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ABSTRACT

The modifications of transparent conductive oxides (TCOs) have been
studied using an electrochemical evaluation technique (cyclic voltammetry
(CV)). Substituted ferrocenes were chemically adsorbed onto the surface of
indium tin oxide (ITO) and indium zinc oxide (1ZO). The electroactive
surface coverage, the redox potential, and the charge transfer rate of the
adsorbed modifiers were evaluated using CV. The highest electroactive
surface coverage was produced by ferrocene phosphonic acid while
ferrocene acetic acid showed the fastest charge transfer rate.

The charge transfers with the modified electrodes were evaluated in
the presence of a solution electroactive probe. The charge transfer rate of the
solution probe was enhanced with the modified electrodes compared to the
charge transfer rate measured with unmodified electrodes. Even though the
cause of the enhancement in the charge transfer rate is not clear, the results
suggest that the modification of TCO may improve the charge collection
efficiency of TCO, which is desirable for the application of TCO in devices

such as organic photovoltaic cells.



1. BACKGROUND/MOTIVATION AND THE PLAN OF STUDY
1.1 Organic solar cell and efficiency enhancement
1.1.1 Introduction to organic solar cells

Solar cells (photovoltaics) are designed to convert sunlight energy

into electrical energy. In photovoltaics, electron-hole pairs are created in a
semiconductor by absorption of photons, and electric current can be
generated when the pairs are separated into free charge carriers (electrons
and holes) and travel in opposite directions in the circuit.>” Currently, the
predominant materials used in solar cells are inorganic, especially silicon-
based semiconductors. However, the flexibility and low production cost
expected for organic materials via diverse synthetic methods have led to
great interest in organic semiconductor-based photovoltaics. Figure 1.1
illustrates the structure of a normal planar heterojunction organic

photovoltaic cell and its operation.”®*

13
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(b)
Figure 1.1 (a) Structure of a normal planar heterojunction OPV. (b)
Illustration of the normal planar heterojunction OPV operation.' (Adapted

from Ref. 1).
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In spite of the advantages, the low conversion efficiency of organic

photovoltaics (1 < 11%) compared to inorganic devices (n = ~ 20%) have

limited their commercial use.'>*? In comparison with inorganic
semiconductors, organic semiconductors generally have poor (orders of
magnitudes lower) charge carrier mobility.™* Additionally, organic
semiconductors produce tightly bound (Frenkel) excitons that have exciton
binding energy of 0.1 — 1eV whereas inorganic semiconductors produce
weakly bound (Mott-Wannier) excitons that have exciton binding energy of
< 0.01 mV."* ! These features contribute to the low efficiency of organic
photovoltaics (OPVs). The external quantum efficiency (neqe) of an OPV,
which is the number of electrons flowing in the external circuit per photon

incident on the cell, can be described with the following equation.*

NeQe= NAXMep*NxDp*Ncc (1.1)

where na, Nep, Nxp, and ncc are the quantum efficiencies of exciton
generation by photon absorption, exciton diffusion, exciton dissociation, and
charge collection of preferred free carriers at the electrodes. While different

researchers and groups have been working on improving individual
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efficiencies, we focused on investigating the charge collection efficiency.
Especially, the charge collection at transparent conductive oxide (TCO)
electrode was thought to be problematic due to the shortcomings of TCO
and of its interface that are described in Section 1.1.2. This work focuses on
the charge collection efficiency at the TCO/organic interface. More
specifically, the rate of heterogeneous charge transfer at the oxide/organic
interface. Modifications of TCOs have been performed to see if they have a
potential to improve ncc, which may lead to the enhancement of the overall

quantum efficiency.

1.1.2 Transparent conductive oxide electrode modification

Transparent conductive oxide thin film electrodes have been used in
optoelectric devices such as organic light emitting devices (OLEDs) and
OPVs because TCOs are both optically transparent and electrically
conductive.™ In order for the OPV shown in Figure 1.1 to generate current,
charge transfers are required at interfaces, including the interface between
the TCO and the donor layer. However, the polar hydrophilic surfaces of
TCOs are generally incompatible with a nonpolar layer of organic species

and are a cause of poor stability and high charge transfer resistance.™
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Additionally, surfaces of TCOs are often electrically heterogeneous, which
may result in local variation of the charge transfer rate at the interface.® !’
Modifications of the surface of TCOs have been introduced to resolve the
problems. Silanizations and chemisorptions of molecules with hydrophilic
functional groups on TCO surfaces have been widely used as modification
strategies.'®?° Acidic functional groups, such as carboxylic acids and
phosphonic acids, are often used in the chemisorption strategy,'® and power
conversion efficiency improvements in OLED and OPV have been

observed.? %

1.2 Evaluation of modified TCOs

1.2.1 Investigation of charge transfer rate variation by TCO modifications
with different modifiers

Motivated by the positive impact of the TCO modification mentioned
in the previous section, modified TCOs with different modifiers were
investigated. The structures of modifiers used are depicted in Figure 1.2. All
modifiers used were composed of a binding group and a terminal group.
Binding groups were acidic functional groups that can bind to metal oxide

surfaces: acetic acid (AA), boronic acid (BA), carboxylic acid (CA),
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hydroxamic acid (HA), phosphonic acid (PA), and sulfonic acid (SA).** 2%
When they are bound to the TCOs, the electronic states of the surface can be
changed.?” Considering the compatibility with the organic active layers in an
OPV, an organic moiety is desired for the terminal group. An organic redox
active molecule, ferrocene (Fc), was used as the terminal group for all
modifiers, so that the impact of different binding groups could be

electrochemically investigated.

@@@@@@

| | |
Fe OH Fe O Fe 9O . 0 | o
Fe ) i ! Fe X W, OH
C. C. _OH Fe 5
@/\9:0 < B < oy — IR <L (R SO0}
HO HO OH
FcAA FcBA FcCA FcHA FcPA FcSA

Figure 1.2 Ferrocene derivatives with different acidic functional groups.

An electroactive molecular probe was used to evaluate modified
TCOs. The charge transfer between the dissolved electroactive probe and a
TCO is a simplified analogue of the charge transfer from the donor layer to
TCO in Figure 1.1. The model system allows us to conveniently measure
and compare the charge transfer rate at modified and non-modified TCO

surfaces. Assuming that the improvement of the charge collection efficiency
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(mcc) corresponds to the enhancement of the charge transfer rate, the impact
of the TCO modification on ncc can be estimated. It was assumed that the
charge transfer rate measured from a redox reaction that include both charge
injection and extraction will equate to a rate of the one-directional hole
collection. The solution probe used in the study is Fc, which has useful
characteristics for being a model probe that are described in Section 1.2.2.
A limit of the model system is that the charge recombination effect is
not considered. In a complete cell, the charge recombination may occur
during the charge transport through the organic active layers and reduces
nee,”® % which is not expected in the model system with a solution probe.
Additionally, in the model system, the charge transfer rate is investigated by
applying potential to the electrode, which modulates the energy level of the
electrode and artificially aligns it with the highest occupied molecular orbital
(HOMO) level of the solution probe (Fc). However, in an OPV, the energy
level of the electrode is fixed, so an energy level offset between the donor
and the electrode may exist. The energy level offset can affect the charge

collection rate, and could potentially vary the charge collection efficiency at

the electrode.
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The electroactivity of a TCO surface may be altered via adsorption of
modifiers, which can lead to a change in the charge transfer rate of the
solution probe at the interface. The change in the charge transfer rate can be
described using the Randles circuit illustrated in Figure 1.3, which is an
equivalent electric circuit proposed for the interface between electroactive
species in solution and an electrode, where R, Cq, Ry, and Z,, are solution
resistance, double layer capacitance, charge transfer resistance, and Warburg
Impedance (impedance representing diffusion of electroactive species)
respectively.®3? When the surface electroactivity of a TCO is altered via
adsorption of modifiers, it changes the value of R, which is inversely
proportional to the standard rate constant (k°) of the charge transfer reaction
for the electroactive species.*® * The value of R can be varied with each
individual modifier if each modifier generates a different degree of

electroactivation.
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Figure 1.3 An equivalent circuit for the electrode / electroactive species

interface.

It is hypothesized that the electroactive surface coverage of the
modifier is correlated with the degree of electroactivation of the surface.
This hypothesis was developed with the following assumptions: i)
electroinactive species covers the intrinsically electroactive TCO surface, ii)
the electroinactive species can be removed via adsorption of modifiers, and
i) all electroactive sites are occupied by modifiers. If the assumptions and
the hypothesis are valid, the electroactive surface coverage measured for
each modifier will be correlated to the charge transfer rate measured with the
modified TCO.

