ABSTRACT
Synthesis and characterization of anisotropic micro- and nanoparticles, either in
suspension or localized on a surface, are current areas of intense scientific interest
because of their shape-tunable material properties with potential applications in catalysis,
microelectronics, data storage and pharmaceutics. Electrochemical deposition represents
a facile and versatile route to fabricate anisotropic particles since it offers a high degree
of freedom in monitoring and manipulating particle growth processes.
The first part of my dissertation presents an additive-mediated electrochemical
approach to fabricate anisotropic copper micro- and nanoparticles. This work explores the
possibility of using anisotropic copper particles as novel non-noble metal alternatives to
expensive anode electrocatalysts (platinum and palladium) used in direct methanol fuel
cells (DMFCs). Characterization using SEM, EDS, XRD and TEM confirms the
anisotropic morphology and crystal structure of synthesized copper particles. A possible
mechanism for anisotropic crystal growth is proposed based on preferential adsorption of
additive ions onto selective crystal faces. Methanol oxidation is chosen as model
experiment to test the electrocatalytic property of copper particles towards DMFC
applications. Characterization using cyclic voltammetry demonstrates shape dependent
enhancement in electrocatalytic activity of anisotropic copper particles for methanol
oxidation. Chronoamperometry and thermal stability measurements indicate good
catalyst stability and durability under steady-state conditions.
The second part of my dissertation presents a novel electrochemical fabrication
route to generate randomly rough surfaces over large areas. Surface roughness directly
affects a material’s performance at its functional interface. This work shows that by

simple tuning of electrochemical deposition potential for a metal onto an electrode, island
nucleation density can be systematically varied. Changes in nucleation density results in
generation of thin films with different nanoscale surface roughness. Characterization
using AFM illustrates the change in surface topography with applied potential. The
fabricated roughness is successfully replicated onto other moldable soft materials
(polystyrene and polyurethane) through an embossing and curing step. Roughness
gradients were also generated by introducing a controlled mechanical retraction step to
the process. Gradient surfaces serve as an effective probing tool for investigating a range
of surface parameters in quick time using single experiment, enabling a cost-effective and
high-throughput screening method.
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Chapter 1 - Introduction and Background
The research studies presented in this thesis were motivated by the rapid advances
in synthesis and characterization of anisotropic particles for its emerging importance in a
variety of applications ranging from advanced materials development for energy
conversion to biosensors, microelectronics and pharmaceutics. There has been a growing
interest among researchers to adopt a systematic approach in studying anisotropic
particles towards gaining a fundamental understanding of their material shape–property
relation. In order to fine tune material shapes and to explore their novel shape dependent
material properties, numerous challenges had to be overcome. That includes development
of a facile shape tunable particle synthesis with the ability to control size, dispersion and
particle orientation. It is also highly imperative to develop a process that will create such
anisotropic micro- and nanostructures over large surface areas and allow suitable
characterization to identify their shape, size and crystal structure. This thesis work is
focused on addressing these issues.
The thesis outline is as follows. Chapter 1 is the introduction and background,
which includes significance, synthesis and characterization methods to create anisotropic
particles. Chapter 2 discusses an additive mediated electrochemical approach to make
anisotropic copper particles.
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It is followed by chapter 3 that presents the results for shape dependent
enhancement in electrocatalytic activity of anisotropic copper particles towards methanol
oxidation. Chapter 4 shifts the focus of the thesis from anisotropic particles towards
generation of rough surfaces and surface roughness gradients using an electrochemical
deposition technique. Finally in Chapter 5, the preliminary results for fabrication of
patterned surfaces using photolithography, superhydrophobic modification of dendritic
copper surfaces and electrochemical measurements of double layer supercapacitance are
presented and the future directions are proposed.
1.1.

Anisotropic Particles

1.1.1. Material shape – property relation
It is critical to acquire a fundamental understanding of size and shape dependence
on material property in order to develop advanced functional materials with unique and
enhanced characteristics. Figure 1.1 shows the four key parameters that can affect the
property of a material. Such size and shape-dependent variation in the properties of
matter is most fascinating, especially at the nanoscale. At this length scale, the properties
of a given material have been found to deviate significantly from its bulk counterpart.
Due to this reason, systematic efforts have been made to find various parameters that
directly affect the intrinsic properties of materials at this length scale1-5. One such
important parameter is particle’s shape, which was found to play an important role in
determining the properties of diverse nanomaterials6, 7.
Unlike macrostructures, larger proportions of constituent atoms or molecules lie
at the surface of nanomaterials, leading to a large surface to volume ratio which can
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influence their reactivity and hardness, as well as their magnetic, catalytic, and optoelectronic properties5.

Figure 1.1 Important parameters that affect material properties.
By changing the physical shape of a nanomaterial, an external control mechanism
is induced in the form of restricted motion of electrons, holes, excitons, phonons, and
plasmons which is responsible for the change in properties of the material. Figure 1.2
shows an example of anisotropic dimensionality in particle morphology. In the case of
isotropic (zero-dimensional) particles such as spheres, the confinement of electrons will
be to the same extent in all the three dimensions and hence the properties will be similar
regardless of directions. Shape anisotropy will introduce dimensional directionality in
particle morphology and thereby allow us to gain a fundamental understanding of shape
dependence on material property. Such particles exhibiting directional and dimensional
influence on its physical and chemical properties are generally classified as anisotropic
particles. A wide range of anisotropic particles have been reported in literature.
Depending on the level of dimensionality, anisotropic particles can be further classified
as one, two and three-dimensional nanostructures. For example, nanorods

8, 9

and
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nanowires

10, 11

are classified as one-dimensional; triangles

12

, plates and sheets

ribbons18 are classified as two-dimensional; and pyramids19, nanocubes

13-17

20, 21

and
and

nanodumbbells22, 23 are considered three-dimensional nanostructures.

Figure 1.2 Illustration of anisotropic dimensionality in particle morphology.
Tuning nanoparticle morphology has become an interesting area of investigation.
Non-spherical architectures such as one-dimensional (1D) wires and rods, facetted
particles, multipod structures, and shapes with high asymmetry have demonstrated a
fascinating variety of optical properties in silver and CdSe nanoparticles12, 24. It has been
shown that highly symmetric spherical particles of Ag and Au exhibit a single scattering
peak while their anisotropic counterparts such as rods25 and cubes26 exhibit multiple
scattering peaks in the visible wavelengths due to highly localized charge polarizations at
corners and edges. Another example is the fabrication of Pt and Pd nanocrystals with
shape-and size-dependent catalytic activity and selectivity27. The catalytic activity is
shown to be greatly influenced by their surface morphology, which includes the bounding
crystal facets, step edges and kink sites, as well as the surface-area-to-volume ratio. Thus,
anisotropic particles exhibit a novel class of advanced materials in which dimensionality
directly dictates their various material properties.
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1.1.2. Synthesis of anisotropic particles
Many techniques, including both top-down and bottom-up approaches, have been
developed and applied for the synthesis of anisotropic nanoparticles. As nanoparticles
produced by top-down approaches have a relatively broad size distribution, varied
particle shape or geometry, and use expensive synthetic pathways that are industrially
non-scalable, bottom-up approaches are far more popular in the synthesis of
nanoparticles. Wet chemical synthesis is a potential bottom-up method used to produce
anisotropic nanoparticles in high yield and structural purity with varying size, shape,
structure, composition, and surface chemistry28.
Seed-mediated growth process is a well-known method for making anisotropic
particles with various nanostructures such as rods, cubes and wires29-31. This synthesis
method can be divided into two steps. The first step is the synthesis of ‘seed
nanoparticles’ through reduction of a metal salt in the presence of reducing and
stabilizing agents. Sodium borohydride is the commonly used reducing agent32. The
second part of the process involves shape controlled growth of seed nanoparticles.
Surfactants or other shape directing agents in conjunction with a mild reducing agent are
used to aid the shape controlled growth in solution28, 33. As the metal salts get reduced to
metal atoms on the seed particle surface, surfactant molecules form micellar templates
that will yield nanoparticles with desired morphology depending on their template
structure. The shape of the micelles can be tuned by changing the concentration of
surfactant molecules. Similarly, size of the nanoparticles can be tuned by changing the
concentration of seed nanoparticles. Other external agents including different molecules
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or ions can also alter the growth direction of the nanoparticles and result in the formation
of variously shaped nanoparticles34-37.
Other synthesis techniques to make anisotropic nanoparticles include the polyol
method38, solvothermal method39,

40

galvanic displacement method43,
electrochemical deposition method46,

, biological method41, photochemical synthesis42,
44

, template-mediated synthesis33,

47

45

and the

. This thesis work is focused on developing an

electrochemical approach towards anisotropic particle synthesis. Electrochemical
synthesis has several intrinsic advantages over other methods due to the following
reasons. It is a solution-based technique that allows freedom and flexibility for
manipulation of many process variables such as pH, temperature and the ability to use
different types of additives and solvents that significantly affect the shape controlled
growth of nanoparticles. Applied deposition potential and current directly influence
nucleation density and hence provide greater control over the electrochemical system.
Moreover, the deposition potential and current can be set as constants or varied over time
and applied for any time interval, thus providing a vast array of electrochemical growth
conditions. Electrochemical control systems allow for real time monitoring of change in
potential and current during the synthesis and can be used to provide invaluable insight
over particle growth process. As an added advantage, particles are inherently localized
since they grow directly from a conducting substrate (i.e., a working electrode) during the
electrochemical synthesis. The electrochemical approach facilitates the fabrication of
electrodes with broad range of materials which include metals, oxides, hydroxides and
semiconductor materials. Finally, the ability to transfer electrochemical fabrication
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method for morphology control from one system to another makes it a versatile technique
for anisotropic materials synthesis 48, 49.
1.1.3. Additive-mediated anisotropic particle growth
A particle’s shape is determined by the different types of crystal facets present on
the particle morphology. According to Wulff theorem, the equilibrium crystal shape of a
solid can be predicted from the knowledge of surface free energy of their respective
crystal faces50. The free energy associated with a surface can be quantitatively expressed
using the following equation,
(1.1)
where j represents the surface energy per unit area of the crystal face j, and Oj is the area
of that respective face.

represents the difference in Gibb’s free energy between a real

crystal composed of i molecules with a surface and a similar configuration of i molecules
located inside an infinitely large crystal. The equilibrium shape of the crystal will be the
one that will result in the minimum value for

. Hence, the crystal facets with highest

surface energy will tend to grow at a faster rate and will gradually disappear from the
particle morphology to maintain a lowest surface energy state51,

52

. This explains the

presence of only certain crystal faces on a particle morphology under isotropic growth
conditions (at equilibrium). By optimizing the experimental parameters such as applied
potential, current, concentrations of metal precursors and additives, and reaction
conditions such as temperature and time, it is possible to tune the shape of the particles in
an anisotropic manner49, 53.
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Figure 1.3 Schematic showing additive-mediated anisotropic crystal growth.
One of the effective strategies to achieve anisotropic particle growth is through
preferential adsorption of additives or capping molecules to specific facets due to
electrostatic or covalent interactions. Figure 1.3 shows a schematic representation of
additive mediated anisotropic crystal growth. The preferential adsorption of the additive
molecules will hinder the growth rate on that specific plane with respect to other nonadsorbed planes in the same solid thereby altering the relative crystal growth kinetics.
Thermodynamic principles will then drive the growth rate of crystal faces without
adsorbed molecules (higher surface energy) to be fast and eventually diminish their
presence from final morphology. This will result in the modification of final morphology
of the particle from its equilibrium dictated isotropic shape53.
The shape directive additive ions or molecules tend to bind to a particular crystal
plane preferentially due to a match in binding energy or the packing of atomic
configuration. For example, polyvinylpyrrolidon (PVP), a commonly encountered
capping agent in seed-mediated synthesis, have been shown to have a preferential binding
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ability to [100] planes than the [111] planes in silver particles54. The exact reasoning
behind the interaction between various capping agents and the crystal plane surfaces are
not completely understood. Choi and co-workers have shown that, this strategy can be
successfully integrated with electrochemical deposition method by fabricating copper
oxide (Cu2O) crystals in various shapes including cubic, cuboctahedral and truncated
octahedral shapes using shape directing surfactant molecules and additive ions53, 55.
1.1.4. Applications
Catalysis is directly influenced by the surface properties of the catalyst particles.
Being a surface phenomenon, catalytic activity and selectivity can be enhanced by
exposing an optimal crystallographic arrangement at the catalyst surface. Anisotropic
nanoparticles are ideal candidates for catalytic applications since they provide a catalytic
surface with the specific orientation of desired crystal faces in addition to providing
higher surface area-to-volume ratio, both resulting in a higher turnover frequency. Shape
dependent nature of catalytic activity has been reported for platinum nanoparticles by
evaluating the catalytic performance for different shapes such as cubes and
cuboctahedrons for hydrogenation reaction of benzene56. Investigation of catalytic
selectivity on bulk single crystalline surfaces showed that the yields for platinum
catalyzed hydrogenation of benzene are different depending on the surface structure
exposed. The (100) surface structure of platinum yielded cyclohexene while the (111)
planes resulted in cyclohexane. Recent reports also show enhanced electrocatalytic
activity in platinum for methanol and ethanol oxidation through tuning the shape of
platinum nanoparticles 57, 58.
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Another important application for anisotropic nanoparticles is in plasmonics,
where the localized surface plasmon oscillations of free electrons in metal particles are
bound by the finite geometry of metal particles. The surface plasmon resonance can be
tuned by varying the particle’s shape. For higher aspect ratio structures such as rods and
plates, surface plasmon peak intensities are found to increase due to a higher degree of
polarizability arising from the altered balance between respective axes in the particle
geometry

59

. Such aspect ratio dependent increases in plasmonic properties have been

reported for gold and silver anisotropic particles60. Other notable applications include
Surface-enhanced Raman Spectroscopy, where the light scattering and electromagnetic
field enhancement properties associated with anisotropic shapes have been exploited to
develop sensors that can achieve a single-molecule detection limit61-64.
In the field of pharmaceutics, drug dissolution rates, processability, stability and
shelf-life are known to be influences by crystal shapes of drug particles. For example, it
has been shown that the stability and shelf-life for the drug paracetamol was found to be
influenced by its specific shape and crystal structure65. In another report, the influence of
anisotropic shape on surface wettability for D-Mannitol crystals was investigated, and it
was shown that by tuning the shape, and therefore the surface wettability, the dissolution
rate can be improved, leading to faster and efficient drug intake66.
1.2.

