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Abstract

Hydrophobic surfaces have drawn lots of attention for use in applications such as self-

cleaning surfaces, anti-icing in harsh environments and corrosion resistance. Generally

speaking, the prerequisite for hydrophobic surface synthesis is the combination of

micro-scale and nano-scale surface structures along with a low surface energy coating.

In my research work, chemical methods were investigated to produce hydrophobic

carbon steel and stainless steel, which are important engineering metals.

Simple chemical etching and organic coatings were applied to carbon steel and

stainless steel. Although the hydrophobicity of the modified surface increased, the

degree of water repellency didn’t reach our expectation. Furthermore, the heteroge-

neous etching and coating caused large uncertainty in terms of wettability. The most

promising system is a zinc electrodeposit with a stearic acid coating. We showed that

mildly alkaline electrolytes can be used for the fabrication of zinc coatings that give

rise to remarkably low adhesion surfaces. Various parameters (pH, applied potential,

electrolyte composition) during zinc electrodeposition influenced the homogeneity of

zinc coverage and the topography of zinc crystalites, which consequently impacted

the hydrophobicity of the surface. Moreover, the two important roles of stearic acid,

preventing the oxidation of zinc surface and decreasing the surface energy, were also

studied. In conclusion, the zinc layer not only increases the roughness of the surface,

but also provide excellent adhesion to the organic coating.
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Chapter 1

Introduction

This introductory chapter gives an overview of simple water wetting phenomena and

models, as well as an introduction to electrochemical metal deposition. Both of these

are large topics and have been the focus of many recent review articles. [1–4]

1.1 Wettability

In recent years, hydrophobic materials have been of great interest for industrial ap-

plications, such as self-cleaning [5], drag reduction in fluids [6], anti-icing in harsh

environments [7, 8] and corrosion resistance [9], especially for superhydrophobic met-

als [10], which can be used in aeronautics [11], and offshore pipelines [12]. Inspired

by nature such as the lotus leaf [13], wettability is understood through aspects of sur-

face structure and surface energy. Therefore, to fabricate a water repellent surface,

we need to learn about some background knowledge of surface energy and surface

structure.

1
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1.1.1 Surface energy and surface tension

Surface energy is also called interfacial free energy, which is defined as the excess

energy at a surface compared to the bulk [14]. For instance, consider a water droplet

in the air. An inner water molecule is pulled in all directions by the surrounding water

molecules, which results in the net force on this inner water molecule to be zero. The

attractive force generated between molecules of the same type is called the cohesive

force. However, for molecules on the surface, they don’t have the same number of

water molecules on all sides. Moreover, air molecules also possess a tendency to

attract the surface water molecules. This sort of attractive force between molecules

of different types is called the adhesive force. Due to the relatively low density of air

compared to water, the cohesive force is larger than adhesive force. Thus, the surface

water molecules are pulled inwards and the net force of surface water molecules is not

zero. The dimension of surface tension is either force per unit length, or energy per

unit area. Therefore, surface tension is also used for surface energy. Surface molecules

contain more energy than molecules in the bulk. Similarly, solid substrates also have

surface energy, which is the interfacial energy between air and solid (γsolid/gas) [15]. If

the surface energy of a solid substrate changes due to the addition of a liquid droplet

on the surface, the surface is said to be wetting. The spreading parameter [16] can

be used to explain this situation, a shown in Equation 1.1:

S = γsolid/gas − γsolid/liquid − γliquid/gas (1.1)

If S ≥ 0, the liquid wets the surface completely. If S ≤ 0, the solid surface is just

partially wet. So in other words, surface energy can also be defined as the amount

of energy which is used to increase the surface area of the liquid droplet. For a

hydrophobic surface, we don’t want the liquid to wet the solid surface. Therefore, if a
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solid substrate has a low energy surface, which cannot provide enough energy for the

increase of liquid surface area [17, 18], then this low energy solid surface can prevent

wetting by the liquid. Some substances, such as metal and glass, tend to have high

energy surfaces. For other materials, such as fluorocarbons and hydrocarbons, have

low energy surfaces since their molecules are connected by weaker forces (hydrogen

bonds, van der Waals interactions) [19].

1.1.2 Contact angle

Contact angles can be used to quantify the wetting property of the solid surface. On

an ideal solid surface (smooth), Young’s equation (Equation 1.2) [20]:

cos θ =
(
γSV − γSL

γLV

)
(1.2)

can be used to express the relation between the contact angle (θ) and three specific

interfacial energies. As shown in Figure 1.1a, these three interfacial energies, γSV

(interfacial energy between vapour and solid), γSL (interfacial energy between solid

and liquid) and γLV (interfacial energy between liquid and vapour), should be balanced

in the horizontal direction. Generally speaking, if the contact angle is smaller than

90◦, the solid surface is defined as hydrophilic (Figure 1.1b). If the contact angle is

larger than 90◦, the surface is hydrophobic (Figure 1.1c). The surface is regarded as

superhydrophobic surface if the contact angle is larger than 150◦ [21].

As mentioned above, a low energy surface can better prevent the wetting of a

liquid. In Figure 1.2, there is a carbon steel bar with a high energy surface. The right

half of this steel was coated by Aculon, which is a commercial organic polymer, and

gives a low energy surface. Water droplets were dispensed on each part. It’s clear

from the contact angle that Aculon gives a low energy surface and the bare steel has
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Figure 1.1: a: A schematic diagram of a droplet on a surface. b: A hydrophilic surface
has a contact angle θ smaller than 90◦. c: A hydrophobic surface has a contact angle
θ larger than 90◦.

a high energy surface.

1.1.3 Wenzel model

Young’s equation has a drawback in that it can only be applied to an ideal smooth

surface. But what if the solid substrate has a homogeneous rough surface? As shown

in Figure 1.3, the water droplet could penetrate into the grooves. In this case, the

contact angle can be explained by the Wenzel model (Equation 1.3) [22]:

cos θA = r cos θC (1.3)

where θA is the observed contact angle. r is the roughness factor which is the ratio

of the true area of the solid surface to the projected area, and θC is the contact angle

of the smooth surface. On a rough surface, the true area of the solid surface is larger
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Figure 1.2: Demonstration of the wettability difference between a hydrophobic low en-
ergy surface (Aculon) and a hydrophilic high energy surface (bare steel). Dimensions
of the bar: 6 mm × 8 mm × 50 mm.

Figure 1.3: A schematic diagram of the homogeneous wetting regime (Wenzel).

than the projected area of the solid surface, which means that r is larger than 1.

Thus, based on Equation 1.3, we can conclude that, if the original smooth surface is a

hydrophilic surface, then the corresponding rough surface becomes more hydrophilic.

Vice versa, if the original smooth surface is a hydrophobic one, then the corresponding

rough surface would become more hydrophobic.

1.1.4 Cassie–Baxter model

How about a heterogeneous rough surface? Imagine that if the regularly rough solid

substrate has a low surface energy (Figure 1.4), the liquid droplet doesn’t penetrate
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Figure 1.4: A schematic diagram of the heterogeneous wetting regime (Cassie-Baxter).

into these grooves. Instead, some air pockets are trapped in these grooves. In this case,

the contact angle can be explained by the Cassie–Baxter model (Equation 1.4) [23,24]:

cos θA = φs(cos θC + 1)− 1 (1.4)

where θA is the observed contact angle. φs is the area fraction of the substrate

in contact with the liquid droplet and θC is the contact angle of the smooth surface.

From the Cassie-Baxter model, we see that droplets will have a higher observed contact

angle if less area is in contact with the solid substrate. Moreover, the Cassie-Baxter

model tells us that roughness and low surface energy are two key factors for generating

hydrophobic materials. But drawbacks of Cassie–Baxter model are still evident. First,

the Cassie-Baxter model only applies to a regularly rough surface. Moreover, this

model doesn’t say anything about the adhesion between the liquid and the solid

surface.
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1.2 Electrodeposition

Electrodeposition, also known as electroplating, has been investigated for decades.

Electrodeposition is an electrochemical process that forms a thin metal layer on a

substrate. During the process, an external electrical current is applied in the elec-

trolyte to generate a redox reaction. As for the reduction, the metal cations in the

electrolyte gain electrons so that metal adheres to the electrode (substrate). As for

the oxidation reaction, normally it is the generation of O2 from H2O. During elec-

troplating, many factors have impacts on the deposition of the metal, such as the

composition and concentration of the electrolytes solution and the addition of surfac-

tant. Moreover, the evolution of H2 is one of the reduction processes occurring on the

surface of substrate, and H2 bubbles on the surface highly influence the morphology

and the coverage of deposits.

In recent years, various metal electrodeposition procedures have been used to fab-

ricate water repellent surfaces. Generally speaking, metal electrodeposition can be

used to create micron scale or nano-scale structure on the surface to increase the

roughness. But metal deposits have high surface energy. Thus, what people usually

do is to put a low surface energy coating over a metal deposit. As a result, this

combination can produce a hydrophobic surface. Some [25] created a water repellent

surface on carbon steel using Fe electrodeposition and organic acid coating, with slid-

ing angles of only 2±0.5◦ (Sliding angle is the angle of minimum slope at which a

water droplet will roll off.) Fe deposits had micrometer- and nanometer-scale features

that increased the surface roughness. Others [26] combined needle shaped CuO de-

position with fluoroalkylsilane coating, which generates a low adhesion surface with

a sliding angle of only 1◦. Moreover, zinc or zinc oxide electrodeposition with organic

coatings have also been investigated [27–30], Based on other’s work, the morphology

of zinc and zinc oxide crystals can change when using different electrolytes. However,
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all zinc and zinc oxide crystals have nano or micro-scale features on the surface that

increase the surface roughness. Therefore, a very hydrophobic surface can be obtained

by putting an organic coating on the zinc or zinc oxide layer. Few papers mention the

adhesion behaviour of zinc coatings, which is one point that I will discuss extensively

in my thesis.