Assuming that every oxygen in each acidic functional group can be
involved in forming a metal-oxygen bond (metal from TCO surface), FCPA

and FcSA are expected to have tridentate binding modes while other
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modifiers have bidentate binding modes. Thus, FCPA and FcSA are expected
to be more robustly bound on TCO surfaces than others. Additionally, if the
robust binding can promote more molecules to be bound on the surface, the
charge transfer rate of the solution probe can be enhanced greater with TCOs

modified with FCPA or FcSA than other modifiers.

1.2.2 Ferrocene as an electroactive molecular probe

As shown in Figure 1.4, ferrocene has two cyclopentadienyl (C,) rings
that coordinate n° to one Fe(I1) cation, and the overall complex is neutral.*®
Even though there are some rotational variations suggested, based on the
energy of the conformation, it is generally believed that the two C, rings are
staggered to each other, resulting in Dsq symmetry for this molecule.**® The
average Fe—C distance is 2.045 A and the C—C distance is 1.403 A.*
Ferrocene is highly soluble in organic solvents while insoluble in aqueous
solvents, and it has reaction characteristics of aromatic compounds.®
Ferrocene has been extensively studied, and numerous reports have shown
that an oxidation of ferrocene Fe(I1)(CsHs), to ferrocenium cation
Fe(l11)(CsHs)," and the reverse reaction (reduction) can be electrochemically

accomplished in a variety of organic media.*** In addition to the well
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known one electron transfer redox reaction, the highest occupied molecular
orbital (HOMO) level of ferrocene (4.8 eV below the vacuum level)*® is
comparable to common donor materials in OPVs such as copper
phthalocyanine (4.8 ~ 5.1 eV)*, poly(3-hexylthiophene) (4.9 eV)*, and
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (5.2 eV)*, so

ferrocene can be a model.

<&

Figure 1.4 The structure of ferrocene.

1.2.3 Analytical technique

Cyclic voltammetry (CV) was used for the electrochemical evaluation
of the dissolved and adsorbed molecules in this study. CV is one of the most
widely used techniques for investigating surface charge transfer processes
50, 51

and does not require highly expensive or complicated instrumentation.

In CV, current is measured as the function of a controlled potential sweep,



24

and thermodynamic and kinetic parameters, such as the redox potential and
charge transfer rate coefficient of a surface charge transfer reaction, can be
determined. Additionally, an electroactive surface coverage of adsorbed
molecules on a TCO electrode can be determined.>®

A limit of the technique is that it does not give any structural
information of the molecule. For instance, the molecular binding orientation,
which can be correlated with the surface coverage, cannot directly be
investigated by CV. Additionally, if a peak observed in a voltammogram
consists of several components, it is difficult to differentiate the effect of
each component. The individual components can represent the same
molecules in different binding sites or with different binding modes.
However, the analysis of the voltammogram can only give one
representative value of redox potential or charge transfer rate for the whole
composition. Details of the data analysis are described in Appendix A (for

dissolved molecules) and B (for adsorbed molecules).

1.3 Overview of the experiments

This research is focused on evaluating charge transfer reactions at

TCO interfaces corresponding to the surface modifications via
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chemisorptions of various acidic functional groups. The remainder of the
document is divided into two parts:

1) In Chapter 2, modifications of the most widely used TCO, indium
tin oxide (ITO), have been studied. Cyclic voltammetry of molecules
controlled by diffusion was conducted on the dissolved molecules to
investigate their electrochemical characteristics, redox potential and charge
transfer rate, before binding to the ITO surface. Subsequent electrochemical
evaluation on adsorbed modifiers was performed to investigate adsorption
coverages, redox potentials, and charge transfer rates of the different
modifiers when tethered to ITO. Finally, charge transfers with modified
electrodes were evaluated in the presence of a solution redox probe to
determine if the modifications have a noticeable impact on the charge
transfer reaction of the solution probe.

I1) In Chapter 3, indium zinc oxide (1Z0), a candidate for replacing
ITO, has been studied. The charge transfer rate of a solution redox probe
with unmodified 1ZO was measured using cyclic vomtammetry to compare
the intrinsic electrochemical property of 1ZO and ITO. Electrochemical
evaluation of adsorbed layers of FCCA and FcPA was performed to

investigate how adsorption coverages, redox potentials, and charge transfer
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rates of the modifiers are changed when tethered to 1ZO in comparison with
ITO. The charge transfer rate of a solution redox probe was also measured
with FCCA and FcPA modified 1Z0 to see if the modifiers have the same
impact on 1ZO compared to ITO. Additionally, nano-structured 1ZO has
been tested for adsorption of FCPA. The electroactive surface coverage and
the charge transfer rate of FCPA on nano-structured 1Z0O were evaluated to
see if controlling the surface geometry of 1ZO can generate an enhancement

of the electrochemical characteristics.
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2. EVALUATION OF SUBSTITUTED FERROCENE MODIFIERS
ONITO
2.1 Introduction
2.1.1 Introduction to ITO
Indium tin oxide (ITO) is atin-doped indium oxide with typical wt. %

ratio (oxide weight ratio or In-Sn atomic ratio) of 90:10. Various solution
and thermal processes are available to produce ITO thin films and coatings.>
Sputtering techniques are widely used for depositing 1TO films.>* An ITO
layer commonly has a conductivity of (3 —5) x 10% S/cm and an optical
transmittance of 85 — 90% in the visible spectral region when deposited as a
thin film.> The electrical conductivity of ITO is due to interstitial tin
dopants and oxygen defects in the indium oxide lattice, which produce
electron rich states near the conduction band of indium oxide (Figure 2.1).
The bandgap of ITO has been reported in a range from 3.5 to 4.06 eV.%*°
ITO has been used in a variety of devices such as plasma displays and flat
panel displays, and it is one of the most commonly used TCOs in

photovoltaics.>®
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respectively

Figure 2.1 Proposed band structure of ITO film. Oxygen defects and tin
dopants contribute to electron density around the conduction band of the

indium oxide.? (Adapted from Ref. 2).

The composition of ITO surfaces has been studied, and X-ray
photoelectron spectroscopy (XPS) results suggest that various oxides and
hydroxides are formed in the surface region as shown in Figure 2.2.2

Additionally, it has been observed by using atomic force microscopy (AFM)
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and conductive tip AFM that the surface of ITO is electrically heterogeneous,
meaning that it is composed of electroactive and non-electroactive regions.*”
°" Indium hydroxides, In(OH),, formed from the disrupted ITO lattice,
remained physisorbed at the surface after cleaning® and may be a reason for
the electroinactivity.?® *® Even though ITO has relatively good conductivity
and optical transmittance, its electrochemical heterogeneity in near surface
may reduce device performance of OPVs. Using kinetic Monte Carlo
simulations, Zacher and Armstrong demonstrated that the charge collection
efficiency could be reduced when electrodes are partially blocked.*
Blocking of the electrode was modeled as ratios of electroactive sites to total

sites.
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Figure 2.2 A representation of the complex composition of the ITO surface

region.? (Adapted from Ref. 3).

2.1.2 Modification of ITO

As discussed in the above section, ITO is a partially blocked
(electroinactive) electrode that consists of electrically active regions and
non-active regions due to the heterogeneous structure at the surface.”” A
simple relationship is often used for describing the charge transfer rate of a

partially blocked electrode.”* **®

ke = k° (1 — 0) (2.1)
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where Kk° is the charge transfer rate constant measured with a partially
blocked electrode, k°y is the charge transfer rate constant if the electrode is
100% electroactive, and 0 is the fractional area of the electroinactive region.
From this relationship, an increse in the fractional area of the electroactive
region can be expected when an enhancement of k° is observed. Assming
the ITO surface covered with (In(OH)3) is a reason for the electroinactivity,
If k° of a redox probe is increased after a modification of ITO, then removal
of the In(OH); can be suggested.

For metals in Group 13 in the Periodic Table, such as aluminium and
indium, it has been reported in literature that metal carboxylates can be
synthesized by reacting metal hydroxides with carboxylic acids.®*® For
instance, indium (I11) formate and indium (I11) acetate, can be made by
reacting indium (I11) hydroxide with formic acid and acetate acid,
respectively. Figure 2.3 illustrates a hypothetical scheme for the removal of
In(OH); from an ITO surface using ferrocene carboxylic acid (FCCA)
modifier. It is assumed that an In(OH);-FcCA complex is formed via a
condensation reaction, and the complex is assumed to be soluble in the
solvent used for FCCA adsorption (ethanol). When indium hydroxide species

are removed from the surface, more electroactive sites on ITO surface are
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available for the charge transfer of free redox molecules in solution. Since
the other modifiers also have acidic groups, the complex formation via
condensation reaction is assumed to be possible between In(OH); and the

other modifiers.

