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ABSTRACT
Zamborini and Coworkers developed, a simple, low cost, and highly parallel
electrochemical approach for fabricating nano-scale (metal/metal) or molecular
(metal/polymer or self-assembled monolayer (SAM)/metal) junctions that should be
useful in preparing working sensors and molecular electronic devices. The fabrication of
metal/metal junctions involves metal deposition on one set of electrodes (E1), where
the metal grows and becomes connected to a second set of electrodes (E2) of an Au
interdigitated array of electrodes with a 5 um separation. However, when different
metals were deposited, they deposited in different fashions. Ag grew in the form of
wires and Pd deposited in the form of dendrites. Here we investigated the factors such
as applied potential and metal ion concentration on the morphology of the metal

electrodeposition across the micron gap electrodes.
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I. Introduction
1.1. Main Goal/Summary:

The main goal of this research was to understand the impacts of applied
potential and metal ion concentration on metal electrodeposition on and across micron-
gap gold (Au) electrodes.

This dissertation is divided into five main parts. Chapter | is the introduction and
Chapter Il describes the experimental procedure for the metal electrodeposition.
Chapter lll describes influence of applied potential and metal ion concentration on silver
(Ag) electrodeposition at micron gap Au electrodes. In Chapter IV we describe influence
of applied potential and metal ion concentration on palladium (Pd) electrodeposition at
micron gap Au electrodes. Chapter V describes future directions for this project.

1.2 Motivation/Objective:

The majority of this work was motivated by the need to understand the factors
that affect the morphology of metal electrodeposition at micron gap electrodes. This in
turn aids in the development of a simple, fast, and reliable method which would
eliminate the use of costly and fancy lithography techniques involved in the fabrication
of different functional electronic devices using metal nanostructures as the basic
components.

1.3 Importance of Nanomaterials
Nanomaterials are materials that have at least one dimension that is less than

approximately 100 nanomaters.! Due to their small size, nanomaterials have a high



surface to volume ratio as shown in Figure 1.1.2 This indicates large number of atoms
are present on the surface. Surface atoms are more active chemically as they have less
adjacent coordinate atoms and unsaturated sites.? Hence, nanomaterials exhibit
different properties than that of their bulk counterpart.! These properties include but
are not limited to the following: size-dependent excitation or emission,* catalytic,>®

electrochemical,”® thermal,® and electronic.®

n=5 n=27 n=Eg54 n=2
d=1 d=0.373 d=0.875 d=0.704
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Figure 1.1. Pictorial representation showing increase in surface area as the size
decreases. Surface-to-volume ratio (d) based upon the number of atoms (n).
Nanomaterials can be made out of several different substances such as
carbon,"*2 polymers,** semiconductors,** ¢ biological molecules,’” and metals.8
Carbon nanomaterials exhibit unique properties such as the following: are light in
weight but strong and hard, can act as a conductor, semi-conductor or insulator, black
body.'! Carbon nanomaterials are also applicable in chemical biosensing.*® Polymeric
nanomaterials, are used in drug delivery systems.'® Semiconductor nanomaterials have
continuous absorption bands, high chemical stability and surface functionality.?*> They

are used in nano-electronics, energy conversion, and detectors.® Bio-molecule nano-



particles are used in many hybrid systems for sensing, synthesis, and fabrication of
nano-scale devices.!’

This research mainly focuses on nanomaterials made of metal. Metal
nanomaterials exhibit unique properties such as magnetic, optical and surface Plasmon
resonance.? For instance, Au solution is golden yellow in color, but solution containing
20nm Au nanospheres has red ruby color and 200nm nanospheres has bluish color.??
Due to their interesting properties, metal nanomaterials can be used in various
applications like fluorescence,?? sensing,?3 waveguides,?* surface enhanced Raman
spectroscopy,?® and therapeutics.?® Portable sensors based on metal nanomaterials for
monitoring heavy metals are also reported.??> Metal nanomaterials exhibit properties
which include the following: mechanical,?” magnetic,?® catalytic,?® optical, > and
electrical.3! However, this research really focuses on the electrical properties of metal
nanomaterials.

Metal nanomaterials can have difference structures such as sphere, hexagon,
cubes, triangles, branches, rods and bipyramids (See Figure 1.2).32 One-dimensional (1-
D) metal nanostructures are the interest of this research. 1-D nanostructures are

nanostructures where one of the dimensions is outside the nanoscale.3?

B
A C D E G'

S ® Wl AN 77/

Figure 1.2. Pictorial representations showing metal nanoparticles of different
structures: a) sphere, b) hexagon, c) cubes, d) triangles, e) branches, f) rods and
g) bipyramids.
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1-D nanostructures include nanorods,3® nanobelts,3* nanotubes,3> and nanowires (NWs)
as shown in Figure 1.3.3% 1-D nanostructures are used in several applications which
include the following: building blocks for circuits,?’ field effect transistors for logic
circuits,3® waveguides,3 cancer therapy,*® drug delivery,*! catalysis,*? biological

sensors,*® optical sensing,** and chemical sensors.*®

A B C D

Figure 1.3. Pictorial representation showing 1-D metal nanostructures: a)
nanorods, b) nanobelts, c) nanotubes and d) NWs.

1.4 Synthesis of 1-D Metal Nanostructures

Several scientists have reported different methods for synthesizing 1-D metal
nanostructures.*®4” Generally, metal nanostructures synthesis methods can be broadly
classified into two methods. The first method is called the top down method. In this
method, advance nano-lithographic techniques such as electron beam, focused ion
beam writing, proximal probe patterning, x-ray or extreme UV lithography are used to
shrink the size of the bulk material to the desired size and shape of the nanostructure.*®
UV lithography is used in making printed circuits and computer boards.* These methods
are energy intensive and require expensive equipment and facilities. The top down
method cannot be used on a wide range of materials and cannot be used for synthesis

of large quantities.>® The second method is called the bottom up method, see Figure 1.4.



In this method of synthesis, solution metal ions are reduced to solid until the solid
reaches a desired size and shape. By using a reducing agent, metal ion reduction can

either be done chemically®! or electrochemically.>?

Chemical or Electrochemical

Figure 1.4. Bottom up method for synthesizing nanomaterials by either chemical
or electrochemical reduction. M* represents metal ion, stabilizer serves as the
capping agent, and ne’ is the number of electrons.

Compared to top down method, bottom up method has several advantages such as,
better control of size and size distribution of nanoparticles, produces nanoparticles of
higher monodispersity and leads to higher concentration.>® This method is also simple,
cost effective, and less tedious relative to the top down method.>3 This research focuses
on the bottom up synthesis and electrochemical method for metal ion reduction.

1-D metal nanostructure synthesis in solution (soft template) and hard templates are
reported in literature.***’ In soft-template method, metal ion is reduced in the presence
of capping agent or structure directing molecules such as surfactants, polymers, or ionic
species.>® Structure directing molecules prevent nanomaterial aggregation.>® They also
aid in synthesizing a particular shape of nanostructure either by inhibiting the growth of

certain metallic crystals or alter the transport of reagents to certain crystallial faces.>®



Examples of these capping agents include cylindrical micelles,>” block copolymers,>® DNA
molecules,*® and cetyltrimethylammonium bromide (CTAB) surfactant.®®

In hard template method, the nanostructures growth is restricted within a template.
These templates are usually made up of inorganic or polymer materials.?*®3 Mallouk and
coworkers electrodeposited Ag in a porous polycarbonate membrane template to
synthesize metal NWs. 2 The size of the NW is related to the pore size of the
membrane. Synthesis of NWs of different metal segments, as shown in Figure 1.5, was

also reported.

Pore  Membrane
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Figure 1.5. Pictorial representation showing steps involved in synthesis of 1-D
nanostructures in porous polvcarbonate membrane.

Penner and coworkers electrodeposited Pd on a highly oriented pyrolytic
graphite (HOPG) template to form Pd NWs (see Figure 1.6).%2 To understand why this
substrate led to the formation of NWs instead of conformal metal slabs, it is important
to consider the different chemical environments of the HOPG surface atoms. HOPG has
step edges. These step edges serve as defect sites, and are energetically favorable for
the metal electrodeposition.?® The size of the NWs depends on the size of the step edge

of the graphite.
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l Electrodeposition
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slide

Figure 1.6. Pictorial representatin showing steps involved in electrochemical synthesis
of 1-D nanostructures at highly oriented pyrolytic graphite (HOPG).

The electrochemical methods described above are great for synthesizing metal
nanostructures. However, they suffer from several issues with the post-synthesis
assembly of the 1-D nanostructures on the desired substrate.. Some of the issues that
arise in soft template method are as follows: aggregation of nanostructures, removal of
impurities, and transferring the nanostructures on to a desired surface. Whereas in hard
template-based methods, the template may need to be removed and/or the
nanostructures may need to be transferred to a different substrate to afford device
functionality. In either method, once the nanostructures are transferred on to the
desired surface, to fabricate an electronic device using 1-D nanostructures, contacts
have to be made to the nanostructures.

