increases the surface area and
adsorptive ability. Also, the AE, is smaller for the LDHf/GCE (160 mV) than for the unmodified
GCE (259 mV). This decrease in AE, demonstrates the improvement in the reversibility of the

electrochemical reaction.
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2.3.4. Effect of Scan Rate

The effect of scan rate (v) on the peak current (ipa) was observed in Figure 2.10. The
peak current increased linearly with v/2 (50-400 mV/s) for both analytes indicating a diffusion-
controlled mechanism dominates. Log | vs log v were also plotted for the oxidation peaks of the
analytes in Figure 2.11 producing the equations log I, = 0.56*log v - 6.16 (R? = 0.9992) and log |,
=0.66* log v - 6.63 (R2 =0.9909) for GA and CA, respectively. Slopes with values of 0.5 indicate
diffusion controlled processes and slopes with values of 1.0 indicate adsorption based
processes. Intermediate values indicated mixed processes. The GA slope of 0.56 is close to the
theoretical value of 0.5 which confirms the presence of a diffusion controlled reaction. The CA

slope of 0.66 indicates mixed control with diffusion providing greater control than adsorption.

2.3.5. Effect of pH

The effect of pH on the response of GA and CA was observed by cyclic voltammetry in
0.1 M PBS at a pH range from 3 to 9 in Figure 2.12. GA has pKa’s of 4.0, 8.7, 11.4, and >13
[48,49]. CA has pKa’s of 4.41, 8.64, and 12.5 [50]. The dominant species of both analytes are
shown in their respective pH ranges in Figure 2.12. Higher peak values were obtained at pH 3
for both analytes. These results agree with previous studies of CA and GA at glassy carbon
electrodes [18, 50]. The lower pH limit was deemed to be 3 due to protonation of the
hydroxide groups, which results in metal bonds breaking and the dissolution of metal cations at

lower pHs [51].
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Figure 2.10. Cyclic voltammograms of 0.1 mM (A) GA and (B) CAin 0.1 M pH 3 PBS at a
LDHf/GCE at different scan rates (50, 100, 150, 200, 250, 300, 350, 400) and at 50 mv/s in the

absence of analyte.
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Figure 2.11. Log | vs. log v was plotted for the oxidation peaks of (A) GA and (B) CA.
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Figure 2.12. Peak current from cyclic voltammograms of (A) GA and (B) CA at various pHs.
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2.3.6. Linear Range and Limit of Detection

Determination of the limits for detection of GA concentration was performed with DPV.
A deposition time of 60 sec was found to be optimal for the determination of GA. This time is in
agreement with previous studies of similar phenolic compounds [43, 44]. The DPV experiments
were conducted at an optimal preconcentration time of 100 sec at open circuit potential.
Figure 2.13A shows that the anodic peak current (i,) was also proportional to GA concentration.
The equation of the DPV plot for GA is ip (LA) = 0.0147Cga (UM) + 1.03. The DPV current for GA
has a linear concentration range of 4 uM to 600 uM with a correlation coefficient of 0.9985, a
detection limit of 1.6 um and a quantification limit of 4.3 uM. The same optimal conditions
were used for the determination of CA. Figure 2.13B shows that the anodic peak current (ip)
was also proportional to the CA concentration. The equation of the DPV plot for CAis ip (MA) =
0.0194 Cca (uM) + 1.33. The DPV current for CA has a linear concentration range of 7 uM to 180
UM with a correlation coefficient of 0.9969, a detection limit of 2.6 UM and a quantification
limit of 18.7 uM. Detection limit was determined by the average of the blank plus 3 times the
standard deviation of the blank (yLop = Yblank + 3*SDblank) and quantification limit was
determined by the average of the blank plus 10 times the standard deviation of the blank (y.oq
= Vblank + 10 *SDpiank). The blank was measured 10 times. The limit of detection for gallic acid
was not as great as recent literature but the linear range was greater than or equal to most
recent studies [18,22,23,52,53]. The caffeic acid detection limit was inferior to most recent

studies while the linearity range was comparable or greater than most [30,34,35].
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Fig. 2.13. The differential pulse voltammograms of (A) GA at a) 0, b) 4, c) 40, d) 60, e) 80, f) 140,
g) 180, h) 400, i) 600 uM and (B) CA at a) 0, b) 7, c) 20, d) 40, e) 60, f) 80, g) 120, h) 140, i) 160, j)
180 uM. The inset shows the plot of the DPV peak current vs. the concentration. Amplitude:

0.05 V; pulse width: 0.06s; pulse period: 0.2s.
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2.3.7. Interference, Stability and Reproducibility

Commonly interfering substances were investigated to assess the sensor’s response. A
relative error of 10% was considered tolerable. The concentration of GA was kept at 0.1 mM.
No significant interference was observed from a 100-fold concentration addition of methanol,
glucose, alanine, caffeine, resorcinol, F, NHs*, PO4>, Na*, CI, NOs, or K*. The stability of the
modified electrode was studied by measuring the electrode response with 0.1 mM GA for 14
days. The modified electrode retained 90% of its initial response after it was kept in the
refrigerator at 4° C for 1 week and 80% after 2 weeks. The reproducibility of the sensor was
determined by obtaining the relative standard deviation (RSD) from five parallel measurements
of 0.1 mM GA at different electrodes. The RSD was 1.58% demonstrating reproducibility for the
LDHf/GCE. The stability of the electrode is comparable to other studies while the

reproducibility is unmatched [22,23,52,53].

2.3.8. Analytical Application

The modified electrode was used to determine the GA content in green tea samples.
The green tea samples were prepared from packets of dried tea leaves (Carrington Tea). The
dry leaf content of the packet weighed 1.7499 g. The GA was extracted by submerging the tea
packet into 200 ml of distilled water at 90°C. The solution was stirred for 5 min with the
submerged tea packet. The packet was removed and the resulting solution was filtered. A
standard addition method was conducted to determine the concentration of GA in green tea
samples for pH 3 phosphate buffer. The obtained peak currents in DPV measurements are

displayed in the standard addition plot in Figure 2.14. The peak current increased with the
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standard addition of GA and obeyed the equation: i, (LA) =0.0116Csa (UM) + 1.4542, R?=0.9962,
n=5, which by extrapolation indicates that the GA concentration in green tea is 67.02 + 5.87
mg/g of dried tea leaves (or 58.9745.14 mg/100ml). The results obtained were greater than the
established value in literature [54] which indicates that other phenolic compounds (epicatechin
(EC), epigallocatechin (EGC), epicatechin gallate (ECG), and epigallocatechin gallate (EGCG))
oxidize at the same or very similar potential. The modified electrode is not suited for
discriminating between GA and some of the phenolic compounds found in green tea. However,
if the value is designated as a measurement of total phenolic content then it is within the range
established by a previous study (24.2 -101.3 mg/100 ml) [55]. Therefore the modified electrode
may be a suitable alternative to the Folin-Ciocalteu reagent determining total phenolic content

in a sample.

Figure 2.14. Calibration curve of the standard addition method for GA determination in green

tea by DPV at LDHf/GCE.
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2.4. Chapter Conclusions

In this work, Zn-Al-NOs layered double hydroxide film was electrochemically synthesized
on a glassy carbon substrate. The results indicated that after the electrode modification, the
oxidation currents of GA and CA were greatly enhanced. The reversibility of CA was also
improved. The modified electrode was used to study the oxidation of GA and determination of
GA content in tea samples. The sensor demonstrated stability, reproducibility and anti-
interference capabilities. These characteristics combined with its low cost and ease of
fabrication make it a suitable sensor for further studies in determining phenolic content in

various foods but not for GA alone.
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CHAPTER 3
CORROSION RESISTANCE OF ELECTROCHEMICALLY SYNTHESIZED MODIFIED ZACCAGNAITE
FILMS ON STAINLESS STEEL
3.1. Introduction

Steels are utilized in many applications including architectural/civil engineering, medical
equipment, oil and gas, food and drink processing/storage, water treatment/transport,
automotive and pharmaceutical industries [1-7]. Stainless steel has good corrosion resistance
in various corrosive environments, with resistance derived from its chromium component. A
minimum of 10.5% chromium allows for the formation of a protective chromium oxide layer.
The oxide layer is self-repairing in oxygen rich environments [8]. However, stainless steels are
susceptible to localized corrosion due to attack by chloride ions [9, 10]. Stainless steels are
often coated to prolong lifetime when utilized in a chloride environment [11, 12]. Many types
of coatings have been developed and recently there has been a shift towards more
environmentally friendly coatings. There have been several studies showing the potential of
using layered double hydroxides (LDHs) as coatings for metal or alloy substrates [13-15].

LDHs are a class of layered anionic clays derived from the natural clay hydrotalcite. They
are comprised of metal hydroxide layers with anions and water in the interlayer regions
between the metal sheets. The positive charge is derived from the substitution of divalent ions
with trivalent ions in brucite-like metal hydroxide. This positive charge is balanced by interlayer
anions which can be exchanged. LDH is represented by the formula [M?*1xM3*«(OH)2][A™]x/n
-zH,0, where M?* and M3* are divalent and trivalent metal cations, respectively. A™is an anion

such as COs% or NOs’, x is the M3*/( M?*+ M3*) ratio and z is the number of associated water
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molecules [16]. A divalent to trivalent ratio (M?*:M3*) between 4:1 and 2:1 is considered the
range for a material to be reliably classified as a LDH although there are exceptions [16-19].

Because of their anion exchange properties, LDHs can be used in corrosion resistant
coatings. Zhang et al. spin-coated LDH films onto a magnesium alloy substrate improving its
corrosion protection [20]. However this protection deteriorated when immersed in NaCl
solution due to film defects. A one-step hydrothermal crystallization method for Zn-Al-
NOs/alumina bilayer film was developed [21]. In-situ growth of the film allows for greater
adhesion to the substrate because of formation of chemical bonds. Mg-Al hydrotalcite
conversion coatings have been generated in-situ utilizing the substrate AZ31 Mg alloy as the
source of Mg ions [22, 23]. The growth mechanism along with the corrosion mechanism for the
Mg-Al hydrotalcite films have been studied on magnesium alloys [24, 25]. These conversion
films have also been modified with phytic acid to improve corrosion resistance [26]. The
resistance of these films degraded during immersion testing. Mg-Al-COs LDH films were
synthesized by a combined co-precipitation and hydrothermal process on AZ31 alloy [27].
These films increased the corrosion protection of the substrate but required a 48 h synthesis,
12 h aging process and a 24-48 heat treatment in an autoclave. Films containing both
crystalline Mg(OH), and Mg-AI-COs LDH were generated by a steam coating method on
magnesium alloy AZ31 at temperatures up to 453 K [28]. These films displayed excellent
corrosion resistance in 5 wt.% NaCl solution. Films grown by in-situ crystallization have
exhibited self-healing properties in 3.5 wt.% NaCl [29].