7,
F‘c /O
Fc
R, K o
A 7 e
HO l N ) T
HO
\ / ~3H,0 e
OH f” OH OH OH
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Figure 2.3 Proposed scheme for the removal of In(OH); from an ITO

surface via In(OH)s-FcCA complexation.

Carter et al. compared k° before and after modification of ITO using
carboxylic acid containing modifiers, and they observed the enhancement of

k° after the modification for both ferrocene and TPD (N,N,N’,N'-
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tetraphenyl-biphenyl-4,4’-diamine) redox probes.”* Moreover, they observed
that a carboxylic acid terminated gold electrode captured indium (In) from
an EtOH solution containing In,03 powder.22 Since In,0O3 powder and ITO
showed comparable degrees of hydroxylation in an ambient environment,
the powder was used as a high surface area analogue of 1TO.> % The
detection of In was suggested as an indication of indium hydroxide species
removal on ITO by carboxylic acid containing modifiers.??

In this study, modifiers with different acidic groups (Figure 1.2) were
studied to evaluate the impact of binding group on the charge transfer
reaction at the surface of ITO. Firstly, redox potentials and charge transfer
rates of dissolved modifiers were investigated before binding to ITO surface.
Secondly, evaluation of adsorbed layers of the modifiers was performed to
investigate adsorption coverages, redox potentials, and charge transfer rates
of the different modifiers when tethered to ITO. Finally, the impact of the
surface modifications was investigated by evaluating the change in the

charge transfer rates of a solution redox probe.
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2.2 Experimental

The ITO-coated planar electrodes used in this study were purchased
from Colorado Concept Coatings LLC (model S1X0015), with a coating
thickness of 1200 — 1600 A and sheet resistance of 9 — 15 Q/sq.
Commercially available ferrocene (Fluka), ferroceneacetic acid (FCAA,
Aldrich), ferroceneboronic acid (FCBA, Aldrich), and ferrocenecarboxylic
acid (FcCA, SciencelLab) were used as well as the molecules synthesized by
O’Neil Smith in Department of Chemistry and Biochemistry at Georgia
Institute of Technology, ferrocenehydroxamic acid (FCHA),
ferrocenephosphonic acid (FcPA), and ferrocenesulfonic acid (FCSA). A
teflon electrochemical cell (electrode area: 0.673 cm?) was used for cyclic
voltammetry (CV) experiments. All electrochemical measurements were
performed on a CH Instruments Electrochemical Workstation (CHI420A).
The second scan of the CV was used for all reported values and calculations
unless otherwise noted. A 0.1 M tetrabutylammonium perchlorate (TBAP,
Aldrich) in ethanol (EtOH, Decon) or acetonitrile (ACN, EMD) was used as
supporting electrolyte. A Basi Non-Aqueous Reference Electrode kit was
used for all experiments. A 0.01 M silver nitrate (AgNQO3) in the 0.1 M

TBAP solution was used as the filling solution for the Ag/AgNO; reference
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electrode. The potential of the reference electrode is 0.351 V vs. a normal

hydrogen electrode (NHE).*’

2.2.1 Dissolved molecule experiments

ITO slides were cleaned as described in Section 2.2.2.1 before taking
measurements. Each molecule was dissolved in 0.1 M TBAP/EtOH to
achieve a 1 mM solution. The reference electrode filling solution was 0.01
M AgNO; in 0.1 M TBAP/EtOH. Scan rates of CV experiments were 0.1,
0.5, or 1 V/sec. A potential range for scanning was chosen to be wide
enough to determine the peak potential at the highest scan rate. The potential
windows were -0.7 - 0.7 V,-06 -0.4V,-05-05V,-0.25-0.55V, -0.25
-0.7V,-05-0.5V,and -0.5- 0.5V for Fc, FCAA, FcBA, FcCA, FcHA,

FCcPA, and FcSA respectively.

2.2.2 Adsorbed layer experiments

All CV experiments for adsorbed layers were done with a scan rate of
0.1 V/sec. The electrolyte solution was 0.1 M TBAP/ACN and the reference
electrode filling solution was 0.01 M AgNO3 in 0.1 M TBAP/ACN. A

potential range for scanning was chosen to be wide enough to determine the
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starting and ending point of peaks. The potential windows were -0.4 — 0.6 V,
-0.2-0.7V,-02-0.6V,-05-0.5V, and -0.3-0.8 V for FCAA, FcCA,

FcHA, FcPA, and FcSA respectively.

2.2.2.1 Cleaning of ITO slides

ITO slides were cleaned by gentle rubbing with nitrile gloves with 1%
Triton X-100 solution for 1 min, then sonicating for 10 min each in 1%
Triton X-100, nanopure water, and ethanol. After ethanol sonication, the
slides were dried with nitrogen flow. Lastly, air plasma (Harrick model

PDC-3XG) cleaning/activating was conducted for 10 min at 30 W.

2.2.2.2 Adsorbed layer formation

The 1 mM solutions of each adsorbate were used to find the steady
state surface coverage as a function of adsorption time. The solvents used in
the adsorption process were ethanol (for FCAA, FCCA, and FcPA),
chloroform (for FcSA), THF (for FcHA), and toluene (for FcBA). Cleaned
ITO slides were soaked in each solution (40 mL), contained in a glass
Coplin staining jar, for a range of time from 1 min to 48 hr (and up to 98 hr

for FCAA).
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The concentration of the adsorbed layer formation solution was varied with
constant adsorption time (24 hr) for the adsorption isotherm experiments.
The range of concentrations was 1 pM — 3 mM, 10 uM -5 mM, 0.1 pM — 2

mM, 0.1 uM — 5 mM, and 50 uM — 2.5 mM for FCAA, FcCA, FcHA, FcPA,

and FcSA respectively. Cleaned ITO slides were soaked in each solution ( ~

20 mL), contained in a 20 mL beaker, covered with parafilm or aluminum

foil, for 24 hr. All adsorbed layer formations were done at room temperature

(~25°C).

2.2.2.3 Post-treatment

ITO slides were removed from the adsorbed layer formation solution
after specified adsorption times and rinsed with the pure solvent that was
used in the adsorption step. After the rinse, sonication was done in the pure

solvent for 5 min to remove physisorbed molecules or contaminants.

2.2.3 Solution probe experiments
Solution probe (Fc) was dissolved in 0.1 M TBAP/ACN to prepare 1

mM solution. The reference electrode filling solution was 0.01 M AgNO; in
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0.1 M TBAP/ACN. CV experiments were performed for modified (24 hr
adsorption of each modifier) and unmodified ITO electrodes with the
presence of Fc in solution. Scan rates of CV experiments were 0.1, 0.5, or 1
V/sec. A potential range for scanning was chosen to be wide enough to
determine the starting and ending point of peaks. The potential window was

-0.25 - 0.45 V for all experiments.

2.3 Results and Discussion
2.3.1 Cyclic voltammetry of dissolved molecules

Example cyclic voltammograms for dissolved molecule experiments
are presented in Figure 2.4. The time elapsed between injection of the
molecule into the cell and acquisition of the CV was relatively short (< 10
min). The peak currents of adsorbed layers formed during 10 min adsorption
time are small (typically less than 2%) compared to the peak currents of
dissolved molecule experiments. Based on this result, the current response
shown in Figure 2.4 can be regarded as mainly representing the diffusion

controlled charge transfer reaction.
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Figure 2.4 Cyclic voltammograms for 1 mM ferrocene, FCAA, and FcPA in

0.1 M TBAP/EtOH with 0.1 V/s scan rate.

A redox potential was determined as the half-peak potential (Ey5),
which is the midpoint between the oxidation peak potential and the reduction
peak potential. For determination of the charge transfer rate constant (k°) for
each molecule, cyclic voltammetry experiments of dissolved ferrocene and
substituted ferrocenes at different scan rates (0.1, 0.5, and 1 V/s) were
conducted. Based on the peak separations, the charge transfer rate constant
(k°) for each molecule was calculated using “Nicholson’s method” as
described in Appendix A. The determined values are summarized in Table

2.1.
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Table 2.1 Summary of redox potentials of ferrocene and substituted
ferrocenes, Hammett constants for the acid substituents, and the charge

transfer rate constants of the ferrocene derivatives.

Fe FAA FeBA FCA FeHA FcPA FeSA
Eyp(V) |-0073£0007)-0.117 £ 0.006|-0.0604 0.002) 0130 £ 0007| 0171001 | 0008 £0003 |-0.018 £ 0.002

0 AF |0 | o0l | e | o | o

0,

0 (mfs| 67103 | 97:08 | 86:08 | Bl | 10%1 | 79:01 | 89102

#Landy, D.; Fourmentin, S.; Salome, M.; Surpateanu, G. J. Incl. Phenom. Macrocycl. Chem. 2000, 38, 187.
®Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165. © Imaizumi, H.; Koyanagi, T.; Zhao, D. J.