Different strategies have been reported in the literature for fabricating contacts

to nanomaterials in nano-electronic devices.?*%® Theses strategies can be generally

7



classified into two methods: i) where 1-D nanostructures are assembled on a surface
first and then the contacts are made® and ii) where the 1-D nanostructures are
assembled on prefabricated contacts.®>¢ Fabrication of contacts using electron-beam
lithography®* and applying Ag paint manually on the nanostructures are few examples
where contacts are made after transferring the nanostructures on to the substrate.®®
Electron-beam lithography is a common way to make contacts, however the process is
expensive and tedious.®* Making reproducible contacts is a challenge when Ag paint
manually is applied manually.®’” Nanostructures are assembled on pre-fabricated
electrodes either mechanically®® or with the aid of electric field.®® The above described
methods suffer from making reproducible contacts. To avoid this issue, nanostructures
are grown directly at prefabricated electrodes using in-situ-electric field,® field
emission® and electrochemical methods.”® Electrochemical method is relatively simple,
easy to use and is less expensive. Other than Zamborini and coworkers, all the other
methods reported used either ion-beam or electron-beam lithography for the
fabrication of electrodes.”* Zamborini and coworkers used photolithography, which is
less expensive and highly parallel.”> Zamborini and coworkers reported
electrodeposition of Pd nanostructures and Ag NWs across 5-micron gap interdigitated
array (IDA) of Au electrodes fabricated using photolithography. Generally in
electrodeposition metallic ions from an electrolyte are reduced to form a solid deposit
at the cathode. Metal electrodeposition was performed from simple salt solution in the

method reported by Zamborini and coworkers.”3 Figure 1.7 shows the mechanism of


https://www.sciencedirect.com/topics/materials-science/electrodeposition

metal electrodeposition from simple salt solutions. In simple salt solution, metal ions
exist as hydrated ions. Under the influence of applied field, hydrated ions travel
towards cathode. Once they reach the diffusion layer, water molecules align, followed
by the removal of water molecules in the Helmholtz layer.

Later, metal ions adsorb at the cathode surface as adatoms which then diffuse
on the surface of the cathode and are incorporated into the crystal lattice at the growth
point which is where the metal ion is reduced to solid metal. This approach is beneficial
as it is simple, versatile, and can quickly prepare NW contacts to any metal, metal oxide
or polymer that can be electrodeposited. However, in order to controllably
electrodeposit metal electrodes across micron gap electrodes with specific
morphologies, it is necessary to determine the impacts of deposition potential and
metal ion concentration on the morphology of electrodeposited electrodes, motivating
the work described here. Here, we investigated the impact of applied potential and
metal ion concentration on metal electrodeposition on and across prefabricated 5
micron-gap Au IDAs.

Helmholtz Diffusion
double layer layer

Site of I I ®
lgrowih
H,0 molecule
4 Adatom P I 0
g e 4
0«0 O 170~
E o L ]

. ofthe of the
. water water dipoles
wit dipoles I I

Cathode Electrolyte Bulk of electrolyte

Figure 1.7. Schematic representation of metal electrodeposition from simple
salt solution.



Il. Experimental
This chapter includes the following four parts: 1) chemicals and
substrates used, 2) techniques and experimental set-up used to electrodeposit Ag and
Pd, and 3) procedures for Ag and Pd electrodeposition and 4) procedure for preparing
various solutions for electrodeposition.
2.1 Chemicals and Substrates:

Chemicals used in this study were as follows: Ag nitrate (AgNO3) (99%), Potassium
tetrachloropalladate (K2PdCls) (98%), sulfuric acid (H2S04) (96.0%), isopropanol (99.7%),
ethanol (99.8%), nanopure water, and acetone (99.9%), which were purchased from
Sigma-Aldrich. Ag epoxy was purchased from Silver ink-HV, Stan Rubinstein Assoc. Inc.,
Foxboro MA. Loctite E-90FL Hysol epoxy adhesive was purchased from Home Depot. Pt
wire, Ag/AgCl (saturated KCl solution) reference electrode and Ag wire quasi reference
electrode was purchased from CHI instruments.

In this study, 5 micron gap Au IDA of electrodes were used as substrates for
electrodeposition of different metals. The Au IDA electrodes were microfabricated in a

cleanroom using photolithography, sputtering and liftoff processes.”*

Fabrication of Au IDA’s: The Au IDA electrodes were microfabricated in a cleanroom
using photolithography, sputtering and liftoff processes. Photolithography permits one
to form a certain pattern of Au IDA electrodes on the silicon/silicon oxide (Si/SiO)

substrate.” Si was heated to from an SiO; or SiOx layer. Later, hexamethyldisilane

10



(HMDS) and positive resist were spin coated respectively. Positive resist is a polymer
which is relatively insoluble in the developer. However, exposure to light increases its
solubility in developer. On the other hand, negative resist’s solubility decreases after
exposure to light. An aligner is used to align the mask that contains the desired pattern
of the electrodes with the wafer to transfer the pattern from the mask to the wafer.
The photoresist was exposed through the pattern of the mask to a high intensity UV-
light. The wafer was then immersed in developer followed by rinsing with DI water and
drying under a N2 gun. Finally, a hard bake at 115°C for 2.5 min was performed to
harden the photoresist and improve adhesion to the wafer. An argon (Ar*) ion source
was used to sputter Cr, Ti or Ni targets as adhesion layers, followed by Au to form Au
IDA electrodes. The photoresist and parts of Au sputtered on top of the photoresist
were removed by immersing the Au —coated wafer in an acetone shaking bath for a few
hours. Removal of the photoresist and metal on top leaves the patterned Au IDA
electrodes on the Si/SiOyx. This is known as lift-off. Finally, the wafer was diced to
separate the individual electrode devices for further use.

2.2 Techniques and Experimental Set-Up:

All electrochemical measurements were performed using a CHI Instrument
electrochemical work station. Following techniques were used in this study: a) cyclic
voltammetry (CV) and b) chronocoulometry (CC).

CV: CV was used to determine the electrochemical deposition (reduction) potentials for

Ag and Pd on Au and to measure Au IDA electrodes resistance before and after metal

11



electrodeposition (Ag and Pd). In CV method, potential is scanned and the current is
monitored.

CC: CC was used to perform the metal electrodeposition. CC is an electrochemical
technique in which the potential of the working electrode is stepped and the number of
coulombs passed at the electrode are monitored as a function of time. This technique
was used for the controlled deposition of Ag and Pd onto the Au IDA electrodes. The
potential of the working electrode was stepped to a potential negative enough to
reduce Ag* or Pd?* tetrachloride onto the Au IDA.

Electrochemical Setup:

Three-electrode setup: CV for determining potential for metal reduction/deposition
and CC for metal deposition were performed using typical three electrode setup (See
Figure 2.1). These experiments were performed at room temperature with a 5 micron
gap Au IDA working electrode, Pt wire counter electrode and Ag wire reference
electrode for Ag electrodeposition studies and Ag/AgCl in saturated potassium chloride
(KCI) reference for Pd electrodeposition studies. Ag/AgCl reference electrode cannot be
used in Ag studies. This is because Ag/AgCl reference electrode constitutes Ag wire
coated with AgCl which is stored in KCl solution. Cl ions from the reference electrode
can leak through the frit into the AgNOs solution from which Ag is electrodeposited and
result in the formation of AgCl precipitate (ppt). This would alter the Ag concentration

in the AgNOs solution.

12
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Figure 2.1 Image showing the conventional three-electrode setup for metal
electrodeposition. All three electrodes are suspended above 5 mM AgNOs3 solution
dissolved in 0.1 M sulfuric acid (H2SOa4). Electrodes should be submerged in solution
before acquisition of the CV. The three electrodes pictured are as follows: reference
(AgCl wire), counter (Pt wire), and working (Au IDA).

Two-electrode setup: CVs in air or i-V curves for measuring the resistance of electrodes
were obtained using two-electrode setup. Here, the reference (white) and the
counter(red) electrode cables were clamped together and is connected to one wire lead
of the Au IDA. The working electrode cable (green) is connected to the other lead (see

Figure 2.2 for setup). All the i-V curves in air were obtained in a Faraday cage.
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Figure 2.2. Image showing two electrode setup for obtaining CV in air. Pictured is
the reference electrode cable hooked to the counter electrode cable, which is then
connected to one of the wire leads attached to the Au IDA, while the working
electrode cable is connected to the other wire lead attached to the Au IDA.