Electrochemical deposition is another technique for the in-situ generation of films on

various substrates [30]. Electrodeposition of thin films is an attractive technique because of the
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low cost, simple setup, short duration and ability to deposit on large or unconventional
substrate shapes [31]. Furthermore, there is greater control over film properties and
deposition rate by changing the deposition parameters [32, 33]. Zaccagnaite is a hexagonal Zn-
Al-LDH, a substituted variant of hydrotalcite, and represented by the formula ZnsAl>(OH)12[COs]
3H,0 [19]. It has a metal ratio of 2:1 in natural mineral formations and various ratios have been
synthetically prepared. Yarger et al. electrodeposited Zn-Al-NOs films onto gold-coated glass
substrates with a nitrate solution containing Zn?* and AI** ions [18]. An optically transparent Li-
Al-CO; LDH was electrochemically deposited onto AZ31 substrate from a Li*/AlI** aqueous
solution [34]. The coating provided excellent corrosion protection to the substrate but
synthesis of the electrolyte solution requires many steps. Wu at al. deposited Zn-AI-NOs films
onto AZ91D Mg alloy substrate in a Zn**/AI** aqueous solution [35]. The LDH coating showed
great corrosion resistance and improved adhesion to the substrate. While a Co-Ni LDH has
been deposited onto stainless steel substrates as a possible supercapacitor in a previous study,
the corrosion performance has not been evaluated for any LDHs onto steels [36]. In this study,
modified zaccagnaite films were electrochemically deposited on stainless steel substrates at
room temperature. These films are modified zaccagnaite materials for two reasons. First, the
elemental ratio of Zn:Al is outside the typical range for LDH and secondly the carbonate group
has been exchanged with nitrate. A step potential method was used to synthesize the films. A
short deposition duration (60s) followed by drying of the film was repeated up to five times to
mitigate the fracturing of the film which commonly occurs in hydroxide and oxide films
prepared from aqueous solutions. These films were characterized and tested for their

corrosion resistance in 3.5 wt.% NaCl aqueous solution.
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3.2. Experimental
3.2.1. Film Synthesis

The substrates were stainless steel (430) discs from Ted Pella, Inc. with a diameter of 10
mm, a thickness of 0.76 mm and an area of 1.77 cm?2. The substrates contained <0.12% C, 16-
18% Cr, <0.75% Ni, <1.0% Mn, <1.0% Si, <0.040% P, and <0.030% S by weight. The discs were
degreased by rough polishing with grit paper and then sonicated in acetone. The substrates
were then attached to coiled copper wire leads with conductive silver epoxy. Once dry they
were mounted in epoxy utilizing molds. After curing, the mounted electrodes were polished
with SiC and diamond to a mirror finish followed by ultrasonication in ethanol.

The electrolytic solution was prepared by dissolving a 2:1 molar ratio of Zn?* to Al**ions
in distilled water. Aluminum nitrate nonahydrate (AI(NOs)3¢9H,0, Alfa Aesar) was the
aluminum source, zinc nitrate hexahydrate (Zn(NO3),*6H,0, Alfa Aesar) was the source of zinc
and potassium nitrate (KNOs, Fisher Scientific) was used as the electrolyte to help facilitate the
formation of modified zaccagnaite film at the electrode surface. The electrolytic concentration
of each compound was 0.02 M Zn(NQOs),¢6H,0, 0.01 M Al(NOs3)3¢9H,0 and 0.2 M KNOs. An
EG&G Princeton Applied Research (PAR) Model 273A potentiostat/galvanostat was used to
electrochemically deposit films. The depositions were performed at room temperature utilizing
a three-electrode configuration under a nitrogen atmosphere. The working electrode was a
stainless steel disc, a platinum mesh was used as the counter electrode and the reference
electrode was a saturated calomel electrode (SCE). A step potential method was employed for

thin film deposition. The applied potential started at -1.5 V for 5 sec and then stepped to-1.0 V
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for 20 sec. Each layer was deposited for 60 sec and allowed to dry undisturbed between

depositions.

3.2.2. Characterization

The structure and phase composition of the modified zaccagnaite films were identified
by X-ray diffraction (XRD) with a Siemens D500 diffractometer using Cu Ka radiation (A = 1.5405
A) in a standard Bragg-Brentano configuration. The X-ray tube was operated at 35 kV and 24
mA. Each sample was scanned from 2.0° to 40° (28), with a step size of 0.05° and a dwell time
of 1.0 seconds. The surface morphology of the films was characterized by scanning electron
microscopy (SEM) with an X-ray dispersive spectroscopy (EDX) attachment (FEI Quanta 200
ESEM). A spot size of 3.0 and an accelerating voltage of 25 kV were used. Film thickness
measurements were performed with a Veeco Dektak 150 stylus profilometer. A Perkin Elmer
Spectrum One FT-IR Spectrophotometer was used to analyze the composition of the films. The
films were scraped off with a blade and ground up further before being placed onto an ATR

attachment. Each sample was scanned 16 times at a wavenumber range of 4000 — 450 cm™™.

3.2.3. Immersion Tests and Corrosion Measurements

Corrosion is a phenomenon where a chemical or electrochemical reaction attacks and
degrades metal species. It can usually be described as a set of redox reactions where a metal
species becomes oxidized and hydrogen is reduced. Pitting corrosion is a localized form of
corrosion that occurs as a result of exposure to specific environments especially those

containing chlorides. It results in the production of cavities in the substrate and corrosion
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products often cover these pits. Pitting can be initiated by mechanical or chemical damage to
the oxide layer protecting the metal. Conditions that can cause pitting corrosion include low
oxygen concentrations, high acidity, and high chloride concentrations. A common example is

the pitting corrosion of stainless steel displayed in Figure 3.1.

Figure 3.1. Diagram of the pitting corrosion of stainless steel in seawater.

Pitting Corrosion
0, Air O,

Initially corrosion reactions occur normally inside and outside of the pit. These reactions

are:
Fe = Fe?* + 2e” (Equation 3.1)
1/20; + H,0 + 2e” > 2(0OH) (Equation 3.2)
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Then the cathodic reaction inside the pit consumes all of the available O leaving the pit oxygen
deficient. As a result of these reactions the electrolyte enclosed in the pit gains positive
electrical charge in contrast to the electrolyte surrounding the pit, which becomes negatively
charged. Chloride and hydroxide ions diffuse into the pit to maintain a low potential energy.
The formation of iron chloride occurs and then the iron chloride is hydrolyzed:
FeCl; + 2H,0 = Fe(OH); + 2HCI (Equation 3.3)
The hydrolysis of iron chloride causes the pH of the electrolyte in the pit to decrease. The
decrease in pH increases the dissolution of iron and increases the rate of corrosion reactions.
Because corrosion reactions usually occur electrochemically, the effects of corrosion on
metal are best monitored and measured through electrochemical techniques [37,38]. The Tafel
method plots the data as potential versus log of the current. The Tafel plot, which is shown in
Figure 3.2, consists of both anodic and cathodic polarization curves. Tafel analysis is performed
by extrapolating the linear sections of the plot back to their intersection. The voltage and
current at the intersection are known as the corrosion voltage (Ecorr) and current (lcorr). The

polarization resistance (Rp) can be obtained from the Stern-Geary equation:

BaBc

leorr = W (Equation 3.4)

The Tafel slopes Ba and Bcare obtained from the extrapolated lines and Icorrcan be found at the

intersection. The higher the Ry the lower the corrosion rate of the sample.
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Figure 3.2. Example of Tafel plot and extrapolation.
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Polarization measurements and immersion tests were performed in 3.5 wt.% NaCl
aqueous solutions at room temperature. Electrochemical measurements were conducted with
an EG&G Princeton Applied Research (PAR) Model 4000 potentiostat/galvanostat. The coated
film and a SCE electrode were used as the working and reference electrodes, respectively. Two
graphite rods were used as the counter electrodes for polarization measurements. Each
sample was immersed in the NaCl solution for 30 min before polarization curves were
measured with respect to open circuit potential (OCP) at a scan rate of 1 mV/s. Immersion
tests were performed in 3.5 wt.% NaCl solution at room temperature for up to 168 hours to

examine the long term corrosion resistance of the zaccagnaite coated films.
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3.3. Results and Discussion

3.3.1. Structural Characterization

Figure 3.3. X-ray diffraction pattern of a modified zaccagnaite coating on a stainless steel

substrate.
300 S
8 200 |
")
> | 003
‘v
- [
D 100}
= 006
O 1 1 1 1 1 1 1 1 .M
0 10 20 30 40 50

20 ()

The X-ray diffraction pattern of the modified zaccagnaite film deposited on the
substrate is displayed in Figure 3.3. The film was grown during one continuous deposition in
order to obtain enough material for characterization. The peaks at 9.89° and 20.00° (206)
represent the characteristic (003) and (006) reflections for LDH. The peak at 44.61°
corresponds to the substrate. A basal spacing of 0.89 nm was calculated from the most intense

peak at 9.89° using Bragg’s equation. This value is in agreement with previous studies [18, 35,
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39]. The absence of non-basal reflections is evidence that the film is composed of highly
oriented platelets [20, 40]. The peaks may be of low intensity due to the thickness of the films
(0.43 to 2.8 um) and transparency of the lighter weight elements to X-rays, as well as some
slight amorphous nature. Furthermore, the diffraction peaks are slightly broad due to poor
crystallinity associated with most electrosynthesized LDH films [41]. Although the metal content
of the electrodeposited films as measured by EDX is outside the typical accepted range (4:1 to

2:1 for the 2*/3* cation ratio) of LDH, the XRD and FTIR spectra show the presence of LDH [42].

Figure 3.4. FT-IR spectrum of a modified zaccagnaite film.
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The FT-IR spectrum for the deposited film is displayed in Figure 3.4. The spectrum

confirms the presence of hydroxides with only water and nitrate ions in the interlayer region.
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The broad peak at 3385 cm™ corresponds to O-H stretching of hydroxide and water in the
interlayer region. The peak at 1638 cm™ shows the bending vibration of the interlayer water
region molecules. The peaks at 1353 cm™ represents the asymmetric stretching of nitrate ions
in the interlayer region [18]. The peaks at 947, 760 and 542 cm™ are associated with Al-O
stretching modes [35, 43, 44]. The peaks from 2600-1800 cm™ are from the diamond ATR

surface [45]. The FT-IR is typical of a Zn-Al LDH intercalated with nitrate.

Figure 3.5. SEM images of modified zaccagnaite films for (a) 1L, (b) 2L, (c) 5L and (d) 5L film with

a portion of top phase removed.
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Table 3.1. Elemental composition and thickness of the electrodeposited films (n=3).