Radioanal. Nucl. Chem. 2002, 252, 467.

2.3.1.1 Redox potentials of dissolved molecules

The Hammett constant (o) for a given substituent is defined as log Z -
log Z°, where Z is the ionization constant for a substituted benzoic acid in
water at 25 °C, and Z° is the ionization constant for benzoic acid itself.?®
Thus, the Hammett constant represents the electron donating/withdrawing
property of a substituent. Linear relationships between the redox potentials
of ferrocene derivatives and the Hammett constants of the substituents have

been reported in literature.®™* Due to the electron donating/withdrawing
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property of the substituent, the redox potential of the substituted ferrocenes
examined here were expected to be shifted from the redox potential of
ferrocene. Based on the Hammett constant of each substituent, AA is the
only electron donating substituent, so it is expected that FCAA would be
more readily oxidized than ferrocene. The redox potential (Ey;,) of FCAA
from the measurement was less positive than that of ferrocene, which agrees
with the prediction (Table 2.1). However, the linearity expected between the
Hammett constant and the redox potential was poor as shown in Figure 2.5
(a), and greatly improved when FCCA and FcSA are omitted from the graph
(Figure 2.5 (b)).

Emilia et al. reported that FCCA in tetrahydrofuran (THF) deviated
from the linear trend of o, Vs. E;/, constructed from many other substituted
ferrocenes, whereas it followed a linear trend in dichloromethane (DCM) or
in ACN-MCIO, (M = Li or Na).*® Even though they did not mention what
property of the solvents was responsible for the differences, it can be
assumed that the solvent used for measurements is the factor that determines
whether a molecule follows the linear behavior or not. Thus, the solvent
used in this experiment, ethanol (EtOH), was assumed to cause the non-

linear behavior of FCCA and FcSA. Roberts and Silver studied the molecular
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orbital energy levels of ferrocene derivatives using Mdssbauer spectroscopy
(gamma ray spectroscopy).”® They reported a linear relationship between the
Mdossbauer parameters and the Hammett constants of ferrocene derivatives
but a non-linear behavior for FCCA. Since the spectra were measured using
the solids of the ferrocene derivatives while the Hammett constants were
measured using the solutions, they assumed that the non-linearity of FCCA
was produced because hydrogen bonding between molecules in solid phase
is different from that in solution phase. However, this does not explain the
solvent dependent behavior of FCCA, and a molecular level explanation of
the solvent effect has not been found yet. To verify the assumption that the
solvent determines whether a molecule follows the linear behavior or not,
additional experiments with other solvents, in which all the modifiers can be

dissolved, would be necessary.
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Figure 2.5 Redox potential (E;,) versus Hammett constant (c,) plots.

Values of all modifiers are included in (a), and FCCA and FcSA are omitted

in (b).
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2.3.1.2 Charge transfer rate constant of dissolved molecules
According to the expression for the charge transfer constant (k°)

described by Nicholson (Equation A.1 in APPENDIX A), k° is directly

Do
(Do/DRr)*

1/2
proportional to { } , Where Do and Dg, are the diffusion

coefficients of oxidized and reduced forms of an electroactive species, and a
Is the transfer coefficient. Based on the Stokes-Einstein relation, the
diffusion coefficients of different molecules in the same solvent are mainly
dependent on the size of the molecule.” ™ Since the sizes of the substituted
Fcs do not vary significantly from Fc (within a few A), the diffusion
coefficients of substituted Fcs were assumed to be the same as the diffusion
coefficient of Fc in ethanol, 1 x 10”° cm?s.” Additionally, Do = Dg was
assumed since the difference between oxidized and reduced forms of the
molecules is only one electron loss or gain. Based on these factors, k° of Fc
and substituted Fcs were expected to be close. However, as shown in Table
2.1, the values of k° for substituted Fcs are generally higher than Fc.

When the assumptions and the expectations mentioned above are kept,
k°o in Equation 2.1 for Fc and substituted Fcs are assumed to be close. A
possible explanation for the difference in k° is a difference in 0, the

fractional area of the electroinactive region. As described in Section 2.1.2,
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Carter et al. suggested that the electroinactive indium hydroxide species on
the surface of ITO could be removed by carboxylic acid containing
modifiers.? The value of 6 can be reduced when the electroinactive indium
hydroxide species is removed from the surface, which leads to an
enhancement of k°. Since the k° of all the substituted Fcs are higher than the
k® of Fc, the removal indium hydroxide species (electroactivation) is
assumed to be occurred with every modifier. The relatively higher value of k°
for FCCA compared to other modifiers suggests that FCCA can remove more
indium hydroxide species from the surface during the elapsed time of the
experiment (< 10 min). Interpretation of the slightly lower value of k° for
FcPA is a little more complicated. Charge transfer coefficients (a) of all
molecules were assumed as 0.5. However, the reduction peak of FCPA is
broader than the oxidation peak (Figure 2.4), which may suggest that o of
FcPA is lower than 0.5 while the symmetrical shapes of the oxidation and
reduction peaks for the other molecules suggest a is close to 0.5. In
Nicholson method, as the peak separation becomes wider, the impact of o, on
the peak separation becomes greater. Since v is calculated based on the peak
separation, the deviation of calculated y (assuming o = 0.5) from the “true”

v (using the actual o)) will also be greater for the wider peak separation.
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Thus, the linearity of the y vs. v plot (see Appendix A) will be reduced
when the impact of a is increased. However, as shown in Figure A.3
(Appendix A), the linearity of the y vs. v®° plot for FCPA is comparable to
those for other molecules, which suggests that the impact of a is not
noticeable. Because o most likely does not play a role, the slightly lower
value of k° for FCPA is assumed to be the result of less electroactivation of

the surface.

2.3.2 Adsorbed layers
2.3.2.1 Binding mechanism of tethered ferrocene

Ferrocene molecules with different substituents were deposited onto
ITO substrates via adsorption from solution. Possible mechanisms of
binding between substituents and a metal oxide surface are a
heterocondensation reaction that involves coordination binding or a reaction
that occurs without coordination as shown in Figure 2.6. For highly Lewis
acidic sites such as surface exposed metals, coordination can occur through
the double bonded oxygen in the substituents.”®® If the surface is fully
hydroxylated, heterocondensation can occur without the coordination.®

Hydrogen bonding can occur instead of heterocondensation during the
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adsorption process, so the binding mode can be varied from monodentate to
multidentate.?® Because the other acidic functional groups used in this study
also contain double bonded oxygen atoms or hydroxyl groups, the binding
mechanism of phosphonic acid is assumed to be valid for the other acidic

functional groups as well.
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Figure 2.6 Binding schemes of phosphonic acids on metal oxide surfaces.
Processes either begin with coordination bonding (a) or without it (b).*

(Adapted from Ref. 4).
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2.3.2.2 Electroactive surface coverage of tethered ferrocene films

In order to determine a standard condition for the electroactive surface
coverage comparison among different modifiers, the electroactive surface
coverage of each modifier was measured at different adsorption times (30
sec — 48 hours). The measured electroactive surface coverages were varied
with the adsorption time as shown in Figure 2.7. As the adsorption time
increased, the electroactive surface coverage increased and reached a steady
state. Since the steady state electroactive surface coverages were observed
within 24 hours for all modifiers except FCAA, the electroactive surface
coverages from 24 hour adsorptions were selected for comparison.

Extended adsorption times for FCAA were investigated since it was
difficult to observe a trend in the electroactive surface coverage within 48
hours. When the time was extended to 98 hours, the steady state
electroactive surface coverage of FCAA was observable after 60 hours. In
Section 2.3.2.4, a significant enhancement in the charge transfer rate of
FCAA was observed from 24 hour adsorption compared to 30 min adsorption,
and aggregation of FCAA was hypothesized to explain the enhancement. If
the hypothesis is valid, it may be related to the relatively long time required

for FCAA to reach the steady state electroactive surface coverage.
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Figure 2.7 Time dependent electroactive surface coverage for FCCA (a)

and FCAA (b).

As shown in Table 2.2, the electroactive surface coverages measured

from 24 hour adsorptions of different modifiers varied. Binding constants
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and theoretical surface coverages of close-packed monolayers are also listed
in Table 2.2 to investigate the impact of the binding affinity and the binding

orientation on the electroactive surface coverage.

Table 2.2 Summary of electroactive surface coverage, theoretical surface
coverage of close-packed monolayers, projection area range, and binding

constant of each modifier.