Surface Roughness

1.2.1. Significance
A surface that is exactly on the mean plane can be termed as ‘flat’ or ‘smooth’.
However, it is rare to find such surfaces in nature. It makes dealing with surface
roughness inevitable. Surface roughness exists in varying levels of magnitude and
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complexities. Surface topography description is not complete without considering the
surface roughness parameter. The surface properties of a material can be significantly
altered due to a varying surface roughness. Characterization of surface roughness has
been found to be more than relevant in application involving tribological properties such
as adhesion, friction and wear

67-69

. An increase in surface roughness has been shown to

increase friction between the contacting surfaces. Similarly, lubricating properties
between two sliding surfaces is highly influenced by the surface roughness presented at
the interface68. In fluid dynamics, surface roughness on a pipe wall is found to affect the
fluid flow rates and flow regimes from predicted values70. These examples illustrate the
significance and necessity to systematically study the effect of surface roughness on
various surface properties. Such studies will enable us to gain a better understanding on
how surface roughness can be controlled to improve the overall system performance.
1.2.2. Characterization
Surface roughness values, like many other surface parameters, depend on the
scale of measurement. The level of roughness at a material’s surface can be identified
within one of the following categories; namely flaw (large roughness (in cm)), waviness
(macroroughness), and micro- and nanoroughness71. Surface roughness can be presented
by using a sinusoidal curve that describes a surface profile where, the roughness is
measured at right angles to the surface in terms of the wave amplitude. Since roughness
has statistical implications, roughness values are obtained as an average parameter of
roughness. For many applications, the most common and useful measure of roughness is
the root mean square (RMS) average of the surface roughness. It is defined as follows:
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(1.2)

where L is the evaluation length, z is the height, and x is the distance along the
measurement. RMS roughness is statistically relevant especially for samples with nonuniform size and particle morphology. Also, Rrms is more effective than the mean
roughness in reporting random surface roughness due to squaring of amplitude values in
the RMS calculations72.
1.2.3. Fabrication methods
In order to understand the effect of surface roughness on specific surface
properties, it is important to develop a simple and versatile method to create surface
roughness that can be altered systematically as desired and fabricated over large areas.
Overall, an effective fabrication technique should have the ability to tune both amplitude
and spatial parameters of the final surface by controlling the process parameters. Some of
the current methods available to generate random rough surfaces include wet/dry etching,
electrostatic deposition, pulsed electron beam deposition, oblique angle e-gun
evaporation, laser lithography, etc71.
1.3.

Electrochemical Deposition

1.3.1

Overview
In general, electrochemical deposition is used to reduce ions from solution onto

an electrode by applying a potential. An electrochemical reaction is a faradaic process
involving an oxidized species (O) gaining electrons from the electrode surface to form
the reduced species, (R) resulting in net charge transfer.
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A typical electrochemical reaction can be represented as follows:
-

(1.3)

During metal electrodeposition, metal ions (Mn+), the oxidized species from aqueous
metal salt solution (electrolyte), gain electrons from the electrode surface to form metal
atoms (M0), the reduced species. The component of interest in this process is the
electrode surface that is in contact with an aqueous metal ionic solution. Electrochemical
reaction occurs through transfer of charged particles (metal ions and electrons) across the
interface between a solid electrode and a liquid solution.
1.3.2. Nernst Equation
The Nernst equation relates the equilibrium potential of an electrode Ueq, to the
standard potential U0eq, and to the activities of electroactive species at a given
temperature. The equilibrium potential (Ueq) of an electrochemical reaction is expressed
as a function of concentrations (activity) of the oxidized and reduced species as shown
below;
(1.4)
where Uoeq is the standard equilibrium potential, F is the Faraday’s constant, R is the
universal gas constant, T is the absolute temperature, n is the number of moles of
electrons involved in the reaction, and aO, aR are the respective activity of the oxidized
and reduced species. At equilibrium potential, the oxidation and reduction reactions occur
at the same rate, and the reaction is considered to have attained equilibrium conditions.
As predicted by Le Chatelier’s principle, when the potential is lowered, the equilibrium
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shifts allowing the reduced species to be more stable. In other words, when the potential
is lowered, the balance is tilted in favor of reduction reaction. In contrast, when the
potential is increased, the oxidized species becomes more stable by favoring oxidation
reaction. Therefore, by applying a cathodic overpotential ηC, an oxidized species (Mn+,
metal ions) can be forced to be deposited in its reduced form (i.e. Mo, metal atoms) onto
an electrode surface resulting in metal electrodeposition. Thus, overpotential, (ηC) can be
quantitatively explained as the net difference between the resultant potential (U) and the
equilibrium potential (Ueq) of the species involved as shown below;
η

(1.5)

1.3.3. Cyclic Voltammetry
Cyclic Voltammetry (CV) is a standard technique used in many electroanalytical
studies to characterize oxidation and reduction reactions occurring at an electrode
surface. It is generally considered as a simple, rapid, and powerful method for
characterizing the electrochemical behavior of analytes that can be electrochemically
oxidized or reduced. Cyclic voltammetry is an experiment in which the potential applied
to the working electrode is swept at a constant sweep rate and the resulting current is
measured as a function of the potential48. Depending on the information sought, the CV
curve can be obtained over single or multiple cycles. Figure 1.4 shows schematic of a
typical steady state CV curve for a reversible electrochemical reaction.
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Figure 1.4 Schematic of a typical cyclic voltammetry curve for a steady state reversible
electrochemical reaction.
The schematic shows a single scan CV curve where the scan is originated at 0 V
versus a reference electrode (for example, a standard hydrogen reference electrode
(SHE)). The points at which the scanning potentials reverse and change in direction are
denoted by the potential limits RP1 and RP2. As the potential is varied, any oxidation or
reduction reaction at the electrode surface is recorded as a current. The magnitude of the
current can be directly correlated to the rate at which the oxidation or reduction reaction
takes place. Therefore, to effect a cathodic electrodeposition, the potential is decreased
past the equilibrium potential of the reaction resulting in a reduction current onset.
During the cathodic scan, initially the current increases exponentially due to the
high concentration of the reactant at the electrode/electrolyte interface. This region is
known as kinetic control regime. As the reactants deplete due to high driving force (high
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overpotential), diffusion from the bulk supplies the reactant. As a result, the current levels
approaches a steady current determined by the bulk diffusion flux. This region is known
as the diffusion control regime. The transition region between the kinetic and diffusion
control regimes is known as a mixed control regime where both reaction kinetics and
diffusion effects determine the overall current. Total current obtained, itotal is given as:
(1.6)
where ikinetic corresponds to the current density due to kinetics of the electrochemical
reaction, and idiffusion corresponds to the current density due to mass transport
characteristics of reactive species from the bulk to the electrode surface.
The current due to electron transfer kinetics at the electrode-electrolyte interface
can be determined as follows: Let us consider the following reduction reaction,
-

The rate of forward reaction,

(1.7)

(in moles cm-2 s-1) is given as;
(1.8)

where kf is the forward rate constant and Co is the concentration of the oxidized species
(metal ions). The resultant current due to electron transfer kinetics is given as;
(1.9)
Substituting for the rate of forward reaction in the above equation (and assuming n=1),
(1.10)

17
Further, the rate constant for forward reaction can be expressed as a function of
overpotential, η

as follows;

(1.11)
where

is the standard reaction rate constant that is independent of potential, and

is

the cathodic transfer coefficient. Hence, substituting for the forward rate constant in eq.
1.9 gives,
(1.12)
From the above equation, it is clear that, the reductive current due to electron transfer
kinetics increases exponentially as a function of applied overpotential (refer to kinetic
controlled regime in Figure 1.4).
Similarly, the reduction current as a result of mass flux of oxidized species from
bulk to the electrode interface can be determined as follows. The Nernst-Planck equation
can be used to obtain an equation for mass flux of electroactive species (in ions cm-2 s-1)
as a result of diffusion and electromigration;
(1.13)
where D is the diffusivity, c is the concentration, e is the charge on the electron, z is the
valence of the ionic species, and v is the velocity of a volume element in the x-direction.
Eq. 1.12 denotes the total flux contributions from three terms.
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The first term is from Fick’s first law for diffusion. The second term represents
contribution due to migration of ions under the influence of electric field
(electromigration). The third term denotes contributions due to convection. The reductive
current as a result of mass transfer effects can then be given as;
(1.14)
Since there are no convective forces present in the electrochemical cell discussed
here, the third term in eq. 1.12 can be neglected. Substituting for flux (with only two
terms) in eq. 1.13 then gives,
(1.15)
Similar to convective forces, electromigration term can also be ignored in the flux
equation if the drop in potential across the electrolyte solution is negligible. When the salt
concentration of the electrolyte is adequately high, the potential gradient can be avoided.
Hence, eq. 1.14 can be further simplified as follows;
(1.16)
From the above equation, it can be seen that, the magnitude of reductive current is
obtained directly as a function of diffusivity coefficient. In other words, the magnitude of
current density is dictated by the rate at which material can diffuse to reach the electrode
interface via mass transport.
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Figure 1.5 Schematic of a typical current transient curve for diffusion-controlled
electrochemical reaction; I, II and III representing early, intermediate and later stages of
reaction respectively.
In a typical reduction process, initially the current magnitude is higher due to
availability of higher concentration of metal ions at the electrode-electrolyte interface. As
the reaction proceeds over time, the concentration of metal ions gets reduced gradually at
the interface thereby creating a constantly increasing depletion zone. This phenomenon
results in current density reaching a steady current stage (refer to diffusion controlled
regime in Figure 1.4). A schematic of typical current transient for concentration gradient
at different times during the diffusion controlled growth is shown in Figure 1.5. Since it
is a reduction process, by rule, current density is represented in the negative direction.
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1.3.4. Nucleation and crystal growth
A driving force for phase transformation from liquid to solid exists when liquid is
under a specific condition such as supersaturated solution exceeding its equilibrium
solubility or at a temperature below its equilibrium melting temperature (Tm). This phase
transformation is always accompanied with a change in its free energy (∆G). For
example, let us consider the case of nucleation in pure metals. When the liquid is cooled
below Tm, the phase transformation begins with the clustered formation of small solid
particles called nuclei. This step (nucleation) requires excess energy due to the formation
of an interface around the newly formed solid phase within the bulk liquid phase.
Supercooling of melts and solutions below their equilibrium melting temperatures
provide this excess energy. It has been widely applied in processing methods such as
metal casting, fusion welding etc. Similarly, applying electric overpotential upon
deposition initiates nucleation in electrochemical processes.
In general, nucleation can occur in two modes. Heterogeneous nucleation occurs
at specific sites (such as crevices, holes or impurities in the system) that act as nuclei,
whereas homogenous nucleation involves segregation of bulk liquid phase into tiny
molecular clusters of droplets. The change in free energy associated with the formation of
solid phase within a liquid phase is given by the following equation;
(1.17)
where

is the volume of the solid,

interfacial area,

is the volume of the liquid,

is the interfacial surface energy and

,

is the solid/liquid

are the free energies of

respective phases per volume. Below Tm, the free energy associated with the formation of
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a small volume of solid add a negative contribution while the introduction of surface
energy associated with the formation of new solid phase adds a positive contribution to
the free energy change. The excess free energy due to the solid phase can be minimized
by altering the shape of the particle. For example, if

is isotropic, the solid particle will

be a sphere of radius r. The change in free energy can be written as follows;
(1.18)
Figure 1.6 shows a schematic of change in total free energy, ΔGr, as a function of
the radii of nucleus. It can be seen from the figure that the newly formed nuclei maintain
a metastable state. There exists a critical size with radius, r* where the free energy
change is maximum. For the nuclei with radius, r < r*, the nuclei will remain together as
clusters in the liquid phase to reduce the overall free energy. Similarly, at a radius, r > r*,
the nuclei will remain stable and continues to grow bigger with a lower free energy
change. The critical nuclei size with radius r* is given as,
(1.19)
and the corresponding change in free energy,

is given as,
(1.20)

The ΔG* term denotes the energy barrier that a nucleation process must overcome to
form stable spherical nuclei of a minimum radius, r ≥ r*. This explanation based on free
energy driven nucleation mechanics can be generalized for the case of supersaturated
solutions, supercooled liquid/vapor systems, or an overpotential driven electrochemical
nucleation process.
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Figure 1.6 Schematic showing changes in total free energy, ΔGr, as a function of the
radii of nucleus.
In solution based particle synthesis via nucleation and crystal growth, the critical
radius r* determines the size of the smallest nuclei that can be formed in that system. It
can be seen from eq. 1.19 that any increase in free energy change,
surface energy,

v

or a reduction in

alters the critical size of the nuclei being formed. Surface energy of

the solid particles (nuclei) can also be influenced by the temperature. Figure 1.7 shows a
schematic plot of change in free energy,

v

with temperature. As temperature decreases,

both the critical size and free energy change becomes smaller, resulting in liquid
instability at lower temperatures.
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Figure 1.7 Schematic plot showing change in critical size and free energy as a function
of temperature.

Figure 1.8 Schematic showing the energy barrier for different modes of nucleation.
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Similarly, depending on the mode of nucleation (homogeneous or heterogeneous),
the excess free energy required for solid cluster formation varies (refer to Figure 1.8).
The energy barrier for nuclei formation is much smaller in heterogeneous nucleation due
to availability of nucleation sites existing in the form of crevices, holes or impurities.
This is the reason for higher nucleation rates in heterogeneous mode compared to the
homogeneous nucleation but, it is to be noted that the critical nucleus size remains the
same regardless of the nucleation site.
Nucleation results in the formation of solid – liquid interface, which can be
characterized using a long range order parameter (LROP) based on their interfacial
atomic spacings. Solid phases have a high long-range order and the liquid phases have a
smaller long-range order while the transition from high to low order happens at the
interface. At equilibrium, the interface exists as a diffuse surface with an atomic density
comparable to that on either side of the interface.