Number of Layers Zinc Atomic % Aluminum Atomic % Thickness (nm)
1 41+ 4 59+ 4 431+ 50
2 24+ 2 76 £ 2 612 + 46
5 14+3 86+ 3 2814 + 45

Figure 3.5 shows the surface morphology of modified zaccagnaite films from a one layer
(1L), two layer (2L) and five layer (5L) depositions. The surface of the 1L film (a) shows a
flattened disorganized coating with gaps caused by dehydration of the film. The elemental
ratio of Zn:Al measured by EDX on the surface of the film is approximately 1:1.2. Table 3.1 list
the elemental ratios and film thicknesses for the coatings. The SEM image of the 2L film (b)
shows a fairly homogenous surface with none of the flaws observed in the previous image.
Multiple depositions reduced the uneven coverage that accompanies dehydration of the film.
The elemental ratio of Zn:Al on the surface of the 2L film is approximately 1:2.8. The 5L film (c)
exhibits a surface which is different from both the 1L and 2L films. The elemental ratio of the 5L
film’s surface is approximately 1:5. While it does not have gaps in material as seen in the 1L
film there are cracks observed. In Figure 3.5d it is apparent that these cracks do not penetrate
all the way to the substrate. Two separate phases can be observed, a fractured phase upon a
continuous underlying phase. The surface of the underlying phase in Figure 3.5d has slightly
more zinc (1:4 Zn:Al ratio) than the 5L film. Previous research has shown that LDH with an
acceptable divalent:trivalent cation ratio is only formed during a certain time frame, dependent
on the deposition potential, formation pH of the divalent cation hydroxide and

divalent:trivalent cation ratio. At longer synthesis times an aluminum dominated hydroxide
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phase is formed [42]. The SEM and EDX results also support this conclusion. Figure 3.6 shows a
schematic explaining the changing deposition mechanism where initially hydroxides are
generated at the electrode surface. When the pH increases sufficiently at the electrode, metal
hydroxides began to precipitate and any hydroxides not consumed move into the bulk of the
solution. The diffusion of hydroxides away from the electrode increases the pH of the solution
resulting in the precipitation of aluminum hydroxide. Aluminum hydroxide forms at
approximately pH 4 and zinc aluminum LDH precipitates at approximately pH 6 [35, 42]. The
aluminum hydroxide precipitate coats the mixed hydroxide phase. This deposition process
results in the film structure depicted in Figure 3.7, which is comprised of a mostly aluminum
hydroxide phase on top of a mixed hydroxide phase. The zinc content of the mixed hydroxide
phase increases as the distance to the substrate decreases.

Film thickness measurements for 1L, 2L and 5L films are reported in Table 3.1. The film
thickness does not increase proportionally with the number of deposition layers. The lack of
linearity may be due to deposition in defects caused by dehydration of previous layers.
Furthermore, the rate of film growth may change due to the differences in growth on the
substrate versus growth on previously deposited film. The conductivity of the substrate is
higher than the conductivity of the deposited film, thus the kinetics will change. The formation
of two sequential phases may cause irregular film growth rate. The conductivity variation in
each layer and the non-conducting nature of the zinc and aluminum hydroxide film may also
contribute to the nonlinear growth rate.

Figure 3.6. Film formation process of the mixed hydroxide phase and top aluminum hydroxide

layer for the electrodeposited zaccagnaite coating.
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Figure 3.7. Film composition from substrate to outer layer for the electrodeposited zaccagnaite

coating.
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3.3.2. Corrosion Resistance
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Figure 3.8. Polarization curves of the substrate and modified zaccagnaite films measured in 3.5

wt.% NaCl solution.
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Table 3.2. Corrosion potentials and corrosion current densities derived from polarization

experiments performed in 3.5 wt.% NaCl (n=3).

Sample Ecorr (V vs. SCE) icorr (A/EmM?) R, (MQ/cm?)
SS —0.3634+0.027 1.11x10%+0.01x 10° 0.19 +£0.06
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1L —0.269 + 0.020 4.49x107+1.94x107 0.57+0.27
2L —0.240 £ 0.008 2.16x107+1.15x107 0.79+0.06
5L —0.237 £ 0.013 8.41x10%+1.49x10°% 2.30+£0.05

The polarization curves of the bare substrate, 1L, 2L and 5L films in 3.5 wt.% NaCl
solution are shown in Figure 3.8. The corrosion potential (Ecorr), corrosion current density (icorr)
and polarization resistance (Rp) for each sample are listed in Table 3.2. The deposition of
modified zaccagnaite resulted in a positive shift in the Ecorr and a decrease in the icorr. The 1L
film had the greatest effect on Ecorr, shifting almost 100 mV in the positive direction while the 2L
and 5L films Ecorr shifted by smaller increments of approximately 30 and 13 mV, respectively.
The icorr decreased from 1.11 x 10° A to 4.49 x 107 A, 2.16 x 107 A, and 8.41 x 108 A for the 1L,
2L, and 5L films, respectively. The R, increased with the number of deposited layers resulting in
the 5L film having an Rp an order of magnitude larger than the substrate R,. These polarization
measurements indicate that the film provides a barrier to the transport of aqueous species to
the substrate so that the ability of the chloride ions to attack the substrate is reduced. This
barrier increases and defects are minimized as more layers are deposited. Some current
density oscillation is observed in the anodic branch of the polarization curves which was also
observed in a previous study [28]. The current density oscillation becomes greater as the
number of deposited layers increases. This may be due to the dissolution of hydroxides from
the coating surface or even some interlayer exchange of species in the solution.

The stability of the modified zaccagnaite film in a corrosive marine environment was
simulated with immersion testing. A 5L film was immersed at increasing durations up to 168h

in 3.5 wt.% NaCl solution. Figure 3.9 shows the polarization curves of the film at four different
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immersion times. Table 3.3 lists the Ecorr, icorr and Ry as the average of 3 measurements for the
5L film. The Ecorr remained relatively unchanged at approximately -0.240 V from 1 to 72h. At
168h the Ecorr shifted positively to -0.178 V. The icorr Was also stable starting at 9.35 x 108 A for
1h and ending at 7.05 x 108 A at 168h. The R, maintained a value between 2-3 MQ over the
entire immersion period from 1h to 168 h. Only the film immersed for 168h exhibits film
breakdown at the end of the anodic region suggesting that the film is susceptible to long term
damage caused by the chloride environment. Current density oscillation is visible again
beginning around the corrosion potential and throughout the anodic region.

SEM images were taken of the 5L film before and after immersion in 3.5 wt.% NaCl
solution up to 168h. Figure 3.10 shows that the aluminum dominated layer on the surface of
the film forms pits after immersion. These defects range in size from submicron to a couple of
microns. These flaws may be evidence of dissociation of the film into hydroxide ions. These
defects only affect the top phase and do not appear to penetrate to the substrate because of
the stability observed during immersion testing. The top phase acts as a sacrificial barrier for

the underlying coating and possibly releases hydroxide ions.
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Figure 3.9. Polarization curves of 5L films immersed in 3.5 wt.% NacCl solution up to 168h.
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Table 3.3. Corrosion potentials and corrosion current densities derived from immersion of a 5L

film in 3.5 wt.% NaCl for various immersion times (n=3).

Immersion Time Ecorr (V vs. SCE) leorr (A/EM?) R, (MQ/cm?)
1h —0.2394+0.017 9.35x10%+2.00x 108 2.19+0.59
24h —0.2454+0.031 7.88x10%+1.52x108 2.32+£0.37
72h —0.2354+0.020 6.72x10%+2.75x108 3.09+1.38
168h —0.178+0.013 7.05x10%+1.69 x 108 2.33+£0.72
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Figure 3.10. SEM images of 5L film (a) before and (b) after immersion in 3.5 wt. % NaCl solution

for 168h as well as (c) an enlarged image of a defect in the immersed film.

The anticorrosion performance of the film could be the result of a multitude of factors.
The main attribute that confers its corrosion resistance is the ability to form a dense and thick
film which prevents the penetration of ions to the substrate surface. The film is insulating,
resulting in a decrease in the rate of any electrochemical reactions including those involving
corrosion. Furthermore, the nitrate ions in the film have a lower affinity for intercalation than
chloride ions. Surface anion exchange with chloride ions traps them and slows their rate of
migration to the substrate. This anion exchange phenomenon has been observed in previous
studies [34, 35, 46]. Deterioration of the film may release hydroxide ions into the local
environment increasing the pH [34]. The release of hydroxide ions can slow down the
occurrence of pitting corrosion by reducing the rate of chloride migration to the pit and
neutralizing the local solution environment. Previous research has also shown that layered
double hydroxides can undergo dissolution/recrystallization or self-healing reactions during the
corrosion process [29]. Hydrotalcite has been shown to form a protective amorphous

aluminum hydroxide layer to prevent dissolution in mildly acidic solutions [47]. The mostly
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aluminum hydroxide top phase behaves as protective coating for the mixed hydroxide phase
preventing its dissolution. Figure 3.11 depicts the immersion of the film in corrosive media, the
sacrificial protection of the aluminum dominate phase and possible crystallization of aluminum
hydroxide in a defect. Further study is required to determine the comprehensive mechanism of

corrosion resistance of electrodeposited modified zaccagnaite.

Figure 3.11. Postulated corrosion mechanism for immersed electrodeposited zaccagnaite film.
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3.4. Chapter Conclusions

In this study a facile method was developed to electrochemically deposit modified
zaccagnaite films onto a stainless steel substrate. The electrodeposition occurred in multiple
layers in order to minimize defects generated during deposition and drying of the film. XRD and
FT-IR studies showed the presence of a LDH phase; however, the elemental ratios of Zn:Al were
outside the typical limits for LDH. The metal substrate coated with modified zaccagnaite
exhibited higher corrosion resistance than the bare substrate in 3.5 wt.% NacCl solution.
Corrosion protection increased with the number of layers deposited. Aluminum concentration
in the coating also increased with the number of layers. The 5L film’s corrosion voltage shifted
positively 0.126 V and the corrosion current was reduced by 92% when compared to the bare
substrate in 3.5 wt.% NaCl. The 5L film also maintained its corrosion resistance while immersed
for 168h in 3.5 wt.% NaCl demonstrating that electrochemically generated modified zaccagnaite

is an effective material to reduce stainless steel corrosion.
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CHAPTER 4

INVESTIGATION OF THE OPTIMAL PARAMETERS FOR THE PREPARATION OF
SUPERHYDROPHOBIC MODIFIED ZACCAGNAITE FILMS ON STAINLESS STEEL

4.1. Introduction

Superhydrophobic (SHP) surfaces that have static water contact angles (SWCA) greater
than 150° have been investigated recently in literature because of their potential for application
in self-cleaning surfaces, corrosion resistant coatings, water transport, oil collection, and
tribology [1-5]. SHP surfaces exist in nature on the lotus leaf, legs of a water strider, and the
wings of insects [6-10]. SHP surfaces cannot exist on a flat surface. The highest SWCA on a flat
surface is 120° which is produced by modifying the surface with trifluoromethyl groups [11].
The combination of high surface roughness (micro and nanoscale) and low surface energy
materials result in SHP surfaces. SHP surfaces are usually produced by two approaches. The first
method is to produce a high energy surface with high surface roughness and then modify the
surface with a low surface energy material. Various techniques have been utilized to create
rough surfaces including electrochemical deposition, anodization, sol-gel process, chemical
etching, chemical vapor deposition, plasma treatment, casting, sandblasting, electrospinning,
and layer-by-layer deposition [13-21]. Common low surface energy materials used to modify
rough surfaces are long chain fatty acids, thiols, and fluorosilanes. The second method involves
taking a hydrophobic material and creating high surface roughness [22,23]. Most research
involves performing the first procedure.

Stainless steel (SS) is an alloy containing iron with a minimum of 10.5% chromium. Its

high mechanical strength and corrosion resistance results in its use in the petrochemical,
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aviation, food storage and processing, water treatment and transport, automotive, medical,
and pharmaceutical industries [24-30]. Industries with metal-fluid contact would benefit most
from SHP surfaces. The food industry frequently uses SS containers to store and mix liquids.
SHP SS would reduce the need for cleaning and reduce the corrosion of these containers, thus
decreasing maintenance costs and equipment failure. SHP surfaces can reduce fluid drag in pipe
flow [31]. Rough surfaces on SS have been produced by acid treatment, electroless plating,
sputtering, electrochemical etching, laser irradiation, sol-gel, and sandblasting [32-38]. The SS
surface is then modified with low surface energy materials.