FCAA FcCA FcHA FcPA FCSA
10 2
MO el 06+0.1 0701 1.05+0.07 29403 11404
from CV
10 2
10 T range (mol/em’)| ;. o 51-88 40-83 3.6-69 34-66
from modeling
Projection area range
; 24-46 19-33 20-41 24-47 25-48
(A°/molecule)
Binding constant (M™)| (1.4 £ 0.8) x 10°|(3.8 £ 0.7) x 10°| (1.1 £ 0.3) x 10°|(2.8 £ 0.5) x 10°| (8 4) x 10”

It was expected that a molecule with a relatively high probability of
binding would have a relatively large surface coverage. Thus, the binding
affinity of each modifier was considered as a source of the variation in the
electroactive surface coverages among the different modifiers. In order to
quantitatively evaluate the binding affinities of modifiers, the binding

constant of each modifier was calculated. This was achieved by fitting the
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electroactive surface coverage vs. concentration plot with the Langmuir
isotherm model, as shown in Figure 2.8. Using the Langmuir isotherm, a

binding constant, K, can be described with the following equation.?*®

K,= —— (2.2)

where [M] is the concentration of a modifier in solution, and I is the
fractional electroactive surface coverage (i.e. I' / T'imax, I'max IS Obtained from
the fitting curve). Several orders of magnitude difference in the binding
constants (Table 2.2) suggests that the binding affinity of each modifier to an
electroactive site is noticeably different. Generally, binding constants for
FCAA, FcCA, and FcSA, which showed relatively low electroactive surface
coverages (ca. < 1.1 x 10™° mol/cm?), are on the order of 10° M, whereas
the binding constant for FcPA is on the order of 10° M™. The higher binding
constant for FCPA coincides with the largest electroactive surface coverage
observed with FCPA. However, even though the binding constant of FCHA is
on the same order (10° M™) of magnitude as FcPA, its electroactive surface

coverage is closer to the ones with low binding constants than to FCPA. Thus,



52

a conclusive statement regarding the relationship between the binding
affinity and the electroactive surface coverage could not be derived.

Use of the Langmuir isotherm implies assumptions that all adsorption
sites are equivalent and that one molecule is adsorbed to one site.?®* Since
the heterogeneity of the ITO surface and the possibility of multidentate
binding of modifiers are not considered in the Langmuir isotherm, a more
sophisticated isotherm expression may be necessary for more meticulous

evaluation of the binding affinity.

FcHA
1.0 . . FcSA
o 1.0
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Figure 2.8 Adsorption isotherms of FCHA and FcSA adsorbed layers. The

red lines are the theoretical fit to the Langmuir isotherm.
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The effect of the binding orientation on the surface coverage was
evaluated using a modeling program. Possible binding orientations were
visualized by Spartan modeling software as shown in Figure 2.9, and the
rectangular projection area per molecule for each orientation was calculated.
Based on the calculated maximum and minimum projection areas, the
surface coverage range of a close-packed monolayer for each molecule was

determined.
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Figure 2.9 Possible binding orientations of FCAA on an adsorbent surface

for maximum projection area (a) and minimum projection area (b). Side

views (left) and front views (right).

The ranges of the close-packed monolayer surface coverages listed in
Table 2.2 show that binding orientation can vary the coverage up to

approximately a factor of two. The effect of the binding orientation can also
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be applied to the variation in the electroactive surface coverage since the
number of molecules bound to the electroactive region is also limited by the
area taken by individual molecules. However, the result also suggests that
the binding orientation is not the only factor that controls the electroactive
surface coverage. For instance, the electroactive surface coverage measured
for FCPA is ca. 3 — 5 times larger than the electroactive surface coverage of
other modifiers. The difference cannot be explained solely by the binding
orientation even if the smallest projection area for FCPA and the largest
projection area for other modifiers are selected. More information on
binding orientation is expected to be achieved in the future by analyzing the
adsorbed layer using a spectroscopic technique such as photoelastic
modulation infrared reflection absorption spectroscopy (PM-IRRAS).

The electroactivation of the surface by modifiers was also considered
as a possible factor that affects the electroactive surface coverage. If the
degree of the electroactivation for each modifier is different and all
electroactivated sites are occupied by modifiers, then the electroactivation
can be a limiting factor for the electroactive surface coverage variation
among different modifiers. Based on the results of the dissolved molecule

experiments discussed in Section 2.3.1.2, FcCA was expected to have a
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relatively higher degree of electroactivation than other modifiers, and FCPA
was expected to have a relatively lower degree of electroactivation than
other modifiers. However, neither the electroactive surface of FCCA was the
largest nor the electroactive surface of FCCA was the smallest (Table 2.2).
Nevertheless, the degree of the electroactivation by individual modifiers at
24 hour adsorption may not be the same as that within 10 minutes (elapsed
time for dissolved molecule experiments). In Section 2.3.3, the
electroactivation by the modifiers at 24 hour adsorptions was discussed with
respect to the variation of the charge transfer rate of the solution probe.
However, since the electrocatalytic effect can concurrently be involved in
the variation of the charge transfer rate, a discrete evaluation of the
electroactivation effect could not be assessed. Thus, a conclusive statement
on the relationship between the electroactivation and the electroactive
surface coverage has not been made. The experiment that may allow a
further discussion on the relationship between the electroactivation and the
electroactive surface coverage is described in Section 2.3.3.

The electroactive surface coverage of adsorbed layers decreased as
more sequential scanning was conducted. Figure 2.10 shows the percent loss

of the coverage at the 10" scan compared to the initial scan. The diagram
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shows that the FCPA adsorbed on the ITO surface is more electrically stable
than the other modifiers. The difference in the stability of the modifiers is
assumed to be related to the binding mode. As mentioned in Section 2.3.2.1,
binding modes of a modifier may vary from monodentate to multidentate.
Since multiple bonds will likely immobilize a modifier more tightly onto the
surface (i.e. require more energy to be broken and mobilize the modifier)
than a single bond, an adsorbed modifier with multidentate binding will be
more stable. It is hard to predict what binding mode will be predominant for
each modifier from previous studies because different binding modes were
reported even for the same binding group on different metal oxides.®
However, there is a paper that reported the major binding mode of
phosphonic acid adsorption to ITO surface.?® Using PM-IRRAS analysis,
bidentate binding was suggested as the major binding mode of phosphonic
acid adsorption to ITO, in which P=0 is left unattached. The free P=0
moieties suggest that the binding mechanism of phosphonic acid is mainly
heterocondensation without coordination as described in Figure 2.6 (b). Thus,
it is assumed that the number of hydroxyls in the binding group determines
the main binding mode. Among the acidic groups used in the adsorbed layer

study, only phosphonic acid has two hydroxyls while the others have one.
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From this, it is predicted that FCPA adsorbs mainly using the bidentate mode
while monodentate is the main binding mode for the others. The stability of
each modifier illustrated in Figure 2.10 agrees with the prediction that FCPA

Is noticeably more stable than other modifiers.
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Figure 2.10 Surface coverage loss at 10" scan of CV for adsorbed layers on

ITO prepared from 24 hour adsorption.

2.3.2.3 Redox potential of adsorbed layers
Cyclic voltammetry experiments were performed after short time (30

min) adsorptions and long time (24 hr) adsorptions as shown in Figure 2.11



for FCcCA and FcPA. The redox potentials of each adsorbed layer are

summarized in Table 2.3.
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Firgure 2.11 Cyclic voltammograms of FCCA and FcPA adsorbed layers at

30 min soaking vs. 24 hour soaking.

Table 2.3 Redox potentials (E;/,) of the adsorbed layers with short time (30

min) adsorption vs. long time (24 hour) adsorption.

Time FcAA FcCA FcHA FcPA FcSA
30 min £ (V) 000+0.04 | 033+001 | 0.22£0.01 | 0.05+0.02 | 0.37+0.01
24 hr 5 009+0.01 | 0324001 | 0.27£0.01 | 0.11+£0.02 | 0.31+0.02
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The relationship between the redox potentials and the Hammett
constants was investigated as had been done for the dissolved molecule
experiments discussed in Section 2.3.1.1. For adsorbed layers, the inclusion
of FCcPA caused poor linearity of E;/, vs. o, plot as shown in Figure 2.12 (a).
However, the molecules that caused the poor linearity of the dissolved
molecule experiments, FCCA and FcSA, showed a good linear trend in this
case when FcPA was omitted (Figure 2.12 (b)). As discussed in Section
2.3.1.1, the solvent used for measurements was assumed to be an important
factor that determines whether a molecule shows linear or non-linear
behavior in the E,;; vs. o, plot. The assumption is supported by the above
result that the linear trend was observed for FCCA and FCSA when they were
measured with acetonitrile (ACN), but not with ethanol (EtOH).
Additionally, the linear behavior of FCCA with ACN in this experiment
agrees with the observation from Emilia et al. that FCCA followed the linear
trend with ACN-based solvents (ACN-LiCIO, or ACN- NaClO,).* The
linear behavior of dissolved FCPA and the non-linear behavior of adsorbed
FcPA may also be due to the change of the solvent used for measurements.