1.3 Organization of thesis

Chapter 2 introduces some experimental procedures and characterization methods.

The general procedures for electrodeposition and polarization curves are described in

detail. Some characterization methods, such as contact angle measurement, X-ray

diffraction, scanning electron microscopy and attenuated total reflectance infrared

spectroscopy are introduced in terms of background knowledge and their basic appli-

cations.

In Chapter 3, two basic treatments (organic coating and chemical etching) were

investigated to fabricate a hydrophobic surface on engineering metals. First, organic

coating and chemical etching were treated separately on carbon steel. Then the

combination of chemical etching and organic coating was studied. Static contact

angles were the major method used to quantify the wettability of these surfaces.

In Chapter 4, the combination of zinc electrodeposition and organic coating on

carbon steel and stainless steel was investigated. This chapter discusses more de-

tails about the procedure of electrodeposition. Three different organic coatings were

applied to zinc deposits to lower water droplet adhesion.

Chapter 5 discusses the optimization of zinc-stearic acid coatings on stainless

steel, and includes important introductory material that complements Chapter 1.

In this chapter, X-ray diffraction analyses were used to confirm the formation of zinc.
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Scanning electron microscopy was used to observe the morphology of the zinc coatings.

Profilometer measurements were used to quantify the roughness of the zinc coatings.

Chapter 6 gives an overall conclusion of my whole research effort and brings up

some future work based on my results. The appendix briefly introduces the electrode-

position of calcium phosphate, which is potentially useful as a hydrophobic material.



Chapter 2

Experiment details

In this chapter, several experiments and characterization methods are introduced in

terms of their procedures and background knowledge. The procedure of zinc electrode-

position and polarization curve measurements are discussed. For the quantification of

wettability, contact angle measurements are introduced to measure the static contact

angle. The roughness of our coated samples were analyzed by profilometer measure-

ments. Since we generated water-repellent samples, we needed to further understand

the composition and morphology of them. Therefore, X-ray diffraction, attenuated

total reflectance infrared spectroscopy and scanning electron microscopy were used to

characterize the samples.

2.1 Zinc electrodeposition and organic coating

In Chapter 4 and Chapter 5, zinc electrodeposition is one of the primary steps to

fabricate our low adhesion surfaces. Due to the different types of substrates, there

are some differences in the procedures that will be mentioned in the corresponding

chapters. However, the composition of electrolytes is identical. The electrolyte is

prepared with 0.2 M ZnCl2 (ACS grade, 97.0%, Caledon) and 3.5 M NH4Cl (ACS

10
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Figure 2.1: Schematic diagram of zinc electrodeposition and organic coating process.

grade, 99.5%, ACP) in ultrapure water (Barnstead, 18.2 MΩ·cm). The pH value of

the electrolyte is increased to 8 by adding NaOH solid (ACS grade, 97.0%, ACP).

We note that precipitates formed when the pH value is near 7, but the precipitates

disappear once the pH is increased above 7.5.

As shown in Figure 2.1, electrodeposits are prepared using constant potential

or constant current, with steel as the working electrode (WE), a carbon felt or a

carbon rod as the counter electrode (CE) and a saturated calomel (SCE) reference

electrode (RE). The size of the steel substrates and deposition potentials varied, so

more information is mentioned in following chapters. Deposition lasted for 15 min

at room temperature while stirring at 200 rpm. After electrodeposition, the sample

was immersed in an organic coating solution for a few minutes. For different kinds of

organic coatings and substrates, the procedure was varied a little bit and is mentioned

in more detail in later chapters. After the sample was taken out from the organic

coating solution and dried in air, the surface preparation was complete.
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2.2 Polarization curves

The polarization curve method has been widely used for investigating the corrosion

resistance of various coatings. When the potential of an electrode is forced away from

its open circuit potential, it is referred as polarization [31]. Generally speaking, the

polarization of a metal electrode generates current that flows through the electro-

chemical cell. The corrosion of a metal electrode occurs at the interface between the

surface of the metal electrode and the electrolyte. As for the electrochemical reactions

during the polarization, one is the anodic reaction (the oxidation of metal by releasing

some electrons), and the other one is the cathodic reaction (the reduction of O2 or

H+ by gaining some electrons) [32]. The corrosion potential (Ecorr) is obtained when

the anodic reaction and the cathodic reaction equilibrate. As shown in Figure 2.2,

the horizontal axis shows the potential and the vertical axis shows the logarithm of

absolute current. Current at the corrosion potential is called the corrosion current

(Icorr). By calculating Icorr, the corrosion rate can be evaluated. In order to estimate

the corrosion rate, the Tafel model is essential for calculating Icorr. The prerequisite

for using the Tafel model is that the rate of both the anodic and cathodic reaction is

controlled by the kinetics of the electron-transfer reactions [33]. The equation of the

Tafel model is written as Equation 2.1 [34]:

I = Ioeexp
[

2.303(E − Ecorr)
β

]
. (2.1)

In this equation, Ioe is reaction dependent exchange current. Ecorr is corrosion po-

tential and β is the Tafel constant. The Tafel equation represents half of the redox

reaction. However, for corrosion, there are must be two opposing reactions. In this

case, the combination of two Tafel equations generates the Butler-Volmer equation
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(Equation 2.2 [35]):

I = Icorr

(
exp

[
2.303(E − Ecorr)

βa

]
− exp

[
2.303(E − Ecorr)

βc

])
. (2.2)

In Butler-Volmer equation, Icorr is the corrosion current. βa is anodic Tafel constant

and βb is cathodic Tafel constant. From the Butler-Volmer equation, when the po-

tential is Ecorr, the two exponential terms in the equation equal 1. Therefore, the

current is zero, which confirms no current at open circuit potential. When the poten-

tial is forced away from Ecorr, one of the exponential terms will dominate more than

the other, which means the relation between potential and logarithmic current is the

linear region of the polarization curve (Figure 2.2).

As mentioned above, polarization means the potential is forced away from its open

circuit potential, so what we investigate is the linear region of the polarization curve.

By following the linear regions of both reactions, the intersection point of the two

straight lines provides Icorr and Ecorr. Generally speaking, a higher corrosion potential

(Ecorr) and lower corrosion current density reflect a lower corrosion rate and higher

corrosion resistance [36]. However, there are many practical factors that impede the

extrapolation of linear portions. For instance, during oxidation, the surface of a metal

may undergo passivation, which means the surface is changed during the reaction.

Moreover, the simultaneous appearance of more than one cathodic reaction (evolution

of hydrogen or the reduction of oxygen) also makes the system more complicated [37].

Those factors highlight the difficulty of seeing enough linear portions for extrapolation.

Potentiodynamic polarization curve measurements in this thesis work were exe-

cuted using a three electrode system with steel as the working electrode, a carbon rod

as a counter electrode and a saturated calomel electrode as a reference electrode. In

order to mimic the real environment of seawater, the electrolyte was 3.5 wt% NaCl
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Figure 2.2: Example of a Tafel extrapolation plot.

solution. Before the polarization curve measurement, a 1 cm2 area of the substrate

was immersed in the NaCl solution for 30 min to obtain a stable open circuit potential.

For organic coated carbon steel as a substrate, the potential was scanned between -1.2

V and -0.4 V/SCE with a scan rate of 2 mV/s. For zinc coated carbon steel working

electrodes, the potential was applied between -1.3 V and -0.4 V/SCE.

2.3 Contact angle measurements

The contact angle measurement is the most common method to quantify the wetta-

bility of a surface. Our measurements were done using a OCA 15EC contact angle

instrument from Dataphysics (Germany). As shown in Figure 2.3, this instrument has

three key components, which are a sample stage, camera and dosing unit. To measure

the static contact angle, a sample should be placed horizontally on the sample stage
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Figure 2.3: Contact angle instrument.

and the camera should be parallel to the surface. The dosing of a droplet is controlled

by the software. We select a dispense rate of 2 µL/s, and a volume for each droplet

of 5 µL. All the tests were conducted at room temperature (20 oC). Normally, a 5

µL water droplet is not heavy enough to automatically drop down to the sample. In

order to make the droplet touch the surface, we move the needle downward, without

touching the needle tip to the solid surface, until the drop settles down to the sample.

Then the needle is lifted up while the droplet stays pinned on the surface. The anal-

ysis of static contact angle follows three steps (Figure 2.4). First, find the baseline

between the water droplet and the surface. Second, detect the drop contour. Third,

calculate the contact angle by averaging the left contact angle and the right contact

angle of each droplet. All three steps of the analysis are executed automatically by

software.

The contact angle values for each sample were averaged based on six different

positions on the same sample, to account for possible chemical and topographical

inhomogeneities. The error bars shown in each contact angle plot were obtained by

calculating the standard deviation of six contact angle values. Under some circum-
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Figure 2.4: Static contact angle (CA) fit applied to a water droplet on a surface. The
values of the left and right fits are labeled at the top of the image.

stances (when noted), the volume of each droplet was adjusted to 20 µL to measure

the contact angle more easily.

2.4 X-ray diffraction

X-ray diffraction (XRD) is appropriate for the characterization of crystalline mate-

rials. Three key components made up the instrument: X-ray tube, rotating sample

holder and detector [38]. In the X-ray tube, a high energetic electron beam coming

from a heating filament strikes a Cu plate. The bombardment of the electron beam

on the metal surface forces the ejection of electrons from core shells. Meanwhile,

electrons from outer shells fall back to the inner shell and emit radiation (X-ray), so

as to fill the vacancy of the inner shell. By using foils or crystal monochromators, a

single X-ray wavelength (normally Kα) is used. Collimated X-ray beams are directed

toward the sample. Meanwhile, the sample holder keeps rotating so that the angle of

the incident X-ray beam changes with the rotation of sample holder. The constructive
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interference (diffraction) of X-rays occur if the Bragg Equation (2.3) is satisfied [39]:

nλ = 2dhkl sin θ. (2.3)

The Bragg equation associates the wavelength of incident X-ray with its incident angle

and lattice spacing between atomic planes dhkl. hkl stands for Miller indices which

represent specific lattice planes. In a particular crystal system, a number of lattice

planes with different Millers indices exit. By scanning the sample while increasing the

incident angle (θ), all possible lattice orientations can be detected. The diffracted X-

rays are plotted as 2 θ versus intensity. Since all the possible lattice planes (d-spacing)

can be accessed, the corresponding crystalline solid can be identified by comparison

of raw data with standard reference datas and with lattice constant refinements.