Layered double hydroxides (LDH) films have been used to create surface roughness on
metal substrates. LDHs are layered anionic clays derived from the natural mineral hydrotalcite.
Zaccagnaite is a Zn substituted variant of hydrotalcite represented by a formula of
Zn4Al>(OH)12[CO3] ® 3H20. The structure contains metal hydroxide sheets with anions and water
in the interlayer regions between the metal sheets. The positive charge results from the
substitution of divalent ions with trivalent ions in metal hydroxide sheets and the positive
charge is balanced by interlayer anions which can be exchanged. In situ hydrothermal
crystallization of LDH films using porous alumina/aluminum as both the substrate and the
source of trivalent cations is commonly used to induce surface roughness [39]. Hydrothermal
synthesis allows for greater control over the morphology and structure of the films because of
tunable nano/microstructure and crystal orientation. The rough surface of the LDH is then
modified by immersion of the film in a solution containing a dissolved low surface energy
material such as long chain fatty acids or fluorosilanes. SHP LDH films have also been

synthesized on cotton fabric substrates by layer-by-layer deposition followed by modification
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with fluoroalkylsilane [40]. Electrodeposition of LDH results in randomly oriented and poorly
crystalline films [41]. If the deposition potential is increased, a mixed hydroxide phase
containing a higher percentage of aluminum is obtained because of the precipitation of
aluminum hydroxide in the solution bulk [42]. This aluminum dominating hydroxide phase has a
much higher surface roughness.

In this study, modified zaccagnaite (Zn-Al-NOs LDH) films containing a greater trivalent
cation content outside the acceptable limits of LDH were electrochemically synthesized on SS
430 substrates. The resulting films were immersed in an ethanol solution containing palmitic
acid in order to produce a SHP surface. The influences of deposition potential, deposition time,
palmitic acid concentration, hydrophobization reaction duration, and hydrophobization
reaction temperature were observed to develop an optimized procedure to produce SHP
modified zaccagnaite/palmitate films. SWCA was measured to assess the wettability of the
films. Surface morphology and microstructure were investigated by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron morphology (SEM), energy

dispersive X-ray spectroscopy (EDS), and profilometry.

4.2. Experimental
4.2.1. Electrodeposition of Modified Zaccagnaite Film

The substrates were SS 430 discs from Ted Pella, Inc. with a diameter of 10 mm, a
thickness of 0.76 mm and an area of 0.95 cm?. The substrates contained <0.12% C, 16-18% Cr,
<0.75% Ni, <1.0% Mn, <1.0% Si, <0.040% P, and <0.030% S by weight. The discs were degreased

by rough polishing with grit paper and then sonicated in acetone. The substrates were then
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attached to coiled copper wire leads with conductive silver epoxy. Once dry they were
mounted in epoxy utilizing molds. After curing, the mounted electrodes were polished with SiC
and diamond to a mirror finish followed by ultrasonication in ethanol.

The electrolytic solution was prepared by dissolving a 2:1 molar ratio of Zn%* to Al** ions
in distilled water. Aluminum nitrate nonahydrate (AI(NOs)3¢9H,0, Alfa Aesar) was the
aluminum source, zinc nitrate hexahydrate (Zn(NOs),6H,0, Alfa Aesar) was the source of zinc
and potassium nitrate (KNOs, Fisher Scientific) was used as the electrolyte to help facilitate the
formation of modified zaccagnaite film at the electrode surface. The electrolytic concentration
of each compound was determined to be 0.02 M Zn(NOs),¢6H,0, 0.01 M AI(NOs)3¢9H,0 and
0.2 M KNOs. An EG&G Princeton Applied Research (PAR) Model 273A potentiostat/galvanostat
was used to electrochemically deposit films. The depositions were performed at room
temperature utilizing a three-electrode configuration under a nitrogen atmosphere. The
working electrode was a SS disc, a platinum mesh was used as the counter electrode, and the
reference electrode was a saturated calomel electrode (SCE). Films were deposited at-1.3 V
and stirring was used to mitigate hydrogen evolution. The films were rinsed with distilled water

and air dried at room temperature.
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4.2.2. Hydrophobization Reaction

Figure 4.1. Illustration of the in situ electrosynthesis of modified zaccagnaite and
hydrophobization reaction to produce a superhydrophobic surface.

Electrodeposition of Modified
Zaccagnaite Film

Modified Zaccagnaite
Stainless Steel -

Immersion in Palmitic
Acid/Ethanol
Solution

Palmitic Acid Monolayer

B =

The hydrophobization reaction, illustrated in Figure 4.1, was performed by immersion of
the modified zaccagnaite film in ethanol solution containing dissolved palmitic acid
(CH3(CH2)14COO0H). The films were then rinsed with ethanol and allowed to air dry. Reactant
concentration, reaction time, and reaction temperature were systematically optimized. Films
with the optimized electrodeposition time underwent the hydrophobization reaction at
concentrations of 0.05, 0.1, and 0.2 M palmitic acid. The surface with the highest SWCA

determines the optimized concentration. Then films underwent the hydrophobization reaction
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for durations of 5, 7, and 9 h. Once the best reaction time was determined, the films were

reacted at 20°, 40°, and 70° C to determine the optimum reaction temperature.

4.2.3. Characterization

4.2.3.1. Surface Wettability and Contact Angle

Table 4.1. Properties of hydrophilic and hydrophobic surfaces.

Hydrophilic Surface Properties Hydrophobic Surface
Small (<90°) Contact Angle Large (>90°)
High Wettability Low
High Solid Surface Free Energy Low
Usually High Droplet Adhesion Usually Poor

Wetting or wettability is an important material characteristic with applications in
lubrication, spray quenching, liquid coatings, printing, and oil recovery [43-48]. Wettability is
usually investigated by contact angle measurements which characterize the interaction
between the liquid and solid phases. Wettability or wetting is the study of how a deposited
liquid spreads out on a surface. Small contact angles (<90°) indicate high wettability and large
contact angles (>90°) indicate low wettability. High wettability results in the liquid spreading
out more because cohesive forces between the liquid molecules are less than the adhesive
forces between the liquid and the surface. High wettability usually occurs on high-energy

surfaces in which molecules are held together by strong chemical bonds such as metallic, ionic
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or covalent. Low wettability results in cohesive forces being stronger than the adhesive forces
between the surface and liquid molecules. Low wettability occurs on low-energy surfaces or
molecules that are held together by weak interactions such as van der Waals or hydrogen
bonding. A surface with high wettability results in droplets with a puddle appearance and a
surface with low wettability will bead forming a compact droplet. Properties of both types are
shown in Table 4.1. Contact angles can be classified into 3 groups as shown in Figure 4.2.
Hydrophilic materials have contact angles less than 90°, hydrophobic materials have contact

angles greater than 90°, and SHP materials have contact angles greater than 150°.

Figure 4.2. Contact angle classification.

Hydrophilic Contact Angle  Hydrophobic Contact Angle Superhydrophobic
8<90° 0>90° Contact Angle
6>150°

The ideal surface is a perfectly flat and homogenous surface. The contact angle is
formed by the intersection of the liquid-solid and liquid-vapor interfaces. A tangent line can be
drawn from the intersection to the liquid-vapor boundary of the droplet. The droplet shape is
determined by the surface tension of the liquid. In the bulk of a pure liquid each molecule is
acted on by cohesive forces of neighboring molecules except for the edge of the droplet where
the molecules are pulled inward by neighboring liquid molecules. These forces results in

internal pressure or surface tension causing the droplet to contract to minimize surface area
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and maintain the lowest free energy surface. Surface tension and gravity result in the altering of
the droplet from its ideal spherical shape. The contact angle of a droplet on an ideal surface can
be determined from the thermodynamic equilibrium between three interfacial energies
conveyed by Young’s equation [49]:

YouCOSOy = Vs, + Vsr (Equation 4.1)
where y,, is the liquid-vapor interfacial energy, v, is the surface-vapor interfacial energy, y,, is
the surface-liquid interfacial energy, and 8y is Young’s contact angle. The contact angle on an
ideal surface according to Young is represented in Figure 4.3. On an ideal surface Young’s
contact angle is the same as the measured contact angle because there are no variations and

the surface is perfectly flat.

Figure 4.3. Representations of a droplet on an ideal surface.

Yiy Vapor
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Most surfaces are from ideal and deviations from a perfectly flat surface must be
considered. Surface roughness enhances the wettability characteristic of the surface chemistry
[50]. The effective surface area increases with roughness, and water will spread more on a

surface with hydrophilic functional groups to increase solid-liquid contact. Likewise, water on a
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rough hydrophobic surface will spread less to minimize contact. Surface roughness is taken into
account for Wenzel’s equation:

cosB,, = rcosby (Equation 4.2)
where 6, is the measured contact angle, 8y is Young’s contact angle, and r is the roughness
ratio. The roughness ratio can be determined from the ratio of the actual and projected solid
surface area where r = 1 for a smooth surface and r > 1 for a rough surface. A representation of
the Wenzel state can be seen in Figure 4.4a. This model assumes that the liquid is in contact
with the entire surface including the valleys caused by surface roughness. Both micro and

nanoscale roughness influence surface wettability [51].

Figure 4.4. Depiction of the a) Wenzel state and the b) Cassie state.

a b

Wenzel State Cassie State

If the droplet does not penetrate the grooves on the surface, the Cassie state exists. A
droplet in the Cassie state is shown in Figure 4.4b. The Cassie equation describes a surface with
two different surface chemistries [52]:

c0s0,, = x,c050y, + x,c050y, (Equation 4.3)
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where x; and x, are the area fraction of each type of surface chemistry. When air is considered
the second chemistry along with the surface chemistry, the Cassie-Baxter state prevails [52].
This state is represented as:

cosO,, = x,(cosfy +1) — 1 (Equation 4.4)
where the contact angle against liquid and air is considered 180 and x, equal to 1-x;.

In this study, the contact angle is measured by the static sessile drop method in which a
camera records an image of the drop on the sample surface. Drops were dispensed by a 2 ml
Ramé-Hart micro-syringe graduated in 2 pL increments. The droplet size was 6 L. Images of the
droplets were recorded with an Infinity 2 CCD camera and Infinity Analyze 6.4 software. The
angle between the liquid/solid interface and the liquid/vapor interface was measured by the
Drop Shape Analysis ImagelJ plugin. Contact angle values are reported as the average of

measurements of three different positions.

4.2.3.2. Surface Roughness
Surface roughness can be conveyed using multiple parameters. The two most common
roughness parameters are the arithmetic mean roughness (Ra) and the root mean square

roughness (Rrms). Ra is the most used one-dimensional parameter and can be calculated by:

n
1
R, = HZlyil (Equation 4.5)
i=1

where n is the number of data points and y; is the vertical distance from the mean line. Rrms or

Rq is the represented by:
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(Equation 4.6)

and provides the standard deviation of surface height. The film thickness and roughness

measurements were performed with a Veeco Dektak 150 stylus profilometer. Roughness and
thickness measurements were reported as an average of three measurements. The stylus tip
had a tip size of 12.5 um and a force of 1mg was applied to each sample. The scan length was

600 um and the measurement (vertical) range was 65.5 um. The scan speed was 10 um/s.