2.3 Procedures:

Wiring and cleaning of electrodes: Prior to electrodeposition, Au electrodes were
cleaned and wired. Electrodes were cleaned with different solvents. The solvents were
as follows: isopropanol (99.7%), ethanol (99.8%), nanopure water, and acetone (99.9%).
Each solvent was sprayed from a solvent wash bottle on each electrode for

approximately one minute and then air dried. After solvent cleaning, wire leads were
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attached to the electrode contact pads. These leads were attached with Ag epoxy and
then left to dry in air for at least 24 hours. After Ag epoxy had dried and solidified, an
insulating epoxy was applied over the contact pads. Once dried, the electrodes were
rinsed with the solvents again and Ozone cleaned for 15 minutes. The steps involved for
the cleaning and wiring process of the electrodes are shown in Figure 2.3. Solvent and
ozone cleaning are used to remove any organic residues on the Au IDA due to

photolithography process.

(i) Clean with solvents

(ii) Air dried (i) Air dried for 48 hours
(iii) Attach wire leads by {ii) Apply insulating epoxy
applying Ag epoxy

Au IDA

(i) Air dried for 48 hours

g;::::‘;:r:: — (ii) Rinse in solvents
current (iii) Ozone cleaning 15 min

Figure 2.3. Steps involved in wiring and cleaning the electrodes.

Organic residues soluble in the solvents are washed away during solvent
cleaning. Ozone (0s) is highly reactive gas. Hence, it continually converts back to its
most stable form oxygen (O2) by releasing one of its atoms. During this process, it will
oxidize any organic matter that it is in contact. A well-pronounced oxidation and
reduction peak for Au indicates the cleanliness of the Au surface (See Figure 2.4). The

peaks at ~1.0 V and ~0.6 V represent the Au oxidation and reduction peak, respectively.
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If there is any organic residue from the photolithography process on the surface of the
Au IDA’s after solvent and ozone cleaning, it would hinder electron transfer and redox

peaks for Au would not be observe

8
" 6 E .
— Reduction
< 4 1
O
S 2
* Ll
= 0]
c
g
S5 4 N
o Oxidation
-6

1.2 1.0 0.8 0.6 04 02 0.0
Potential (V) vs. Ag/AgCl

Figure 2.4. CV of bare Au IDA in 0.1M H,S04 vs Ag/AgCl reference electrode.
Scan rate was 100 mV/s from 0 to 1.2 (negative to positive direction).

Hence, to ensure the electrodes were clean, CV of Au IDA in 0.1M H,S04 was
obtained after cleaning and wiring the electrodes. Figure 2.5 shows a CV of an Au IDA
electrode in 0.1M H,SOs. Here, Ag/AgCl and a Pt wire were used as reference and
counter electrode, respectively. Potential was scanned from 0 to 1.2 V at 100 mV/s in

0.1 M H3SO0a. In case Au oxidation and reduction peaks were not observed, solvent and

ozone cleaning were repeated.
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After preparing, wiring and cleaning the Au IDA electrodes, several different
electrochemical procedures were performed to study the impacts of applied potential
and metal ion concentration of metal electrodeposition. The procedures are described
in the next sections. Prior to studying the factors that influence the morphology of metal
electrodeposition at micron gap Au IDA electrodes, we determined the reduction and

oxidation potentials of the metal of interest.” 7>

Procedure for determining oxidation and reduction potential for Ag and Pd:

Ag: CV of Au IDA electrode in 5 mM AgNOsz in 0.1 M H,SO4 was obtained to determine
the reduction and oxidation potential of Ag. Three-electrode setup was used to perform
this experiment (see technique section for setup). For this purpose, Ag wire and Pt wire
were used as reference and counter electrode respectively. Ag was in the oxidized from.
Hence, the potential was scanned in the negative direction from 0.3 Vto -0.4 V vs. Ag
wire at a scan rate of 100 mV/s. As the potential approaches the characteristic E° (~0 V)
for the redox process, a cathodic (reduction) current begins to increase, until a peak is
reached. After traversing the potential region where the reduction process takes place,
the direction of the potential is reversed. Figure 2.5 shows the CV of Au IDA in 5 mM
AgNOs in aqueous 0.1 M H;S04. The peaks at ~0.1 V and ~0.05 V represent Ag

reduction/cathodic (Ag* to Ag®) and oxidation/anodic (Ag° to Ag*) peaks.

Pd: CV of Au IDA in 5mM PdCls> in 0.1M H,SO4 at a scan rate of 100 mV/s using Ag/AgCl

reference electrode and Pt wire counter electrode was obtained to determine the
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oxidation and reduction potential of Pd (see technique section for setup). Figure 2.6
shows CV of the Au IDA in 5mM K;PdCls in 0.1M H;S04. The potential was scanned in
the negative direction starting from a potential where no reduction occurs (0.8 V) as Pd

was in the oxidized form. As the potential approaches the characteristic E° (~0.1 V) for

5e5 N
Agt+1e —»Ag’ » Reduction
0 |
~~ [
< :
N’ 1
4= 525 |
c !
(] !
E  es4] i
2 !
O :
2e44  Oxidation > mM AgNO; i
in 0.1IM H,SO, |
2e4 ; , , !
0.2 0.0 0.2 0.4

Potential (V) vs. Ag wire

Figure 2.5. CV of Au IDA electrode in 5 mM AgNOQOs in 0.1 M H;SOsat a
scan rate of 100mV/s (scan direction negative to positive). The dashed
line represents the potential at which the Ag reduction and the
subsequent electrodeposition begin.

the redox process, a cathodic (reduction) current begins to increase, until a peak is
reached. After traversing the potential region where the reduction process takes place,
the direction of the potential is reversed. The peaks at ~0.1V and ~0.5 V represent the

reduction/cathodic (Pd?* to Pd®) and oxidation/anodic (Pd® to Pd?*) peaks.
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] 7
Oxidation SmM K,PdCl,
in 0.1M H,S0,

Current (1*104 A)

0.8 0..6 0:4 0.'2 O.'O -0.2
Potential (V) vs. Ag/AgCl
Figure 2.6. CV of Au IDA electrode in 5 mM K;PdCls in 0.1 M H,SO4 at a scan rate of

100 mV/s (scan direction negative to positive). The dashed line represents the

potential at which the Pd reduction and the subsequent electrodeposition begin.
Procedure for studying the influence of meal ion concentration and applied potential
on metal electrodeposition:
Metal (Ag and Pd) electrodeposition was performed using conventional three-electrode
set up (see technique section for details). The electrodeposition was performed in
chronocoulometric mode by connecting one wire lead of the IDA to the potentiostat as
the working electrode. During electrodeposition, metallic ions from an electrolyte are
reduced with the aid of applied potential to from a solid deposit on the cathode (see
Figure 2.7). In this study, potential was stepped to a desired value where metal ion

reduction occurs and was held at that potential until a certain fixed number of coulombs

of desired metal were electrodeposited on/across the electrodes.
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Figure 2.7. Cartoon depicting electrodeposition and stripping. The yellow rectangles
represent electrodes, red circles represent charge applied: negative (left) and
positive (right), metal ion (M™) and solid metal (M°) and ne represents the reducing
agent. Arrow pointing to the left represents reduction (deposition) and the arrow
pointing to the right represents oxidation (stripping).

H2S04, then a potential was applied and held at that certain value until 6*10 >C was
passed through and the Ag was electrodeposited (see Figure 2.8). Whereas in case of Pd
studies, potential was held at a certain value until 1.2*103C was passed through and the
Pd was electrodeposited from a solution containing PdCls > in 0.1M H2S04 (see Figure
2.9). Deposition was performed at various applied potentials from solutions containing
different concentrations of metal of interest (Ag and Pd). Please see Table 2.1 and Table

2.2 for potential and metal concentrations used in Ag and Pd electrodeposition studies.
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Figure 2.8. Chronocoulometric graph showing Ag electrodeposition from solution
containing 5 mM AgNOs in 0.1 M H,SO4 at -0.3 V vs. Ag wire reference electrode.
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Figure 2.9. Chronocoulometric graph showing Pd electrodeposition from solution
containing 5 mM KyPdCls in 0.1 M H,SO4 at -0.1 V vs. Ag/AgCl reference electrode.
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Table 2.1 Different conditions where Ag electrodeposition was performed

Electrodeposition Ag- charge 6.0 x 10-5 C passed
Concentration 0.5 mM AgNO3 | 5 mM AgNOs3 50 mM AgNOs
-0.1V -0.1V -0.1V
-0.2V -0.2V -0.2V
Applied potential vs.
-0.3V -0.3V -0.3V
Ag wire
-0.4V -0.4V -0.4V
-0.5V -0.5V -0.5V

Table 2.2 Different conditions where Pd electrodeposition was performed

Electrodeposition Pd - charge 1.2 x 103 C passed
Concentration 0.5 mM K;PdCls | 5 mM K2PdCls | 50 mM KzPdCl4
+0.1V +0.1V +0.1V
Applied potential vs. ooV ooV o.0v
Ag/AgCl wire electrode -0.1V -0.1V -0.1V
-0.2V -0.2V -0.2V
-0.3V -0.3V -0.3V
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2.4. Procedures for making different solutions:
Preparation of 0.1 M H,SOa4: H,S04(96%) was used to make 0.1 M H,S0,. Since the
purity was not 100%, the molarity of the H,SO4 was figured out by using density (1.1
g/mL) and molar mass (98.072 g/mol) of H,SO4. Then, the dilution equation (M1V1=
M.V,) was used to dilute the stock H,SO4to 0.1 M H,SO4 (see Equation 2.1).
Equation 2.1:

M;i1Vi=M3V>

10.767 M H2S04* V1=0.1M *0.5 L

Vi=4.64 ml
Preparation of 0.5, 5 and 50 mM AgNO3 in 0.1M H;S04 solution: AgNOs was dissolved
in 0.1 M H;S04 to make 0.5 mM, 5 mM and 50 mM AgNOs (see Equation 2.2).