Figure 1.9 Schematic of solidification kinetics as a function of temperature.
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For nuclei to continue growing bigger, the free energy associated with the
solidification process has to be the driving force. The excess energy for advancing the
solidification is released if there is a drop in free energy while moving from the liquid
phase to solid phase. Figure 1.9 shows a schematic of change in free energy with
temperature associated with phase transformation. It can be seen that at a critical
temperature (Tm), the change in free energy between the liquid and solid phase is zero. If
the temperature is maintained below Tm, the free energy of the solid phase remains lower
than that of the liquid phase, thereby driving the solidification kinetics. This phenomenon
is commonly known as supercooling of liquid in order to grow solid particles.
1.3.5. Experimental set-up
A three-electrode electrochemical cell was used in this project for all
electrochemical studies. Figure 1.6 represents a schematic of the experimental set-up for
electrochemical deposition. The electrochemical cell is made of Teflon material in order
to obtain a cell surface that is inert with an electrolyte solution and also is easy to clean.
The reference electrodes used in the experiments presented in this thesis work include a
silver/ silver chloride in 3M sodium chloride solution reference electrode (Ag/AgCl (3M
NaCl)) which has a Ueq = 0.22V (vs. SHE) and a copper wire in copper sulfate solution
reference electrode (Cu/CuSO4) which has a Ueq = 0.32V (vs. SHE). A platinum wire
mesh was used as the counter electrode in all the experiments. A conducting metal thin
film (made of Au or Ag) on polished silicon wafer substrates is used as the working
electrode for most of the experiments. In some experiments, silicon wafers were replaced
by mica or borosilicate glass surfaces as substrates.
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Figure 1.10 Schematic of the three-electrode electrochemical cell set-up.
Teflon cell structure has three openings, two at the top and one at the bottom. The
smaller opening on top is to hold the reference electrode, while the bigger opening is for
the counter electrode. The bottom opening is sealed to the working electrode through an
elastomer o-ring held tightly with a clamp. Once the set up is made, the electrochemical
cell is filled with the electrolyte, which is an aqueous metal salt solution. The reference
electrode is placed in proximity to the working electrode and the two are connected via a
lugging capillary so as to minimize solution resistance. A potentiostat (Model 263A,
Princeton Applied Research) connected to a PC is used for data acquisition and analysis.
1.4.

Characterization Methods

1.4.1

Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) offers a powerful tool to visually inspect an

object at the micro- (10-6 m) and nanometer (10-9 m) levels with a very high resolution
where an optical microscope is deemed irrelevant owing to the diffraction limit of light.
An SEM can reveal detailed information about the sample morphology (texture),
topography, composition, crystal structure and orientation. It uses a focused beam of high
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energy electrons generated by a cathodic electron gun source (thermionic or field
emission). These electron beams are accelerated using an anode cap that imparts
significant amounts of kinetic energy. The electron beam decelerates upon interacting
with the specimen surface and dissipates the excess energy into a variety of energetic
emissions (signals). Depending on the type and level of interaction, the emissions signals
can be classified as secondary electrons, backscattered electron, auger electrons (a special
type of secondary electrons), continuous X-rays and characteristic X-rays. Figure 1.7
shows a schematic of different types of interactions between the primary electron beam
and the sample surface.

Figure 1.11 Electron beam – sample surface interaction in an electron microscope73.
These signals are picked up by appropriate detectors and counted, amplified,
converted into digital signals and presented as a gray-scale image that is representative of
the spatial distribution of electron counts (signal intensity). The principle of operation of
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an SEM is very analogous to that of light microscope except for some key differences.
SEM uses electron beam instead of light to focus on the object. Similarly, in the place of
glass lenses, SEM uses electromagnetic coils to deflect and adjust the electron beam. A
simple schematic of the SEM is shown in Figure 1.8.

Figure 1.12 Schematic representation of a scanning electron microscope.
An important drawback of SEM is that, only dry samples can be analyzed
effectively. Wet samples and non conducting specimens are difficult to be characterized
using SEM due to sample depreciation as a result of outgas and charging (thermal burns)
in vacuum. Special sample preparation steps such as dehydration or conductive metal
coating may be required to make them feasible for SEM analysis74.
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1.4.2

Transmission Electron Microscopy (TEM)
Like SEM, transmission electron microscope (TEM) is also a powerful analytical

tool that allows elemental characterization of materials at micro- and nanoscale with even
greater levels of detail and complexity than SEM using a focused beam of high energy
electrons. TEM yields high resolution and high magnification images that enables a
detailed micro-structural examination of size, shape, crystal structures, specimen
orientations and chemical compositions of elements through a combination of electron
beam diffraction pattern and X-ray energy analysis. Figure 1.9 shows a schematic of a
typical TEM set up.

Figure 1.13 Schematic representation of a transmission electron microscope.
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The operation principle involves illuminating the sample with electrons (i.e.
the electron beam) within a high vacuum (similar to SEM), and detecting the electrons
that are transmitted through the sample. The electrons are collected from below the
sample onto a phosphorescent screen or through a camera. The regions in the sample
where the electron beam is transmitted through the material appear as bright spots on the
TEM image while the regions that deflect or stop the electron beam from being
transmitted below appear dark. The regions where the electron beam is scattered appear
in various shades of grey depending on the level of scattering. Ultimately, using a high
resolution TEM allows visualization of the lattice structure at atomic scale in crystalline
samples75.
1.4.3

Energy Dispersive X-ray Spectroscopy (EDS)
Energy Dispersive X-ray Spectroscopy (EDS) is an effective microanalytical tool

for qualitatively and quantitatively determining the chemical composition of a sample for
elements with atomic number (Z) >3. The operation principle involves focusing a high
energy electron beam on the sample in either a SEM or TEM set up. The primary electron
beam will then generate emissive energies (X-rays, in this case) from the penetrating
surface that are characteristic of the elemental make up within the sample. Two types
of X-rays result from these interactions: Bremsstrahlung X-rays (‘braking radiation’ that
are also referred to as Continuum or background X-rays) and Characteristic X-rays (refer
to Figure 1.7). The X-rays are detected by an Energy Dispersive detector which displays
the signal as a spectrum, or histogram, of intensity (number of X-rays or X-ray count
rate) versus Energy. The energies of the Characteristic X-rays allow the elements making
up the sample to be identified, while the intensities of the Characteristic X-ray peaks
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allow the concentrations of the elements to be quantified. The underlying principles for
generation of X-rays and detection by EDS are the same for SEM and TEM. However,
due to the differences in construction of the two types of microscopes, and the different
accelerating voltages used in their operation, there are some differences in the level of
performance for EDS detectors on the two microscopes75.
1.4.4

X-Ray Diffraction Spectroscopy (XRD)
X-Ray Diffraction (XRD) is a useful probing tool for characterizing the crystal

structure of micro- and nanoparticles, thin films and bulk samples in a nondestructive
manner. XRD operates under the principle of Bragg’s law of diffraction which explains
the relationship between wavelength of radiation, angle of X-rays and the crystal lattice
spacing within the material. An expression for Bragg’s law is given below;
(1.21)
where

is an integer,

is the wavelength of incident radiation, d is the inter-planar

spacing in the crystal lattice, and

is the angle between the sample surface and incident

beam. A schematic illustration of XRD is shown in Figure 1.10. The specimen to be
analyzed is irradiated with a monochromatic X-ray beam. The incident X-ray beam hits
the atoms at the crystal lattice within the material and gets diffracted. The interference
pattern of the diffracted beam depends on the interplanar distance of the crystal lattice.
According to Bragg’s diffraction condition, when an incident beam angle is equal to the
angle of reflection, the reflected beams are said to be in phase with each other
(constructive interference). This condition will be met at certain angles that are
characteristic for the material under investigation. At constructive interference angles,
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large intensities of diffracted beams will be detected. A XRD spectrum is generated by
plotting the angle (2 ) vs. intensity of diffracted beams and large intensities of
diffraction beams are seen as peaks in this plot. The positions, shapes and relative
intensities of these peaks are directly correlated to crystal lattice spacing, particle size,
grain size, etc. From Bragg’s relation, it can be learnt that, the smaller the planar distance
of lattice structure, the larger the diffraction angle of the beam. Also, the higher the
wavelength of incident beam, the larger the diffraction angle of the beam76.

Figure 1.14 Schematic representation of an X-ray Diffractometer.
1.4.5

Atomic Force Microscopy (AFM)
Atomic force microscopy is a type of scanning probe microscopy that is used to

make surface topography and force measurements with a high spatial resolution in nanoand angstrom scale. AFM has two different modes of operation, namely contact-mode
(CM) and tapping mode (TM). The TM operates with an oscillating tip that taps the
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sample surface at its resonant frequency to make surface measurements. In contact mode,
the tip is in constant contact with the surface. Depending on the sample type, the
appropriate mode of AFM is employed. For example, tapping mode is preferred for soft
samples such as cells, vesicles and nanotubes etc. while contact mode for harder samples
such as metallic thin films48. Figure 1.11 shows a schematic illustration of an AFM.

Figure 1.15 Schematic representation of an atomic force microscope.
A sharp tip attached to a cantilever beam is used as the probing tool in AFM
measurements. The AFM tip is held in constant contact with the substrate by a feedback
loop. The substrate is placed over a piezoelectric scanner which moves the substrate
relative to the tip. The surface signals from the AFM tip are collected using an optical
lever set up. The optical lever system has a laser beam and a four-quadrant photodiode
screen that records position-specific information. The laser beam is aligned to be
reflected off the edge of the cantilever (the tip is right below the edge of cantilever) and
the reflected is beam is captured at a specific location within the photodiode. As the tip
scans the surface of the substrate, the tip deflection causes changes in laser beam
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reflections off the tip head which changes its position on the recording photodiode. The
data collected by the photodiode is then converted into height information allowing the
AFM software to display a topological image of the sample.
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Chapter 2 - Additive-Mediated Electrochemical Fabrication of
Copper Particles
2.1

Introduction
Synthesis and characterization of anisotropic micro- and nanoparticles, either in

suspension or localized on a surface, are current areas of intense scientific interest due to
the material shape–property relation. Shape-tunable material properties have a wide range
of potential applications from catalysis, data storage, photonics and quantum computing
to bio-sensors and pharmaceutics5, 77-82. Copper, being a non-noble face-centered cubic
(fcc) metal with high thermal and electrical conductivities and relatively low cost, is fast
emerging as a promising alternative to noble metals (such as Pt, Au and Ag) in several
applications40, 83-85. A variety of synthetic methodologies such as wet chemical reduction,
hydrothermal process, ultrasonic irradiation and electrochemical deposition have been
developed for making anisotropic copper micro- and nanoparticles53,

86-89

. In general,

solution-based synthesis techniques are common for nanoparticles synthesis, but they are
often time-consuming and involve multiple steps. Electrochemical deposition represents a
simple and versatile method for nanoparticle synthesis and shape control at room
temperature. It offers a high degree of freedom in monitoring and manipulating particle
growth processes through the adjustment of deposition potential or current as well as
controlling the extent of growth through applied charge.

36
Such substrate immobilized anisotropic nanostructures can be applied directly in
metal electrode based nanodevices such as sensors, electronics and solar cells49,

53

.

Moreover; it allows easy handling during storage and characterization. Various
anisotropic nanoparticles shape ranging from cubes, octahedrons and rods to dumbbells
have been obtained using electrochemical deposition55,

90, 91

. Surfactants such as

cetyltrimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) were used
as structure directing agents in these studies. The surfactants are believed to preferentially
bind to select crystal planes of the particles thereby altering the relative growth kinetics
of the particular crystal planes. Unlike anisotropic noble metals synthesis, only a few
reports have been published on anisotropic shape modification of copper particles using
electrodeposition92,

93

. Anisotropic copper particles were obtained in these reports by

exploiting crystal growth kinetics on different faces with deposition parameters including
time, potential and solution concentrations. Recently, Ko et al. synthesized anisotropic
copper nanoparticles electrochemically using surface capping agents such as dodecyl
benzene sulfonic acid and poly (vinylpyrrolidone)94.
In this chapter, a simple and versatile, additive mediated room-temperature
electrochemical approach to synthesize anisotropic copper micro- and nanoparticles
localized on electrode substrates is presented. Structural and crystallographic
characterizations are performed to understand the anisotropic growth mechanism of
copper particles in the presence of potassium bromide as an additive to the electrolyte.

37
2.2

Experimental procedure

2.2.1

Materials
Freshly cleaved mica surfaces (Grade 5) were purchased from Ted Pella, Inc and

gold coated borosilicate glass surfaces were purchased from ArrandeeTM, Germany to be
used as substrates for characterization purposes. These gold surfaces were flame annealed
using a propane torch (Bernzomatic mini torch, 14.1 Oz). Copper (II) sulfate
pentahydrate, CuSO4.5H2O (Sigma 98% purity), concentrated sulfuric acid, H2SO4
(Aldrich, 99.95% purity) and potassium bromide, KBr (Aldrich 99% purity) were used in
all the experiments described. Ethanol (Aldrich, 200 proof, ACS grade) was used for
rinsing the electrode surfaces. All glassware and the teflon electrochemical cell were
soaked in 100% concentrated sulfuric acid (Aldrich, 95% purity) overnight and rinsed
with distilled and deionized water prior to use. Water was distilled and deionized using a
Millipore Direct-Q UV3 Purification System (Bedford, MA), which had a resistivity ≥
18.0 MΩ cm. In all experiments, the chemicals and nitrogen gas (Grade 4.8, Airgas) were
used as received.
2.2.2

Copper electrodeposition
A three electrode cell was used to electrochemically deposit copper from an acidic

solution of copper sulfate (0.4M CuSO4.5H2O and 0.2M H2SO4) in de-ionized water. 100
µl of an aqueous KBr stock solution (1mM) was added to 10 ml of the electrolyte
solution before starting the experiment (i.e., yielding a final KBr concentration of
0.01mM). An Ag/AgCl (3M NaCl) (0.22 V vs. SHE) and a platinum wire mesh were
used as reference and counter electrodes, respectively. A copper wire (in saturated CuSO4
solution) (0.32V vs. SHE) was also used as reference for copper nanoparticle deposition
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in certain experiments. A 300 nm thick layer of sputtered gold film (deposition rate = 1.8
Å/s) on freshly cleaved mica substrates was used as the working electrode surface. The
substrates were annealed at 300°C for 3 hours under a nitrogen atmosphere in a tube
furnace (GSL-1500X, MTI Corporation). A 250 nm thick layer of gold film (with a 2.5
nm thick chromium adhesion layer) on borosilicate glass (0.7mm thick) was used as
working electrodes only for characterization purposes. For CV scan experiments, the gold
thin-film layer was replaced with an evaporated silver film on silicon wafer surfaces. The
working electrode surfaces were cleaned by rinsing with ethanol and de-ionized water.
Potentiostatic electrodeposition was carried out using a potentiostat (263A, Princeton
Applied Research) with a working electrode area of 0.7 cm2. All electrochemical
experiments were performed at room temperature. After deposition, the electrode surface
was rinsed thoroughly with de-ionized water and dried with nitrogen gas and stored for
further characterization.
2.2.3

Characterization
The morphology and size of electrochemically grown copper particles were

characterized using a Hitachi S4800 field-emission scanning electron microscope (SEM).
Particle composition and crystal structure were analyzed by four-circle high resolution Xray diffraction (HR-XRD) and a JEOL transmission electron microscope (TEM) (at
200kV). For TEM sample preparation, fresh copper nanoparticles were scrapped off the
electrode surface into water and a few drops of the liquid suspension was placed on a
carbon-coated TEM grid and allowed to dry in air. The CV experiments were performed
using the same electrochemical set up described in previous paragraph. The working
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electrode potentials were cycled between 0V and -1V versus Ag/AgCl reference
electrode (3M NaCl saturated) in an acidic copper sulfate electrolyte solution. The scan
rate was 10mVs-1.
2.3

Results and Discussion
In order to deposit copper particles using electrodeposition, a cathodic

overpotential, η (

, refer to eq. 1.5), has to be applied such that Cu2+ ions in the

aqueous copper salt electrolyte can be reduced to form clusters of copper atoms, Cu0 at
the electrode interface. Electrodeposition of metal atoms onto a foreign substrate is
governed by a mechanism called Volmer-Weber island growth, according to which, the
metal ions preferentially bind to pre-existing islands and the nucleation and growth
kinetics are controlled directly by the applied overpotential95. Typically, a high
overpotential will generate high nucleation density which will coalesce over time to
generate smooth thin films. A low overpotential will result in low nucleation density
leading to the growth of individual islands of metal deposits on the electrode surface. A
cyclic voltammetry (CV) experiment is used to determine appropriate overpotential for
depositing copper micro- and nanoparticles at the working electrode surface. A CV scan
on the cathodic direction is performed in order to obtain experimental insight into the
different growth regimes that occur in a copper electrochemical system.
Figure 2.1 shows a cathodic CV scan for reduction of copper from acidic CuSO4
(0.1M) on an evaporated silver film coated silicon wafer surface. The inset in Figure 2.1
contains SEM images of electrodeposited surface obtained through potentiostatic
deposition at a set of overpotentials within the scan range shown in CV scan. It can be
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seen that, at lower overpotentials closer to the equilibrium conditions (i.e. at the reaction
limited regime), facetted individual copper particles with well-defined morphology were
obtained. As the depositing conditions moved away from the equilibrium towards higher
overpotentials (i.e. at the diffusion limited regime), a gradual transition to dendritic
morphology was obtained as confirmed by the SEM images at respective regimes.