The interaction between FCPA and ITO may be another factor that is

responsible for the non-linear behavior of the adsorbed FcPA in the Ey, vs.
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op plot. As shown in Figure 2.10, FCPA adsorbed on ITO is more stable than
the other modifiers, and the multidentate binding of FCPA was assumed to
be a cause of the stability in Section 2.3.2.2. From this, the interaction
between FCPA and ITO is assumed to be stronger than the interactions
between the other modifiers and ITO. If the interaction between a modifier
and ITO can change the electron donating/withdrawing property of the
acidic functional group (substituent), the change would likely be more
significant for FCPA than the other modifiers, and hence the behavior of

FcPA in the o, vs. Ey, plot could deviate from that of the other modifiers.
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Figure 2.12 Redox potential (E;/,) versus Hammett constant (c,) plots for
30 min adsorptions. Values of FCAA, FCCA, FcPA, and FcSA are included

in (a), and FcPA is omitted in (b).

As the adsorption time increased, the redox potentials of the adsorbed
layers were shifted except for the FCCA layer (Table 2.3). Positive shifts

were observed for FCAA, FcHA, and FcPA, and a negative shift was
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observed for FCSA. The redox potential of FcCA did not show any statistical
difference between 30 min and 24 hour adsorptions. The linearity of the the
op VS. Eyp2 plot was somewhat altered by the redox potential shifts. The
coefficient of determination (R?) of linear fitting curves for 24 hour
adsorptions were 0.5455 and 0.9127 for FcPA included plot and FCPA
omitted plot respectively, which are lower than those for 30 min adsorptions.

According to theory, the peak width at half-height of a cyclic
voltammogram of one electron transfer reaction is expected to be 90.6 mV
for an adsorbed redox active species.”® However, the peak width at half-
height observed from the voltammograms of adsorbed layers (Figure 2.11)
were relatively broad (> 200 mV) for all the modifiers in both 30 min and 24
hour adsorptions, from which it is assumed that the peaks are composed of
more than one constituent. Since their redox potentials are close enough to
form one broad peak instead of discrete peaks, and the modifier was the only
electroactive species present, the constituents are expected to be the results
of the variation in the binding modes and/or the results of the different
binding locations that may have different charge densities.

A binding mode distribution can be responsible for the multiple

components of the peak in the voltammogram. Even though predominant
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binding modes were suggested in the previous section, minor binding modes
can coexist. For instance, Weng et al. determined the composition of the
binding modes of carboxylic acid onto TiO, as 63% monodentate, 34%
bidentate, and 3% ionic or hydrogen bondings.®” Additionally, using density
functional theory (DFT) calculations, Li et al. suggested that the binding
modes of phosphonic acids on some adsorption sites of ITO can be changed
as a function of the surface coverage.®®

Commercially available ITOs typically consist of crystalline grains
that have a random distribution of exposed <100> and <111> planes of the
In,05 bixebyte lattice.® 8% % |f the charge density in different regions of
ITO varies, the local potential can be different, and hence the modifiers
bound in different planes or grain boundaries can exhibit different redox
potentials. The multiple redox potentials can be responsible for the multiple
components of the peak in the voltammogram.

The surfaces of crystalline materials are commonly composed of steps
and terraces.” Ji et al. reported that the local potentials at steps and terraces
varied when voltage was applied to the surface of graphene.®” However, the

difference in the local potential was ca. 1 mV when 1 V was applied to the
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surface. Thus, the contribution of steps and terraces to the multiple
components of the peak is not thought to be considerable.

The peak widths at half-height observed from 24 hour adsorptions
(260 — 320 mV) were somewhat larger than those from 30 min adsorptions
(240 — 300 mV). This suggests that the distribution of individual
components is changed as the adsorption time increased. When the
distribution is changed, the contribution from each component to the
observed peak is changed. Thus, the change in the distribution is assumed to
be a cause of the redox potential shifts of the modifiers with respect to the
adsorption time.

Additionally, there is another effect that needs to be considered for
redox potential variation as a function of time. The surface coverage of the
adsorbed layer increases as the adsorption time increases. Consequently, the
molecules are more densely packed as depicted in Figure 2.13, and it
produces the higher degree of the intermolecular interaction between redox
couples (ferrocenes). As a result, oxidation of ferrocenes becomes
thermodynamically more difficult, and redox potential is expected to be

shifted positively.
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Figure 2.13 Illlustration of the degree of the intermolecular interactions

between redox couples, which depend on surface coverage.

The negative shift of FCSA and non-shift of FCCA, in which the
positive shift expected from the intermolecular interactions was not observed,
can be attributed to the change in the distribution of individual components
at different times. However, the change in the distribution of individual
components may also be contributed to the positive shifts of the other
modifiers. Based on the CV data, it is difficult to determine which binding
mode or region of ITO is responsible for a positive or negative redox
potential relative to the others. If larger molecules (> 1 nm) that contain the
same binding groups used in this study are available, the variation in the
adsorption location as a function of the adsorption time could be studied
using a high resolution surface imaging technique. Additionally, quantitative
measurements of binding mode distribution at different adsorption times
could be accomplished using a surface sensitive spectroscopic technique.

The images and the measurements can be compared with the CV data, and
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would likely provide more information about the relationship between

molecule binding and redox potential.

2.3.2.4 Charge transfer rate constant of adsorbed layers

Using the cyclic voltammograms measured for short time (30 min)

adsorptions and long time (24 hr) adsorptions, the charge transfer rate

constants (ks) were calculated for the adsorbed layers using the Laviron

method that is described in Appendix B. The results are listed in Table 2.4.

Table 2.4 Charge transfer rate constants for adsorbed layers with short time

(30 min) adsorption vs. long time (24 hr) adsorption.

Time FAA FeCA FeHA FcPA FeSA

30min p 3t1 46109 21103 22102 12103
Charge transfer rate (5”)

2hr 1014 3tl 36106 20102 | 0%1003

The charge transfer rate of adsorbed layers seems to be independent of

the time of adsorption except in the case of FCAA. The independence of k;

from the time of adsorption suggests that ks is not correlated to the redox

potential shifts discussed in the previous section. In other words, the
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distribution in bindings (binding location or binding mode) can vary the
redox potential of a modifier, but the distribution does not alter the charge
transfer rate measured for the modifier because either it had no effect on the
charge transfer rate or the effect of each component in the distribution is
averaged.

A significant enhancement of ks was observed for FCAA with 24 hour
adsorption. Additionally, the ks of FCAA with 30 min adsorption was
comparable to ks of other modifiers with 30 min adsorptions (Table 2.4).
Based on the observations, a change in the property of FCAA during the
adsorption time was suspected, and aggregation of FCAA was hypothesized
as the cause of the change. In literature, it is mentioned that aggregated
phthalocyanines showed faster charge transfers than the monomers because
the reorganization energy of the aggregates is smaller than that of the
monomers.*** If the aggregation of FCAA is relatively slow, it is possible
that the majority of adsorbed FCAA with 30 min adsorption are monomers
and those with 24 hour adsorption are aggregates. This may explain the
difference in the charge transfer rate between the two different adsorption
times. Additionally, if the hypothetical aggregation of FCAA is valid, it can

be another factor that is responsible for the redox potential shift of FCAA in
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Table 2.3. The aggregation is assumed to be produced via hydrogen bonding
between the acid groups. The hydrogen bonding between molecules is also
possible for the other modifiers. However, the hydrogen bonding between
FCAAs may be stabilized via the interaction between methylenes in FCAAS,
so that FCAAs might form aggregates while the other modifiers do not form
aggregates. This hypothesis can be tested using absorption spectroscopy. If
monomers and aggregates have distinguishable absorption wavelengths, the
presence of each component and the relative amount of the component can
be determined.

The charge transfer rates of FCAA, FCCA, FcHA, and FcPA are
generally comparable except for FCAA with 24 hour adsorption. However,
the charge transfer rates of FCSA are slightly lower than the others in both
30 min and 24 hour adsorptions. This may be because the electronic
coupling between FCcSA and ITO is relatively weaker than the others.
According to Marcus theory, the charge transfer rate is proportional to the
square of the electronic coupling matrix element (Hag), which reflects the
strength of the electronic coupling between the electron donor and the
electron acceptor.®®*® Unlike the dissolved molecule experiments, the

modifiers are chemically bound to the surface of the electrode. Since the
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modifiers are composed of Fc with different binding groups, the degree of
electronic coupling between the modifier and ITO is assumed to vary
depending on binding group, which leads to the variation in the charge
transfer rate of the adsorbed modifiers. The electronic structures of
modifier—ITO complexes can be simulated using the density functional
theory.*® The simulation would likely give more information about the
electronic coupling between ITO and each modifier with different binding

groups.