4.2.3.3. Surface Morphology and Microstructure

The structure and phase composition of the modified zaccagnaite films were identified
by X-ray diffraction (XRD) with a Siemens D500 diffractometer using Cu Ka radiation (A = 1.5405
A) in a standard Bragg-Brentano configuration. The X-ray tube was operated at 35 kV and 24
mA. Each sample was scanned from 2.0° to 50° (28), with a step size of 0.05° and a dwell time
of 1.0 seconds. The surface morphology of the films was characterized by scanning electron
microscopy (SEM) with an X-ray dispersive spectroscopy (EDX) attachment (FEI Quanta 200
ESEM). A spot size of 3.0 and an accelerating voltage of 25 kV were used. A Perkin Elmer
Spectrum One FT-IR Spectrophotometer was used to analyze the composition of the films. The
films were scraped off with a blade and ground up further before being placed onto an ATR

attachment. Each sample was scanned 16 times at a wavenumber range of 4000 — 450 cm™™.
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4.3, Results and Discussion

4.3.1. Stainless Steel Substrate

Table 4.2. Surface roughness parameters and SWCA of SS (n=3).

Ra(nm) Rrms (nm) SWCA (°)

7+1 81 51.7+34

The wettability of the bare SS substrate was examined before synthesizing the SHP
films. SS is a high surface energy material and is therefore expected to display high wettability.
The substrate was polished extensively before measuring the SWCA so most of the iron and
chromium oxide and hydroxides that usually exist in a thin surface layer were removed. The
experimentally measured SWCA for SS is displayed in Table 4.2 and was determined to be 51.7°.
The roughness parameters of Raand Rrms were measured as 7 and 8 nm respectively. Such low

roughness values are expected for a polished metal.

4.3.2. Influence of Film Electrodeposition Potential

Film deposition potential was varied to observe any effects on the film microstructure.
The formation of surface microstructures and increased surface roughness will lead to better
SHP surfaces. Depositions at a potential of -1.0 V resulted in a mostly transparent film
displaying colorful interference patterns as shown in Figure 4.5a. When the applied potential
was increased to -1.3 V, the film became white and opaque observed in Figure 4.5b. Higher

deposition potentials resulted in excessive hydrogen evolution at the electrode surface causing
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the films to be less adherent to the substrate. The surface morphology of the two films is
completely different. The SEM images of the -1.0 V film in Figure 4.5c and e have a spider web
appearance. Also, the surface is homogeneous and appears very smooth. When the potential is
increased to -1.3 V, the morphology completely changes. SEM images in Figure 4.5d show a
homogeneous and highly textured surface. A further magnified SEM image in Figure 4.5f shows
amorphous structures on top of a flat underlying phase with much void space between these

structures.

Figure 4.5. Digital images of the a) -1 V film and b) -1.3 V film. Low magnification of SEM images
of film deposited at c) -1.0 V film and d) -1.3 V film and higher magnification SEM images of e) -

1.0V film and d) -1.3 V film.
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Profilometer studies of the films are shown in Table 4.3. The thickness of the higher

potential film is 3 times that of the lower potential film (2515 vs. 862 nm). As expected a large

increase in roughness is observed with the -1.3 V film displaying much higher surface roughness

values than the -1.0 V film. The Raand Rrms are approximately 6 and 5 times higher respectively

for-1.3 V film. The -1.3 V film was selected for further study because of its superior surface

roughness.

Table 4.3. Film thickness and roughness values (n=3).

Film Thickness (nm) Ra (nm) Rrms (nm)
-1V (3 min) 862 + 12 29+ 4 43 +£10
-1.3V (3 min) 2515 + 83 180 + 10 222 +15

4.3.3. Influence of Film Deposition Time

Table 4.4. Elemental analysis, roughness parameters, and SWCA of 1, 2, and 3 min modified

zaccagnaite/palmitate film depositions at -1.3 V (n=3).

Film Ra (hm) | Rrms (nm) | Atomic %Zn | Atomic %Al | Zn:Al Ratio | SWCA (°)
-1.3V (1 min) | 1235 158+ 6 301 701 1:2.3 165.5+2.1
-1.3V(2 min) | 1518 198 + 21 14+3 86+3 1:6.1 1684+1.4
-1.3V (3 min) | 180+ 10 | 222+ 15 12+2 88+2 1:7.3 169.9+0.7

98




The influence of electrochemical deposition time of the modified zaccagnaite film was
investigated. The film was deposited for times of 1, 2, and 3 min before undergoing the
immersion reaction with palmitic acid. Roughness measurements were performed on the films
before the reaction. Table 4.4 shows that both roughness parameters increase as the
deposition time increased. A deposition time of 3 min was chosen as the cutoff because longer
depositions can result in poor adhesion or films that display fractures because the greater mass
results in greater stress on the film especially during drying.

EDX measurements were also performed on the films and the results were displayed in
Table 4.4. The aluminum content of the films increased with deposition time. The 1, 2, and 3
min films exhibited Zn:Al ratios of 1:2.3, 1:6.1, and 1:7.3 respectively. These metal ratios are
outside the limits for acceptable values (1.6:1 — 4:1) of LDHs and are caused by a high
deposition potential [42]. Higher deposition potentials create an excess of OH™ which is not
consumed at the electrode. These hydroxides diffuse to the bulk causing the precipitation of
aluminum hydroxide which codeposits with the LDH and eventually dominates the surface of
the film. A schematic of the film is shown in Figure 4.6a. This aluminum hydroxide is responsible
for the increased surface roughness displayed at higher deposition potentials.

The hydrophobization reaction with palmitic acid results in the carboxylic head group
reacting with the hydroxide group on the film surface [53]. The reaction mechanism involves
the formation of Al-O bonds caused by a dehydration reaction between surface hydroxides and
the carboxylic acid head group of the palmitic acid. The carboxylate group of the palmitate ion
bonds to aluminum and the hydrocarbon tail is oriented away from the surface observed in

Figure 4.6b.
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Figure 4.6. Schematic of film composition a) before and b) after hydrophobization reaction.

=3 Accumulation of aluminum hydroxide precipitated from solution bulk

a : Predominantly aluminum hydroxide phase
j Mixed hydroxide phase (gradient represents decrease in zinc
content from orange to green)
] Stainless steel substrate
b CH, ng iH3 iH3 CIH3 iH3 iH;
(CHalia (CH3)ia (CHz)ia (CHa)ia (CH)ia (CHz)ia (CHi)ig

The parameters of the surface reaction (0.1 M palmitic acid concentration, 7 h
hydrophobization duration, 70° C reaction temperature) were kept the same when testing the
different deposition times. The SWCA of the films deposited for different durations, shown in
Table 4.4, were very close to each other, but correlated with the roughness parameters. The
SWCA of the 1, 2, and 3 min modified zaccagnaite/palmitate films were 165.5°, 168.4°, and
169.9° respectively indicating that the roughness of the films were similar, but increased slightly

with deposition time. The 3 min film was determined to be the optimum deposition time.

4.3.4. Influence of Palmitic Acid Concentration in Hydrophobization Reaction

The effect of palmitic acid concentration on SWCA was determined by examining the
concentrations of 0.05, 0.1, and 0.2 M palmitic acid. The remaining parameters of deposition
time (3 min), hydrophobization time (7 h), and hydrophobization temperature (70°C) were kept

the same. The results in Table 4.5 show that the SWCA increased from 164.0° to 169.9° when
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the concentration increased from 0.05 to 0.1 M, but decreased to 166.5° when the
concentration was increased to 0.2 M. The optimum palmitic acid concentration was

determined to be 0.1 M.

Table 4.5. SWCA of modified zaccagnaite/palmitate films where the palmitic acid concentration
varied while the other parameters are kept static (3 min film electrodeposition time, 7 h

hydrophobization reaction time at 70° C) (n=3).

Palmitic Acid Concentration (M) SWCA (°)
0.05 164.0+1.7
0.1 169.9+0.7
0.2 166.5+0.1

4.3.5. Influence of Hydrophobization Time

Table 4.6 shows the SWCA measurements of different reaction times (5, 7, and 9 h). The
remaining film parameters were an electrodeposition time of 3 min, 0.1 M palmitic acid
concentration, and a hydrophobization reaction temperature of 70° C. SWCA values increased
from 165.1° to 169.9 from 5 to 7 h and decreased very slightly to 169.2 when the

hydrophobization time increased to 9 h. An optimal reaction time of 7 h was determined.
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Table 4.6. SWCA of modified zaccagnaite/palmitate films where the hydrophobization reaction
time varied while the other parameters kept static (3 min film electrodeposition time, 0.1M

palmitic acid concentration, hydrophobization reaction performed at 70° C) (n=3).

Immersion Time (h) SWCA (°)
5 165.1+0.5
7 169.9+0.7
9 169.2+0.4

4.3.6. Influence of Hydrophobization Temperature

Table 4.7. SWCA of modified zaccagnaite/palmitate films where the hydrophobization reaction
temperature varied while the other parameters were kept static (3 min film deposition, 0.1M

palmitic acid concentration, 7 h hydrophobization reaction time) (n=3).

Reaction Temperature (C) SWCA (°)

20 163.4+1.2
40 167.5+0.3
70 169.9+0.7

Films were subjected to different reaction temperatures while all other parameters
were static (3 min film deposition time, 0.1 M palmitic acid concentration, 7 h hydrophobization
duration). The films were reacted at 20°, 40°, and 70° C. A maximum temperature of 70° C was

selected because of the 78°C boiling point of ethanol. Table 4.7 shows that the SWCA of the

102



films increased slightly when the temperature was increased. A hydrophobization temperature

of 70° C produced a film with a SWCA of almost 170° C.

Figure 4.7. SEM of modified zaccagnaite/palmitate film at a) high and b) low magnification.

Figure 4.8. Comparison of SWCA on a) SS, b) modified zaccagnaite, and c) optimized

zaccagnaite/palmitate film.

SEM images of the modified zaccagnaite/palmitate film at high and low magnification

are shown in Figure 4.7a and b. Many voids or cavities can be observed from the morphology

allowing air to be trapped in the surface. Trapped air on the surface is key to hydrophobicity
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because water droplets will rest on a layer of air [54]. Digital images of the water droplets on
SS, modified zaccagnaite film, and the modified zaccagnaite/palmitate film are shown in Figure
4.8. The SWCA decreased when the modified zaccagnaite was deposited on SS, but increased

dramatically when the monolayer of low-surface-energy palmitic acid bonded to the surface.

4.3.7. Film Structure

Films were deposited for 3 min and 15 min and examined with XRD. Films were
deposited for a 15 min because of the weak intensity of the 3 min film diffraction pattern. The
XRD pattern of the modified zaccagnaite films deposited on SS is displayed in Figure 4.9. The
structure of LDH is observed even though its Zn:Al content is outside the acceptable limits [55].
Only the (003) reflection at 10.05° is observed in the diffraction pattern of the 3 min film. The
weak intensity of the (003) reflection is due to the small amount deposited on the SS substrate.
Both the (003) and (006) reflections at 9.90° and 19.85° respectively are observed in the 15 min
diffraction pattern. Peaks from the SS substrate can be observed at 42.65° and 44.60°. The 3
min and 15 min films display basal spacings of 0.88 and 0.89 nm which agree with previous
research [56-58]. The diffraction peaks are broad because electrosynthesized LDHs exhibit poor
crystallinity and nitrate can be intercalated in two different orientations [41,59].