Figure 2.1 Cathodic CV Scan for copper electrodeposition from an acidic copper sulfate
solution. Inset contains SEM images of electrodeposited copper surface at different
overpotential controlled growth regimes respectively.
The elemental composition of electrodeposited surface is determined using EDS.
Figure 2.2 shows the spectrum generated using an EDS detector in the SEM to confirm
the presence of elemental copper on an evaporated silver film surface (silicon wafer
substrate) after electrodeposition. The inset image in Figure 2.2 shows the region of scan
on one of the electrochemically grown copper particles on the electrode surface.
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Figure 2.2 EDS scan showing the elemental composition of the electrodeposited surface.
Inset contains an SEM images indicating the region of scan.
After identifying the experimental conditions for the reaction kinetics limited
growth regime, shape directing additives were introduced in the electrochemical system
by simply adding potassium bromide salt to the aqueous electrolyte solution. KBr
dissolves readily in an aqueous environment and presents K+ and Br- ions at the interface.
Potentiostatic depositions were carried out at respective overpotentials in the reaction
limited regime. Figure 2.3 shows the current transient curve for potentiostatic
experiments conducted at an overpotential of 35mV (vs. Ag/AgCl Sat. in 3M NaCl) on
annealed Au film (on glass) substrate both in the presence and absence of additive (KBr)
in the electrolyte medium. Both experiments were terminated after depositing a total
charge of 0.068C in order to keep the amount of material deposited on both the electrodes
unchanged. The Current transient curves show a significant drop in current density in the
presence of KBr. In order to deposit the same amount of material, it takes approximately
three times longer in the presence of KBr, suggesting a change in crystal growth kinetics
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(slow down) in the presence of additives. This change in dynamics is due to the effect of
additive mediation during the nucleation and growth of copper particles. The current
transient curves from potentiostatic experiments were used to quickly screen through
various additive molecules and select a potential shape directing agent of interest.

Figure 2.3 Current transient curve showing the effect of additive (KBr) on copper
electrodeposition.
Figures 2.4A and 2.4B show the scanning electron microscope (SEM) images of
electrochemically grown copper particles on a gold-coated mica substrate. The copper
particles grown without any additives (Figure 2.4A) in the medium were evenly dispersed
on the electrode surface with a well-defined crystal structure. These particles were grown
at an applied overpotential of -0.04V (vs. Cu/CuSO4) for 5 minutes from an acidic copper
sulfate solution. The inset image of Figure 2.4A shows a high-magnification view of
single copper particle having a truncated octahedron shape with the {111} face parallel to
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the substrate. Figure 2.4B shows plate-like anisotropic copper particles grown in the
presence of potassium bromide (KBr) as an additive. The deposition parameters were
similar to the control experiment (Figure 2.4A) except for the addition of 0.01mM KBr to
the electrolyte solution before starting the electrochemical deposition. The inset of Figure
2.4B shows a close-up view of a single anisotropic copper particle (~150 nm thick) with a
plate-like morphology oriented vertically relative the electrode surface. The inherent
vertical alignment of the particles (i.e., with the long axis normal to the substrate surface)
is presumably as a result of crystalline orientation of the gold coating and will be
explored in future studies as a potential means of dictating the orientation of the
anisotropic particles supported on electrodes.

44

Figure 2.4 SEM images of electrochemically grown copper particles on gold-coated mica
substrate under potentiostatic conditions in (A) absence and (B) presence of potassium
bromide (0.01mM) (Scale Bar = 10 µm). The electrolyte consists of an acidic copper
sulfate solution (0.4M). The insets correspond to higher magnification images of single
copper particles with facetted morphology.
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Figure 2.5 shows a transmission electron microscope (TEM) image of a single
anisotropic copper particle suspended on a TEM grid. The particle has near-triangular
morphology with the base plane parallel to the grid surface and a planar angle of 60°.
Selected-area electron diffraction (SAED) pattern recorded for one of the anisotropic
copper particles is shown in the inset. The third set of diffraction spots are indexed to
Bragg reflections, in agreement with standard fcc crystal lattice arrangement in [111]
zone axis. The first and second sets of diffraction spots are indexed to 1/6 {220} and 1/3
{220} Bragg reflections respectively. The SAED pattern indicates that the base plane of
the anisotropic plate-like copper particles have a (111) crystal lattice structure.

Figure 2.5 TEM image of a single anisotropic copper particle suspended on the TEM
grid. SAED pattern (inset) indicates (111) lattice arrangement on the base plane of
anisotropic copper particles.
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Figure 2.6 shows the X-Ray diffraction (XRD) patterns for electrodeposited
copper particles on an Au-coated glass substrate revealing the crystalline nature of
electrode surface. Two characteristic peaks were observed at 2~38.2° and 81.7°
corresponding to Au (111) and Au (222) crystal faces, respectively (Figure 2.6i) (JCPDS
Card # 98-000-0230). A strong peak for Au (111) and another weak peak for Au (222)
emphasize that the Au films are polycrystalline but primarily composed of (111) oriented
domains.

Figure 2.6 XRD patterns showing corresponding peaks for electrodeposited copper
particles on an Au-coated glass surface; (i) Bare Au film (control), and copper particles
electrodeposited on an Au film in the (ii) absence, and (iii) presence of KBr as an
additive.
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The diffraction patterns for the copper particles grown in the absence (Figure
2.6ii) and presence (Figure 2.6iii) of additives show an additional characteristic peak at
2~ 43.3° corresponding to the face-centered cubic Cu (111) crystal face (JCPDS Card #
98-000-0172). The absence of any other peaks suggests that the Cu particles do not
oxidize significantly under ambient conditions over the duration of the experiment and
their characterization. A schematic illustration of the anisotropic growth mechanism of
copper particles in the presence of bromide ions is shown in Figure 2.7.

Figure 2.7 Schematic illustration of the proposed mechanism for additive-mediated
anisotropic crystal growth of copper particles; Bromide ions (Br-) preferentially bind to
the (111) crystal face.
Copper (fcc crystal structure) has a cubic unit cell and based on truncated
octahedron-like crystals seen from SEM images (Figure 2.4A), individual crystal faces
can be assigned with their respective miller indices {110}, {100} and {111}, as shown in
Figure 2.7. At or near equilibrium conditions, the crystal morphology is dictated by the
relative order of interfacial energies of different crystal faces such that, the total surface
free energy of the solid is driven towards a minimum at a specific concentration and
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temperature96. Faster growth rates occur perpendicular to the faces with higher surface
free energies thereby eliminating (or diminishing) them while lower surface energy faces
continue to increase in area (i.e., the final crystal structure consists predominantly of
lower energy surfaces). However, anisotropic crystal growth can be achieved by
introducing additive species in the growth medium that have the ability to bind
preferentially only to certain crystal faces thereby altering their surface energies and
hence influencing the relative crystal growth kinetics and thermodynamics53.

Figure 2.8 SEM images of electrochemically grown copper particles on a gold-coated
glass substrate in the presence of potassium sulfate (0.2 mM) as an additive (Scale Bar =
50 µm).The copper particles were grown at an applied overpotential of 0.07V (vs.
Ag/AgCl in 3M NaCl) for 20 minutes from an acidic copper sulfate solution (1.2M). The
inset shows a higher magnification image of single copper particle with facetted
morphology (Scale Bar = 10 µm).
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Based on the TEM results, we infer that Br- ions preferentially bind onto {111}
crystal planes of copper thereby stabilizing crystal growth along that direction (i.e.,
through adsorption, the bromide ions decrease the surface energy of the {111} plane).
This alters the relative crystal growth kinetics by allowing {100} and {110} crystal
planes to continue to grow at a relatively faster rate, while the stabilized {111} crystal
plane continues to increase in area leading to the anisotropic triangular plate-like
morphology. To further confirm that the bromide ions are responsible for the
morphological change (i.e., not the potassium ions), potassium sulfate (K2SO4) was used
instead as the electrolyte additive. Figure 2.8 shows the SEM images of copper particles
obtained through electrodeposition in the presence of K2SO4 as additives. It can be seen
that, there is no significant change in the morphology of the copper particles compared to
those obtained without additives in the growth medium (refer to Figure 2.4A), thereby
eliminating the possibility of potassium ion involvement in the anisotropic growth. The
significance of additive ions (particularly anions) as shape directing agents has been welldocumented for seed-mediated synthesis of anisotropic gold nanowires97. Similar
preferential adsorption behavior for Br- ions has been observed by other groups in shapecontrolled metal nanocrystals synthesis91, 98.
2.4

Conclusions
In summary, a room-temperature electrochemical approach to successfully

synthesize anisotropic plate-like copper micro- and nanocrystals in presence of potassium
bromide is presented. A CV scan was used to gain insight into copper electrodeposition
regimes as a function of applied overpotential. Structural and crystallographic
characterizations were performed using SEM, TEM, EDS and XRD to confirm the

50
anisotropic morphology and crystal structure of the synthesized copper particles. A
possible mechanism to explain the anisotropic crystal growth is proposed based on
preferential adsorption of bromide ions to selective crystal faces. Further investigation of
such anisotropic nanostructured particles inherently supported on a substrate surface will
enable us to explore novel shape-tunable material properties in applications such as
sensors, electrodes in fuel cells, and catalysts.
2.5

Future work
The current fabrication route developed for copper particles will be optimized for

improved dispersity and uniformity of anisotropic copper particles. A systematic study of
effect of different additive concentrations and growth conditions (applied overpotential)
on the morphology of anisotropic particles will be studied as part of future plans. The
objective will be to increase the aspect ratio of plate-like anisotropic copper particles and
understand their crystal facet dependent material properties with respect to surface area of
the desirable anisotropic crystal face. The substrate currently used is an annealed gold
film on glass substrate. The gold substrate exposes a polycrystalline domain for particle
nucleation during electrochemical deposition with more (111) domains being presented
because of the effect of annealing. The SEM images of copper particles show that, the
nucleating crystals continues to grow at an angle from the substrate surface that is
specific to the type of crystal plane it is growing from. Figure 2.9 shows a schematic of
specific orientation of growing nuclei from a crystal plane.

51

Figure 2.9 Schematic of the angle between two crystal planes99.
The angle of orientation between two crystal planes is given by the following
equation;
(2.1)
where (h1k1l1) and (h2k2l2) denote the miller indices for respective crystal planes in
contact with each other. By designing substrate crystal orientation, growth of anisotropic
copper particles at the electrode surface can be directed to expose crystal facets at a
specific orientation which may further improve their shape dependent material proerties.
In general, the affinity of certain additive ions or molecules towards a particular
crystallographic plane depends on various parameters such as atomic size, shape and
molecular arrangement. For example, the degree of selectivity for different halide ions on
low-index nanocrystalline crystal facets of Au varies in the following order: I- > Br- > Cl>> F-

100

. The higher the degree of selectivity, the better will be their preferential

adsorption and hence, their effectiveness in directing additive-mediated anisotropic
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crystal growth. Therefore, another task for future work will be to systematically screen
through other potential additive ions that can induce shape directed growth through
preferential adsorption and explore the possibility of novel shapes (and crystal facet
orientation) of anisotropic copper particles.
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Chapter 3 - Anisotropic Copper Crystals as Electrocatalysts
for Methanol Oxidation in Direct Methanol Fuel Cells
3.1

Introduction
Copper, a non-noble face-centered cubic (fcc) metal is an excellent conductor of

heat and electricity and a well-established, relatively inexpensive catalyst material. It has
applications ranging from catalysis to printed microelectronics84,

101, 102

. Copper

nanostructures are being used for better thermal management of heat flux generated in
copper interconnects and semiconductor devices103. In recent years, copper has emerged
as a possible alternative to noble metal (Pt, Ru) based anodic materials in Direct
Methanol Fuel Cells (DMFC) for electro-oxidation of methanol due to its low-cost104-106.
An electrochemical method is used to fabricate electrode surfaces with shape controlled
nanoparticles at room temperature. The electrodeposition method offers a greater control
over the system through freedom and flexibility in monitoring and manipulating
anisotropic particle growth processes.
Electro-oxidation of methanol is used as a model experiment to characterize the
effect of anisotropic morphology on the catalytic activity of copper nanostructures. The
primary objective of a DMFC is to function as an electrochemical device that converts
chemical energy of a reaction directly into electrical energy. It is one of the most
promising energy devices for powering portable and consumer electronic devices.
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Methanol has a high energy density and its easy handling ability makes
development of DMFC to be an interesting area of research107-109. A schematic
representation of a typical DMFC operation is shown in Figure 3.1. In a typical DMFC, a
fuel mixture of methanol and alkaline water is simultaneously electro-oxidized into
carbon dioxide and electrons at the anode compartment. The methanol oxidation reaction
(MOR) is as follows:
-

(3.1)