Equation 2.2:

Volume of AgNO3; =20 mL or 0.02 L

0.5mMm
0.0005M = x (mol)/0.02L x=0.000010 mol
Mass = 0.000010 mol*169.879 g/mol
Mass of AgNOs needed is 0.00170 g

5mm
Mass of AgNOs needed is 0.0170 g

50 mm
Mass of AgNOs needed is 0.170 g

Preparation of 0.5, 5 and 50 mM PdCls? in 0.1M H,SO4 solution: K,PdCl; was dissolved

in 0.1 M H;SO4 to make 0.5 mM, 5 mM and 50 mM K,PdCls (see Equation 2.3).
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Equation 2.3:

Volume of K:PdCls=20 mL or 0.02 L

0.5mM
0.0005M = x (mol)/0.02L x=0.000010 mol
Mass = 0.000010 mol*326.43 g/mol
Mass of K2PdClsneeded is 0.00326 g

5mMm
Mass of K2PdClsneeded is 0.0326 g

50 mMm
Mass of K.PdCls needed is 0.326 g
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lll. Ag Electrodeposition

There has been an increase in practical and theoretical interest of noble metal
deposition in the past few decades.’®3! Ag deposition is one such metal deposition that
has been practiced for many years as it has different applications in various fields.
Especially, Ag nanostructures are used in flexible electronics,® solar cells,83%

capacitors,®® pressure sensing, 8-°1 chemical sensing,?°* and biological sensing.?>-®
Hence, various deposition procedures for synthesizing different forms of Ag
nanostructures have been reported in the literature and are still being researched.’’-1%8
The following are few methods that have been reported for Ag deposition: Ag plating,®’

101-104 3nd chemical vapor

pulsed electrodeposition,®®1% direct deposition via immersion,
deposition (CVD).19>-198 pylsed electrodeposition of Ag was performed in a template by
Schubert and coworkers for synthesizing Ag NWs.1%° Size and shape of the NWs
synthesized through this method were determined by the template pore size and shape.
Deposition by immersion is a method developed by Nativ-Roth for synthesizing Ag
NWs.193 This method utilizes a template as well and the immersion time varied from one
hour to twelve hours. In this method of deposition, Ag did not deeply penetrate the
porous silicon template. Hence, length of wires synthesized was shorter than the
desired length. Controlling the length of the NWs is not feasible with this method.
However, this method is simple and cost effective. In order to make an

electronic device with the NWs synthesized using the above methods, template needs

to be sacrificed first, then the NWs are to be transferred on a suitable substrate and
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finally electrical contacts are to be made. This involves multiple steps making it tedious.

Szczesny and coworkers used CVD to depost Ag.1%®

In CVD, solid material is depsoited
from a gaseous phase on to metallic, ceramic, alloy or intermetallic substrates. In this
method, precurrsor gas is passed over the surface of the heated substrate, and the
chemical reaction between the volatile precursors and the surface of the subtrate leads
to the formation of a coating on the substrate. This process can be conrolled very well.
However, the downside of this method is that it runs at very high temperatures and is
limited only to the substrates that can tolerate high temperatures. Also, CVD reactor is
expesive meaning not every institution can afford a CVD reactor, limiting its application.
All of the above described methods require making electrical contacts to NWs to
fabricate an electronic device. Making electrical contacts to NWs involves sophisticated
procedures and are not very reproducible.

Direct metal deposition across the prefabricated electrodes eliminates multiple
steps and also, a direct contact is formed. Campbell and coworkers and Zamborini and
coworkers both reported the electrochemical method for direct metal electrodeposition
across prefabricated electrodes.!%%110 Campbell and coworkers used two electrodes
separated by 20 nm fabricated by e-beam lithography in their study. Approach reported
by Zamborini and coworkers is similar to Campbell and coworkers, except that 5-um gap

IDA electrodes fabricated by photolithography were used. Photolithography is cheaper,

versatile and massively parallel fabrication method. Zamborini and coworkers

26



electrodeposited Ag and Pd across 5 micron-gap Au IDA electrodes. Ag grew in the form
of wires and Pd grew in the form of dendrites.

In order to deposit any metal that is electroactive with the desired morphology
utilizing the procedure reported by Zamborini and coworkers, it is important to
understand the factors that affect the morphology of the metal deposited on/across the
electrodes. Here we investigated the impact of Ag ion concentration and the applied
potential on the morphology of the Ag electrodeposited on/across 5 micron-gap Au IDA
electrodes. Electrodeposition was performed in diffusion-controlled regime. Metal ion
concentration and applied potential impact the flux of the metal ion to the substrate.
This hypothesis is based on the Fick’s 1t law and Nernst equation. According to
the Fick's 1st law flux Ja (x, t) of substance A due to diffusion at time (t) and position (x)
is proportional to the concentration gradient ACa (x, t)/Ax

8C, (&b

T &t =-D, A%

and depends on the diffusion constant Da of species A. The minus sign indicates that the
direction of flux is opposite to the direction of the gradient. In other words, flux
measures the amount of substance that will flow through a unit area during a unit time
interval. In simple words, the amount of substance that will flow through a unit area
during a unit time interval to the substrate depends on the difference in concentration
of the species in bulk and at the surface of the substrate. The higher the difference, the

higher the flux. Based on this, we expect the flux of Ag ions to substrate to be higher
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when Ag is electrodeposited from solution containing 50 mM followed by 5 and 0.5 mM

AgNO:s.

According to the Nernst equation, in a redox reaction, the ratio [R]x=0/[O]x=0 0N
the surface of the working electrode (x=0) at any time (t>0) depends exclusively on its

potential (E). R is the reduced form and O is the oxidized form of the species.

R, [Rlg

F 0L,

E=E'-

The ratio of oxidized (Ag*) and reduced (Ag®) forms of Ag at the surface of the substrate
depends on the applied potential. The more negative the applied potential, the smaller
this ratio. This indicates, the concentration of Ag ions at the surface of the substrate is
lower at more negative applied potentials. This impacts the difference in concentration
of Ag ions at surface and the bulk. The more negative the applied potential, the lesser
the concentration of Ag ions at the surface of the electrode and the larger the difference
in concentration of Ag ions at the surface and the bulk. This leads to a higher flux of Ag
ions on the electrode surface from the bulk. We wanted to investigate if the difference
in flux of Ag ions to the electrode surface at various conditions such as difference in
applied potential and concentration of Ag ions in the bulk leads to different morphology
of Ag electrodeposited on/across the micron gap Au electrodes.

Ag electrodeposition was performed using the procedure described in Chapter II.
To determine the impact of Ag ion concentration on morphology of the Ag
electrodeposited other than the Ag ion concentration in solution, all the other

parameters were kept constant. Three different concentrations were tested (0.5 mM, 5
28



mM and 50 mM). To determine the impact of applied potential on morphology of the
Ag deposited, we held the Ag ion concentration and all the other parameters constant
and changed the applied potential. Five different potentials were tested (-0.1V,-0.2V, -
0.3V, -0.4V and -0.5V vs. Ag wire).

Please note, Zamborini and coworkers reported the formation of Ag NW
connection between the electrodes when 6*10 > C was reached from 5 mM AgNOs
solution at an applied potential of -0. 3 V vs. Ag wire. In this study, we electrodeposited
Ag until 6*%10 °> C of charge was passed. Figure 3.1 ad 3.2 shows overlay of
chronocoulometric plots of Ag electrodeposition from AgNOs solutions at different
concentrations and applied potentials. At a particular applied potential, the slope of the
chronocoulometric plot of Ag electrodeposition is different when Ag is electrodeposited
from different concentrations of AgNOs solutions. The higher the concentration of
AgNOs, the higher the slope. At a particular applied potential, the time it took for
electrodepositing 6*10° C of Ag from different solutions containing different

concentrations of AgNOsiis different.
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Table 3.1 shows the time it took to electrodeposit Ag at a charge of 6*10~ C was passed
at various potentials from different concentrations of AgNOs solution. At a particular
potential, the higher the concentration of AgNOs solution the lesser time it took to
electrodeposit Ag. For instance, at an applied potential of -0.1V vs. Ag wire it took 65, 9
and 1 seconds on average to electrodeposit Ag from 0.5 mM, 5 mM and 50 mM AgNOs3

solution respectively (see Table 3.2).