In our experiments, XRD analysis was performed using a Rigaku Ultima-IV Pow-

der X-Ray Diffractometer (Cu Kα, λ = 1.54059 Å, range 5-90◦ with 0.02◦ step size)

and lattice constant refinements were obtained using Jade software (Materials Data

Inc.)

2.5 Scanning electron microscopy

A scanning electron microscope can be used to obtain information about the topog-

raphy and the composition of a sample. The surface of the sample is scanned by a

focused beam of electrons, which generates secondary electrons, backscattered elec-

trons, X-rays, Auger electrons and cathodoluminescence [40].

Surfaces were imaged with an FEI MLA 650F scanning electron microscope (SEM)

using secondary electron imaging (SEI) and backscattered electron (BSE) detection.

Compositional data came from energy dispersive X-ray (EDX) detection on the same

SEM. These three imaging modes are briefly introduced below.
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2.5.1 Secondary electron detection

Secondary electrons are emitted from inner atom shells by inelastic excitations [41].

Normally, secondary electrons with energies less than 50 eV are collected by a detector.

Therefore, the depth of the surface that secondary electrons emitted is only a few

nanometers. However, a relatively high resolution (5–20 nm) can be reached [42].

In a secondary electron image, the brightness at different positions is related to the

number of a secondary electron which the detector collected. If an electron beam is

directed perpendicular to a flat surface, some of the secondary electrons won’t emit

from the surface because there is a small interaction volume. As the surface is more

tilted or is more rough, more secondary electrons reach the detector, which results in

a brighter image compared to a flat surface. Therefore, the difference of brightness is

associated with the topography of the surface.

2.5.2 Backscattered electron detection

Backscattered electron (BSE) detection is based on the reflection of an electron beam

from the sample by elastic scattering. The interaction volume for BSE is larger

than for secondary electrons, and BSE can be generated from deeper positions within

the sample. Moreover, the intensity of BSE is proportional to the atomic number

of sample, which gives different atomic information within a BSE image [43]. In

our research work, we used BSE to tell the difference between phases within our

electrodeposited material. If the brightness of a BSE image is uniform, that means

one phase dominate. If the brightness varied across a BSED image, this meant that

multiple compositional phases existed in the electrodeposited sample.
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2.5.3 Energy dispersive X-ray (EDX) detection

X-rays are generated when an electron from an inner shell is ionized and the electron

from an outer shell fills to release energy. These characteristic X-rays are usually used

for elemental analysis [40,43]. EDX, gave us another way to investigate the elemental

composition of our electrodeposited surface, to compare with our BSED results.

2.6 Attenuated Total Reflectance Fourier transform

infrared spectroscopy (ATR–FTIR)

Attenuated total reflectance (ATR) spectroscopy is associated with Fourier-transform

infrared spectroscopy (FTIR) [44,45]. In this technique, an infrared beam travels into

an ATR crystal with a certain angle. Then the infrared beam is reflected within the

crystal several times while it is in tight contact with the sample. The reflection of the

infrared beam induces an evanescent wave that penetrates into the sample. Normally,

the penetration depth is between 0.5 and 5 micrometers. As a result, the molecules

in the sample absorb energy from the evanescent wave based on the excitation energy

of their vibrational modes. Then the attenuated evanescent wave is captured by

the detector. Consequently, the characteristic absorption in the infrared region is

recorded. The advantage of ATR-FTIR spectroscopy over classic FTIR spectroscopy

is that each solid or liquid sample can be tested directly without any additional sample

preparations.

In my research work, ATR–FTIR spectroscopy (Platinum ATR, Alpha, Bruker,

shown in Figure 2.5) was used to characterize samples in Chapter 4. In Section 4.5,

a deposit attached to the substrate was scraped to some fine white particles. Then

particles were poured onto the crystal and pressed.
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Figure 2.5: Photograph of ATR-FTIR spectrometer.

2.7 Profilometer measurements

Surface roughness was assessed with profilometer scans (Alpha-Step D-120 Stylus

Profiler). The key component of our profilometer is a stylus with a 2-micron tip

radius. The surface of the sample was scanned by the fine tip. This one-dimensional

line of scanned surface generates a plot of height versus scan length. 1 mm lengths

were scanned on the interest area of the sample with a 0.04 µm length associated with

one data point. Moreover, the scan speed was set at 0.01 mm/s.



Chapter 3

Wettability studies of steel without

electrodeposits

In this chapter, I described some basic treatments (chemical etching and organic coat-

ing). We attempted to fabricate a water repellent surface on carbon steel and stainless

steel. Organic coatings (stearic acid, dodecanethiol, Aculon) were used to lower the

surface energy. Chemical etching (hydrochloric acid, sulfuric acid, hydrogen peroxide)

was used to increase the surface roughness. Static contact angle measurements were

the main method to quantify the wettability.

3.1 Carbon steel substrate

A350 Gr Lf 2 Class 1 carbon steel bars (6 mm x 8 mm x 50 mm, obtained from

Petroleum Research Newfoundland and Labrador) were prepared for organic coat-

ing and corrosion tests (Figure 3.1a). The chemical composition of A350 Gr Lf

2 Class 1 carbon steel includes C≤0.020%, Si≤0.8%, Mn∼1%, 19.5%≤Cr≤20.5%,

6%≤Mo≤6.5%, 17.5%≤Ni≤18.5%, 0.5≤Cu≤1% [46]. Prior to my experiments, the

21
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Figure 3.1: a: Photograph of rusted carbon steel. b: Photograph of clean carbon
steel. Dimensions of the bars: 6 mm × 8 mm × 50 mm.

previously used carbon steel needed to be cleaned by immersing in 1 M HCl solution

for 5 s to remove rust on the surface (Figure 3.1b).

3.1.1 Organic coating

Organic coatings have been widely used to create hydrophobic surfaces because of their

low surface energies. In this section, three common organic coatings were studied:

stearic acid (STA), dodecanethiol (DDT) and Aculon.

Stearic acid (C17H35COOH) is an 18 carbon chain saturated fatty acid. The po-

lar group of stearic acid (-COOH) can be anchored with metal cations. As for the

nonpolar group, the 18 carbon chain serves as the hydrophobic part. Stearic acid

coating for hydrophobic surfaces has been investigated a lot. Some [47, 48] studied

stearic acid coating on alumina and aluminum substrates with a simple immersion

method, which dramatically increases the hydrophobicity of the surface. Others [49]

introduced vapor deposition of stearic acid on a substrate.

Dodecanethiol can form a self-assembled monolayer whose head group, the thiol

group, is an anchoring group on oxide-free metallic surface. Such self-assembled mono-

layers like DDT can be adsorbed on various surfaces [50]. In other research, coating

DDT on bare silicon surfaces was discussed [51, 52]. Four hours of reaction duration
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Figure 3.2: Photograph of a 5 µL water droplet on carbon steel. The contact angle
here is 65◦.

can make the water contact angle reach a maximum value. Higher ambient humidity

can enhance the adhesion force between DDT and a silicon surface. Furthermore,

coating DDT on other substrates such as Au nano-particles [53] and Cu meshes [54]

has also been studied.

Aculon (Aculon Metal Repellency Treatment, San Diego, CA, USA) is a commer-

cial hydrophobic coating [55]. It is a polymeric coating applied as an ethanol-based

liquid. It is not widely reported in chemistry papers, but it is used in engineering

applications.

The static contact angle is the most straightforward method to test the hydropho-

bicity of an organic coated surface. As mentioned in Chapter 2, six positions on the

surface were randomly chosen to measure the static contact angle and the volume of

each droplet was 5 µL. For comparison, the hydrophobicity of the bare substrate was

measured first. As shown in Figure 3.2, the static contact angle of bare carbon steel

is 65±5◦, which shows that the surface of bare carbon steel is hydrophilic.
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3.1.2 Contact angle measurements

The sample preparation before contact angle measurements was slightly different for

each organic coating.

Stearic acid: HCl–cleaned carbon steel was immersed in 0.05 M stearic acid solu-

tion (ethanol as solvent) for 50 min. Then the sample was dried in air.

Dodecanethiol: HCl–cleaned carbon steel was immersed in 1 M dodecanethiol

solution for 240 min. Then the sample was withdrawn from the solution and rinsed

with distilled water. After drying the sample in an oven (5 minutes at 50 degree

Celsius), the contact angle was measured.

Aculon: HCl–cleaned carbon steel was immersed in the Aculon solution for 10 min

and dried in air.

The wettability of dodecanethiol coated steel varies with the amount of time ex-

posed to air. After the sample was withdrawn from the oven, the mean value of the

contact angle increased to 92o (Figure 3.3a). However, after the sample was exposed

to air for 24 h, the contact angle increased even more. The maximum value can reach

132o, as shown in Figure 3.3b. Thus, we chose the long exposure time (24 h) to

compare with the other two organic coatings.

The mean static contact angle for different organic coatings is shown in Figure 3.4.