-

The hydroxyl ions arrive at anode from cathode by diffusing through an anion
exchange membrane. At the cathode, the electrons and oxidant air or oxygen reduce into
water through a characteristic oxygen reduction reaction (ORR) given by the following
equation;
-

-

(3.2)

Eq. 3.1 and 3.2 can be combined to give an overall reaction as follows;
(3.3)
Noble metal based catalysts have been studied extensively for their application as
a suitable anode material in DMFC’s. Shape dependence on catalytic activity of these
noble metal catalysts has been reported previously57. However, the high-cost and easy
contamination of the noble metal based catalysts limits the development of methanol
based fuel cells for commercial applications107. Lately, there is a growing interest on
exploring non-noble metal based catalysts as a viable alternative for electro-oxidation of
methanol in DMFC’s.
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Figure 3.1 Schematic representation of a typical direct methanol fuel cell (DMFC).
The recent developments in the area of electrolyte development for methanol fuel
cells established the significance of alkaline electrolytes. It has been found that methanol
oxidation rate is greatly accelerated at high pH values. Thus, from a kinetic point of view,
it is highly imperative to perform methanol oxidation under an alkaline condition. Other
than that, alkaline electrolytes also present reduced corrosion concerns than the proton
conducting acidic electrolytes. This paved way for the possibility of testing various nonnoble metal based catalysts for methanol oxidation. Recent reports on Nickel as a suitable
alternative to noble metals based electrocatalysts show promising results for methanol
oxidation. The catalytic activity of Nickel has been attributed to its good surface
oxidation properties. The methanol molecules are found to be oxidized at the oxidizing
potentials of Nickel where a higher valence Nickel oxide is formed. The motivation and
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driving force for this work comes from the low cost of copper. The fact that copper is
cheaper than Nickel makes it an even better candidate for electrocatalysts in DMFCs.
Methanol electro-oxidation reaction in an alkaline medium has been reported in literature
for a polycrystalline copper electrode surface104. The mechanism for catalytic activity at
the copper electrode surface is explained on the basis of formation of Cu III species at the
electrode-electrolyte interface. The transition from CuII to CuIII species on the copper
surface at higher anodic potentials is shown to catalyze the oxidation reaction of
methanol through a mediated electron transfer mechanism. Though the catalytic activity
of a copper surface has been well established for the oxidation of various organic
molecules, the role of anisotropic copper particles (with shape-dependent catalytic
property) towards methanol oxidation remains largely unexplored.
In this chapter, anisotropic plate-like copper nanoparticles fabricated using an
additive mediated electrochemical approach is used as novel electrocatalysts for methanol
electro-oxidation reaction. Electrochemical characterization is performed using cyclic
voltammetry to understand the effect of anisotropic morphology on catalytic activity of
copper nanoparticles. Single crystal surfaces of copper are used as substrates for
methanol oxidation to elucidate the influence of crystal structure on their catalytic
activity. Furthermore, thermal and electrochemical stability measurements are carried out
to test the feasibility of anisotropic copper particles as suitable anode electrocatalysts in
direct methanol fuel cells (DMFCs).

57
3.2

Experimental procedure

3.2.1

Materials
Gold coated borosilicate glass surfaces were purchased from ArrandeeTM,

Germany. The gold surfaces were flame annealed using a propane torch (Bernzomatic
mini torch, 14.1 Oz). Single crystal copper metallic substrates (10mm X 10mm X
0.5mm) with <111>, <110> and <100> orientations were purchased from MTI
corporation. Copper (II) sulfate pentahydrate (CuSO4.5H2O; Sigma, 98% purity),
concentrated sulfuric acid (H2SO4; Aldrich, 99.95% purity), potassium bromide (KBr;
Aldrich, 99% purity), sodium hydroxide (NaOH; Sigma-Aldrich, 97% purity) and
methanol (CH3OH; Sigma-Aldrich, 99.8% purity, ACS grade) were used in the respective
experiments described. Ethanol (Aldrich, 200 proof, ACS grade) was used for rinsing the
electrode surfaces. All glassware and the teflon electrochemical cell were soaked in
100% concentrated sulfuric acid (Aldrich, 95% purity) overnight and rinsed with distilled
and deionized water prior to use. Water was distilled and deionized using a Millipore
Direct-Q UV3 Purification System (Bedford, MA), which had a resistivity ≥ 18.0 MΩ
cm. In all experiments, the chemicals, Nitrogen gas (Grade 4.8, Airgas) and Argon gas
(Grade 5.0, Airgas) were used as received.
3.2.2

Copper electrodeposition
Plate-like copper particles were obtained using the same experimental procedure

described in the previous chapter. A three electrode cell was used to electrochemically
deposit copper from an acidic solution of copper sulfate (0.4M CuSO4.5H2O and 0.2M
H2SO4) in de-ionized water. 100 µl of an aqueous KBr stock solution (1 mM) was added
to 10 ml of the electrolyte solution before starting the experiment (i.e., yielding a final

58
KBr concentration of 0.01mM). An Ag/AgCl (3M NaCl) (0.22V vs. SHE) and a platinum
wire mesh were used as reference and counter electrodes, respectively. A copper wire (in
saturated CuSO4 solution) (0.32V vs. SHE) was also used as reference for copper
nanoparticle deposition in certain experiments. A 250 nm thick layer of gold film (with a
2.5 nm thick chromium adhesion layer) on borosilicate glass (0.7mm thick) was used as
working electrode. The working electrode surfaces were cleaned by rinsing with ethanol
and de-ionized water. Potentiostatic electrodeposition was carried out using a potentiostat
(263A, Princeton Applied Research) with a working electrode area of 0.7 cm2. All
electrochemical experiments were performed at room temperature. After deposition, the
electrode surface was rinsed thoroughly with de-ionized water and dried with nitrogen
gas and stored for further characterization.
3.2.3

Characterization
The morphology and size of electrochemically grown copper particles were

characterized using a Hitachi S4800 field-emission scanning electron microscope (SEM).
The electrochemical characterization was performed used cyclic voltammetry (CV). A
positive scan cycle was applied to determine characteristic peaks for methanol oxidation
on the copper electrode surface. The CV and chronoamperometry experiments were
performed using the same electrochemical set up described in previous paragraph. In
cyclic voltammetry, the working electrode potentials were cycled between 0V and +1V
versus Ag/AgCl reference electrode (3M NaCl saturated) in an alkaline electrolyte
solution containing methanol (CH3OH) (0.25M) and sodium hydroxide (NaOH) (0.1M)
in water unless otherwise specified. The scan rate was 10mVs-1. A chronoamperometry
scan was performed at the onset potential for methanol oxidation in an alkaline
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electrolyte solution containing methanol (CH3OH) (0.5M) and sodium hydroxide (NaOH)
(0.1M). The current density values obtained in the above experiments were normalized to
a geometrical working electrode surface area of 0.71 cm-2. Thermal stability tests were
carried out using a tube furnace (GSL-1500X, MTI Corporation) under an argon gas
atmosphere.
3.3

Results and Discussion
Truncated octahedron-like copper crystals were obtained in the absence of

additives during copper electrodeposition (with no additives), whereas plate-like copper
crystals (anisotropic) were obtained in the presence of KBr additives. Both of the
electrode surfaces with copper particles were fabricated using the same three-electrode
cell set up described previously (refer to chapter 2). The results for SEM, TEM and XRD
characterization were performed to confirm the anisotropic crystal morphology. The
characterization results were not shown here since it has been discussed extensively in
the previous chapter (refer chapter 2). Methanol electro-oxidation is chosen as a model
experiment to test the feasibility of copper surfaces as electrocatalysts for application in
direct methanol fuel cells (DMFCs) as the anode interface.
In order to characterize the effect of shape anisotropy on the catalytic activity of
the copper crystals, cyclic voltammetry (CV) was performed (Figure 3.2) to measure the
oxidation current density as a function of electrode potential for the methanol oxidation
reaction. An alkaline solution containing NaOH (0.1M) and methanol (0.25M) was used
as the electrolyte. It can be seen from Figure 3.2 that, both the truncated octahedron and
plate-like copper particles show catalytic activity towards methanol oxidation confirmed
by the presence of distinct oxidation peaks in the CV curve at ~0.9V (vs. Ag/AgCl in 3M

60
NaCl) in agreement with literature results104. The CV curve for bare gold film did not
show any oxidation peaks for methanol at the respective oxidation potentials.

Figure 3.2 CV curves for copper particles in an alkaline electrolyte medium containing
CH3OH (0.25M) and NaOH (0.1M) at a scan rate of 10mVs-1; The insets show SEM
images of individual copper particles involved in methanol oxidation reaction. A CV scan
on bare Au film was performed as a control experiment (scan rate: 10mVs-1).
Figure 3.3 show the CV curve obtained for octahedron-like Cu particles in
electrolyte containing only NaOH (0.1M). The CV curve did not show any additional
peaks in the absence of methanol. Both these experiments (Figure 3.2 & 3.3) together
emphasize the catalytic nature of copper particles for methanol oxidation. Based on
literature reports, it can be said that the catalytic activity of copper towards methanol
oxidation is through a mediated electron transfer mechanism involving CuIII species that
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are present at the electrode interface at higher anodic potentials104. The peak oxidation
current densities obtained for octahedron and plate-like copper particles are 4.3 and 8.3
mAcm-2 respectively. The enhanced catalytic performance of anisotropic plate-like
copper particles in comparison to octahedron-like copper particles can be attributed to the
direct dependence of particle shape and morphology on its catalytic property.

Figure 3.3 CV curve for truncated octahedron-like copper particles in alkaline electrolyte
medium containing only NaOH (0.1M); Scan rate was 10mVs -1. The increase in the
current density starting at 0.8 V is attributed to the oxidation of water.
An important parameter that enhances the performance of anisotropic copper
particles is the electrochemically active surface area. However, the difficulties in
measuring such electrochemically active surface area for transition metals like copper
have been well documented110. Most established in situ methods such as hydrogen or
oxygen adsorption from solution can be applied only to the metals that allows
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considerable accuracy in identifying the point at which surface has complete coverage
before the evolution of adsorbed species is significant (for e.g. Pt, Pd or Au). Copper,
being an easily oxidizable transition metal does not allow enough time to mark the
distinction between different characteristic regions of hydrogen and oxygen adsorption,
making it not suitable for such analytical techniques. Other probing methods such as
underpotential deposition (UPD) have unique disadvantages towards application to
copper system111. The UPD of foreign metals on a crystalline copper surface result in
close-packed surface structure in preference to epitaxial arrangement making it more
complex for calculation of electrochemically active surface as desired. Hence, in order to
facilitate the comparison of fabricated electrode surfaces with two different copper
particle morphologies, the mass of copper being deposited was kept the same by simply
controlling electric charge. The exposed geometric area on the working electrode was
consistent for both the electrodes since the same electrochemical set up was used for both
experiments.
To investigate the activity of specific crystal planes towards methanol oxidation,
single crystal copper surfaces exposing {111}, {100} and {110} crystal planes
respectively were used as working electrode substrates. Figure 3.4 shows the CV curve
obtained on single crystal Cu surfaces for methanol oxidation. Based on the cyclic
voltammetry (CV) measurements, it can be seen that the current density response at the
characteristic methanol oxidation potential for copper varied depending on the exposed
crystal plane. Clearly, the {111} and {110} crystal planes of copper showed an enhanced
catalytic activity for methanol oxidation in comparison to {100} crystal plane.
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Figure 3.4 CV curves for single crystal surfaces of copper in alkaline electrolyte medium
containing CH3OH (0.5M) and NaOH (0.1M) respectively; Scan rate was 10 mVs-1.
Therefore, an ideal copper catalyst for methanol oxidation should expose either
{111} or {110} more than the {100} plane to have higher catalytic activity. In plate-like
copper particles, the exposed surface area of {111} crystal plane was relatively higher
than that of {110} and {100} Cu planes whereas in truncated octahedron shaped copper
particles, all three crystal facets are exposed almost equally. This explains the greater
catalytic activity observed in plate-like copper particles with anisotropic crystal
morphology. To establish electrochemical stability, chronoamperometry measurements
were performed. A chronoamperometry scan is carried out at a fixed oxidation potential
at which the change in current density with time is recorded for a sufficiently long time
so that the methanol oxidation reaction at the catalytic surface is at steady-state. The
objective is to test the feasibility of catalytic activity without significant poisoning of the
active surface. Figure 3.5 shows the chronoamperometry scans obtained for copper
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particles over 30 minutes at the onset potential for methanol oxidation on the copper
surface. An alkaline electrolyte containing CH3OH (0.5M) and NaOH (0.1M) in water is
used. The onset potential was obtained from the CV curve (refer Figure 3.2) which is
~0.6V (vs. Ag/AgCl in 3M NaCl).

Figure 3.5 Chronoamperometry scans for copper particles in an alkaline electrolyte
medium containing CH3OH (0.5M) and NaOH (0.1M) at a scan rate of 10 mVs-1. The
insets show SEM images of copper particles (both shapes) involved in methanol
oxidation reaction respectively.
Both truncated-octahedron and plate-like copper particles show sustained catalytic
activity under steady state conditions for methanol oxidation without significant catalytic
poisoning. A higher current density was obtained for plate-like copper particles in
comparison to truncated octahedron-like copper particles. This further reiterates the effect
of anisotropic crystal morphology on the catalytic activity of copper particles. Figure 3.6
show a plot representing the change in peak current density over progressive CV scan
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cycles. The CV scan was performed over 100 cycles at a scan rate of 10mVs -1. An
alkaline electrolyte solution containing CH3OH (0.5M) and NaOH (0.1M) in water was
used. The current density values used in the plot were obtained at the peak methanol
oxidation potential of ~0.8V (vs. Ag/AgCl in 3M NaCl) on copper electrode surface
(refer Figure 3.2). Similar to chronoamperometry measurements, the plate-like copper
particles exhibit sustained catalytic activity over 100 cycles without significant drop in
current density during methanol oxidation.

Figure 3.6 Plot representing change in peak current density with progressive CV scan
cycles (100 cycles) during methanol oxidation; Inset shows a SEM image of copper
catalyst particles on electrode surface.

66
In addition to electrochemical stability, thermal stability measurements were also
conducted to investigate the feasibility of copper catalyst particles under typical DMFC
operating

conditions

of

approximately

80-900C.

Plate-like

copper

crystals

electrodeposited on a gold film substrate were left in a tube furnace at 1000C for 5 hours
under an argon gas atmosphere. Figure 3.7 shows the SEM images of copper particles
before and after the heat treatment. The crystal morphology appears to be the same in
both the images confirming the structural integrity of the catalyst surface during fuel cell
operating conditions.