Table 3.1 Time for electrodepositing of Ag at a charge of 6*10° C from a solution
containing different concentrations of AgNOs at various applied potentials

Concentrations
0.5 mM AgNO, 5 mM AgNO, 50 mM AgNO,

Applied
potential vs.
Ag wire Trial 1 | Trial 2 | Trial 3 | Trial 1 |Trial 2| Trial 3| Trial 1 |Trial 2| Trial 3

-0.1V 52sec| 60sec|79sec| 7sec [9sec|1llsec| 1sec |1lsec| 2sec

-0.2V 198 sec|205 sec|228 sec| 6 sec |8 sec|12 sec| 0.7 sec [0.8 sec| 1 sec

-0.3V 154 sec|170 sec|214 sec| 6 sec |8 sec| 9sec | 0.6 sec |0.7 sec| 0.7 sec

-04V 221 sec|288 sec|298 sec| 4 sec [5sec| 6sec | 0.7sec | 1sec| 2sec

-0.5V 769 sec|800 sec|814 sec| 3sec |3sec| 4sec|0.8sec|1lsec| 1sec
This indicates that at a particular applied potential, the flux of Ag ion to the surface of

Au IDA is different when Ag is electrodeposited from different concentrations of AgNOs
solutions. The higher the Ag ion concentration, the higher the flux of Ag ion to the
AulDA. However, at a particular concentration, the time it took to electrodeposit Ag at a
charge of 6*10 C at various applied potentials was not statistically different from
eachother (see Figure 3.2 and Table 3.2). This indicates that there is no significant

difference
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in the flux of Ag ions to the substrate at different applied potentials. This is because
deposition potentials used in this study are in diffusion-controlled regime.

After electrodepositing Ag, we obtained i-V curves, to determine whether or
not an Ag connection was formed between the Au IDA. Figure 3.3 shows the overlay of
CV plots obtained in air before and after electrodeposition of Ag from 0.5 mM, 5 mM
and 50 mM AgNOs respectively at an applied potential of -0.1 V vs. Ag wire. Before Ag
electrodeposition, currents observed in air (background current) at -1 V ranged from
1.05*107 A to 1.68*107 A for all three devices. Currents observed in air at -1 V are

1.2*107 A, 1.6*107 A and 1.3*10 A after electrodepositing Ag from 0.5 mM, 5 mM and

Table 3.2 Average times for electrodepositing Ag at a charge of 6*10> C from a
solution containing different concentrations of AgNOs at various applied potentials

Concentrations
Applied potential vs. Ag wire 0.5 mM AgNO,[5 mM AgNO, 50 mM AgNO,
-0.1V 65 sec 9 sec 1sec
-0.2V 210 sec 8 sec 0.8 sec
-0.3vV 179 sec 8 sec 0.7 sec
-04V 270 sec 5 sec 1sec
-05V 794 sec 3 sec 1sec

50 mM AgNOs solution. There was no significant difference in current observed in air at
-1 V before and after electrodepositing Ag from 0.5 mM, 5 mM and 50 mM AgNOs3
solution. This indicates that no connections were formed between the 5 micron-gap Au

electrodes.
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Figure 3.3. (continued).
Table 3.3a-c shows the currents observed at -1 V in air before and after
electrodepositing Ag at various potentials from different concentrations of AgNOs;
solution. Ag is more conductive than the SiO that connects the 5 micron gap Au IDA. If
an Ag connection is made between the micron gap Au electrodes, a significant (several
orders of magnitude) increase in current would be observed at -1 V due to the
formation of metal (Ag)/metal (Au) contact. For instance, currents observed in air at -1
V after electrodepositing Ag from 5 mM and 50 mM AgNOs solution at -0.2 V vs. Ag wire

are 1.4*102 A and 1.4*102 A respectively (see Table 3.3).
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various applied potentials from 0.5 mM AgNOs solution

Table 3.3a Currents observed at -1 V before and after electrodeposition of Ag at

0.5 mM AgNO,

Potential
vs. Ag
wire

Trial 1

Trial 2

Trial 3

Before

After

Before

After

Before

After

-0.1V

1.32x107C

1.27x10°C

1.29x107 C

1.22x107C

1.26x107 C

1.27x107 C

-0.2V

1.27x107 C

7.11x10°C

1.09x107 C

1.94x107 C

1.20x107 C

1.40x107 C

-0.3V

1.24x107C

6.27x10°C

1.22x107 C

3.08x10° C

1.51x107 C

1.85x107 C

-04V

1.43x10°C

1.06x10°C

1.32x10° C

1.80x10°C

1.21x107C

1.39x10° C

-0.5V

1.66x107 C

5.92x10° C

1.12x107C

1.19x107 C

1.06x107 C

1.24x107 C

various applied potentials from 5 mM AgNOs solution

Table 3.3b Currents observed at -1 V before and after electrodeposition of Ag at

5 mM AgNO,
Potential
vs. Ag wire Trial 1 Trial 2 Trial 3
Before After Before After Before After

0.1V [1.16x107C|1.56x10” C|1.14x10" C|1.64x10” C|1.12x107 C|1.62x10” C
02V |1.46x107 C|7.16x10° C|1.24x10” C|4.82x107 C|1.26x10” C|1.33x10°C
03V [1.24x107C|4.91x10°C|1.28x10” C|5.29x10° C | 1.42x107 ¢ | 1.05x10 C
0.4V |1.16x107 €| 1.51x107 C|1.19x10” €| 1.07x107 C | 1.62x10” €| 1.17x10°C
0.5V [1.36x107 C[1.06x10°C|1.60x10" C|1.12x10°C|1.06x10” C|1.27x10” C
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Table 3.3c Currents observed at -1 V before and after electrodeposition of Ag at
various applied potentials from 50 mM AgNOs solution

_ 50 mM AgNO,

Potential

vs. Ag Trial 1 Trial 2 Trial 3

wire

Before After Before After Before After

0.1V | 1.35x107C | 1.25x107C | 1.18x107 | 1.28x10” ¢ |1.19x10” ¢c|1.30x107 C
0.2V | 1.22x107 ¢ | 1.44x107C | 1.27x107 ¢ | 1.34x107° C |1.31x10” ¢c|1.90x107 C
203V | 1.08x10” ¢ | 1.11x107¢ | 1.38x107 ¢ | 1.36x107 C |1.24x107 C|6.03x10° C
0.4V | 1.21x107¢c | 1.38x107¢ |1.13x107 ¢ | 1.85x107 C [1.16x107 c[1.28x10” C
05V | 1.25x107 ¢ | 1.02x107¢ |1.20x107 ¢ | 1.14x107% C |1.10x107 c[1.22x107 C

Approximately five orders of magnitude increase in current was observed, indicating the
formation of Ag connection between the micron gap Au IDA electrodes at these
conditions. See appendix for the overlay of CV plots obtained in air before and after
electrodeposition of Ag from 0.5 mM, 5 mM and 50 mM AgNOs respectively at various
applied potential vs. Ag wire. When the observed currents in air at -1V are in the range
of 102 to 103 A, formation of Ag connection between the micron gap electrode is

attributed. Table 3.4 shows Ag ion concentration and the applied potential that favored

formation of Ag connections between the micron gap Au IDA electrodes.
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Table 3.4 Metal ion concentration and applied potential that lead to the formation
of Ag connections between the micron gap Au IDA electrodes

0.5 mM AgNO, 5 mM AgNO, 50 mM AgNO,
Applied potential vs.
Ag wire Trial 1|Trial 2|Trial 3|Trial 1{Trial 2|Trial 3|Trial 1|Trial 2|Trial 3
-0.1V Y N N N N N N N N

Table 3.4 Metal ion concentration and applied potential that lead to the formation
of Ag connections between the micron gap Au IDA electrodes (continued)

-0.2V Y N N Y Y Y Y Y Y
-0.3V Y N N Y Y Y Y Y Y
-0.4V Y N N Y Y Y Y N N
-0.5V Y N N Y Y N Y Y N

Results indicate that Ag electrodeposited from solutions containing 5 and 50 mM AgNOs3
solutions favor the formation of connection between the micron gap Au IDA electrodes
when the applied potential is at least or more negative than 200 millivolts (mVs) vs. Ag
wire reference electrode. Irrespective of the applied potential, the formation of
connections was not favored when Ag was electrodeposited from 0.5 mM AgNOs3
solution. At a particular applied potential, flux of Ag ions to the surface of Au IDA
electrode is higher when Ag is electrodeposited from solutions containing higher
concentrations (5 and 50 mM) of AgNO3 compared to lower concentration (0.5 mM) of
AgNOs. Higher flux of the Ag ions to Au IDA electrode surface seems to favor the
formation of Ag connection. However, even at high concentrations (5 and 50 mM) of
AgNOs in solution formation of Ag connections was not observed unless the applied
potential is at least or more negative than 200 mVs vs. Ag wire. Higher overpotential

seems to favor the formation of Ag connections between the Au Ida electrodes.
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However, flux of Ag ion to Au IDA surface at -100 mVs and -200 mVs are not statistically
different from each other. Hence, the difference in morphology of electrodeposited Ag
at various applied potentials at a particular concentration cannot be attributed to the
impact of flux of the Ag ions to the Au IDA electrode surface. Overall, higher flux and
higher overpotential seem to favor the formation of Ag connections between the Au IDA
electrodes. It has been reported that nucleation rate increases with an increase in
applied overpotential.1!3 Higher flux also probably increases the nucleation rate as there
are more Ag ions colliding with the Au IDA substrate. This difference in nucleation rate
at high overpotential and high concentrations probably lead to a difference in the
diffusion layer structure as reported earlier'!* which in turn results in different
morphologies of Ag electrodeposition at micron gap Au IDAs. This is described in detail
in the next section.