It is obvious that the contact angle of all coated samples increased a lot compared to

the contact angle of bare carbon steel. For a stearic acid coating, the contact angle

is 131±6◦. Although stearic acid serves as a coating to lower the surface energy, its

nonuniform coverage on carbon steel surface triggers a large uncertainty (±6◦). The

reason that the coating is not uniform may be due to the heterogeneous elemental

composition on the steel surface. Some parts of the carbon steel surface can form

strong interactions with stearic acid; some parts do not. Dodecanethiol also enhanced

the wettability, but a huge uncertainty (±10◦) also reveals the heterogeneity of dode-



25

Figure 3.3: a: Photograph of a 5 µL water droplet on dodecanethiol coating. The
contact angle here is 92o. b: Photograph of a 5 µL water droplet on 24 h exposed
dodecanethiol coating. The contact angle here is 132o.

canethiol coverage. On a dodecanethiol coated surface, the maximum contact angle

value is 132o, whereas the minimum value is just 104o. In comparison, the Aculon

coating is more uniform than the others, with contact angles of 126±2◦.

3.1.3 Polarization curves

Figure 3.5 shows the polarization curves of bare carbon steel and some organic coat-

ings. The intersection point of each curve shows Ecorr and corr. Based on the calcu-

lation from polarization curves, the corrosion parameters of all specimens are shown

in Table 3.1. As mentioned above, higher corrosion potential and lower corrosion

current indicates better corrosion resistance. As shown in Table 3.1, stearic acid and

dodecanethiol indeed move Ecorr more positive and have corr smaller compared to

bare carbon steel, which means these two organic coatings enhance the corrosion re-

sistance. There is no significant difference between dodecanethiol and stearic acid in

terms of the corrosion resistance.
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Figure 3.4: Static contact angle of three different organic coatings on carbon steel.
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Figure 3.5: Polarization curves for different coating materials on carbon steel. The
slope lines indicate the parts of the curves that were fit in order to extract Ecorr and
corr values.
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Coatings Ecorr (V) corr (A/cm2)
Original carbon steel -0.92 ±2% 1.7 × 10−3 ±3%
Cleaned carbon steel -0.88 ±1% 2.5 × 10−4 ±2%
Dodecanethiol -0.742 ±2% 4.5 × 10−5 ±1%
Aculon -0.81 ±1% 1.7 × 10−4 ±3%
Stearic acid -0.65 ±1% 1.2 × 10−4 ±2%

Table 3.1: Corrosion parameters for carbon steel with different organic coatings

3.2 Stainless steel substrates

In this section, the basic treatment and analysis of A403 – 6Mo stainless steel was

studied. The chemical composition of A403 – 6Mo stainless steel includes C≤0.02%,

Si≤0.8%, Mn∼1%, 19.5%≤Cr≤20.5%, 6%≤Mo≤6.5%, 17.5%≤Ni≤18.5%, 0.5%≤Cu≤1%

[56]. The stainless steel was cut into 6 mm x 8 mm x 50 mm stainless steel bars.

3.2.1 Chemical etching

Chemical etching is simple and can easily change the roughness of stainless steel.

Based on others’ work [57–59], we chose three different etching chemicals: H2O2, HCl

and H2SO4. The concentration of each chemical was 1 M. The immersion time for

each stainless steel bar was 2 min. As shown in Figure 3.6, the contact angle of bare

stainless steel is 73 ±1◦, which indicates a hydrophilic surface. With different chemical

surface etching, the contact angle increases to various extents. For H2SO4 and HCl,

the contact angle only increased to 92 ±2◦ and 97 ±7◦. Moreover, the contact angle

of the HCl etched surface varies considerably with different positions. In comparison,

the impact of H2O2 etching is more impressive with a contact angle of 115 ±1◦.

Since chemical etching can increase the hydrophobicity of the surface, the combi-

nation of chemical etching and the organic coating was also studied, which means both

of roughness and surface energy were modified. The combination of chemical etching

and the organic coating has been studied by others [60,61]. Due to the high variabil-
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ity of dodecanethiol coating on carbon steel, we did not study it in combination with

chemical etching.

For stearic acid, three bare stainless steel samples were etched in other sulfuric

acid, hydrochloric acid, and hydrogen peroxide as mentioned above. Then, etched

samples were immersed in stearic acid (0.05 M) for 50 min. Comparing Figure 3.6

with Figure 3.7, the impact of the stearic acid coating is evident. The static contact

angle of all samples increased overall due to the lower surface energy. As for the no

etching sample and the sulfuric acid etched sample, the mean value of contact angles

were 109 ±3◦ and 108 ±2◦, respectively, which means the etching by sulfuric acid

didn’t make any difference for the wettability. The positive impact of stearic acid

coating on hydrochloric acid etched surface (116 ±3◦) and hydrogen peroxide etched

surface (130 ±3◦) is not surprising.

For Aculon, three bare stainless steel were etched with other sulfuric acid, hy-

drochloric acid and hydrogen peroxide as mentioned above. Then etched samples

were immersed in Aculon for 10 min. Just like stearic acid, Aculon can also increase

the contact angle value compared to the bare chemical etched surface (Figure 3.8).

For etched surfaces, the contact angle increases to 130 ±1◦ (sulfuric acid), 126 ±2◦

(hydrochloric acid) and 128 ±2◦ (hydrogen peroxide). This demonstrates that the

combination of roughness surface (chemical etching) and low surface energy surface

(organic coating) contribute to a more water repellent material. However, none of

these coatings can generate a low adhesion surface. Normally, a low adhesion sur-

face can make a water droplet roll off with few degree tilting of substrate. For these

samples, water droplets stick on the surface, even when the substrates were upside

down. Given the undesirable high water adhesion of our coatings, there was no need

to quantify the water repellency properties further.
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3.2.2 Conclusion

In this chapter, both organic coating and chemical etching were applied to increase the

hydrophobicity of steels. The experimental results show that all of the treatments can

make surfaces more hydrophobic. However, the huge variability of static contact angle

values reveals heterogeneous organic coverage and/or chemical etching. Among the

organic coatings, Aculon worked best. Not only did it increase the static contact angle

(126◦), but it also had the lowest error bar (±2◦). For chemical etching, hydrogen

peroxide worked best. The static contact angle increased to 115 ±1◦. We also tried to

combine organic coating with chemical etching. As a result, the static contact angle

increased even more. The maximum value was 130 ±1◦. However, as mentioned

above, no coating produced a low adhesion surface. This result did not meet our

needs.



30

120

110

100

90

80

70

60

C
on

ta
ct

 a
ng

le
 (

de
gr

ee
)

Chemical
No etching Sulfuric acid Hydrochloric acid Hydrogen peroxide

Figure 3.6: Static contact angles of 5 µL water droplets on bare stainless steel after
different chemical etching treatments.
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Figure 3.7: Static contact angles of 5 µL water droplets on stearic acid-coated stainless
steel after different chemical etching treatments.
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Figure 3.8: Static contact angles of 5 µL water droplets on Aculon-coated stainless
steel after different chemical etching treatments.



Chapter 4

Zinc electrodeposition on carbon

steel

Since chemical etching and organic coatings on our steel substrates did not produce

a low adhesion surface, we sought another way to achieve this. In this chapter,

electrodeposition of zinc will be described in detail.We detail our attempts to make

a super-hydrophobic material on carbon steel by a combination of electrodeposited

zinc, followed by the application of an organic coating. Contact angle measurements

show that the most water-repellent surfaces are produced by using the combination

of electrodeposition and an organic coating.

4.1 Zinc electrodeposition

Zinc has been widely used as a corrosion barrier to protect steel from corrosion in

ambient environments [62, 63]. The composition of steel is mainly iron. In terms of

electrochemistry, the standard reduction potential of zinc is more negative than iron,

which means that zinc can be sacrificially oxidized in an ambient environment before

33
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iron will.

Zinc deposits have been used to prepare superhydrophobic surfaces in recent years.

For instance, a superhydrophobic surface can be formed by a combination of zinc de-

posits and polypropylene organic coatings [64]. There are many factors that vary

in zinc electrodeposition, including morphology, size and compactness [29, 30, 65, 66].

Based on work by others [67], we chose the Zn-NH4Cl-NH3-H2O system as our elec-

trolyte for zinc deposition. For a wide region of pH values, multiple zinc complexes

coexist in solution. But only one kind of zinc complex dominates at a specific pH

value and specific potential. For instance, an amino-complex zinc (Zn(NH3)4
2+) ex-

ists at alkaline pH values, whereas chloro- (ZnCl42−) plays a dominant role at low

pH values. An acidic pH electrolyte is commonly used for zinc electrodeposition.

Few reports talk about what deposits would be like if alkaline electrolytes were used.

Although some [68–70] talked about the morphology of zinc crystals formed in an

alkaline environment, none of them discuss their wettability. We investigated the

hydrophobicity of zinc electrodeposits, prepared from an alkaline electrolyte based on

Zn-NH4Cl-NH3-H2O.

4.2 Zinc film deposition on carbon steel

Carbon steel bars (6 mm x 8 mm x 50 mm) were prepared as substrates (working

electrodes). The electrodeposition area of the working electrode was 1 cm2. The

counter electrode was a carbon rod that matched the area of the working electrode.

The general procedure for electrolyte preparation and electrodeposition is described

in Section 2.1. Here, we used a current density of 30 mA/cm2 for a deposition time

of 30 min.
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Figure 4.1: Polarization curves for zinc electrodeposits prepared at different pH values.

4.2.1 Polarization curves

Polarization curves were was used to measure the corrosion resistance of zinc deposits

synthesized at different pH values. What we look for in the plots (Figure 4.1 is the

corrosion potential (Ecorr) and corrosion current density (corr). Figure 4.1 shows the

polarization curves for different zinc coatings. Ecorr and corr are obtained by following

the linear regions of each cathodic and anodic reaction. The intersection point the

cathodic line and anodic line is corr and Ecorr. Normally, higher Ecorr and lower corr

reflects better corrosion resistance. As shown in Table 4.1, Ecorr and corr are similar

for pH 5,6,8. When the pH value is 4, the exponential curve moves more positive

along the horizontal axis (Figure 4.1), which means the Ecorr is slightly higher. But

overall, there is no big difference in terms of Ecorr and corr between deposits prepared

at different pH values.
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Zinc Coatings Ecorr (V) corr (A/cm2)
pH=4 -1.1 ±2% 2.7 × 10−4 ±3%
pH=5 -1.2 ±1% 1.3 × 10−4 ±1%
pH=6 -1.2 ±3% 1.5 × 10−4 ±1%
pH=8 -1.2 ±2% 1.5 × 10−4 ±2%

Table 4.1: Corrosion parameters of different zinc coatings

4.2.2 Dodecanethiol (DDT) coatings

After zinc was electrodeposited, the sample was rinsed with water and dried in air.