Figure 3.7 SEM images of copper particles at the electrode surface (A) before and (B)
after heat treatment at 1000C for 5 hours under argon atmosphere.
To confirm the crystal orientation integrity of the catalyst surface, the samples
were put to test under XRD before and after heat treatment. Figure 3.8 shows the XRD
patterns for plate-like copper particles on gold substrate before and after the heat
treatment. A characteristic peak at 2~ 43.3° corresponding to the face-centered cubic
Cu (111) crystal face (JCPDS Card # 98-000-0172) is present in the XRD pattern
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obtained for both the samples indicating no significant change to the crystal orientation at
the catalyst surface due to heat treatment occurred.

Figure 3.8 XRD patterns showing corresponding peaks for electrodeposited copper
particles on an Au-coated glass surface; (i) Bare Au film (control), and plate-like copper
particles electrodeposited on an Au film (ii) before, and (iii) after heat treatment.
3.4

Conclusions
In summary, anisotropic plate-like copper particles were successfully tested as

suitable electrocatalysts for the methanol oxidation reaction relevant to DMFC
applications. The results show that copper particles with anisotropic plate-like
morphology exhibit enhanced catalytic activity compared to truncated octahedron-like
morphology. The different crystal planes present in copper particle morphology is found
to significantly influence the shape dependent catalytic property. This trend was
confirmed through cyclic voltammetry measurements on single crystal surfaces of copper
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with {111}, {110} and {100} orientations respectively. Thermal and electrochemical
stability measurements illustrate the feasibility of anisotropic copper particles as suitable
electrocatalysts for methanol oxidation in DMFCs. Further investigation of such
anisotropic nanostructured particles (including other non-noble materials) inherently
supported on a substrate surface will enable the exploration of novel shape-dependent
material properties for applications such as sensors, optoelectronics and catalysis.
3.5

Future Work
The present study shows promising results for application of anisotropic copper

particles as anode electrocatalysts in DMFCs. The future plan is to investigate and
differentiate the effect of enhanced surface area versus enhanced facet-dependent
electrocatalytic activity for these copper catalysts. This will require characterization of
electrochemically active surface area on the catalyst surface. Figure 3.9 shows a
schematic depiction of surface area and crystal facet effect on enhanced catalytic activity.
Dynamic light scattering based techniques can be employed to obtain real (geometric)
surface area on the electrode available due to anisotropic shape morphology. Atomic
adsorption techniques will also be useful to determine the electrochemically active
surface area on the catalyst surface.

Figure 3.9 Schematic showing enhanced catalytic activity due to (A) surface area and (B)
anisotropic crystal morphology.
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Another area for future work will be to optimize the electrode fabrication process
in order to improve the dispersity of plate-like copper particles at the surface for effective
use of the catalytic surface. This can be achieved through fine tuning of the balance
between applied overpotential and the concentration of additives.
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Chapter 4 - Using Electrochemical Deposition to Create
Randomly Rough Surfaces and Roughness Gradients
4.1

Introduction
Surface roughness is an important parameter to be considered since it plays a

significant role in influencing the surface properties and hence the performance of
materials. There has been a lot of interest recently in generating tailored, patterned or
randomly rough surfaces. The effect of surface roughness on the nanoscale has been
found to be important in cell and tissue engineering112, 113, optoelectronics114, anti-wetting
or superhydrophobic surfaces such as the lotus leaf115, 116 and gecko adhesive pads117-119
and sensing devices120. It has also been found to influence cell-surface interactions by
influencing cell adhesion, proliferation and differentiation121. In tribology, surface
roughness has been shown to influence the contact mechanics between surfaces122
thereby affecting adhesion123-126, friction124-126, and wear127 although research is still
being conducted to fully understand this phenomenon. Furthermore, surface gradients,
with spatially differing physical and chemical properties have been found to be effective
probing tools to investigate the effects of a range of surface parameters in a rapid and
systematic way using a single experiment that enables a cost-effective and high throughput screening method128. For example, chemical gradient surfaces have been used to
study the effect of surface energy and surface chemistry on the morphology and phase
behavior of polymer thin films129.
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Physical gradient surfaces presenting a gradient surface roughness have been used
in biomedical research to study protein adsorption kinetics130, cell adhesion and
proliferation behavior131. Fully defining the topography of a surface is not trivial and
includes features such as roughness (nano- and micro-roughness), waviness (or macroroughness), and flaws132. Nevertheless, it is necessary to create and characterize these
randomly rough surfaces with a desired scale of roughness in a simple and consistent
manner over a large area in order to systematically study and understand the significance
of surface roughness in altering the functional properties of an interface. Statistically, the
surface topography can be characterized in terms of root mean square (RMS) roughness,
which is obtained as a standard deviation of profile ordinates. In this study, due to the
non-uniformity in particle size and morphology of the individual islands that create the
surface roughness, we limit the surface characterization in terms of RMS roughness.
Some of the current methods available to generate such random rough surfaces include
wet/dry etching133, electrostatic deposition71, pulsed electron beam deposition134, oblique
angle e-gun evaporation135, laser lithography136, and ion sputtering137.
In this chapter, an electrochemical deposition of silver from a potassium silver
cyanide solution onto a silver electrode is presented. It is shown that, by simple tuning of
the cathodic overpotential η , (where η

U is the applied potential and Ueq

is the equilibrium potential), randomly rough surfaces with RMS values ranging from
~20 nm to ~140 nm can be generated reproducibly over large areas. An extension of this
technique to create surface roughness gradients on electrode surface is also presented.
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4.2

Experimental procedure

4.2.1

Materials
Evaporated silver film on silicon wafer used as working electrode substrates for

silver electrodeposition. Silver and chromium evaporation pellets (1/8” diameter X 1/8”
length, 99.99% purity) were purchased from Kurt J. Lesker Company. Test grade
polished silicon wafers were purchased university wafer, CA. Potassium silver (I)
cyanide, KAg(CN)2 (Aldrich), sodium hydroxide pellets, NaOH (Sigma-Aldrich, 97%
purity, ACS grade) and sodium carbonate, Na2CO3 (Sigma-Aldrich 99.95% purity, ACS
grade) were used to make the electrolyte solution for all the experiments described.
Ethanol (Aldrich, 200 proof, ACS grade) was used for rinsing the electrode surfaces.
Polystyrene thin sheets were purchased from VWRTM. Polyurethane monomer
composition, ST-1085 purchased from BJB Enterprises, Inc. All glassware and the Teflon
electrochemical cell were soaked in 100% concentrated sulfuric acid (Aldrich, 95%
purity) overnight and rinsed with distilled and deionized water prior to use. Water was
distilled and deionized using a Millipore Direct-Q UV3 Purification System (Bedford,
MA), which had a resistivity ≥ 18.0 MΩ cm. In all experiments, the chemicals and
nitrogen gas (Grade 4.8, Airgas) were used as received.
4.2.2

Silver electrodeposition
A three electrode cell was used to electrochemically deposit silver from a 20 mM

aqueous solution of a silver electrolyte consisting of potassium silver (I) cyanide
(20mM), sodium carbonate (0.25M), and sodium hydroxide (0.1M). No additives such as
brighteners or levelers138 were used in the electrolyte recipe since surface roughness is
desirable in this study. An Ag/AgCl (saturated in 3M NaCl) (0.22 V vs. SHE) and a
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platinum wire mesh (99.9% purity, Aldrich) were used as reference and counter
o

electrodes, respectively. A 100 nm evaporated silver film (deposition rate = 0.5 A /s) on
o

a silicon wafer with a 1 nm chromium adhesion layer (deposition rate = 0.1 A /s) was

used as a working electrode surface. Potentiostatic electrodeposition and cyclic
voltammetry (CV) were carried out using a potentiostat (263A, Princeton Applied
Research). The working electrode area was 0.64 cm2 and a scan rate of 5mV/s was used
for CV experiments. The as-evaporated silver surface had an RMS roughness of less than
3.5 nm over an area of 5 μm × 5 μm. After deposition, the electrode surface was rinsed
thoroughly with ethanol and de-ionized water and dried with nitrogen gas and stored for
further characterization.
4.2.3

Embossing and molding
A self-assembled monolayer (SAM) was formed on the rough electrodeposited

silver surface to form a low energy surface by immersing it into a 2 mM ethanoic
octadecanethiol solution. The SAM-modified rough silver surface was then placed on a
hot plate held at 150C over which a thin sheet of polystyrene (0.23 mm) was held in
place using a flat stainless steel sheet as a weight. The latter ensured intimate contact
was made between the polystyrene and the silver surface, thereby imprinting the
roughness. After 30 min, the surfaces were allowed to cool and the polystyrene was then
peeled off from the silver surface. The polystyrene was then used as a reverse mold to
replicate the roughness onto polyurethane by curing the latter at 75C for 48 hours in an
oven.
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4.2.4

Surface roughness gradient
Silver was electrochemically deposited from a 20 mM aqueous solution of silver

cyanide. A syringe pump (Harvard Apparatus) was used to control the rate (0.1 mm/min)
at which the working electrode (10 mm in width by 15 mm in length) was extracted from
the silver electrolyte solution. While the working electrode was being continuously
extracted from the electrolyte, a sequential series of potentiostatic experiments were
carried out at predetermined potentials of -500 mV, -480 mV, -460 mV, -440 mV, and 430 mV for 0.5 C of charge in each case. After the experiment, the surface was rinsed
with DI water, dried with nitrogen and stored for characterization.
4.2.5

Characterization
The roughness of the surfaces, including silver films, polystyrene and

polyurethane were characterized using atomic force microscopy (PicoSPM, Agilent
Technologies) by measuring at least 3 different regions within the same sample.
Gwyddion software was used to analyze the AFM images. A polynomial background
subtraction was applied to all AFM images before obtaining the RMS roughness values.
4.3

Results and Discussion
The origin of the roughness can be explained by the Volmer-Weber 3D island

growth mechanism in which ions reductively attach preferentially to pre-existing
islands138,

139

and the nucleation and growth kinetics are directly related to the applied

deposition overpotential

95, 140

; At high cathodic deposition overpotentials, the

nucleation density is large resulting in smooth surfaces, whereas at low cathodic
deposition overpotentials, fewer islands nucleate and grow, eventually coalescing into a
rough film as shown schematically in Figure 4.1. Furthermore, it is shown that a
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combination of embossing and molding techniques can be used to replicate the roughness
onto polymeric surfaces without significant loss in the roughness.

Figure 4.1 Schematic illustration of the electrochemical growth of islands at different
overpotentials ηC leading to surface or thin film roughness.

Figure 4.2 shows representative top and 3D view AFM images and line profiles of
rough silver surfaces created by tuning the deposition potential. All experiments were
terminated after 0.2 C of charge to ensure the formation of a continuous film
approximately 400 nm in thickness. At a high deposition potential or low cathodic
overpotential (Figure 4.2A), few nucleation events occur on the electrode and continued
growth of these nuclei leads to the formation of large islands resulting in a rough surface
upon coalescence (RMS=142 nm  3.7 nm). By decreasing the deposition potential U to
-470 mV (Figure 4.2B), the nucleation density increases resulting in a smother surface
(RMS=61 nm  2.6 nm).

At still lower deposition potentials (Figure 4.2C), the

nucleation density is even higher and coalescence of the dense islands leads to a smooth
surface (RMS= 19 nm  0.4 nm).
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Figure 4.2 AFM images of rough silver surfaces electrochemically grown at (A) -430
mV, (B) -470 mV, and (C) -650 mV for 0.2 C of charge and their corresponding 3D view
and line profiles.
Figure 4.3 shows a plot of height distribution vs. height of the rough surface
represented in Figure 4.2C. The solid line on the plot denotes the Gaussian fit. The image
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analysis of the rough surface thus confirms that, the height distribution or roughness is
random as inferred from a Gaussian fit.

Figure 4.3 Plot of height distribution versus height for the rough surface shown in Figure
4.2C. The Gaussian fit (solid line) is consistent with the fact that the surfaces are
randomly rough.
Figure 4.4 shows a plot of the surface RMS roughness as a function of the applied
potential U. For -550 mV ≤ U ≤ -430 mV, there is a significant change in the roughness
of the electrodeposited silver films (~120 nm change in RMS). For -650 mV ≤ U ≤ -550
mV, the surface RMS roughness remains unchanged at a value of ~20 nm. Even at a
deposition potential of -1 V (result not shown), the surface RMS roughness did not show
further reduction.

78

Figure 4.4 Plot of the RMS surface roughness of electrodepositing films as a function of
the applied potential U. The inset corresponds to a cyclic voltammogram of silver on a
silver electrode showing the different growth regimes; reaction-controlled (RC), mixedcontrolled (MC) and diffusion-controlled (DC).
To further understand the dependence of the surface roughness as a function of
applied deposition potential, a cyclic voltammogram (inset of Figure 4.4) was obtained
for the same electrolyte solution under similar conditions. The potential range in which
the roughness of the surface changes significantly corresponds to a reaction-controlled
(RC) regime where the current increases exponentially with applied overpotential and the
mixed-controlled (MC) regime whereas in the diffusion-controlled (DC) regime, the
surface roughness of the electrodeposited surfaces does not change. These results indicate
that the reaction-controlled/mixed-controlled regime for silver deposition under these
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conditions leads to the largest changes in the resulting surface RMS roughness
presumably due to the fact that changes in the nucleation density of islands are most
pronounced in the RC regime. The surface RMS roughness was found to be similar (as
seen from the small error bars) throughout the samples. This technique can therefore be
used to reproducibly fabricate randomly rough surfaces of high fidelity over large areas
with increments on the order of ~10 nm. Although we have only demonstrated this
technique with a single electrolyte/electrode system at one concentration, larger
roughness ranges or magnitudes can be potentially obtained with different
electrolyte/electrode systems.
In several applications, a rough metallic substrate might not be suitable. Figure
4.5A shows a schematic illustration of a 2-step process to replicate the roughness onto
polyurethane (PU). Polyurethane (PU) was chosen as a model polymer because of its
commercial availability and its wide range of Young’s moduli. In step I, the silver
surface, modified with a self-assembled monolayer (SAM) of octadecanethiol, is used as
a master mold. A thin polystyrene film is then placed over the master mold onto which a
flat weight is applied to ensure even contact throughout the sample. The temperature is
then raised above the glass transition temperature of polystyrene (Tg ~95ºC) allowing for
the roughness to be imprinted onto the polystyrene. The alkanethiol SAM provides a low
energy interface and facilitates the release of the polystyrene (PS) inverse mold. In step
II, polyurethane is temperature cured over the rough polystyrene surface to replicate the
original topography of the rough silver master mold. Figure 4.5B shows AFM images of
the polystyrene surfaces and the corresponding cured polyurethane surfaces.
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Figure 4.5 (A) Schematic illustration of the 2-step process to replicate the roughness
from an electrochemically grown silver surface to a polyurethane surface; (B) AFM
images of the polystyrene (PS) surface formed after embossing and the final polyurethane
(PU) surface after curing.
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The resulting polyurethane samples are capable of replicating most of the
roughness; 86%, 99.1% and 100% from the original silver films grown at U=-430 mV, 480 mV, and -600 mV, respectively. Although this process has been demonstrated to
create rough polyurethane surfaces, it ought to be applicable to any moldable material.
This electrodeposition technique was also extended to fabricate a surface
roughness gradient on a rectangular silver electrode (10 mm x 15 mm). Figure 4.6 shows
a schematic of the modified experimental set up used for generating roughness gradients.
By gradually retracting an initially completely immersed electrode from the electrolyte
solution at a constant rate while electrodepositing a silver film at different potentials for a
fixed charge, surface roughness gradients are created at the deposited surface.