2.3.3 Charge transfer rate of solution probe (Fc) with modified electrodes

In Section 1.2.1, a model system using a solution electroactive probe
was suggested to estimate the impact of the electrode modification on the
charge collection efficiency (ncc) of the electrode. To assess if the electrode
modification alters the charge transfer rate of a solution probe, CVs were
measured with unmodified and modified electrodes in the presence of the
solution electroactive probe (Fc). Measured charge transfer rate constants of
Fc with different electrodes are summarized in Table 2.5. The electroactive
surface coverages and the redox potentials of the adsorbed layers, which

were previously measured, are also listed in the table.
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Table 2.5 Summary of charge transfer rate constants of solution probe (Fc)
with unmodified and modified electrodes using 24 hr adsorptions,

electroactive surface coverages and redox potentials of the adsorbed layers.

Modifier Unmodified FcAA FcCA FcHA FcPA FcSA
10°%° (cmfs) | 2101 | 43£01 | 37£07 | 44+01 | 4501 | 2905
10°r (mol/em)*| - 06401 | 07+01 | 105+0.07| 2903 | 11+04
En(V) 0098+ 0.003°[0.09 +0.01°0.32 + 0.01°|0.27 + 0.01°]0.11 + 0.02°|0.31 £ 0.02°

* The electroactive surface coverages (values are taken from Table 2.2).  Redox potential of 1 mM Fc in
0.1 M TBAP/ACN. ” Redox potentials of adsorbed layers for 24 hr adsorptions that were measured with 0.1

M TBAP/ACN (values are taken from Table 2.3).

The charge transfer rate constants (k°) for the solution probe (Fc)
were generally enhanced with modified electrodes as shown in Table 2.5.
The results agree with the results that were reported by Carter et al.”* They
modified ITO with the modifiers that contain carboxylic acid or dicarboxylic
acid binding group and observed the enhancement of the charge transfer rate
of a solution probe (Fc) with the modified ITO compared to the unmodified
ITO.

When the redox reactions of the adsorbed molecules can mediate the
charge transfer reaction of the free molecules in solution, the charge transfer

rate of the solution probe can be enhanced. The adsorbed molecule mediated



72

charge transfer is illustrated in Figure 2.14. In order to be a good
electrocatalyst, the redox potential of adsorbed molecules is expected to be
close to the redox potential of the free molecules in solution since it can
lower the free energy of the electrocatalysis reaction.'® Contradictorily, the
closeness of the redox potential of the adsorbed molecules to the redox
potential of the free molecules in solution may also reduce the probability of
the electrocatalysis reaction. For instance, in case of the oxidation reaction,
electron transfer from the adsorbed modifier to the electrode is an essential
prerequisite for the electrocatalysis reaction (the electron transfer from the
solution probe to the oxidized form of the adsorbed modifier). However, if
the redox potentials of the adsorbed modifier and the solution probe are
close, the electron transfer from the solution probe to the electrode can
almost concurrently occur with the electron transfer from the adsorbed
modifier to the electrode. Thus, the probability of the electron transfer from
the solution probe to the oxidized form of the adsorbed modifier may be
lower than the case, which the redox potential of the adsorbed modifier is far
more negative from the redox potential of the solution probe. Because of the
contradictory effects, it is difficult to predict which adsorbed modifier would

likely have the higher degree of the electrocatalytic effect based on the redox
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potential of adsorbed modifier. Moreover, the electroactivation of the ITO
surface is another possible cause of the enhancement of the charge transfer
rate of the solution probe on modified electrodes. Consequently, evaluating
the impact of the electrocatalytic effect of adsorbed modifier on the
enhancement on the charge transfer rate of the solution probe could not be

assessed unless the degree of the electroactivation of each modifier is known.

O @

PP P PSP

Figure 2.14 lllustration of the charge transfer of the solution probe mediated

by the adsorbed modifiers. The picture describes a case of the oxidation

reaction (e” is an electron).

The electroactivation of the ITO surface by modifiers can also be
responsible for the enhancement in the charge transfer rate of the solution
probe with the modified electrodes. The relative degree of the

electroactivation can be expected from the electroactive surface coverage of
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each modifier if all electroactive sites are occupied by the modifiers.
However, since there is no evidence, which suggests that all electroactive
sites are occupied, it is difficult to determine which modifier would likely
have the higher degree of the electroactivation.

Because the electrocatalytic effect and the electroactivation can
concurrently be responsible for the enhancement in the charge transfer rate
of the solution probe, and no clear expected results were present for the both
factors, a discrete evaluation of the impact of each factor on the charge
transfer rate of Fc could not be assessed. Modifications of TCOs using
modifiers that contain a non-electroactive terminal group might allow a
discrete evaluation of the electroactivation. The electrocatalytic effect was
suspected since the modifiers used in this study have ferrocene, which is an
electroactive molecule, as the terminal group. If an alkyl group such as CH;
Is used as the terminal group of the modifiers instead of ferrocene, the
change in the charge transfer rate of the solution probe could be assigned
solely to the surface electroactivation by modifiers. Additionally, comparing
the results from modifiers having non-electroactive terminal groups and the
results in Table 2.5 might allow us to analyze the impact of the

electrocatalytic effect from ferrocene-containing modifiers on the charge
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transfer rate of the solution probe. When the results are compared, the
distance between a solution probe and the electrode needs to be taken into
account since different terminal groups may vary the distance, and the
electron transfer rate is dependent on the distance between an electron donor
and acceptor according to the Marcus theory.'®*® Using a surface sensitive
spectroscopic technique, binding orientations of modifiers would be
determined, which can be used to estimate the distance between a solution

probe and the electrode.

2.4 Conclusion

In this chapter, modifications of the most widely used TCO, indium
tin oxide (ITO), have been studied using cyclic voltammetry (CV).
Investigations have been done with dissolved modifiers, adsorbed layers of
modifiers, and the modified electrodes with a solution probe.

The charge transfer rates of dissolved modifiers were greater than the
dissolved ferrocene. Electroactivation of the ITO surface by the modifiers is
a likely cause. The redox potentials of dissolved modifiers generally showed
a linear trend as a function of the Hammett constants of the acidic functional

groups except FCCA and FcSA. The linear trend was also observed for the
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adsorbed modifiers except FCPA. The solvents used for CV measurements
were considered as limiting factors that determine the linear behavior of the
modifiers. However, verification of this conclusion with other solvents
remains to be done.

The electroactive surface coverage of the modifiers varied from ca.
0.6 — 2.9 x 10" mol/cm?. The binding affinity, the binding orientation, and
the electroactivation effect of a modifier were assumed to be related with the
electroactive surface coverage. From the ranges of the surface coverage of
close-packed monolayers that were theoretically calculated using a modeling
program, it was shown that the binding orientation can have a contribution to
the variation in the electroactive surface coverage. However, the effects of
the binding affinity and the electroactivation on the electroactive surface
coverage could not be determined conclusively.

The significant enhancement of the charge transfer rate of adsorbed
FCAA was observed as a function of the adsorption time while the charge
transfer rates of the other modifiers were independent of the adsorption time.
Aggregation of FCAA was hypothesized to explain the enhancement in the

charge transfer rate of FCAA.
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The charge transfer rates of a solution electroactive probe (Fc) were
measured with unmodified and modified ITOs. The charge transfer rates of
Fc with modified ITOs were greater than that with unmodified ITO. The
eletroactivation and the electrocatalytic effect of the modifiers were assumed

to be the cause of the enhancement of the charge transfer rate of the solution

probe.
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3. EVALUATION OF SUBSTITUTED FERROCENE MODIFIERS
ON 120
3.1 Introduction
3.1.1 Investigation of an alternative TCO (1Z0O)
Among many different transparent conductive oxides (TCOs), indium
tin oxide (ITO) has been the most widely used because of its electrical and
optical properties that were stated in Section 2.1.1. However, in order to

achieve the optimum electrical and optical properties, ITO needs to be

crystallized, which requires high temperature ( ~ 300 °C) for the deposition

process.'® % Amorphous indium zinc oxide (1ZO) is an attractive TCO for
replacing ITO since it can be deposited at low temperature (< 50 °C) and
shows comparable electrical conductivity and optical transparency to ITO.'®
Additionally, 1Z0 has low compressive stress, which gives it the potential to
be used in flexible devices.'® However, many aspects of 1ZO that can be
related to the device performance, such as the surface composition and
structure, and the dependence of electric properties on the composition and
structure, are not well understood."®’

In order to assess the electrochemical properties of 1Z0 and the effect

of surface modification, electrochemical experiments similar to those done
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with ITO were done with 1Z0O. CVs of dissolved Fc were conducted with
unmodified 1ZO to investigate the charge transfer between the redox active
species with 1ZO versus ITO. FcCA and FcPA were used to modify the
surface of 1ZO. The adsorbed layers were analyzed by CV, and the results
were compared to the experiments performed using ITO. The charge transfer
rate of a solution probe (Fc) at modified 1ZO was also investigated.
Additionally, the adsorption of FCPA on nano-structured 1Z0 was
investigated to see how altering the morphology of the surface of 1Z0

affects the adsorption and charge transfer rate of a modifier.