The hydrophobic coating was applied by simply immersing the sample in a dode-

canethiol solution (1M) for 240 min. By coating with dodecanethiol, the contact

angle increases compared to the contact angle for dodecanethiol-coated steel. The

coverage on zinc is more uniform than the coverage on bare carbon steel, which can

be seen in the smaller error bars on the static contact angles. According to Section

3.1.1, the contact angle of DDT coated carbon steel was 115±10◦ (Figure 3.4). For

DDT on zinc electrodeposits, the static contact angle was 130±3◦. Figure 4.2 shows

representative photos of the maximum contact angle (134±2◦) and minimum contact

angle (128±1◦) obtained for DDT-coated zinc. The uniform coating of DDT on zinc

is not surprising. Others [71] discussed the remarkable adhesion between organothiol

head-groups and oxide-free zinc. However, the droplets still pin easily on those sur-

faces, which means the water-repellency of this surface didn’t meet our expectations.

4.2.3 Stearic acid coatings

Stearic acid coatings on zinc were also investigated. For the organic coating procedure,

the only difference compared to DDT is that the immersion time of stearic acid coating

(0.05 M) was 50 min. This procedure produces a very remarkable hydrophobic surface.

It’s hard to measure the static contact angle of this surface using a 5 µL droplet.

Because of the low surface adhesion, these small droplets were not pinned on the
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Figure 4.2: These representative photos show water droplets on dodecanethiol coated
zinc surfaces. a: maximum contact angle value (134±2◦), and b: minimum contact
angle value (128±1◦).

surface, but remained on the needle when the needle was withdrawn. Therefore,

a larger volume (20 µL) was used to measure the static contact angle. The larger

weight of the big droplet caused the water droplet to stick on the surface instead of

remaining stuck to the needle. The static contact angle of this surface was 150±2◦.

However, the zinc film did not totally cover the surface. As shown in Figure 4.3, there

are some white dots on the surface. During the contact angle measurement, we also

found that large droplets did not stick to their original positions. Instead, droplets

would slide to the positions of white dots and stick there. We think the reason that

larger water droplets can stick on the surface is that they touch more easily the white

areas where the droplet can be easily pinned. A pinned water droplet may have a the

large difference between the left contact angle and the right contact angle. Young’s

equation (Equation 1.2) does not account for this observation.

The appearance of white dots may be due to the lack of zinc coverage. Even so,

the poor adhesion of water to this surface in other areas is still impressive. With only

3◦ tilting of the sample, a droplet can roll off from the surface (Figure 4.4).
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Figure 4.3: Photograph of stearic acid coated zinc film on carbon steel, and an image
of a 5 µL water droplet on the surface.

Figure 4.4: A series of snapshots of a water droplet rolling off the surface of a gal-
vanostatically produced zinc film with stearic acid coating.
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Figure 4.5: Photograph of a: no zinc layer on stainless steel, and b: zinc deposit that
is partially rinsed off of the stainless steel. Dimensions of the bars: 6 mm × 8 mm ×
50 mm.

4.3 Zinc deposition on stainless steel bars

Since the zinc film with stearic acid coating generates such impressive hydrophobicity,

we investigated if this procedure could also be applied to stainless steel. Stainless steel

bars (6 mm × 8 mm × 50 mm) were used as substrates and the electrodeposit area was

1 cm2. The same synthesis procedure for zinc electrodeposition was used: constant

current of 30 mA/cm2 for 30 min. However, a zinc film failed to form on the substrate

(Figure 4.5a). Even when the zinc film appeared occasionally, the deposit was loose

and easily rinsed off (Figure 4.5b).

4.3.1 Modification of the zinc electrodeposition procedure

Based on the experience accumulated from galvanostatic (30 mA/cm2) zinc electrode-

position on carbon steel, we knew that the potential between the working electrode

and reference electrode was near -1.3 V vs SCE. Therefore, we switched from galvano-

static to potentiostatic deposition at -1.3 V. As a result, the zinc electrodeposit was

uniform (Figure 4.6). The current density was controlled by adjusting the distance

between the working electrode and reference electrode while applying the constant

potential due to the change in uncompensated resistance. We found 50 mA/cm2 is
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the optimized current density for uniform zinc coverage.

After zinc electrodeposition, the organic coating also needed to be optimized.

Previously, the sample was immersed in 0.05 M stearic acid for 50 min. This procedure

is time consuming and sometimes the surface was not hydrophobic enough after the

stearic acid coating. Based on multiple trials, 5 min immersion time was enough for

stearic acid coating. In addition, right after zinc electrodeposition, it helped to dry

the sample in an oven at 50 oC for 3 min. The reason we accelerated the evaporation

of water in the oven instead of drying the sample in air is because the zinc deposit

was easily oxidized in the ambient. We needed to minimize oxidization. After the

modifications mentioned above, a uniform zinc coating formed and the adhesion was

excellent. The consecutive photos in Figure 4.7 show the poor adhesion of water to the

surface. A droplet could roll off the surface without a significant angle of inclination.

To quantify the water adhesion to a surface, contact angle hysteresis is a common

measurement. Contact angle hysteresis can be measured using a dynamic sessile

drop method, which tracks the advancing contact angle and receding contact angle

by expanding and shrinking the volume of a water droplet, without increasing the

solid–liquid interfacial area. however a prerequisite of this method is that the droplet

will stay on the surface so that the needle tip can be inserted (to change the volume

of water). For our zinc-coated samples, water droplet could not stay on the surface.

Moreover, when we tried to insert the needle tip into the center of droplet, the droplet

slide to the other side. Thus, it was hard for us to quantify the adhesion. Because it

was impressively low.
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Figure 4.6: Photograph of a uniform zinc film on a stainless steel bar. Dimensions of
the bar: 6 mm × 8 mm × 50 mm.

Figure 4.7: A series of snapshots of a water droplet rolling off a potentiostatically
produced zinc electrodeposit with stearic acid coating on stainless steel substrate.
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Figure 4.8: Static contact angles of 5 µL water droplets on zinc films with different
organic coatings.

4.4 Mixtures of organic coatings

Since zinc electrodeposits with a stearic acid coating show impressive low water adhe-

sion, we investigated if a mixture of organic coatings could change the wettabilty. As

shown in Figure 4.8, for coating A, the electrodeposit was immersed in dodecanethiol

for 2 h, then stearic acid for 15 min. Coating B had stearic acid (15 min) first, followed

by dodecanethiol (2 h). Coating C had a mixture of stearic acid and dodecanethiol

(v:v=1:1, 1M). Based on 5 different positions of water droplet measurements, the

static contact angles of coatings A and B reached 150±2◦ and 151±1◦, respectively.

However, the adhesion was still strong, with droplets readily pinning at many posi-

tions on the surface. The contact angle for coating C was slightly worse (143±3◦) and

water droplets still pinned easily. In these cases, the mixture of organic coatings was

not more helpful than a pure stearic acid coating.
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4.5 ATR–FTIR analyses

During zinc electrodeposition, we found a white layer formed on the surface before

the appearance of a gray zinc film. We used ATR–FTIR to characterize the white

material. As shown in Figure 4.9, there are some evident peaks (3000 cm−1 and

1650 cm−1). Based on FTIR databases [72], we found these peaks could be related

to stretching modes and bending modes of N–H. The existence of N–H is reasonable

since a high concentration of NH4Cl is utilized in the electrolyte. Moreover, the

peaks around 1372-1290 cm−1 could be related to a stretching mode of N–O. ATR–

FTIR alone cannot totally explain the composition of this electrodeposit. ATR–FTIR

cannot detect pure Zn since it detects energies that are characteristic of the vibration

mode of covalent bond, not metallic bonds. The vibration of other zinc compounds,

such as ZnO [73], can be detected by FTIR, but we did not observe them. To detect

pure Zn, future studies could use XRD for the phase identification of crystalline

material. In addition, chemical analyses such as ICP-MS would provide useful atomic

composition information.

ATR–FTIR is a potential method to characterize in situ large area wetting [74,75].

We did some preliminary characterizations and tried to find the relation between

the intensity of O-H vibrations and the hydrophobicity of surfaces. We didn’t get

meaningful data from this characterization, so it is not described in detail here.
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Figure 4.9: ATR-FTIR of white deposits scraped from the stainless steel substrate
during early stages of zinc electrodeposition. Peaks are likely related to N-H and N-O
species.



Chapter 5

Zinc electrodeposits for water

repellent surfaces

This chapter is published in the Journal of The Electrochemical Society [76]. The

authors of this paper are Boyang Gao and Dr. Kristin Poduska. Boyang Gao carried

out the experiments, data analysis and contributed to the writing of the manuscript.

Dr. Kristin Poduska provided guidance over the experimental design, data analysis,

and the writing of the manuscript.

5.1 Introduction

Controlling the way that water wets a surface is a very popular research subject

because it affects how durable the material will be against factors such as corrosion,

ice accretion [77, 78], and fouling [79]. To reduce wetting of static water droplets,

there are general guidelines and simple models that demonstrate this can be achieved

with combinations of micron-scale and nanometer-scale surface roughness, in addition

to a low surface energy. [22, 80,81] This produces air pockets between water droplets

45



46

and the surface, leading to superhydrophobicity with a very high apparent static

contact angle. However, droplets that do not wet a superhydrophobic surface well can

still adhere strongly, which makes them hard to remove even if the surface is tilted.