Several reports on electrodeposition growth mechanism demonstrate the formation
of granules/particles in the initial stages of electrodeposition process. These granules
further grow into different structures if the deposition is continued.!! These growing
grains act as individual microelectrodes if they are small (less than 55 micrometers).
According to Barton and Bockris, when the distance between the granules is at least 5
times larger than the radius of the growing granule, individual spherical diffusion layer
forms around each growing grain (see Figure 3.4).11? This facilitates the diffusion of ions
to all directions of the growing granules. As a result, granule grows in all directions (see

Figure 3.4). On the contrary, when the distance between the granules is smaller than 5

41



times the radius of the growing granule, individual spherical diffusion layer does not
form around each growing grain. Rather common diffusion layer of macro electrode is
formed. In this scenario, diffusion of ions is facilitated to the tip of the growing grain

which favors the connectivity (see Figure 3.4).

Bulk solution Bulk solution

-
N7 N

S
J"-'-.#-"" “~

—
f-"-.f-"" ~
'Y YW WYY
Inert electrode Inert electrode

Figure 3.4. Scheme showing the diffusion layer structure that leads to the
formation of a) no connection and b) connection between micron-gap Au
IDA electrode.

Nucleation rate increases with an increase in overpotential and flux. Hence, at less
negative applied potential or low over-potential (less negative than 200 mVs vs. Ag
wire), probably a smaller number of nuclei form leading to larger distance between the
growing granules. The distance between

the granules is probably large enough to favor the formation of individual spherical
diffusion around each growing grain which facilitates the growth of the granule in all
directions resulting in no growth of Ag connections between the micron-gap Au IDA
electrodes. This could be the reason that electrodeposition of Ag from 5 and 50 mM

AgNOs solutions did not result in the formation of connection between micron gap Au
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IDA electrodes at low overpotentials (at an applied potential that is less negative than
200 mVs vs. Ag wire). Similarly, when the applied potential or overpotential is more
negative than -200 mVs vs. Ag wire reference electrode, more granules might have
formed on the surface. The distance between the granules is probably smaller than 5
times the radius of the granule. This does not favor the formation of individual spherical
diffusion layer around each growing grain. Rather common diffusion layer of macro
electrode is formed quickly. In this scenario, diffusion of Ag ions is facilitated to the tip
of the nuclei. This favors the formation of connection between the micron gap
electrodes (see Figure 3.4). This is what we propose could be happening when Ag was
electrodeposited from 5 and 50 mM AgNOs solutions at an applied potential that is
more negative than 200 mVs vs. Ag wire reference electrode. We note that, Ag
connections were formed in 100 percent of electrodes when Ag was electrodeposited
from 5 and 50 mM Ag nitrate solution and the applied potential ranged between -200
mVs and -400 mVs vs. Ag wire. However, when the applied potential is at least or more
negative than 400 mVs we observed a decrease in the percentage of electrodes that
resulted in connections between the electrodes. To explain these results, more trials
would be necessary to statistically validate these results. We note that, irrespective of
the applied potential, the formation of connections was not favored when Ag was
electrodeposited from 0.5 mM AgNOs solution. At these conditions the distance
between the nuclei is probably at least 5 times larger than the radius of the growing

granule, which favors the formation of individual spherical diffusion layer around each
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growing grain resulting in the formation of no Ag connections between the Au IDA
electrodes.

In conclusion, Ag ion concentration and applied potential does impact the
morphology of electrodeposited Ag at micron gap Au electrodes. Higher Ag
concentration leads to larger concentration gradients, higher flux of Ag ions to the Au
IDA electrodes and thus higher nucleation rate. High over potential also lead to more
nuclei formation. High nucleation on the Au IDA electrode surface does not favor the
formation of individual spherical diffusion layer around each growing grain. Rather
common diffusion layer of macro electrode is formed quickly. Hence, diffusion of Ag
ions is facilitated to the tip of the nuclei and favors the formation of connection
between the micron gap electrodes. Combination of higher flux of Ag ions to Au IDA
surface and higher over potential promote the formation of Ag connections between

the micron gap Au IDA electrodes.
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IV. Pd Electrodeposition

There has been an increase in practical and theoretical interest of noble metal
deposition in the past few decades.'** Procedures for depositing thin film and different
forms of nanostructures have been reported in the literature and are still being
researched.'4128 Pd deposition has been used a lot in hydrogen sensing *>117 and has
been applied in biofuel cells.}'811° Hydrogen sensing is useful for detecting gas leaks in
homes and/ or workplaces. Biofuel cells are currently being studies by many people due
to their potential of green energy. However, the method of the Pd deposition varies.

The following methods have been used for Pd deposition: electro-less deposition such

120-122 123-125

as direct deposition via immersion, galvanic deposition and chemical vapor
deposition (CVD). 126122 The advantages and disadvantages for CVD and electro-less
deposition methods via immersion have been addressed in Chapter Ill. Galvanic
replacement is the unprompted replacement of surface layers of a metal by a more
noble metal when the former is treated with a solution containing the latter in ionic
form.12® As discussed in earlier chapters, post synthesis assembly is an issue with the
above described Pd nanostructure synthesis methods. Hence, we used method
reported by Zamborini and coworkers as it eliminates the issues associated with post
synthesis assembly. Here, we investigated the impacts of Pd ion concentration and

applied potential on the morphology of Pd electrodeposition on and across micron gap

Au IDA electrodes.
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As described in Chapter I, our chemical hypothesis is based on the Fick’s 1° law
of diffusion and Nernst equation (see Chapter Il for details).'?® Based on this, we expect
the same results as stated in Chapter Ill, which is the following: the flux of Pd ions to Au
IDA electrode surface is higher when Pd is electrodeposited from solution containing 50
mM, then 5 mM and 0.5 mM K;PdCls. Also, applied potential impacts the difference in
concentration of Pd ions at the surface of the electrode. Refer to Chapter Il for
electrodeposition procedure for Pd electrodeposition. To determine the impact of Pd
ion concentration on morphology of the Pd electrodeposited other than the Pd ion
concentration in solution, all the other parameters were kept constant. Three different
concentrations were tested (0.5 mM, 5 mM and 50mM). To determine the impact of
applied potential on morphology of the Pd deposited, we held the Pd ion concentration
and all the other parameters constant and changed the applied potential. Five different
potentials were tested (+0.1V, 0.0V, -0.1V, -0.2 V and -0.3 V vs. Ag/AgCl wire). Please
note, Zamborini and coworkers reported the formation of Pd NW connection between
Au IDA electrodes when 1.2*¥10 3 C was reached from 5 mM K,PdCls solution at an
applied potential of -0.1 V. In this study, we electrodeposited Pd until 1.2*10 3 C of
charge was passed.

Figure 4.1 and 4.2 shows overlay of chronocoulometric plots of
electrodeposition from 0.5, 5, and 50 mM K;PdCls solutions at different applied
potentials. At a particular applied potential, the slope of the chronocoulometric plot of

Pd electrodeposition is different when Pd is electrodeposited from different
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concentrations of K,PdCls solutions. The higher the concentration of K;PdClys, the higher
the slope was. At a particular applied potential, the time it took for 1.2*10 -3 C to pass
for Pd from different concentrations of K;PdCls solutions was different.
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Figure 4.1. Overlay plot of chronocoulometric graphs showing electrodeposition
of Pd from solution containing different concentrations of K,PdCl, at a) +0.1V,

b) 0.0V, c)-0.1V,d)-0.2V, and e) -0.3 V vs. Ag/AgCl reference electrode.
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Figure 4.1. (continued).
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Figure 4.2. Overlay plot of chronocoulometric graphs showing Pd electrodeposition
at various applied potential vs. Ag/AgCl reference electrode from solution
containing: a) 0.5 mM, b) 5 mM, c) 50 mM K,PdCl,.
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Figure 4.2. (continued).