The FTIR spectra of palmitic acid, modified zaccagnaite, and modified
zaccagnaite/palmitate are shown in Figure 4.10. The FTIR spectrum of the modified zaccagnaite
shows the presence of LDH just like the XRD data. The O-H stretching of hydroxides and water
in the interlayer region is seen as a broad peak at 3499 cm™. The bending vibration of the

interlayer water molecules is observed at 1589 cm™ and asymmetric stretching of nitrate ions in
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the interlayer region is attributed to the peak at 1340 cm™ [56]. Al-O stretching modes are
observed at 820 and 555 cm™[55,58,59]. Peaks from 2700-1800 cm™ are from the diamond ATR
surface [62]. The modified zaccagnaite/palmitate film exhibits new peaks. Peaks at 2918 and
2851 cm™ correspond to asymmetric and symmetrical CH; stretching and are evidence of bond

creation between the surface aluminum and the carboxylate of the palmitate ion [63].

Figure 4.9. XRD patterns of modified zaccagnaite films deposited for 3 min and 15 min.
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Figure 4.10. FT-IR spectra of a) palmitic acid, b) modified zaccagnaite film, and c) the modified

zaccagnaite/palmitate film.
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4.4, Chapter Conclusions

The optimal conditions for the fabrication of SHP surfaces on SS using a modified
zaccagnaite film to generate surface roughness and palmitic acid as the low energy surface
material were explored. A film deposition potential of -1.3 V, deposition time of 3 min, palmitic
acid concentration of 0.1 M, hydrophobization time of 7 h, and a hydrophobization
temperature of 70°C produced a SWCA of 169.9°. SEM and profilometry showed that a film
displaying high surface roughness was generated at -1.3 V. EDX measurements revealed that an
aluminum hydroxide phase existed over a mixed phase of zinc and aluminum hydroxide. XRD

indicated that this film retained the crystal structure of LDH even though the Zn:Al metal
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content was outside the acceptable limits for LDH. FTIR analysis of the modified
zaccagnaite/palmitate films showed that the palmitic acid formed bonds with the surface

aluminum hydroxide to change the surface from highly hydrophilic to superhydrophobic.
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CHAPTER 5
CORROSION RESISTANCE OF SUPERHYDROPHOBIC AND HYDROPHOBIC MODIFIED
ZACCAGNAITE FILMS ON STAINLESS STEEL

5.1. Introduction

Corrosion damage is one of the leading causes of metal components failure. Component
failure can result in loss of revenue due to equipment downtime and damage to components.
The cost of metal corrosion has been estimated to amount to several percent of a nation’s GDP
[1]. Corrosion cannot be stopped but it can be slowed through the use of different alloys,
inhibitors, and protective coatings especially in certain aggressive environments. Stainless
steels are relatively cheap and versatile materials because of the number of elements that can
be incorporated. They are used in a number of industries [2-8]. Its strength comes from the
minimum 10.5% chromium content which results in the formation of a protective oxide layer in
oxygen rich environments. Stainless steels are corrosion resistant in many environments but
are susceptible to local corrosion in chloride environments [9,10]. The oxide layer is degraded
quicker than it can be formed. As a result, stainless steel components are often protected by
films or coatings when employed in corrosive environments [11,12]. The industry standard,
chromate coatings, is effective but is detrimental to the environment and slowly being phased
out for more eco-friendly materials.

Layered double hydroxides have been investigated recently as corrosion resistant
coatings [13-15]. They can be fabricated numerous ways but in situ synthesis is desired because
of the stronger adhesion due to chemical bonding between the coating and substrate [16].

LDHs make great corrosion coatings because of their barrier properties, minimal environmental
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impact, insulating nature (when synthesized without transition metal cations), anion
exchange/trapping ability, and in some cases self-healing capabilities [17-20].

Superhydrophobic (SHP) surfaces have a static water contact angle greater than 150°
and can impart more corrosion resistance to coatings via their water repellency [21,22]. SHP
surfaces are constructed by combining high surface roughness and low-surface energy
materials. Surface roughness can be generated through a number of methods [23-29]. Surface
roughness allows for the trapping of air in the nano/microstructure of the surface. If the surface
is modified with a hydrophobic monolayer such as a long chain fatty acid, the trapped air can
push water away from the substrate minimizing contact with water as seen in Figure 5.1 [30].
Exposure to corrosive agents in water (chlorides, sulfates, etc.) is minimized by the SHP surface.
When the barrier properties of a coating are combined with the water repellency of a SHP
monolayer, corrosion resistance is greatly enhanced [31,32].

The deposition of layered double hydroxide films can provide the surface roughness that
is the basis for SHP surfaces. Hydrothermal synthesis of LDH films allows for tunable surface
roughness [33]. Modification of these films with low surface energy materials such as long chain
fatty acids, or 1H,1H,2H,2H-Perfluorodecyltrimethoxysilane (PFDTMS) can produce SHP
surfaces [34,35]. Some of these SHP LDH films have been subjected to corrosion testing in
simulated seawater [31,32,34]. Another study has shown how these films resist microbial
induced corrosion [36]. All previous literature involves the use of magnesium or aluminum as

the substrate and none of the films were fabricated by electrochemical synthesis.
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Figure 5.1. Illustration of SHP surface water repellency.

VVVVV

In this study, two different modified zaccagnaite (MZ) films are fabricated on SS 430
substrates using electrochemical synthesis. One film is deposited at -1.0 V (vs. SCE) and the
other at -1.3 V. Both films underwent surface treatment with palmitic acid to form a
hydrophobic surface on the -1.0 V modified zaccagnaite/palmitate (MZ/P) film and a SHP
surface on the -1.3 V film MZ/P. The structure and morphology of the films were characterized
by X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and scanning
electron microscopy (SEM). The corrosion resistance of the films was evaluated by

potentiodynamic polarization and electrochemical impedance spectroscopy (EIS).
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5.2. Experimental
5.2.1. Substrate Preparation and Film Synthesis

The substrates were SS 430 discs from Ted Pella, Inc. with a diameter of 10 mm, a
thickness of 0.76 mm and an area of 0.95 cm?2. The substrates contained <0.12% C, 16-18% Cr,
<0.75% Ni, <1.0% Mn, <1.0% Si, <0.040% P, and <0.030% S by weight. The discs were degreased
by rough polishing with grit paper and then sonicated in acetone. The substrates were then
attached to coiled copper wire leads with conductive silver epoxy. Once dry they were
mounted in epoxy utilizing molds. After curing, the mounted electrodes were polished with SiC
and diamond to a mirror finish followed by ultrasonication in ethanol.

The electrolytic solution was prepared by dissolving a 2:1 molar ratio of Zn?* to Al**ions
in distilled water. Aluminum nitrate nonahydrate (AI(NOs)3¢9H,0, Alfa Aesar) was the
aluminum source, zinc nitrate hexahydrate (Zn(NOs),#6H,0, Alfa Aesar) was the source of zinc
and potassium nitrate (KNOs, Fisher Scientific) was used as the electrolyte to help facilitate the
formation of MZ film at the electrode surface. The electrolytic concentration of each
compound was determined to be 0.02 M Zn(NOs),26H,0, 0.01 M AI(NO3)3¢9H,0 and 0.2 M
KNOs. An EG&G Princeton Applied Research (PAR) Model 273A potentiostat/galvanostat was
used to electrochemically deposit films. The depositions were performed at room temperature
utilizing a three-electrode configuration under a nitrogen atmosphere. The working electrode
was a SS disc, a platinum mesh was used as the counter electrode, and the reference electrode
was a saturated calomel electrode (SCE). Films were deposited at -1.0 V and -1.3 V for 3 min.
Stirring was used to mitigate hydrogen evolution. The films were rinsed with distilled water and

air dried at room temperature.
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5.2.2. Film Hydrophobization

The hydrophobization reaction was performed by immersion of the sample in ethanol
solution containing dissolved palmitic acid. The immersion reaction was performed in 0.1 M
palmitic acid solution for 7 h at 70° C. The films were then rinsed with ethanol and allowed to

air dry.

5.2.3. Characterization

The structure and phase composition of the modified zaccagnaite films were identified
by X-ray diffraction (XRD) with a Siemens D500 diffractometer using Cu Ka radiation (A = 1.5405
A) in a standard Bragg-Brentano configuration. The X-ray tube was operated at 35 kV and 24
mA. Each sample was scanned from 2.0° to 50° (28), with a step size of 0.05° and a dwell time
of 1.0 seconds. The surface morphology of the films was characterized by scanning electron
microscopy (SEM) with an X-ray dispersive spectroscopy (EDX) attachment (FEI Quanta 200
ESEM). A spot size of 3.0 and an accelerating voltage of 25 kV were used. A Perkin Elmer
Spectrum One FT-IR Spectrophotometer was used to analyze the composition of the films. The
films were scraped off with a blade and ground up further before being placed onto an ATR

attachment. Each sample was scanned 16 times at a wavenumber range of 4000 — 450 cm™™.

5.2.4. Contact Angle Measurement
In this study, the static water contact angle (SWCA) is measured by the static sessile
drop method in which a camera records an image of the drop on the sample surface. Drops

were dispensed by a 2 ml Ramé-Hart micro-syringe graduated in 2 pL increments. The droplet
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size was 6 pL. Images of the droplets were recorded with an Infinity 2 CCD camera and Infinity
Analyze 6.4 software. The angle between the liquid/solid interface and the liquid/vapor
interface was measured by the Drop Shape Analysis ImagelJ plugin. Contact angle values are

reported as the average of measurements of three different positions.

5.2.5. Immersion Tests and Corrosion Measurements

Polarization measurements and immersion tests were performed in 3.5 wt.% NacCl
aqueous solutions at room temperature. Potentiodynamic polarization tests were conducted
with an EG&G Princeton Applied Research (PAR) Model 4000 potentiostat/galvanostat. Each
sample was immersed in the NaCl solution for 30 min before polarization curves were
measured with respect to open circuit potential (OCP) at a scan rate of 1 mV/s. EIS
measurements were performed to study the corrosion behavior of the synthesized films in 3.5%
NaCl before and after an 192 h immersion period. Each sample was immersed for 30 min prior
to measurement in order to achieve a steady state. EIS measurements were conducted with an
EG&G Princeton Applied Research (PAR) Model 4000 potentiostat/galvanostat. EIS experiments
were performed from 10 kHz to 25 mHz at open circuit potential (OCP) and the perturbation
voltage was 5 mV. EIS spectra were modeled with ZView 3.3 (Scribners Associates Inc.)

software.
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5.3. Results and Discussion
5.3.1. Structural Characterization and Morphology

The XRD patterns of -1.0 V MZ film is shown in Figure 5.2a. The film was analyzed after
15 min in addition to 3 min of electrosynthesis time because of the weak intensity of the 3 min
film. The 3 min film shows a very small (003) reflection at 9.91° characteristic of LDH. When the
sample is deposited for 15 min, both the (003) and (006) LDH reflections are seen at 10.02° and
20.14°. SS substrate reflections can be observed at 42.56° and 44.56°. The 3 min and 15 min
films display basal spacings of 0.89 and 0.88 nm which agree with previous research [37-39].

The XRD patterns of -1.3 V MZ film are shown in Figure 5.2b. Again the film was
analyzed after 15 min in addition to 3 min of electrosynthesis time because of the weak
intensity of the shorter deposition. The 3 min film shows a very small (003) reflection at 10.05°
characteristic of LDH. When the sample is deposited for 15 min, the (003) and (006) LDH
reflections are seen at 9.90° and 19.85°. SS substrate reflections can be observed at 42.65° and
44.60°. The 3 min and 15 min films display basal spacings of 0.88 and 0.89 nm.