It is still an open research question to model and predict exactly what structural

characteristics prevent water droplets from adhering to a surface because this varies

with droplet size, and it is also affected by topographic asperities on the surface.

[82–84] For industrial structural materials such as stainless steel, reducing droplet

adhesion is very desirable, but it is particularly difficult because of their innately high

surface energy, multi-component chemical compositions, and complex surface shapes.

Thus, it is a challenging and interesting research question to control both wettability

and water adhesion on stainless steel.

Many groups have roughened stainless steel surfaces to improve their water repel-

lent properties, using either removal strategies (such as chemical etching [57–59, 61]

and sandblasting [60,85,86]) or additive strategies (such as thermal evaporation [87],

sol-gel, [88] and electrodeposited layers [25,29,64,71]). Electrodeposits change the sur-

face topography, and some studies have checked to see if this correlates with changes in

static contact angles. [25,29,64] Adding surfactants to electrolytes is another strategy

to control crystallite nucleation and growth. Such additives can alter the evolution

and adsorption of hydrogen gas, and they can also passivate specific crystallite faces

to alter crystallite morphologies. In the case of Zn, electrodeposition tends to produce

dendritic crystallites where current distributions are not uniform, so additives are of-

ten beneficial. [67, 89–91] Zn and Zn-alloy electrodeposition has been widely used as

a corrosion protection barrier on steel. [64, 71]

In this work, we demonstrate that a mildly alkaline electrolyte (pH=8) that con-

tains a surfactant (polyethyleneimine, PEI) can be used to produce Zn electrodeposits

that have very low adhesion for macroscopic water droplets. We discuss the range
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of deposition parameters (electrolyte composition, pH, applied potential, and coating

procedures) that produce the best water-repellent surfaces.

5.2 Experimental

5.2.1 Electrodeposition

Electrolytes contained 0.2 M ZnCl2 (ACS grade, 97.0%, Caledon) and 3.5 M NH4Cl

(ACS grade, 99.5%, ACP) in ultrapure water (Barnstead, 18.2 MΩ·cm). We note that

a large amount of white precipitate formed initially, but the solution cleared once the

pH increased above 7.5 by adding NaOH (ACS grade, 97.0%, ACP). In this study, we

used electrolytes with pH values between 7.5 and 8.5. After setting the desired pH,

100 ppm polyethyleneimine (PEI), a variable mass polymer with a repeat unit mass

of 42.03 amu, was added as a surfactant.

Electrodeposits were prepared on high-strength, precipiation-hardened stainless

steel (SAE 630/ 17-4, 1 mm thickness, McMaster-Carr) that is rich in Cr, Ni, and

Cu. The 3 cm × 3 cm working electrodes were cleaned by sonication in ethanol (15

min, 95%, Commercial Alcohols, Inc.), then ultrapure water (15 min, 18.2 MΩ·cm,

Barnstead), then drying in air at ambient temperature. The counter electrode was

carbon felt (99.0%, Alfa Aesar), and all deposition potentials are reported relative to

a saturated calomel (SCE) reference. Deposition was carried out at constant potential

(-1.3 to -1.5 V vs. SCE) for 15 min at room temperature while stirring at 200 rpm.

During the electrodeposition process, the current density typically decreased from

-0.2 A/cm2 to -0.15 A/cm2. Afterwards, the sample was rinsed with ethanol and

immediately immersed in an ethanol-based solution of 0.05 M stearic acid (95.0%,

Sigma-Aldrich) for 5 min, then rinsed with ethanol and air-dried. For comparison,

other samples were rinsed with ultrapure water (instead of ethanol) and allowed to
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air-dry before immersion in the stearic acid solution.

5.2.2 Characterization

X-ray diffraction (XRD) data were collected with a Rigaku Ultima-IV (Cu Kα, λ =

1.54059 Å) over a range of 5-90◦ 2θ with 0.02◦ step size. Lattice constant refinements

were facilitated with Jade software (Materials Data Inc.). Surfaces were imaged with

an FEI MLA 650F scanning electron microscope (SEM) using secondary electron

imaging (SEI) and backscattered electron (BSE) detection. Compositional data came

from energy dispersive x-ray (EDX) detection on the same SEM. Surface roughness

was assessed with profilometer scans (Alpha-Step D-120 Stylus Profiler) over 1 mm

lengths with a 0.04 µm step size. Water droplet adhesion and static contact angles

were assessed using droplets with 5 µL volume (Dataphysics OCA 15EC contact angle

instrument).

5.3 Results and Discussion

We analyzed the structure, composition and crystallite morphologies of the resulting

electrodeposits, as well as their water repellency properties. Representative XRD data

(Figure 5.1) for electrodeposits with optimized water repellency (produced at pH =

8, E = -1.5 V) show eight peaks that are consistent with hexagonal Zn (P63/mmc

(194), JCPDS card 98-000-0482 with a = 2.6650 Å, c = 4.9470 Å). [92] The remainder

of the peaks are associated with either the stainless steel substrate (*) or the stearic

acid overcoat (+).

Even though XRD data indicate that the electrodeposits are pure Zn with no

preferred orientation, SEM images show a mix of crystallite morphologies and orien-

tations (Figure 5.6a). The majority of the deposit is composed of micron-scale blocky
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Figure 5.1: Representative XRD data for a Zn electrodeposit prepared at optimized
deposition conditions (pH = 8, E = -1.5 V) and then coated with stearic acid. The hkl
indices correspond to the unit cell for hexagonal Zn (JCPDS 98-000-0482), asterisk
(*) denotes peaks due to the stainless steel substrate, and plus (+) denotes a peak
related to stearic acid.
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crystallites, and there are also needle-shaped and hexagonal plate habits interspersed

over a scale of tens of micrometers.

5.3.1 Use of surfactant

The crystallite morphology and substrate coverage of electrodeposited Zn has been

widely studied, and the effects of additives – including complexing agents and surfac-

tants – are widely reported. Because of its hexagonal crystal structure, the two most

common crystal habits for Zn are plates or rods (needles). [65] As is typical for metal

deposition, acidic pH values are commonly used for Zn electrodeposition. There are

comparatively few reports that investigate Zn metal deposition from mildly alkaline

electrolytes. Reports show that Zn electrodeposition based on ZnO and KOH as alka-

line electrolytes also yields needle-shaped crystallites. [90,91] Using cetyltrimethylam-

monium bromide in the electrolyte surpresses dendritic growth and produces a higher

density of small spherical crystallites. [91] Other additives such as PEI can change

the morphology of dendrite tips from sharp to round.

In our experiments, Zn-based electrolytes without PEI surfactant had macroscopic

variations in coverage and deposit color, and this was correlated with areas where hy-

drogen gas bubbles formed on the substrate during deposition. In areas of incomplete

film coverage, water droplets adhered strongly to the surface and were easily pinned.

SEM images show that the absence of PEI had a dramatic effect on the crystal habit

of the Zn crystallites. Figure 5.2b shows blocky hexagonal crystals that are an order

of magnitude larger than those produced from electrolytes that do contain PEI. In

addition, there are gaps between individual crystallites that are tens of micrometers

in size. For these reasons, we opted to use PEI in all of our electrolytes. We note that

there was no evidence of PEI incorporation into the electrodeposits, based on XRD

data.
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Figure 5.2: Representative SEM images of Zn electrodeposits (a) with PEI surfactant
and (b) without surfactant. Scale bars for both images are 2 µm, and both samples
were prepared at -1.5 V and pH = 8.

5.3.2 Variation of pH and deposition potential

In general, Pourbaix diagrams are a helpful tool for optimizing electrodeposition con-

ditions because they identify the pH and potential regions that will give a desired elec-

trodeposit composition. We based our electrolyte on calculated Pourbaix diagrams for

the Zn-NH4Cl-NH3-H2O system, [67] but with the addition of PEI surfactant. The

useful pH and potential range we found for Zn deposition was consistent with the

calculated Pourbaix diagrams.

In ammonium- and chloride-containing electrolytes, the kinds of Zn-based solution

complexes vary considerably as a function of pH, especially near neutral pH. [67]

ZnNH3Cl−3 dominates when pH is between 7 to 7.4, while Zn(NH3)3Cl+ forms when

the pH ranges from 7.4 to 7.8. When pH sits between 7.8 and 12.5, Zn(NH3)2+
4 is the

primary complex. In our experiments, white precipitates formed when the pH value

was near 7, but disappeared once the pH increased above 7.5. As the alkalinity of the

electrolyte increased, more negative deposition potentials were required to trigger Zn

deposition, which caused more hydrogen gas bubbles to appear on the sample during

deposition, resulting in incomplete deposit coverage. Therefore, we determined that
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mildly alkaline electrolytes (7.5-8.5) were optimal for our purposes. Adjusting the

electrolyte pH over this small range had an effect on the electrodeposit topography.

As shown in Figure 5.6a-c, there are more large needle-shaped crystallites at higher

pH values, when using the same deposition potential (E = -1.5 V).

We also investigated the effects of changing deposition potential between -1.0 V to

-1.5 V, in steps of 0.1 V. At deposition potentials more positive than -1.3 V, no deposit

formed. At -1.3 V, the Zn crystallites are sub-µm particles without clear facets. At

-1.4 V, there are µm-sized overlapping hexagonal crystallites. At -1.5 V, needles

and large blocky agglomerates appear at the expense of the overlapping hexagonal

crystallites. Therefore, more negative deposition potentials give rise to larger sizes

and more variety in the Zn electrodeposit morphologies. Representative SEM images

over the range of potential and pH conditions are shown in Figure 5.6d-f.