Table 4.1 shows the times it took to electrodeposit Pd at a charge of 1.2*¥103 C at

various potentials from different concentrations of K,PdCls solution. At a particular
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potential, the higher the concentration of K;PdCls solution the lesser time it took to
electrodeposit Pd. For instance, at an applied potential of +0.1V vs. Ag/AgCl wire it took
595, 150 and 15 seconds on average to electrodeposit 1.2*103 C of Pd from 0.5 mM, 5

mM and 50 mM K,PdCl, solution respectively (see Table 4.2).

Table 4.1 Time for electrodepositing of Pd at a charge of 1.2*1073 C from a solution
containing different concentrations of K,PdCls at various applied potentials

Concentrations

0.5 mM K,PdCl4 5 mM K;PdCls 50 mM K,PdCls
Applied
potential
VS. Trial 1| Trial 2 | Trial 3 | Trial 1 | Trial 2 | Trial 3 | Trial 1 | Trial 2 | Trial 3
Ag/AgCl
wire

+0.1V |585 sec| 595 sec |602 sec|147 sec|150 sec| 151 sec| 12 sec | 14 sec | 15 sec
0.0V |525sec| 472 sec |530 sec|228 sec|239 sec|235sec| 9sec | 11sec| 10 sec

-0.1V |511 sec| 515 sec |526 sec|112 sec|115 sec| 124 sec| 29 sec |33 sec| 35 sec

-0.2V |380 sec| 394sec |374sec|178 sec|185 sec| 188 sec| 42 sec | 46 sec | 46 sec
-0.3V |521 sec| 532 sec |547 sec|137 sec|143 sec| 147 sec| 16 sec | 21 sec | 20 sec

Table 4.2 Average times for electrodepositing of Pd at a charge of 1.2*103 C from a
solution containing different concentrations of K,PdCls at various applied potentials

Concentrations
Applied potentialvs. | ) o1y pacl, 5mMK:PdCla | 50 mM KoPdCla
Ag/AgCl wire
+0.1V 595 sec 150 sec 15 sec
o.o0v 530 sec 234 sec 10 sec
-0.1V 517 sec 119 sec 32 sec
-0.2V 382 sec 185 sec 44 sec
-03V 533 sec 142 sec 19 sec
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This indicates that at a particular applied potential, the flux of Pd ion to the surface of
substrate is different when Pd is electrodeposited from solutions containing different
concentrations of K;PdCls. The higher the Pd ion concentration, the higher the flux of Pd
ions to the Au IDA electrode surface. However, at a particular concentration, the time it
took to electrodeposit Pd at various applied potentials was not statistically different
from each other. This indicates that there is no significant difference in the flux of Pd
ions to the substrate at different applied potentials (See Figure 4.2 and Table 4.2).

After electrodepositing Pd we obtained i-V curves, to determine whether or
not a Pd connection was formed between the Au IDA. Figure 4.3 shows the overlay of
CV plots obtained in air before and after electrodeposition of Pd from 0.5 mM, 5 mM
and 50 mM K,PdCl, respectively at an applied potential of +0.1 V vs. Ag/AgCl wire.
Before Pd electrodeposition, currents observed in air (background current) at -1 V
ranged from 1.05*107 A to 1.68*107 A for all three devices. Currents observed in air at
-1Vare 1.4*107 A, 1.3*102 A and 1.3*107? A after electrodepositing Pd from 0.5 mM, 5
mM and 50 mM KyPdCls solution. There was no significant difference in current
observed in air at -1 V before and after electrodepositing Pd from 0.5 mM K;PdCl4
solution. This indicates that no Pd connections were formed between the 5 micron-gap
Au IDA electrodes. However, there was a significant difference in current when Pd was
electrodeposited from 5 mM and 50 mM K;PdCls solution. This indicates that a Pd

connection was formed between the 5 micron gap Au IDA electrodes.
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after (red lines) Pd electrodeposition at +0.1V potential from A) 0.5 mM, B) 5 mM
and C) 50 mM K;PdCls solution.
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Cument (1e A)

Table 4.3a-c shows the currents observed at

electrodepositing Pd at various potentials from different concentrations of K,PdCls

solution.

electrodes. If a Pd connection is made between the micron gap Au electrodes, a

significant (several orders of magnitude) increase in current would be observed at -1 V
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in air before and after

=15

various applied potentials from 0.5 mM K,PdCl, solution

Table 4.3a Currents observed at -1 V before and after electrodeposition of Pd at

0.5 mM K,PdCl,

Trial 1

Trial 2

Trial 3

Before

After

Before

After

Before

After

+0.1V

1.32x107 C

1.27x10°C

1.29x107 C

1.22x10° C

1.26x107 C

1.27x107 C
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Table 4.3a Currents observed at -1 V before and after electrodeposition of Pd at
various applied potentials from 0.5 mM K,PdCls solution (continued)

0.0V

1.27x107 C

7.11x10°C

1.09x10 C

1.94x10" C

1.20x107 C

1.40x10" C

-0.1V

1.24x10°C

6.27x10°C

1.22x10°C

3.08x10° C

1.51x10 C

1.85x10° C

-0.2V

1.43x107 C

1.06x10°C

1.32x107 C

1.80x10 " C

1.21x107 C

1.39x10 " C

-0.3V

1.66x10" C

5.92x10°C

1.12x107 C

1.19x10" C

1.06x107 C

1.24x10" C

Table 4.3b Currents observed at -1 V before and after electrodeposition of Pd at

various applied potentials 5 mM K,PdCl, solution

5 mM K,PdCl,

Trial 1

Tria

|2

Trial 3

Before

After

Before

After

Before

After

+0.1V

1.16x107 C

1.56x10" C

1.14x107 C

1.64x10 " C

1.12x107 C

1.62x107 C

0.0V

1.46x10" C

7.16x10°C

1.24x107 C

4.82x10°C

1.26x107 C

1.33x10°C

-0.1V

1.24x10° C

4.91x10°C

1.28x10° C

5.29x10°C

1.42x10° C

1.05x10°C

-0.2V

1.16x10° C

1.51x10°C

1.19x10° C

1.07x10°C

1.62x10 C

1.17x10°C

-0.3V

1.36x10" C

1.06x10°C

1.60x10" C

1.12x10°¢C

1.06x10" C

1.27x107 C

Table 4.3c Currents observed at -1 V before and after electrodeposition of Pd at
various applied potentials from 50 mM K,PdCl, solution

50 mM K,PdCl,
Trial 1 Trial 2 Trial 3
Before After Before After Before After
+01V |1.35x107 | 1.25x107 C | 1.18x10” C | 1.28x107 € | 1.19x10" C |1.30x10” C
00V |1.22x107¢| 1.44x10° C | 1.27x107 C | 1.34x107 € | 1.31x10" C |1.90x10° C
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Table 4.3c Currents observed at -1 V before and after electrodeposition of Pd at
various applied potentials from 50 mM K,PdCl, solution (continued)

201V |1.08x107c|1.11x10°c | 1.38x107 C | 1.36x10° C | 1.24x10” C |6.03x10° C

202V |1.21x107c|1.38x10°c | 1.13x107 ¢ | 1.85x10 C | 1.16x10” C |1.28x10” C

203V |1.25x107 ¢ | 1.02x10°c | 1.20x107 ¢ | 1.14x10° ¢ | 1.10x10” C |1.22x107 C

Approximately five orders of magnitude increase in current was observed, indicating the
formation of Pd connection between the micron gap Au IDA electrodes at these
conditions. See appendix for the overlay of CV plots obtained in air before and after
electrodeposition of Pd from 0.5 mM, 5 mM and 50 mM K;PdCl, respectively at various
applied potential vs. Ag/AgCl reference electrode. When the observed currents in air at
-1V are in the range of 102 to 103 A, formation of Pd connection between the micron
gap Au IDAs is attributed. Table 4.4 shows Pd ion concentration and the applied

potential that favored formation of Pd connections between the micron gap Au IDA

electrodes.
Table 4.4 Pd ion concentration and applied potentials that lead to the formation of
Pd connection between the micron gap Au IDA electrodes
0.5 mM KdeC|4 5mM KdeC|4 50 mM KdeC|4
Applied Trial 1 | Trial | Trial | Trial | Trial | Trial | Trial | Trial | Trial
potential vs. 2 3 1 2 3 1 2 3
Ag/AgCl wire
+0.1V N N N Y Y Y Y Y Y
0.0V N N N N N N N N N
-0.1V N N N Y Y Y Y Y Y
-0.2V N N N Y Y Y Y Y N
-0.3V N N N Y Y Y Y Y Y
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Results indicate that Pd electrodeposited from 5 and 50 mM K,PdCls solutions favor the
formation of connection between the micron gap Au electrodes when the applied
potential is at least or more negative than 100 mVs vs. Ag/AgCl reference electrode.
Irrespective of the applied potential, formation of connections was not favored when Pd
was electrodeposited from 0.5 mM K;PdCls solutions.