Figure 4.6 Schematic of the modified experimental set up to create surface roughness
gradients using electrodeposition.
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In this particular case, the gradient consisted of 5 segments as shown in the
schematic (Fig 4.7A). The deposition process began with the entire wafer immersed in
the electrolyte solution and the initial potential set to -500mV such that the first
electrodeposition step would yield a smooth surface. Subsequent electrodeposition steps
at smaller overpotentials (i.e. segments 2 through 5) would thus yield surfaces of larger
roughness.

Figure 4.7 (A) Schematic of the electrode with a surface roughness gradient showing the
different rough segments; each segment was grown at a different potential for 0.5 C of
charge. (B) Plot of the RMS surface roughness as a function of the applied potential with
corresponding AFM images.
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Although a surface roughness gradient is also generated due to the fact that the
islands are growing for different amounts of time within a particular segment (as
measured by the standard deviation in the data of Figure 4.7B), the RMS roughness
variation as a result is small compared to the RMS roughness generated by varying the
overpotential. The numbers of segments can be increased as desired to create a surface
roughness gradient with smaller increments per segment. Figure 4.7B shows a plot of the
RMS roughness of the different regions on the silver film gradient in which the roughness
values obtained were smaller than those expected based on the results in Figure 4.4. This
can be explained by the fact that during the growth of the surface roughness gradient,
silver deposits on a freshly electrodeposited film as opposed to on an evaporated silver
film where the nucleation density is expected to be lower.
The above results show that electrodeposition of materials, in this case silver,
within the reaction-controlled/mixed controlled regime can be used to create randomly
rough surfaces of high fidelity over a relatively wide roughness range and large areas and
can also be used to create surface roughness gradients. In addition, the roughness can be
replicated onto other polymers with minimal loss in surface RMS roughness.
4.4

Conclusions
Surfaces with random nanoscale roughness and roughness gradients over large

areas were generated in a reproducible manner through a novel electrodeposition
approach. By tuning the electrochemical deposition potential for silver onto an electrode,
the island nucleation density was systematically varied resulting in thin films of different
roughness. It was found that, the potential range that significantly influences the surface
roughness also corresponds to a reaction/mixed-controlled deposition regime. The
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generated roughness on metal surface can also be replicated onto other moldable soft
materials thus enabling future studies involving the effect of surface roughness.
4.5

Future work
In biomedical applications, nanoscale surface roughness on implant surfaces can

greatly influence the cell-surface interactions at the implant site. Such cell/protein-surface
interactions may be crucial for desired performance of the implanted material. The future
work will be focused on investigating such interactions at the material’s surface as a
function of varying surface roughness. A systematic study of protein adsorption behavior
with varying surface roughness at nanoscale will be conducted. Surface wettability is
greatly influenced by the roughness at the interface change the hydrophobic or
hydrophilic nature of the surface to alter. This will affect the adsorption characteristics of
a protein on a surface and hence affect the protein adhesion strength. Similarly, cellsurface interactions can also be influenced by change in surface roughness. Contact angle
studies will have to be performed to characterize surface wettability as a function of
surface roughness. Cell and protein studies will be performed on all three types of
surfaces fabricated (metal, polystyrene and polyurethane surface) to understand the effect
of surface roughness on different types of material surface (soft and hard).
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Chapter 5 - Preliminary Results on Future Projects
5.1

Fabrication of patterned electrodes for micro-environment controlled
electrochemical crystal growth

5.1.1

Introduction
Surface patterning remains a popular and highly effective strategy to create

advanced functional surfaces with controlled uniformity, orientation and order at the
interface141, 142. In general, patterning allows greater control over the surface properties of
nanostructures by eliminating loss in functionality due to randomness in surface features.
Electrochemical deposition can be used to successfully modulate the size and shape of
micro- and nanoparticles during crystal growth as shown in Chapter 2. However, in order
to control particle shape, density and dispersion uniformity, it is important to manipulate
the growth microenvironment. Patterned electrode surfaces will help accomplish such
microenvironment control during electrodeposition by creating isolated wells of
conducting regions that can hold preset volumes of electrolyte during particle growth.
Some of the common methods used for surface patterning include photolithography143,
144

, electron beam lithography145, 146, microcontact printing (μCP)

monolayers assisted templates149,

150

147, 148

, self-assembled

, elastomeric stencils151 and electrophoresis152. The

preliminary results presented in this chapter focus on the feasibility of using
photolithography as a suitable technique for fabricating patterned electrode surfaces.
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Photolithography is a well-established surface patterning technique that is
currently employed to make integrated circuits and other miniature microelectronic
devices ranging from micro- to nanometer length scales153-155. The photolithography
process involves a light sensitive (in this case, UV-sensitive) polymer, called photoresist,
which is exposed and developed to form three-dimensional relief images on the electrode
surface. Ideally, the photoresist image should have the exact shape of the intended pattern
in the plane of the electrode substrate, with vertical walls through the thickness of the
resist. Thus, the developed electrode surface would have two distinct regions; parts of the
electrode that are covered with photoresist and parts that are completely uncovered. The
resist covered parts will remain insulated during electrodeposition whereas the uncovered
electrode surface will expose conducting regions for electrochemical growth of
anisotropic particles thereby creating distinct array of electrodeposited nanostructures.
Figure 5.1 presents a schematic of electrochemical particle growth on patterned electrode
surface.

Figure 5.1 Schematic of electrochemical deposition on a patterned surface.
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5.1.2

Experimental Procedure

5.1.2.1 Materials
Sputtered gold film on silicon wafers was used as working electrode surfaces.
Single side polished silicon wafers purchased from university wafers, CA. SU-8 2000
series negative photoresist and the photoresist developer solution were purchased from
Microchem. Masks were designed on a chrome plated glass plate. Copper (II) sulfate
pentahydrate, CuSO4.5H2O (Sigma 98% purity), concentrated sulfuric acid, H2SO4
(Aldrich, 99.95% purity) and potassium bromide, KBr (Aldrich 99% purity) were used in
all the experiments described. Ethanol (Aldrich, 200 proof, ACS grade) was used for
rinsing the electrode surfaces. All glassware and the Teflon electrochemical cell were
soaked in 100% concentrated sulfuric acid (Aldrich, 95% purity) overnight and rinsed
with distilled and deionized water prior to use. Water was distilled and deionized using a
Millipore Direct-Q UV3 Purification System (Bedford, MA), which had a resistivity ≥
18.0 MΩ cm. In all experiments, the chemicals and nitrogen gas (Grade 4.8, Airgas) were
used as received.
5.1.2.2 Patterning using Photolithography
The general sequence of processing steps for a typical photolithography process is
as follows: substrate preparation, photoresist spin coat, pre-bake, exposure, post-exposure
bake, development, and post-bake. Figure 5.2 shows the sequence of steps involved in a
typical photolithography process to make patterns on electrode surface. The first step is
the surface pre-treatment, where the silicon wafer surface is thoroughly cleaned to
remove any particulate matter. A thin film of silicon dioxide (formed by thermal
oxidation) acts as the barrier layer. Followed by wafer pre-treatment is the photoresist
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spin coating, a process that distributes the photoresist uniformly across the electrode
surface to create a thin layer of photoresist film.
The photoresist can be classified into two types, positive and negative. In the case
of positive photoresist, the photoresist regions exposed by the UV light becomes more
susceptible to be removed by the developer solution. In contrast, in negative photoresist,
the regions that are exposed by UV light become polymerized due to photoresist
crosslinking, making the exposed photoresist more resistant to be removed by the
developer solution. In general, depending on the intended pattern on the substrate surface
and the mask design, an appropriate type of photoresist is used. In this work, only
negative photoresist is used on all the experiments.

Figure 5.2 Sequence of steps involved in a typical photolithography process.
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5.1.2.3 Copper electrodeposition on patterned electrodes
The experimental procedure was the same as shown in Chapter 2. A three
electrode cell was used to electrochemically deposit copper from an acidic solution of
copper sulfate (0.4M CuSO4.5H2O and 0.2M H2SO4) in de-ionized water. 100 µl of an
aqueous KBr stock solution (1 mM) was added to 10 ml of the electrolyte solution before
starting the experiment (i.e., yielding a final KBr concentration of 0.01 mM). An
Ag/AgCl (3M NaCl) (0.22 V vs. SHE) and a platinum wire mesh were used as reference
and counter electrodes, respectively. A 300 nm thick layer of sputtered gold film
(deposition rate = 1.8 Å/s) on clean polished silicon wafer substrates is used as the
working electrode surface. The working electrode surfaces were cleaned by rinsing with
ethanol and de-ionized water. Potentiostatic electrodeposition was carried out using a
potentiostat (263A, Princeton Applied Research) with a working electrode area of 0.7
cm2. The patterned electrode surfaces were subjected to a plasma treatment for 30
seconds to make the electrode surface more hydrophilic. All electrochemical experiments
were performed at room temperature. After deposition, the electrode surface was rinsed
thoroughly with de-ionized water and dried with nitrogen gas and stored for further
characterization. A Hitachi S4800 field-emission scanning electron microscope (SEM) is
used to characterize the morphology and size of electrochemically grown copper particles
within the patterned microwells on the electrode surface.
5.1.3

Preliminary Results
In order to systematically investigate the effect of microenvironment on particle

growth

kinetics,

micropatterned

electrode

surfaces

were

fabricated

using
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photolithography. Gold sputtered silicon wafers were used as working electrodes on
which micropatterns were fabricated. The purpose of patterning is to create an insulating
film on electrode surface with intermittent hollow conducting regions exposing the
underlying gold surface. Regions covered with the insulating film resist nucleation and
particle growth during electrodeposition thereby isolating nucleation only to the hollow
conducting microwells. Micropatterns were made from a UV-curable photopolymer,
SU8-2005 negative photoresist. It is a high contrast epoxy based photoresist designed for
microelectronic applications. SU-8 is thermally and chemically stable and robust, making
it a suitable choice for various applications where the photoresist becomes part of
permanent surface features on the patterned device.

Figure 5.3 SEM image showing the patterned electrode surface; holes are 20 µm wide
and 20 µm deep in dimensions. The inset image shows a cross-sectional view of one of
the microwells on the pattern.
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The photomask has an array of opaque dots (20 µm in diameter) over an area of 5
cm2. The dots are separated by a distance of 100 µm. Upon exposure, the dotted array on
the mask blocks the passage of UV light beneath it, resulting in no curing in those
regions. The other parts of the mask allow UV exposure onto the photoresist causing the
polymer to cross-link. This UV-sensitive curing adds resistance to SU8 photoresist and
makes it harder to be stripped off the surface using developer solution thereby leaving
them behind on the electrode surface. The blocked regions under dots are washed off
easily by the developer solution in the absence of polymer crosslinking. This result in an
array of holes (or wells) on the otherwise thin insulating film of photoresist. The wells
expose gold surface beneath and create a microenvironment for particle nucleation and
growth. The depth of the microwells can be easily tuned by changing the thickness of the
photoresist during spin coating step. Figure 5.3 shows a SEM image of the patterned
electrode surface. The inset image shows a cross-sectional view of one of the microwells
on the electrode surface. The microwells are 20 µm wide and 20 µm deep in dimensions.
After patterning, the electrode surface is rendered hydrophilic by using plasma treatment
for 30 seconds before copper electrodeposition. The hydrophilic modification of the
electrode surface makes it possible for electrolyte solution to completely wet the
electrode surface and reach all the way into the holes (or wells) in order to reach the
conducting interface. Copper particles are deposited onto the patterned electrodes using
the same electrochemical set up discussed previously. Potassium bromide is added to the
electrolyte solution in order to direct the anisotropic crystal growth in the
microenvironment.
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Figure 5.4 SEM image showing electrodeposited copper particles on patterned electrode
surface. The inset image shows anisotropic particle growth in the controlled
microenvironment.
Figure 5.4 shows the electrode surface after copper electrodeposition on patterned
surface. Copper particles were deposited uniformly throughout the microarray. The inset
image shows a closer view of anisotropic plate-like copper particles grown in a controlled
microenvironment. The particle growth within the microwells appears to have improved
size dispersion and shape uniformity. The preliminary results suggest that, by controlling
the electrochemical environment homogeneity through isolated island nucleation in the
microwells, it is possible to improve the growth characteristics of electrodeposited copper
particles. Photolithography offers excellent flexibility in varying the pattern
dimensionality and maintaining reproducibility. For example, by changing the rpm while
spin coating, the photoresist film thickness can be altered which will result in a
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microenvironment of varying depths. Similarly, by designing photomasks with different
dot sizes will change electrolyte volumes in the microenvironment. Further investigation
is currently being undertaken in order to understand the effect of different
microenvironment control parameters (such as well diameter and well depth) on particle
growth characteristics.
5.2

Electrochemical Characterization of Double Layer Supercapacitance at an
organic electrolyte – electrode interface

5.2.1

Introduction
Electrical energy storage devices based on electrical double layers formed at the

electrode-electrolyte interface when an electric potential is applied are generally known
as supercapacitors or ultracapacitors156. Some of the unique characteristics that make
ultracapacitors a very attractive proposition for energy storage devices include high
power density, quick charge-discharge rates, and longer life cycles during operation157.
These devices are characterized electrochemically by measuring their electrical double
layer (EDL) capacitance at the electrode-solution interface. The physical adsorption and
desorption behavior of electrolyte ions at the electrode interface influences the EDL
capacitance156. The preliminary results presented in this chapter focus on measurement of
electrical double layer supercapacitance generated at an organic electrolyte-electrode
interface. Organic electrolytes such as propylene carbonate (PC) are increasingly
preferred in energy storage devices such as ultracapacitors since they have higher break
down voltages compared to aqueous electrolytes158, 159. Similarly, carbon based materials
are currently studied for the following advantages; higher surface area, better electrical
conductivity, inert to electrochemical reactivity, non-toxicity and low cost160,

161

. In
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recent years, research on carbon nanotubes used for energy storage has attracted great
interest162. The measurement of specific capacitance due to electrical double layer formed
at propylene carbonate (PC) – NEt4BF4 salt (1M) mixture (electrolyte) on a flat graphite
(electrode) interface is

chosen as

a model

experiment

for electrochemical

characterization.
5.2.2

Experimental procedure

5.2.2.1 Materials
Highly ordered pyrolytic graphite (HOPG) surfaces were purchased from Ted
Pella, Inc. Anhydrous propylene carbonate, C4H6O3 (Sigma-Aldrich 99.7% purity) and
tetraethylammonium tetrafluoroborate, NEt4BF4 (Fluka, > 99.0%) were used in all the
experiments described. Ethanol (Aldrich, 200 proof, ACS grade) is used for rinsing the
electrode surfaces. In all experiments, the chemicals and nitrogen gas (Grade 4.8, Airgas)
were used as received.
5.2.2.2 Electrochemical measurements
EDL capacitance measurements were performed using a three-electrode
electrochemical cell set up. Figure 5.5 shows a schematic of the experimental set up.
Propylene carbonate (PC) electrolyte solution containing Tetraethylammonium
tetrafluoroborate (NEt4BF4) salt (1M) is the organic electrolyte. Flat and highly ordered
pyrolytic graphite (HOPG) surface is used as the electrode interface. HOPG is widely
used as a calibration specimen in many scanning probe applications. The graphite surface
is made of layered planes of highly oriented carbon atoms (002) at the interface163. For
electrochemical experiments, the HOPG surface is used as the working electrode (WE)
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and a platinum wire mesh is used as both the reference (RE) and counter electrodes (CE).
Estimated surface area at the interface is ~0.07-0.125cm2.