Given that there are so many changes in the surface topography of the electrode-

posit induced by different electrolyte pH and deposition potentials, it is worthy of

note that there was a correlation between the electrodeposition conditions and the

resulting water repellency. In all cases described above (pH between 7.5 and 8.5, E

between -1.3 V and -1.5 V), there are significant portions of the 9 cm2 sample on

which water droplets do not adhere. The best deposition conditions were pH values

of 8.0-8.5 using a deposition potential of -1.5 V. With these optimized parameters, the

entire 9 cm2 surface was routinely free of droplet pinning sites, except for the few mm

around the deposit edges. We note that, for these experiments, the distance between

the WE and CE was 4 cm, and this yielded a current density near 0.033 A/cm−2. A

closer electrode spacing (3 cm), increased the current density (0.045 A/cm−2, but did

not show an appreciable change in droplet pinning.
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5.3.3 Protection from water and oxidation

A stearic acid overlayer plays a key role in preserving the integrity of the Zn elec-

trodeposits. As mentioned in the Experimental description above, the electrodeposit

must be rinsed with ethanol and immersed in the stearic acid immediately. When

this capping layer is added, the electrodeposits retain their poor water-adhesion be-

haviours for many months. This is not surprising, since stearic acid is known to be

an effective lubricant for stainless steel. [93, 94]

If the electrodeposit is rinsed with water, the sample must dry before it comes in

contact with the water-insoluble stearic acid solution to prevent precipitation. How-

ever, during that drying process, Zn reacts with moisture and electrolyte salts in

a way that destroys the poor water-adhesion properties of the deposit, even after

coating with stearic acid to lower the surface energy. On these stearic-acid-coated

water-rinsed samples, water droplets adhere easily all over the surface. Furthermore,

the apparent static contact angles vary greatly, ranging from 90◦ to 135◦, with the

lowest contact angles occurring in the impurity-phase-rich portion of the deposit.

XRD data (Figure 5.3) show that the composition of the water-rinsed electrode-

posits includes both Zn metal and Zn5(OH)8Cl2(H2O), (simonkolleite, JCPDS card:

98-000-7203, with a = 6.3412 Å, c = 23.6460 Å). This composition is consistent with

EDX data (not shown), which confirmed the presence of Cl and additional O in the

deposit. Profilometer data (Figure 5.4) indicates that this hydroxide product alters

the topography of the electrodeposit by introducing features that are ∼ 10 µm tall,

and these tall features do not develop uniformly across the sample. This is consis-

tent with inspection by eye, which shows mm-cm sized regions where the dark grey

electrodeposit turns white.

The formation of this impurity phase is not surprising. Based on the thermody-

namics of Zn speciation calculated by others, [67] zinc hydroxychloride precipitates
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Figure 5.3: Representative XRD data for a water-rinsed electrodeposit that shows evi-
dence of Zn5(OH)8Cl2(H2O) (JCPDS 98-000-7203) in addition to metallic Zn (JCPDS
98-000-0482).[92] The asterisk (*) denotes peaks due to the stainless steel substrate,
and plus (+) denotes a peak related to stearic acid.
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Figure 5.4: Representative profilometer scans of (a) bare stainless steel (black),
ethanol-rinsed electrodeposit (red), and water-rinsed electrodeposit (blue). Corre-
sponding root-mean-square (rms) roughness values are (in units of µm): 1.0 ± 0.3,
2.0 ± 0.9, and 4.0 ± 0.8. In (b), four different scans of a single water-rinsed electrode-
posit are compared. Corresponding root-mean-square (rms) roughness values are (in
units of µm): 2 ± 1, 4 ± 1, 5 ± 2, and 8 ± 4.
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appear near neutral pH for low concentrations of Cl− or NH3 (≤ 1 M) or for very

high Zn concentrations (≥ 1.93 M). By going to more alkaline conditions, Zn(NH3)2+
4

becomes the dominant species in the electrolyte, which increases Zn2+ solubility and

reduces hydroxide precipitation. This is consistent with the precipitate formation and

disappearance that we observed when our electrolyte pH was adjusted from slightly

acidic levels to a slightly alkaline range. However, we note that this precipitation

behaviour occurred even though we used a low Zn concentration (0.2 M Zn2+) and

high Cl− and NH3 concentrations (≥ 3.5 M).

5.3.4 Interactions with water droplets

Upon visual inspection of the optimized stearic-acid-coated electrodeposits, it was im-

mediately obvious that there was virtually no adhesion of macroscopic water droplets

over large (cm-scale) areas. Water that squirted from a squeeze bottle or a syringe

onto the surface bounced off and did not stick, except on the very edges of the sub-

strate. Images from a more controlled version of this experiment are shown in Figure

5.5. In the top row, a needle was used to bring a 5 µL water droplet down to touch

the electrodeposit surface. When the needle lifted, the water droplet remained on

the needle instead of sticking to the electrodeposit. A similar response occurs when

a droplet was dragged across the surface, as shown in the middle row of Figure 5.5.

Along most parts of the surface, the droplet remained affixed to the needle while being

dragged across cm-scale distances. However, there were a few places on each 9 cm2

surface where the droplet was pulled off the needle and adhered to the surface; an ex-

ample of this is shown in the bottom row of Figure 5.5. It is only at these anomalous

“sticky" spots where the static contact angle could be measured, with typical values

of 140 ± 5◦. (For comparison, the apparent static contact angle of water on the bare

stainless steel is 74 ± 3◦.) Over the vast majority of the electrodeposit area, poor
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droplet adhesion prevented measurement of a static contact angle because the droplet

rolled off the sample.

Although it is hard to design surfaces with poor water droplet adhesion a pri-

ori, empirical evidence in the literature shows that such surfaces have a synergy of

micrometer-scale roughness and low surface energy. [78, 79, 81] In the case of our

electrodeposits, SEM images indicate that the surface topography was dramatically

changed after electrodeposition. However, the resulting surface topographies are very

intricate and are not easily quantified accurately across all relevant length-scales

(nanometer to micrometer) with scanning probe methods. Profilometer data (Figure

5.4a) indicates that, over a 1 mm length scale, the root-mean-square (rms) roughness

of the electrodeposit is 2.0±0.9 µm, which is higher than the roughness of the bare

stainless steel (1.0±0.3 µm). Based on this correlation between higher rms rough-

ness and better water repellency, it is tempting to conclude that an rms roughness

value difference is sufficient to explain the variations in water repellency between our

optimized and less-perfect samples. However, this simple correlation is misleading

because our coatings have roughnesses that vary across different length scales. To

illustrate this point more clearly, Figure 5.4b shows four scans on different regions

of an oxidized electrodeposit. The rms roughness values of these four scans are (in

units of µm): 2±1, 4±1, 5±2, 8±4. This shows that oxidized samples have roughness

heterogeneity at length scales longer than 1 mm that are not captured clearly in a

single rms roughness value. Recent work by others [95] has shown that fractal models

of roughness across many length scales can, in principle, be correlated with surface

wettability. It would be an interesting future study, going beyond the scope of the

present work, to explore whether roughness across many length scales could also be

correlated with liquid droplet adhesion and water repellency as well.
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Figure 5.5: Representative image sequences of water droplets being moved across
electrodeposit surfaces. For (a-c), a water droplet at the end of a syringe is brought
into contact and then lifted from the electrodeposit. For (d-f), a similar droplet was
slid across the surface without sticking. For (g-i), a sliding droplet was pinned to an
inhomogeneity on the electodeposit and was detached from the syringe needle.
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5.3.5 Discussion of water adhesion on electrodeposits

It is worthy to note that not all hydrophobic surfaces show poor water droplet ad-

hesion. In general, hydrophobic surfaces are defined to be those on which water

droplets have static contact angles greater than 90◦. However, there is often quite a

range of contact angles that are measured because droplets can be pinned by chem-

ical or topological heterogeneities on the surface. A more complete description of

surface wettability involves measuring the contact angles of dynamic droplets, by

adding water volume to the droplet until the water/solid contact line advances (to

assess the maximum advancing contact angle) and then removing water volume from

the droplet until the water/solid contact line recedes (to assess the minimum receding

contact angle). [82] Others have used these advancing and receding angles to describe

water repellency in terms of the force required to start a drop sliding on a surface

(shear hydrophobicity) or the force required to remove a hanging drop from a surface

(tensile hydrophobicity). [81]

In the case of our electrodeposits, macroscopic water droplets (5 µL with 2 mm

diameter) never adhered to most parts of the surface, making it impossible to do

standard static and dynamic contact angle measurements. This suggests that, in those

regions of the electrodeposit, the force needed to remove a droplet from the surface, in

either tensile mode (hanging droplet, Figure 5.5a-c)s or shear mode (droplet sliding,

Figure 5.5c-f) is exceedingly low.

Even though there exist models to quantify droplet adhesion on surfaces, there

are no definitive strategies for predicting (or explaining) which combinations of sur-

face features will produce a water-repellent surface. [82] In this way, any recipes for

producing water-repellent surfaces offer opportunities to augment our phenomenolog-

ical understanding. There are some reports of water-repellent electrodeposits, which

tend to involve micrometer-scale roughened surface topographies capped with organic
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coatings. For example, Cu-based electrodeposits with complex multi-scale surface

features, when coated with stearic acid, repel 10 µL water droplets. [95] Zn-Ni elec-

trodeposits, etched with NaOH to change the surface roughness and then coated

with myristic acid, repel water droplets that have volumes of 10s of µL. [29] Water

droplets with µL volumes also slide easily off anodically produced CuO needles with

fluoroalkyl-silane surface modification. [26] This suggests that many different kinds of

surface topographies and chemistries can be effective for water-repellency, and that

electrodeposition can play a useful role.