At a particular applied potential, flux of Pd ions to the Au IDA electrode surface is
higher when Pd is electrodeposited from higher concentrations (5 and 50 mM) of
K2PdCls in solution compared to lower concentration (0.5 mM) of K,PdCls in solution.
Higher flux of the Pd ion to the Au IDA electrode surface seems to favor the formation of
Pd connection. However, even at high concentrations (5 and 50 mM) of K;PdCls in
solution formation of connections was not observed unless the applied potential is at
least or more negative than 100 mVs vs. Ag/AgCl wire. Flux of Pd ion to the Au IDA
electrode surface at -100 mVs and -200 mVs not statistically different from each other.
Hence, the difference in morphology of electrodeposited Pd at various applied
potentials cannot be solely attributed to the impact of difference in flux of the Pd ion to
the Au IDA electrode surface. Higher flux and high overpotentials lead to more
nucleation on the Au IDA electrode surface. This in turn leads to a difference in the
diffusion layer structure as reported earlier which probably results in different
morphologies of Pd electrodeposition at micron gap Au IDA electrodes. This is explained

in detail in the next section.
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Several reports on electrodeposition growth mechanism demonstrate the
formation of granules/particles in the initial stages of electrodeposition process.!!!
These granules further grow into different structures if the deposition is continued.!!
These growing grains act as individual microelectrodes if they are small (less than 55
micrometers). According to Barton and Bockris, when the distance between the
granules is at least 5 times larger than the radius of the growing granule, individual
spherical diffusion layer forms around each growing grain (see Figure 3.4).112 This
facilitates the diffusion of ions to all directions of the growing granules. As a result,
granule grows in all directions. On the contrary, when the distance between the
granules is smaller than 5 times the radius of the growing granule, individual spherical
diffusion layer does not form around each growing grain. Rather common diffusion
layer of macro electrode is formed. In this scenario, diffusion of ions is facilitated to the
tip of the growing grain which favors the formation of Pd connections between the
micron gap Au IDA electrodes.

More number of granules are formed at more negative applied potentials and
when Pd is electrodeposited from solutions containing high concentration of Pd ions.
Hence, at less negative applied potential or low over-potential (less negative than -100
mVs vs. Ag/AgCl), probably a smaller number of nuclei form leading to larger distance
between the growing granules. The distance between the granules is probably large
enough to favor the formation of individual spherical diffusion around each growing

grain which facilitates the growth of the granule in all directions resulting in no growth
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of Pd connections between the micron gap Au electrodes. This could be the reason that
electrodeposition of Pd from 5 and 50 mM K,PdCls solutions did not result in the
formation of connection between micron gap electrodes at low over-potentials (at an
applied potential that is less negative than 100 mVs vs. Ag/AgCl). Similarly, when the
applied potential or over-potential is more negative than -100 mVs vs. Ag/AgCl
reference electrode, more granules might have formed on the surface. The distance
between the granules is probably smaller than 5 times the radius of the granule. This
does not favor the formation of individual spherical diffusion layer around each growing
grain. Rather common diffusion layer of macro electrode is formed quickly. In this
scenario, diffusion of Pd ions is facilitated to the tip of the nuclei. This favors the
formation of connection between the micron gap electrodes. This is what we propose
could be happening when Pd was electrodeposited from 5 and 50 mM K,PdCl4 solutions
at an applied potential that is more negative than 100 mVs vs. Ag/AgCl reference
electrode. We note that 100% of electrodes resulted in connections when Pd was
electrodeposited from 5 and 50 mM K,PdCl,s solution and the applied potential at +100
mVs, -100 mVs and -300 mVs vs. Ag/AgCl. However, when the applied potential is at -
200 mVs we observed a decrease in the percentage of electrodes that resulted in
connections between the electrodes. This could be due to the difference in the surfaces
of the micron gap Au electrodes. Micron gap Au electrodes are not atomically smooth
and nucleation occurs preferentially at the active sites or defects on the surface of the

micron gap Au electrode. The electrodes that did not result in the formation of Pd

59



connection between the micron gap Au IDA electrodes probably had a smaller number
of active sites on the surface. This probably resulted in formation of a smaller number of
nuclei on the surface which facilitates the formation of individual spherical diffusion
layer which favors the growth of granules in all directions resulting in no Pd connection
between the micron-gap Au IDA electrodes. At this point, we do not fully understand
what is going on when the applied potential is 0 V vs. Ag/AgCl. These trials should be
repeated to further investigate why no connection was formed. We note that,
irrespective of the applied potential, the formation of connections was not favored
when Pd was electrodeposited from solution containing 0.5 mM Pd. At these conditions
the distance between the nuclei is probably at least 5 times larger than the radius of the
growing granule, which favors the formation of individual spherical diffusion layer
around each growing grain resulting in the formation of no Pd connections between the
Au IDA electrodes.

In conclusion, Pd ion concentration and applied potential does impact the
morphology of electrodeposited Pd at micron gap Au electrodes. Higher Pd
concentration leads to larger concentration gradients, higher flux of Pd ions to the Au
IDA electrodes and thus higher nucleation rate. High over potential also leads to more
nuclei formation. High nucleation on the Au IDA electrode surface does not favor the
formation of individual spherical diffusion layer around each growing grain. Rather
common diffusion layer of macro electrode is formed quickly. Hence, diffusion of Pd

ions is facilitated to the tip of the nuclei and favors the formation of connection
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between the micron gap electrodes. Combination of higher flux of Pd ions to Au IDA
surface and higher over potential promote the formation of Pd connections between

the micron gap Au IDA electrodes.
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V. Future Direction
In future, scanning electron microscope (SEM) image of every Au IDA electrode
after Ag and Pd electrodeposition would be obtained. Correlation of i-V curves and
SEMs would be performed to better understand the impact of metal ion concentration
and applied potential on morphology of Ag and Pd electrodeposition at micron gap Au

IDA electrodes.
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Appendix A: i-V curve graphs before and after metal electrodeposition

i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5

mM AgNOs in 0.1 M H,SO4at -0.1 V potential.

Current / 1le-7A

Potential / V

i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H,S0O4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H,S0Osat -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H,S0O4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5

mM AgNOs in 0.1 M H,SO4at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5

mM AgNOs in 0.1 M H,SO4 at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H,S04at -0.4 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H;SO4at -0.4 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H,S04at -0.5 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 0.5 mM

AgNOs3in 0.1 M H;S0O4at -0.5 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM

AgNOs3in 0.1 M H;S04at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM

AgNOs3in 0.1 M H;SOsat -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM

AgNOs3in 0.1 M H,S04at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from5 mM

AgNOs3in 0.1 M H;S0O4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM

AgNOs3in 0.1 M H,SO4at -0.3 V potential
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM
AgNOs3in 0.1 M H,SO4at -0.3 V potential
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM
AgNOs3in 0.1 M H,S04at -0.4 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM
AgNOs3in 0.1 M H;SO4at -0.4 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM

AgNOs3in 0.1 M H,S04at -0.5 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 5 mM

AgNOs3in 0.1 M H;S0O4at -0.5 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H;S04at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H;SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H,S04at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H;SO4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H,S04at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H;S0O4at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H,S04at -0.4 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H;SO4at -0.4 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H,S04at -0.5 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Ag from 50 mM

AgNOs3in 0.1 M H;S0O4at -0.5 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at +0.1 V potential.
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i-V curve obtained in air betore (black) and atter (red) electrodepositing Pd trom 0.5 mM

K2PdCls in 0.1 M H,SO4at +0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at 0.0 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at 0.0 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5
mM K2PdCls 0.1 M H,SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,SO4at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 0.5 mM

K2PdCls in 0.1 M H,;SO4at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H;SO4at +0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at +0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at 0.0 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at 0.0 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at -0.2 V potential.

0014 4=l v L e
0.012 3 : : : : :
0.010 3
0.008
0.006 3
0.004 3
0002 3
0 . . : :
00044 - - - 0L D
pooed o - T
0084 Tk
00104 - .-
_[][]12_; ....
0014 ; : -
10 0.8 06 04 0.2 0 02 04 06

Current / A

Potential / V

112



i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,SO4at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 5 mM

K2PdCls in 0.1 M H,;SO4at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at +0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM
K2PdCls in 0.1 M H,SO4at +0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at 0.0 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at 0.0 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at -0.1 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4at -0.2 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,SO4 at -0.3 V potential.
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i-V curve obtained in air before (black) and after (red) electrodepositing Pd from 50 mM

K2PdCls in 0.1 M H,;SO4at -0.3 V potential.
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