Figure 5.5 Experiment set up for electrochemical capacitance measurements.
5.2.3

Preliminary results
A cyclic voltammetry experiment is performed and a CV scan is generated by

cycling the potentials between 0V and 0.4 V (vs. Pt reference) for a series of scan rates
ranging from 0.1V/s to 1V/s. On applying increasing potential, electrochemical charging
of the electrical double layer occurs at the electrode-electrolyte interface. Similarly, as the
potentials are cycled down back to 0V from 1V, the discharge process takes over at the
electrical double layer. The current I (in A/cm2) is recorded as a function of applied
potential E (V) at different scan rates. Figure 5.6 shows the CV scan curves for a series of
scan rates. From the CV scan curve, capacitance currents were measured at 0.15V (the
plateau region for all the CV’s) for all the scan rates.
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Figure 5.6 CV scan curves for PC-NEt4BF4 (1M) electrolyte on flat graphite (HOPG)
interface at different scan rates.
From the capacitance values calculated from Figure 5.6, a plot of capacitance
current vs. scan rate is obtained (as shown in Figure 5.7). The plot represents the change
in capacitance current with scan rate. A linear increase in capacitive current with
increasing scan rate confirms that the current measurements from CV curves are purely
capacitive in nature. The slope of this plot gives the specific capacitance measured in F
per cm2. A specific capacitance of 0.75 – 1.36 (F/cm2) is obtained for the EDL formed
by PC + Salt on graphite. As a control experiment, CV scan for PC without salt on flat
graphite interface is also measured (refer Figure 5.8). The specific capacitance for PC on
graphite EDL is estimated to be only 0.3F/cm2. The increase in capacitance with the
addition of salt confirms the electrical double layer (EDL) capacitance obtained due to
adsorption/desorption behavior of BF4- anions from the salt during charge/discharge
process at the interface.
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Figure 5.7 A linear plot of capacitance current vs. scan rate at an applied potential of
0.15V.
The preliminary results establish the feasibility of the present electrochemical set
up to measure electrochemical capacitance of electrical double layers (EDL’s) formed at
the organic electrolyte (PC + salt) – electrode (HOPG) interfaces. In current scenario, the
reported value for experimentally measured specific capacitance in literature for the same
electrolyte on mesoporous carbon electrodes (instead of flat HOPG) is ~14F/cm2

164

.

Molecular simulation based specific capacitance measurements for a similar electrolyte
system on carbon nanotubes is reported in the range of 5.5F/cm2 to 6.F/cm2 165. A
similar measurement of specific capacitance for PC between two graphite electrodes is
reported to be 1 F/cm2

166

. The measured capacitance in this work (for PC + salt

electrolyte on HOPG) is 0.75-1.35 F/cm2, which falls in the same order of magnitude as
compared to the reported literature data.
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Figure 5.8 Influence of electrolyte (with salt) on electrochemical capacitance.
Based on these promising initial results, further investigation is planned in order
to extend this experimental method to measure specific capacitance of PC + salt
electrolyte systems on more complex electrode surfaces such as multi-walled carbon
nanotubes and nano-forests. Supercapacitance measurements will be performed on
electrode surfaces with carbon nanotubes of varying densities to understand its effect on
double layer supercapacitance. A collaborative research arrangement is currently
underway for obtaining electrodes fabricated with carbon nanotubes on their surface for
the planned electrochemical measurements.
5.3

Generation of self-cleaning superhydrophobic surfaces using electrochemical
deposition

5.3.1

Introduction
The best example of a self cleaning surface that occurs in nature is the lotus leaf

surface. Such biological self cleaning surfaces are capable of repelling contaminants such
as solid particles (dust), fibers, organic and biological particulates off the surface. The
self-cleaning phenomenon is commonly explained using the lotus effect principle167. The
lotus effect involves superhydrophobicity imparted due to high surface roughness at the
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solid-liquid interface in addition to a hydrophobic wax coating on the leaf surface. The
lotus effect is named after the lotus leaf whose leaf surface remains clean in the dirty
water in which it grows. The lotus leaf surface has been investigated extensively since
then to gain a fundamental understanding of the relation between the superhydrophobic
nature of a lotus leaf’s surface and its topography168-170. The lotus leaf by nature has been
surface engineered so extensively that it has a hierarchical level of surface roughness. In
general, lotus effect can be explained as a natural combination of engineered surface
texture and chemical functionality to have reduced interfacial contact and low surface
energy167.

Figure 5.9 Schematic representation of an interfacial contact angle and surface
wettability for a liquid drop on solid surface167, 171.
Superhydrophobicity is characterized by the static contact angle, which is defined
as the angle that a droplet makes with a solid surface. Figure 5.9 shows a schematic of a
contact angle and the surface wetting behavior at the solid-liquid interface. The contact
angle depends on the interfacial surface energies at the solid-liquid, solid-air and liquid-
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air interfaces172. It is also influenced by other factors such as roughness and imperfections
on the surface. The contact angle behavior can be explained to some extent based on the
adhesive and cohesive forces acting at the interface172. For example, when the adhesive
forces between a liquid drop and the solid surface are dominant, it causes the liquid drop
to spread across the surface thereby reducing the contact angle at the interface.
Alternatively, if the cohesive forces within the liquid drop are dominant, it causes the
liquid drop to bead up in order to avoid contact with the surface. This results in a high
contact angle at the interface. In this chapter, preliminary results are presented on using
electrochemical deposition as a novel fabrication technique to make artificial selfcleaning surfaces that exhibit superhydrophobicity and bio-mimic lotus-leaf surfaces.
5.3.2

Experimental procedure

5.3.2.1 Materials
An evaporated silver film on silicon wafer is used as substrate. Single side
polished silicon wafers (100) were purchased from University Wafer, CA. Copper (II)
sulfate pentahydrate, CuSO4.5H2O (Sigma 98% purity) and concentrated sulfuric acid,
H2SO4 (Aldrich, 99.95% purity) were used in all the experiments described. Ethanol
(Aldrich, 200 proof, ACS grade) was used for rinsing the electrode surfaces. All
glassware and the Teflon electrochemical cell were soaked in 100% concentrated sulfuric
acid (Aldrich, 95% purity) overnight and rinsed with distilled and deionized water prior
to use. Water was distilled and deionized using a Millipore Direct-Q UV3 Purification
System (Bedford, MA), which had a resistivity ≥ 18.0 MΩ cm. In all experiments, the
chemicals and nitrogen gas (Grade 4.8, Airgas) were used as received.

101
5.3.2.2 Copper electrodeposition
A three electrode cell was used to electrochemically deposit copper from an acidic
solution of copper sulfate (0.1M CuSO4.5H2O and 0.2M H2SO4) in de-ionized water. An
Ag/AgCl (3M NaCl) (0.22 V vs. SHE) and a platinum wire mesh were used as reference
and counter electrodes, respectively. A 300 nm thick layer of evaporated silver film
(deposition rate = 1.8 Å/s) on silicon wafer substrate is used as the working electrode
surface. The working electrode surfaces were cleaned by rinsing with ethanol and deionized water. Potentiostatic electrodeposition was carried out using a potentiostat (263A,
Princeton Applied Research) on a working electrode area of 0.7 cm2. All electrochemical
experiments were performed at room temperature. After deposition, the electrode surface
was rinsed thoroughly with de-ionized water and dried with nitrogen gas and stored for
further characterization.
5.3.2.3 Characterization
The morphology of electrochemically grown copper particles was characterized
using a Hitachi S4800 field-emission scanning electron microscope (SEM). The CV
experiments were performed using the same experimental conditions described in
Chapter 2. The contact angle and surface wettability measurements on electrodeposited
copper surface were made using a contact angle goniometer (Ramé-hart Instruments).
5.3.3

Preliminary results
For

a

surface

to

exhibit

self-cleaning

characteristics

and

remain

superhydrophobic, it has to have a high surface roughness and a low surface energy167.
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The first key requisite is achieved by obtaining copper particles with a highly dendritic
morphology using electrochemical deposition. A cathodic CV scan for reduction of
copper from acidic CuSO4 (0.1M) on an evaporated silver film coated silicon wafer
surface is obtained similar to the results presented in Chapter 2 (refer to Figure 2.1).

Figure 5.10 SEM images of electrochemically grown copper particles with dendritic
morphology.
Based on the cyclic voltammetry (CV) scan curve, the appropriate cathodic
overpotential,

C

for depositing copper particles in the diffusion limited regime is

determined. Diffusion limited growth is achieved when the depositing conditions are
moved away from the equilibrium, towards higher overpotentials. Copper particles with
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highly dendritic morphology are obtained at this potential regime which is confirmed by
the SEM images shown in Figure 5.10.
Second key requisite is achieved by covering the rough surface with a selfassembled monolayer (SAM) coating of alkanethiol, thereby rendering the surface
superhydrophobic with self-cleaning properties. Surface modification using alkanethiol
based SAM’s is carried out by leaving the electrodeposited copper sample immersed
under an ethanoic solution of octadecanethiol (2mM) for 24 hours. The sample is then
rinsed thoroughly with ethanol solution and dried with nitrogen gas.

Figure 5.11 Contact angle measurements on a dendritic copper surface showing
superhydrophobic surface modification.
To characterize the change in surface wettability (superhydrophobicity), contact
angle studies are conducted. A small volume (5µl) of liquid is dispensed using a syringe
onto the copper surface and the image of the droplet at the surface is captured using a
camera. Figure 5.11 shows the contact angle measurements on superhydrophobic surface
of copper. It can be seen that, the contact angle changes from hydrophilic (<90 0) to
superhydrophobic (>1500) while moving from a clean silver substrate before
electrodeposition to a dendritic copper surface modified with SAM’s. Future work is
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focused on exploring potential applications for these self-cleaning metal surfaces such as
deicing surfaces in outer frames for machines or in turbine blades in mechanical pumps
where a clean blade surface can result in longer engine life and reduce operation costs.
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SUMMARY AND OUTLOOK
The first part of this dissertation work presented a simple and versatile, additivemediated room-temperature electrochemical approach to successfully synthesize
anisotropic plate-like copper micro- and nanocrystals in presence of potassium bromide.
Electrochemical characterization using cyclic voltammetry (CV) illustrated the presence
of different growth regimes during copper electrodeposition. Potentiostatic experiments
were performed under the kinetic-limited regime to obtain copper micro- and
nanoparticles using an electrochemical fabrication set up. Elemental and morphological
characterization performed using SEM, TEM, EDS and XRD confirmed the anisotropic
morphology and crystal structure of the synthesized copper particles. Preferential binding
of bromine ions from the potassium bromide additives onto select crystallographic planes
directed the anisotropic growth in copper crystals by altering the growth kinetics on the
adsorbed planes. Further investigation of such anisotropic nanostructured particles
supported on a substrate surface will enable us to explore novel shape-tunable material
properties in applications such as sensors, electrodes in fuel cells, and catalysts.
This work also explored the feasibility of anisotropic copper particles as potential
non-noble electrocatalyst alternatives to expensive anode electrocatalysts being used in
direct methanol fuel cells (DMFCs). Electrocatalytic activity of copper particles was
estimated using methanol oxidation reaction as a model experiment. Electrochemical
characterization (using CV) demonstrated the enhancement in electrocatalytic activity for
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anisotropic plate-like copper particles in comparison to octahedron-like copper particles.
In addition, single crystal surfaces of copper used for methanol oxidation showed that the
crystal plane orientation has a direct influence on the catalytic activity of copper. To
match the typical DMFC operating conditions, copper particles were subjected to
chronoamperometry and thermal stability tests which indicated good catalyst stability and
durability under steady-state conditions. The low cost of copper was the main driving
force for this study. Further research on such less expensive non-noble metal
electrocatalysts will help reduce the overall development costs and aid large scale
commercialization of DMFCs in near future.
The second part of this dissertation showed how the same electrochemical
deposition technique can be used as a novel fabrication route to generate randomly rough
surfaces over large areas. The results showed that island nucleation density of silver
metal on an electrode surface can be systematically varied through simple tuning of its
electrochemical overpotential. Higher nucleation density resulted in smoother surfaces
since neighboring islands coalesce together quickly, thereby rendering the surface more
even. Lower nucleation density resulted in larger surface roughness since the growing
islands had more space between each other leading to a high peak-to-valley ratio. Surface
characterization using AFM presented the changing surface topography with increasing
applied potential. Other than the metal surfaces, successful replication onto other
moldable soft materials (polystyrene and polyurethane) through an embossing and curing
step was also presented.
As an extension of this work, roughness gradients were generated by introducing
a controlled mechanical retraction step to the process. Such gradient surfaces are
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advantageous as an effective probing tool for quick and cost-effective, high-throughput
screening of various surface parameters. In the final chapter, preliminary results are
shown for future projects using electrochemical deposition further illustrating the
versatile nature of this fabrication technique.
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