5.4 Conclusions

We show that Zn electrodeposits can improve the water repellent properties of stainless

steel by reducing water droplet adhesion in a dramatic fashion. There is a relatively

narrow range of electrolyte pH and deposition potentials that will yield optimized

deposits. This is consistent with Pourbaix diagrams, calculated by others, that are

based on speciation and solubility trends for different Zn(II) complexes that form in

the presence of chloride and ammonia. Capping the Zn electrodeposits with stearic

acid is essential to prevent oxidation and to provide a lower surface energy for water

repellency.
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Figure 5.6: Representative SEM images of Zn electrodeposits. At constant deposition
potential (-1.5 V), more alkaline pH values ((a) at 7.5) affect size and shape relative
to more neutral pH ((b) at 8.0 and (c) at 8.5). Keeping the same pH value (8.0) and
making the deposition potential less negative leads to more uniform crystallite sizes
and shapes ((d) at -1.5 V, (e) at -1.4 V, (f) at -1.3 V). Scale bars for all SEM images
are 2 µm.
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Figure 5.7: Photographs of a: zinc electrodeposit on stainless steel (-1.3 V), and b:
zinc electrodeposit on stainless steel (-1.5 V). Dimensions of the plates: 3 cm x 3 cm.

5.5 Supporting information

This section is related to Chapter 5, but was not submitted to the journal.

5.5.1 Deposits on larger substrates

A low adhesion surface can be fabricated on a small stainless steel bar, but we also

applied this to a larger area stainless steel surface. Stainless steel (SAE 630/ 17-4, 1

mm thickness) that is rich in Cr, Ni, and Cu was cut into 3 cm × 3 cm squares, and

we tried the same electrodeposition procedure. Due to the larger area of the working

electrode, Zn failed to cover the whole surface of the substrate even when the applied

potential was more negative (-1.5 V). In Figure 5.7a, a zinc electrodeposit formed

at -1.3 V after 1 hour. A loose zinc film partially covered the substrate and easily

rinsed off. At -1.5 V (Figure 5.7b), a 10 min deposition still did not totally cover the

substrate. However, the Zn adhered better.
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5.5.2 Optical images of electrodeposits

From the optical image in Figure 5.8a, the optimized coating is uniform in terms of

color. For the oxidized zinc coating (Figure 5.8b), the color varies, especially at the

edge of the substrate where the color is darker. The static contact angle of water

droplets on the dark parts is much smaller than for droplets placed on white parts.

5.5.3 Electron-based characterization

Back-scattered electron (BSE) and energy-dispersive X-ray (EDX) analyses helped to

support the XRD results.

In Figure 5.9a, a BSE image shows us that almost all parts of the film have the

same brightness, which means there is similar elemental content across the film. From

the EDX plot, it is not surprising to see the existence of Zn. The appearance of C and

O likely comes from the stearic acid coating. Therefore, both BSE and EDX indicate

that the optimized zinc coating is composed of zinc crystallites and stearic acid.

In Figure 5.9b, there are totally different colors across the BSED image. The white

part indicates heavier elements. The black part indicates lighter elements. For the

white part, the EDX plot shows the high intensity of Zn and C. For the black part,

the intensity of O increases considerably. The more important finding is the existence

of Cl, which suggests that the oxidized zinc coating contains Zn5(OH)8Cl2(H2O), as

shown in the XRD data (Figure 5.3).

5.5.4 Self-cleaning behaviour

Since our zinc coatings have poor water adhesion, self-cleaning behaviour is obtain-

able. As shown in Figure 5.10, some salts were placed on the zinc coating, then water

droplets were dropped on the surface. Water droplets easily roll off and remove salts
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Figure 5.8: Optical images of a: optimized zinc coating, and b: oxidized zinc coating.
Dimensions of the plates: 3 cm x 3 cm.



65

Figure 5.9: Representative back scattered electron images and energy-dispersive X-ray
data for a: optimized zinc coating, and b: oxidized zinc coating.
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Figure 5.10: Consecutive images: the self-cleaning behaviour of our zinc coating.

from the surface, without any wetting. Thus, this material is an effective self-cleaning

surface.



Chapter 6

Conclusions and future work

6.1 Conclusions

In recent years, water-repellent surfaces have attracted much attention for use in vari-

ous applications. Based on the Cassie-Baxter model, we know that surface roughness,

and low surface energy, need to be present to generate a hydrophobic surface. How-

ever, the Cassie-Baxter model is a simple model, that can only be applied to a regular

rough surface. Moreover, the Cassie-Baxter model doesn’t say anything about the

adhesion between the liquid and solid interface. Even for a surface that is consid-

ered superhydrophobic, strong adhesion can make water droplets stick easily on the

surface. For offshore engineering metals, reducing droplet adhesion is very desirable.

It is still an open research question to answer what structural characteristics have

optimized low adhesion properties. As a chemist, I tried to use a chemical method to

change the way water interacts with steel, so as to fabricate a low adhesion material.

In my research project, increasing surface roughness and reducing surface energy

are two goals I needed to achieve. For surface energy changes, organic coatings were

investigated. Three organic coatings (stearic acid, dodecanethiol, Aculon) were coated

67
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on engineering steels. The second goal was increasing the surface roughness. Chemical

etching and zinc electrodeposition were used to achieve this goal. A steel surface has

a high surface energy. From the Wenzel model, we know that if the original surface

is a hydrophilic surface, then the corresponding rough surface would become more

hydrophilic. Therefore, surface roughness had to be combined with organic coatings

to make the surface repel water better.

The main conclusions of this thesis are summarized as follows:

• Organic coated surfaces are more hydrophobic than the original steel surface,

which is not surprising. However, the contact angle varies a lot at different

positions on a surface, which reflects heterogeneous adhesion of the organic

coating to the steel. Organic coated surfaces still have strong droplet adhesion,

just like the uncoated steel.

• With chemical etching, the static contact angles of organic coated surfaces

become larger. Moreover, the spread of static contact angle values becomes

smaller, which means chemical etching not only change the surface roughness,

but also makes the organic coating more uniform on the surface. However, the

phenomenon of strong droplet adhesion still occurs even with the combination

of chemical etching and organic coating.

• Zn electrodeposits with stearic acid coating surface have topography and chem-

istry that give rise to remarkable low adhesion behaviour.

– Zn electrodeposit on steel increases the surface roughness.

– The addition of PEI surfactant can alter the evolution of hydrogen gas dur-

ing electrodeposition, so as to allow complete Zn coverage on the surface.

– pH and potential are two important factors that change the electrodeposit

topography, which influences the water adhesion behaviour.



69

– Stearic acid not only lowers the surface energy, but also protects Zn deposits

from contamination by the ambient atmosphere.

– The good low adhesion behaviour lends itself to the application of self-

cleaning.

6.2 Future work

We already showed that our zinc electrodeposits are effective at water self-cleaning

behaviour. We would like to investigate whether our zinc electrodeposit are also anti-

icing surfaces.

There are many other methods that can be used to increase surface roughness, such

as sandblasting. In the future, we want combine mechanical methods with zinc elec-

trodeposition for different surface roughening. Some progress has been made. We

deposited our zinc coatings on sandblasted steel. The low adhesion behaviour seems

improved based on preliminary results. Water droplets can roll off more easily on

sandblast-zinc coated surface than on zinc-stearic acid coated surface. However, we

still need to find a way to quantify differences among the adhesion behaviours of

different samples.



Appendix A

Studies of other electrodeposits

A.1 Calcium phosphate

Calcium phosphate, an inorganic mineral, is of great interest due to its biocompati-

bility [96,97]. Moreover, electrodeposition is a promising method to fabricate calcium

phosphate. During galvanostatic electrodeposition, two major phases form: brushite

(CaHPO4·H2O) and hydroxyapatite (Ca10(PO4)6(OH)2) [98]. Based on previous work,

hydroxyapatite is dominant during electroprecipitaion when the concentration of phos-

phate in the electrolyte is lower than 0.03 M [99]. The mechanism for hydroxyapatite

precipitation is shown below.

NO−
3 + H2O + 2e− → NO−

2 + 2OH−

H2PO−
4 + OH− → HPO2−

4 + H2O

10Ca2+ + 6HPO2−
4 + 8OH− → Ca10(PO4)6(OH)2 + 6H2O

A.1.1 Previous material

In 2006, there were previous Poduska group members, Stephanie D. Huelin and Holly

R. Baker, who fabricated hydroxyapatite on a small piece of stainless steel by elec-
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Figure A.1: Photograph of a 5 µL water droplet on (a): bare stainless steel (contact
angle = 79 ±1◦), and (b): calcium phosphate electrodeposit (contact angle = 127
±1◦).

trodeposition [99]. I tested the static contact angle of this sample that was produced

11 years ago. Due to the small substrate size, we have only one contact angle value

for each sample. Therefore, uncertainties (error bars) are based on how well the left

and right contact angles agree in a single image of a droplet. As shown in Figure A.1,

the water contact angle on original stainless steel was 79 ±1◦, whereas for the droplet

on hydroxyapatite, the contact angle was 127 ±1◦. Therefore, this material interested

us for further study.

A.1.2 Experimental section

Following experimental procedures by others [99], we electrodeposited calcium phos-

phate on stainless steel to test its hydrophobicity.

Potassium phosphate (monobasic) (7 g in 50 ml) was dissolved in water. Then a

mixture of potassium phosphate solution and 1 M calcium nitrate solution generated

white precipitate. After complete precipitation, the supernatant was poured off and

the precipitate was dissolved in 1 M nitric acid solution. Finally, ammonium sulfate

was added to make the concentration of NH4
+ 0.1 M. The pH of the final solution

was near 2. Electrodeposition was carried out using a Hokuto Denko Model HA-501
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Figure A.2: Photograph of calcium phosphate electrodeposit.

potentiostat with three electrodes (steel as WE, carbon rod as RE and saturated

calomel electrode as RE). A hydroxyapatite film was fabricated at the current density

of 30 mA/cm2 for a deposition time of 60 min. The initial potential was near -0.68

V. After 1 h, the potential increased to -1.52 V.

A.1.3 Preliminary results

A very uniform calcium phosphate film forms on stainless steel, shown in Figure A.2.

However, we didn’t get high contact angles on this surface. We need to investigate the

structure of the electrodeposit and try to combine calcium phosphate with organic

coatings to see if this could be another promising water-repellent coating.
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