The FTIR spectra of palmitic acid, -1.0V MZ,-1.3V MZ, -1.0 V MZ/P, and -1.3 V MZ/P are
shown in Figure 5.3. Table 5.1 shows that the -1.0 V MZ and -1.3 V MZ films spectra contain all
the characteristic peaks of LDH including O-H stretching, H.0 bending vibration, asymmetric
nitrate stretching, and Al-O stretching [37,38,40,41]. The -1.0 V MZ/P and -1.3 V MZ/P films also
show all of the characteristic peaks of LDH and two additional peaks. The two additional peaks
are associated with the asymmetrical and symmetrical CH; stretching of the palmitic acid
indicating that the film has formed chemical bonds with the fatty acid [42]. Peaks from 2700-

1800 cm™* are from the diamond ATR surface [43].
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Figure 5.2. XRD patterns of the a) -1.0 V MZ and b) -1.3 V MZ films.
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Figure 5.3. FTIR spectra of the -1.0 V MZ and -1.3 V MZ films before and after the

hydrophobization reaction.
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Table 5.1. FTIR Assignments of the palmitic acid, MZ, and MZ/P.

4000 3500 3000 2500 2000 1500 1000 500

Peak Assignment -1VvMZ | -13VMZ | -1V MZ/P | -1.3V MZ/P | Palmitic Acid
O-H stretch 3396 3388 3402 3414 N/A
Asymmetrical CH; stretch | N/A N/A 2922 2920 2915
Symmetrical CH; stretch | N/A N/A 2853 2850 2847
Bending vibration of H,O | 1637 1637 1611 1593 N/A
Asymmetric NOs3 stretch | 1345 1350 1349 1352 N/A

Al-O stretching modes 933,508 | 944,523 | 943,530 942, 525 N/A
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Figure 5.4. SEM images of a,c) -1 V MZ film at different magnifications and b,d) -1.3 V MZ film at

different magnifications. SEM images of e) -1 V MZ/P film and f) -1.3 V MZ/P film.

SEM images of the -1.0 V MZ film are shown in Figure 5.4a and 5.4c. The film can be

characterized by a smooth homogeneous surface with spider web-like drying fractures that
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have been observed in previous studies [44,45]. The surface of the film after reaction with
palmitic acid is shown in Figure 5.4e. There is no visible difference in the morphology between
the -1.0 V MZ and -1.0 V MZ/P films. SEM images of the -1.3 V MZ film are shown in Figure 5.4b
and 5.4d. The surface is highly textured and homogeneous. There is a lot of void space between
the amorphous structures that make up the textured surface. Figure 5.4f shows that the -1.3V

MZ and the -1.3 V MZ/P surfaces have the same morphology.

5.3.2. Contact Angle

Figure 5.5. Optical images of the SWCA for a) -1.0 V MZ/P and b) -1.3 V MZ/P films.

-1.0V MZ/P Film -1.3V MZ/P Film

The optical SWCA images are displayed in Figure 5.5. The SWCA values in Table 5.2
support the morphology differences displayed in Figure 5.4. The -1 V MZ/P film displays a
hydrophobic SWCA of 106.9° and the -1.3 V MZ/P film displays a superhydrophobic SWCA of
169.9°. The SWCA value of 169.9° is as large or greater than previous research involving SHP

hydroxide or LDH films [31,32,34-36,46,47].
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Table 5.2. SWCA of the -1.0 V MZ/P and -1.3 V MZ/P films.

-1.0vMzZ/P |-1.3VMZ/P

Contact Angle | 106.9+1.2° |169.9+0.7°

5.3.3. Corrosion Resistance

Figure 5.6. a) Polarization curves of SS, -1.0 V MZ, -1.0 V MZ/P and -1.3 V MZ measured in 3.5

wt.% NaCl. b) Polarization curve of the -1.3 V MZ/P film in 3.5 wt.% NaCl.
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The polarization curves of the bare SS substrate, -1V MZ, -1.3V MZ and -1V MZ/P
samples in 3.5 wt.% NaCl solution are shown in Figure 5.6a. The corrosion potential (Ecorr) and
the corrosion current density (icorr) for each sample is listed in Table 5.3. The deposition of MZ
onto SS resulted in a positive shift in the Ecorr and a decrease in the icorr. Also, a higher
deposition potential of MZ caused a positive Ecorr shift and a decrease in icorr. Hydrophobization
of the films also shifted the Ecorr in a positive direction and decreased the icorr. The icorr
decreased from 1.32 x 10°A to 6.78 x107 A, 2.20 x107 A and 5.39 x10®8A for the SS, -1V MZ, -1.3 V
MZ, and -1 V MZ/P films, respectively. The polarization curve of the -1.3 V MZ/P film is shown in
Figure 5.6b. The extreme oscillation of the current may be due to the layer of air that forms on
SHP surfaces. Although the plot is too noisy to obtain accurate Ecorr and icorr Values, the plot
appears to be shifted more anodic than the other samples and most of the observed current is

less than 10”7 A indicating improved corrosion protection. These polarization measurements
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indicate that the film provides a barrier to the transport of aqueous species to the substrate so
that the ability of the chloride to attack the substrate is reduced. Hydrophobization of the films
improves this barrier. Some current density oscillation is observed around Ecorr and in the
anodic branch of the polarization curves which was also observed in a previous study [48]. The
current density oscillation becomes greater as the observed current decreases. This may be due
to the dissolution of hydroxides from the coating surface or surface anion exchange with

chlorides in the solution.

Table 5.3. Corrosion potential (Ecorr) and corrosion current density (icorr) of the samples.

Ecorr (V vs. SCE) icorr (MA-cm?)
SS -0.254 1.32x10°
-1V MZ -0.203 6.78 x107
-1.3V M2z -0.186 2.20 x107
-1V Mmz/P 0.046 5.39 x10°®

The stability of the bare SS substrate, -1V MZ, -1.3V MZ, -1V MZ/P, and -1.3 V MZ/P
samples in a corrosive marine environment was simulated with immersion testing in 3.5 wt.%
NaCl solution. EIS data was acquired after 1 h and 192 h of immersion. The equivalent circuit
used to fit the EIS spectra is shown in Figure 5.7. Rs represents the solution resistance while Rct
and Rf represent the charge transfer resistance and the film resistance. CPEq and CPE; are the
double layer and film capacitances. Rt and CPEg represent the film/substrate interface. The
electrochemical model takes into account that microstructural pinholes exist in the film which
allows some of the electrolyte solution to pass through and corrosive species are able to attack
the substrate [49]. Rerepresents the resistance of the microstructural pinholes that provide a

channel for ions.

124



Figure 5.7. Equivalent circuit model used to fit EIS data of bare SS substrate, MZ films, and MZ/P

films.
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The Nyquist, Bode magnitude, and Bode phase plots of the samples immersed for 1 h in
3.5% NaCl are displayed in Figure 5.8. Partial semicircles can be observed for each sample in
Figure 5.8a and the larger the semicircle the greater the corrosion resistance. According to the
Nyquist plot, -1.3 V MZ/P film shows the greatest corrosion resistance followed by -1 V MZ/P.
The -1V and -1.3 V MZ films seem to have similar resistances while SS has the lowest. The Bode
magnitude plot is shown in Figure 5.8b and all samples display a similar behavior. A higher Z
modulus at lower frequencies indicates better corrosion resistance of the metal substrate.
Again the -1.3 V MZ/P film displays the greatest corrosion resistance followed by -1 V MZ/P. The
SS substrate has a higher Z modulus than both -1.3 V and -1 V MZ films. The Bode phase angle
plot is shown in Figure 5.8c and all samples show similar behavior. The phase angle reaches a
plateau around 102 Hz and it doesn’t decrease until 10! Hz. The phase angles of the SS and -1.3
V MZ/P film plateau at slightly higher frequency than the other samples.

The calculated parameters for the equivalent circuit model in Table 5.4 support most of
the behavior observed in the Nyquist and Bode plots. The -1.3 V MZ/P film has the greatest Rt
of 3.14 x 10° Q cm? and the -1 V MZ/P film has the next highest at 5.97 x 10° Q cm?. The R of -

1.3V MZ, -1V MZ, and SS were 2.60 x 10°, 1.50 x 10°, and 9.20 x 10° Q cm? respectively. The
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layer of air on top of the film generated by SHP surface of the -1.3 V MZ/P film is responsible for

its high Ret. Because the water repellency of the -1 V MZ/P film is less, it had a lower Re:.

Figure 5.8. a) Nyquist plot, b) Bode plot of log|Z| vs. log(frequency), and c) Bode plot of phase
angle vs. log(frequency) of samples at 1 h immersion in 3.5% NaCl. The straight lines represent

the simulated curves from ZView.
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The Nyquist plot in Figure 5.9a indicates that all of the samples have similar looking
spectra after 192 h immersion. After 192 h, the -1.3 V MZ/P, -1 V MZ/P, and the SS samples
show the highest resistance. It is difficult to estimate resistance from these samples because
they are grouped close together and their semicircles are incomplete. The -1.3 V MZ film seems
to have the lowest resistance and the -1 V MZ film has a slightly higher resistance. The Bode
magnitude plot in Figure 5.9b shows that the -1.3 V MZ/P film has the greatest Z modulus at
lower frequencies followed by -1V MZ/P, SS, -1V MZ, and then -1.3 V MZ. The Bode phase
angle plot in Figure 5.9c is similar to the plot observed at 1 h immersion. The phase angles
reach a plateau between 10'-10% Hz and then slightly decrease at lower frequencies (10 Hz).
The -1.3 V MZ/P phase angle reaches its maximum at a higher frequency than the others and
the -1.0 V MZ/P phase angle reaches its maximum at a lower frequency than the others.

The circuit element values from Table 5.4 indicate that the corrosion resistance of
almost all the samples increased after 192 h immersion in 3.5% NaCl. Only the Rt of the -1.3 V
MZ/P film decreased after 192 h to 2.81 x 106 Q cm?2. The monolayer of palmitic acid on the
surface of the -1.3 V MZ/P film may have been damaged by the chloride environment resulting
in the loss of the protective air pocket and a lower Rc:. Even with its decreased Rt the -1.3 V
MZ/P has the highest resistance of the coated substrates. The -1 V MZ/P film had a Rct of 1.19 x
10° Q cm? which is twice as large as its 1 h value. Surprisingly, the -1 V MZ film had a slightly
higher Ret of 1.52 x 10° Q cm?. The Rt value of the -1.3 V MZ film is 8.12 x 10° Q cm?. The -1V
MZ has a higher Rt than the -1.3 V MZ because the high deposition potential may have

produced gas bubbles leading to increased defects in the coating. The bare SS sample showed
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an increase in Rt to 2.24 x 107 Q cm? probably due to the passivating oxide layer that formed

during the immersion period.

Figure 5.9. a) Nyquist plot, b) Bode plot of log|Z| vs. log(frequency), and c) Bode plot of phase
angle vs. log(frequency) of samples at 192 h immersion in 3.5% NaCl. The straight lines

represent the simulated curves from ZView.

a o SS
o -1VMZ
-1.3VMZ
v -1VMZ/P
-1.3V MzZ/P

E
]
N
I ¥ | ¥ | ¥ | ¥ | _Z‘/('zcmzl ¥ |
0 20000 40000 60000 80000 100000 120000
-Z'1Q cm2

129



log(|Z)/Q2 cm2)

Phase Angle/-

N
1

N
1

@ SS

o -1VMZ
-1.3VMZ

v -1VMzZ/P
-1.3V MzZ/P

0 2 4

SS
-1VMZ
-1.3VMZ
-1V MzIP
-1.3V MzZ/P
0 2 4
log(Frequency/Hz)

130




Table 5.4. Fitting parameters of impedance spectra after 1 h and 192 h immersion in 3.5% NaCl

calculated using ZView.

SS -1vmz -1vmz/p -1.3V Mz -1.3V Mz/P

1h 192h |1h 192h |1h 192h |1h 192h |1h 192 h
Rsol/Q cm? | 6.61 7.21 7.96 8.05 8.17 8.16 12.89 23.96 11.97 11.22
CPE; 7.64E-5 | 528E-5 | 2.82E-5 | 2.28E-5 | 3.66 E-5 | 1.51E-5 | 6.54E-5 | 6.83E-5 | 2.67E-6 | 3.42E-6
CPE¢-n 0.72 0.83 1.00 0.95 0.93 1.00 0.86 0.84 1.00 0.99
Ri/Qcm? | 421 15.52 7.93 20.20 34.97 26.68 8.71 26.12 43.10 41.62
CPEy 5.64E-6 | 238E-6 | 9.51E-5 | 3.86E-5 | 1.22E-5 | 2.87E-5 | 8.76E-5 | 298E-5 | 9.33E-6 | 1.08E-5
CPEg4-n 1.00 1.00 0.79 0.79 0.91 0.85 0.73 0.80 0.80 0.80
Re/Q cm? | 920E4 | 224E7 | 150E5 | 1.52E6 |597E5 | L19E6 | 260E5 | 812E5 |3.14E6 | 2.81E6

The open circuit potential value of each sample was monitored during the immersion

period of 192 h and is displayed in Figure 5.10. The -1.3 V MZ/P and -1.0 V MZ/P films initially

(after 1 h) had the most positive OCPs of 44 and 22 mV respectively. The initial OCPs of the SS, -
1V MZ, and -1.3 V MZ films were -241, -221, and -199 mV respectively. The OCPs of the -1.3V

MZ/P and -1.0 V MZ/P films shifted cathodically and the SS, -1 V MZ, and -1.3 V MZ films shifted

anodically. At the end of the 192 h immersion period, the SS, -1V MZ, and -1 V MZ/P films all

had an OCP of -50 mV. These similar OCPs could be the result of the samples degrading similarly

or producing similar corrosion products. The -1.3 V MZ film ended at an OCP of -128 mV while

the -1.3 V MZ/P film had a final OCP of -33 mV. The more anodic final OCP of the -1.3 V MZ/P

film may be the result of the damaged palmitic acid monolayer still repulsing water molecules.
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Figure 5.10. OCP monitoring in 3.5% NaCl.
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SEM images were taken of each coated sample after immersion for 192 h. In Figure
5.11a it seems that the -1 V MZ film has fractured revealing the SS substrate below. This film
was not able to withstand the corrosive chloride electrolyte. Figure 5.11b shows the -1.3 V MZ
film after immersion. The surface appears slightly fractured, but the underlying SS substrate is
not observed. The SEM image of the immersed -1 V MZ/P sample is shown in Figure 5.11c. The
sample appears to be unaffected by the corrosive electrolyte. The SEM image of the -1.3V
MZ/P film is displayed in Figure 5.11d. It looks very similar to the -1.3 V MZ film with a slightly
fractured appearance. This damage suggests the possible dissolution of the palmitic acid

monolayer allowing the corrosive electrolyte to attack the surface.
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Figure 5.11. SEM images of a) -1V MZ, b) -1.3V MZ, c) -1V MZ/P, and d) -1.3 V MZ/P films after

192 h immersion in 3.5% NaCl.

5.4. Chapter Conclusions
Hydrophobic and SHP MZ/P films on SS 430 substrates were prepared by
electrodeposition and immersion reaction in a palmitic acid/ethanol solution. All synthesis

conditions were the same between the hydrophobic and SHP films except the film deposition
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potential. A higher (-1.3 V vs. -1.0 V) deposition potential resulted in higher surface roughness
and therefore a SHP surface. XRD showed that the films deposited at different potentials had a
similar structure. FTIR showed that bonds were formed between the palmitic acid and the film
creating a low-surface-energy monolayer on top of the film. Potentiodynamic polarization and
EIS in 3.5% NaCl revealed that the -1.3 V MZ/P film showed the better initial corrosion
resistance than the -1 V MZ/P film. After a 192 h immersion period, the -1.3 V MZ/P film

displayed a slightly decreased yet still higher corrosion resistance than the -1.0 V MZ/P film.
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CHAPTER 6
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK
6.1. Summary of Dissertation Research

In the first project, a stable sensor for the determination of gallic acid (GA) and caffeic
acid (CA) was fabricated by electrodeposition of Zn-Al-NO3 layered double hydroxide film on a
glassy carbon electrode (LDHf/GCE). The differential pulse voltammetry response of the
LDHf/GCE to GA has a linear concentration range from 4 mM to 600 mM with a correlation
coefficient of 0.9985 and the calculated detection limit of 1.6 mM at a signal-to-noise ratio of 3.
The differential pulse voltammetry response of the LDHf/GCE to CA has a linear
concentration range from 7 mM to 180 mM with a correlation coefficient of 0.9969 and the
calculated detection limit of 2.6 mM at a signal-to-noise ratio of 3. The constructed sensor was
applied to the determination of GA in commercial green tea samples. While the sensor could
determine the phenolic content of the tea, the sensor was not selective enough to differentiate
between GA and other similar phenolic compounds.

Modified zaccagnaite (Zn-Al-NOs3) films were synthesized on stainless steel substrates by
multilayer electrochemical deposition in aqueous solutions. Structural characterization
indicated a pure layered double hydroxide phase; however, elemental analysis revealed that
the surface of the films contained Zn:Al ratios outside the reliable ranges of layered double
hydroxides. The films are labeled modified zaccagnaite because of the irregular metal content
and the substitution of nitrate for carbonate. The corrosion resistance of the film was
determined with polarization measurements in 3.5 wt.% NacCl. The corrosion current was

reduced by 92% and open circuit potential was shifted 126 mV more positive. The films
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maintained their corrosion resistance after immersion of the films in 3.5 wt.% NaCl for 168 h.
This corrosion protection is a result of the multilayer deposition method. Each successive layer
fills in the voids and defects in the previous layer.

Superhydrophobic surfaces on stainless steel substrates were prepared by the
electrodeposition of a modified zaccagnaite film followed by a hydrophobization reaction with
palmitic acid. The effects of modified zaccagnaite electrodeposition potential, electrodeposition
time, palmitic acid concentration, hydrophobization reaction time, and hydrophobization
reaction temperature were systematically investigated. Contact angle measurements were
performed to evaluate the wettability of the films. Optimization of film synthesis resulted in a
surface with a static water contact angle of 169.9°.

Superhydrophobic and hydrophobic surfaces on stainless steel substrates were
prepared by the electrodeposition of a modified zaccagnaite film followed by a
hydrophobization reaction with palmitic acid. The superhydrophobic surface (169.9°) was
produced with the optimized parameters determined in previous work. The hydrophobic
surface (106.9°) was synthesized utilizing the same parameters except for a different
electrodeposition potential. The corrosion properties of both films were investigated with
potentiodynamic polarization. The stability of the films was investigated with electrochemical
impedance spectroscopy during before and after a 192 h immersion period in 3.5 wt.% NaCl.
Both films provide superior initial corrosion resistance when compared to the bare SS substrate
and maintained this protection after the 192 h immersion period. The corrosion resistance of
the superhydrophobic film decreased slightly during the immersion period. This suggests that

the palmitic acid monolayer is not stable for long durations in saltwater.
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6.2. Suggestions for Future Work

The sensor research could be continued by examining the surface morphology with a
confocal microscope. The film was observed by SEM, but the conditions of the SEM analysis
(high vacuum and electron beam) may have damaged the film. Observing with a confocal
microscope will also allow the film to be observed in a hydrated state which is more similar to
its actual state when it is used for sensing in agueous solutions. The effective electrode area
should also be calculated for both the bare and modified electrode. The area can be
determined by performing cyclic voltammetry with a well-known redox probe such as
potassium ferricyanide at various scan rates in conjunction with the Randles-Sevcik equation.
The effective area can be calculated as long as the scan rate, diffusion coefficient of the redox
probe, bulk concentration of the redox probe, and the number of electrons transferred are
known. Changing the metal constituents of the LDH film in order to transform it to a conductive
material. The Zn cation could be replaced with transitional metals such as Ni or Fe. Increasing
the conductivity of the film should improve the sensitivity and possibly make it able to
differentiate between similar structured analytes. Another direction would be to combine the
LDH in film or nanosheet form with graphene or carbon nanotubes. This combination may
produce a sensor with good selectivity, high sensitivity, and other unforeseen benefits. The co-
deposition of LDH with a polymer could also be explored to minimize defects due to drying of
the film.

Further research can be performed on the multilayer modified zaccagnaite films from
the second chapter. Thermal techniques could be performed to characterize the film. Thermal

gravimetric analysis could be done to determine the water and anion content. The corrosion
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resistance could be studied further by performing electrochemical impedance spectroscopy.
Other corrosion analysis techniques that could be performed are the humidity cabinet test and
the salt spray test. Also, the corrosion of the film could be studied in simulated seawater which
contains a more complete salt content than the 3.5 wt.% NaCl solution. The films could be
tested in other corrosive environments besides the sea such as atmospheric, rainwater,
microbial, and desert conditions. The corrosion products of the film could be explored with
Raman and X-ray photoelectron spectroscopy. Wear, hardness, and adhesion tests could be
performed to assess the mechanical strength of the film. The self-healing properties of the film
could be tested by making an incision through the film all the way to the substrate. Then the
film would be inserted into the corrosive medium and corrosion resistance techniques could be
used to see if the corrosion protection increases or decreases during immersion. The
investigation of composite coatings containing exfoliated LDH nanosheets and metal alloys
could yield improved mechanical and corrosion resistant properties.

The superhydrophobic films from the third and fourth chapters could be characterized
further. Atomic force microscopy could be used to investigate the morphology and surface
roughness in more detail and resolution than stylus profilometry. The stability of the static
water contact angle could be measured over extended amounts of time in atmosphere and
different aqueous environments. Contact angle hysteresis and sliding angle could be measured
to investigate the adhesion of water on the surface of the film. Mechanical tests such as
hardness, abrasion, and adhesion tests could be performed. Corrosion testing of the films could
be performed in a variety of corrosive environments. The low surface energy modifier could be

changed to trans unsaturated fatty acid in order to obtain a cross linked hydrophobic
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monolayer. Crosslinking would provide greater resistance to the dissociation of the fatty acid
and because the fatty acid is in the trans configuration the molecules can be tightly packed
resulting in better surface coverage.

Layered double hydroxides and their derivatives are an exciting area of research. They
have a very unique layered charge structure that lends them to many potential applications.
They are found in nature and can replace current materials that are harmful to the
environment. These materials are easy to synthesize and most methods do not create much
waste. The constituents and properties of the films can be easily changed and modified. These

benefits ensure that layered double hydroxides will continue to be explored in the future.
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