3.2 Experimental

The 1Z0-coated planar electrodes (sample “leybsld’) used in this
study were provided by Ajaya Sigdel at National Renewable Energy
Laboratory (NREL). 1ZO targets (80/20 wt. % In,03/Zn0O) were used to
deposit films by sputtering at ambient temperature, resulted in the coating
thickness of <100 nm and a sheet resistance of ca. 66 €/sq.

The nano-structured, 1ZO-coated electrodes were provided by Akram
Amooali Khosroabadi in College of Optical Sciences at University of

Arizona. Polyacrylonitrile (PAN) pillars were deposited on the top of a glass
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substrate, and then 1Z0 was deposited on the top of the PAN pillars/glass
substrate.’® PAN pillars had a diameter of 180 + 10 nm and a height of 290
+ 12 nm. The preparation of PAN pillars/glass substrates were performed by
Akram Amooali Khosroabadi, and the 1ZO depositions were performed by
Ajaya Sigdel at NREL. For 1ZO depositions, the same method and condition
were used as those for the planar 1ZO electrodes that were described in the
previous paragraph.

Commercially available ferrocene (Fluka), ferrocenecarboxylic acid
(FcCA, SciencelLab), and ferrocenephosphonic acid (FCPA) synthesized by
O’Neil Smith in Department of Chemistry and Biochemistry at Georgia
Institute of Technology, were used. The molecules were the same as those
used for the ITO experiments described in Chapter 2. A teflon
electrochemical cell (electrode area: 0.673 cm?) was used for solution probe
CV experiments. A small teflon electrochemical cell (electrode area: 0.158
cm?®) was used for adsorbed layer experiments due to the limited 1ZO supply.
All electrochemical measurements were performed on a CH Instruments
Electrochemical Workstation (CHI420A). The second scan of the CV was
used for all reported values and calculations unless otherwise noted. A 0.1

M tetrabutylammonium perchlorate (TBAP, Aldrich) in acetonitrile
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(ACN,EMD) was used as supporting electrolyte. A Basi Non-Aqueous
Reference Electrode kit was used for all experiments. A 0.01 M silver nitrate
(AgNO:s) in the 0.1 M TBAP solution was used as the filling solution for the
Ag/AgNOQO; reference electrode. The potential of the reference electrode is

0.351 V vs. a normal hydrogen electrode (NHE).®’

3.2.1 Adsorbed layer experiments

All CV experiments for adsorbed layers were done with a scan rate of
0.1 V/sec. The electrolyte solution was 0.1 M TBAP/ACN and the reference
electrode filling solution was 0.01 M AgNO; in 0.1 M TBAP/ACN. A
potential range for scanning was chosen to be wide enough to determine the
starting and ending point of peaks. The potential windows were -0.3 - 0.9 V

and -0.5 - 0.5V for FcCA and FcPA respectively.

3.2.1.1 Cleaning of 1ZO slides
1ZO slides were cleaned by gentle rubbing with nitrile gloves with 1%
Triton X-100 solution for 1 min, then sonicating for 10 min each in 1%

Triton X-100, nanopure water, and ethanol. After ethanol sonication, the
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slides were dried with nitrogen flow. Lastly, air plasma (Harrick model

PDC-3XG) cleaning/activating was conducted for 10 min at 30 W.

3.2.1.2 Adsorbed layer formation

The 1 mM solutions of FCCA and FcPA were used to form the
adsorbed layers on 1ZO. The solvent used in the adsorption process was
ethanol. Cleaned 1ZO slides were soaked in each solution (40 mL),
contained in a glass Coplin staining jar, for 24 hr.
The concentration of the adsorbed layer formation solution was varied with
constant adsorption time (24 hr) for the adsorption isotherm experiments.
The range of concentration was 10 uM —5 mM and 0.1 uM — 5 mM for

FcCA and FcPA respectively. Cleaned 1ZO slides were soaked in each

solution (~ 20 mL), contained in a 20 mL beaker, covered with parafilm for

24 hr. All adsorbed layer formations were done in the room temperature

(~25°C).
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3.2.1.3 Post-treatment

1ZO slides were removed from the adsorbed layer formation solution
after specified adsorption times and rinsed with the pure solvent that was
used in the adsorption step. After the rinse, sonication was done in the pure

solvent for 5 min to remove physisorbed molecules or contaminants.

3.2.2 Solution probe experiments

Solution probe (Fc) was dissolved in 0.1 M TBAP/ACN to prepare 1
mM solution. The reference electrode filling solution was 0.01 M AgNO; in
0.1 M TBAP/ACN. CV experiments were performed for modified (24 hr
adsorption of each modifier) and unmodified ITO electrodes using Fc
solution probe. Scan rates of CV experiments were 0.1, 0.5, or 1 V/sec. A
potential range for scanning was chosen to be wide enough to determine the
peak potential at the highest scan rate. The potential window of was -0.6 —

1.2 V for all experiments.

3.2.3 Nano-structured 1ZO experiments
In order to avoid the delamination of the IZO/PAN layer, the solution

washing/sonicating steps were omitted from the cleaning procedure. Only air
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plasma (Harrick model PDC-3XG) cleaning/activating was conducted for 1
min at medium power. The 1 mM FcPA in ethanol was used for the
adsorptions of FCPA on the nano-structured 1ZO. In order to avoid the
delamination, the solution contact area was controlled to be smaller than the

area of the 1ZO/PAN film. The volume of the 1 mM FcPA solution

contacted with the nano-structured 1Z0 was ~ 2 mL. After 24 hour

adsorption, the solution contact area of the nano-structured 1Z0O was rinsed
with pure ethanol, and then dried with nitrogen flow. CV was conducted
after the drying. CVs were measure using the same conditions that were
described in Section 3.2.1 except the potential window. The potential

window was -1.0 — 1.0 V for the nano-structured 1ZO experiments.

3.3 Results and Discussion
3.3.1 Solution probe CV with unmodified 1ZO

In order to evaluate the intrinsic electroactivity of the surface of 1ZO,
CV of the solution probe (Fc) on unmodified 1ZO was conducted, and it was
compared to the same experiment with ITO. As shown in Figure 3.1, the

peak separation from 1ZO is much greater than 1TO. Using Nicholson
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method, k° of Fc with 1ZO was calculated as (1.4 + 0.5) x 10 cm/s while k°

of Fc with ITO was (2.1 +0.1) x 10 cm/s.
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Figure 3.1 Cyclic voltammograms of 1 mM ferrocene in 0.1 M TBAP/ACN

on unmodified ITO vs. unmodified 1Z0 at 0.1 v/s scan rate.

The conductivity of 1ZO was determined to be ~ 2500 S/cm by Ajaya

Sigdel at National Renewable Energy Laboratory who provided the 1Z0O,

whereas the conductivity of ITO was estimated as > 4000 S/cm from the

product specifications provided by Colorado Concept Coatings LLC. If the

surface electroactivity is directly correlated with the bulk conductivity, the

difference in the conductivity may be a cause of the difference in the charge
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transfer rate of Fc with 1ZO and with ITO. In case of metal electrodes, it was
reported that the charge transfer rates of solution redox probes, such as
benzoquinone and naphthoquinone, measured with gold electrode were

comparable to those measured with platinum electrode'®

even though their
conductivities are different (gold: 4.4 x 10° S/cm, platinum: 9.3 x 10*
S/cm).*® However, charge transfer rate on semiconductor electrodes is
commonly observed as slower than that on metals, and low density of charge

W14 \which can be

carriers has been suggested as a possible cause,
associated with the conductivity of material.
Amorphous structure of 1ZO is also assumed to be a possible cause of
the slower charge transfer rate of Fc on 1ZO compared to that on ITO.
Popovich et al. investigated charge transfer kinetics on amorphous ITO and

115

polycrystalline ITO.™ They observed that the charge transfer rates of
solution redox probes (tris(2,2'-bipyridyl ruthenium(Il) chloride,
ferrocyanide, and ferrocenemethanol) were generally slower on amorphous
ITO compared to those on polycrystalline ITO. They attributed the
difference to a greater density of defects sites along the grain boundaries and

defect sites associated with substitutional tin in the crystalline lattice, which

may be present in the crystalline ITO but not in the amorphous ITO. This
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explanation may also be applied for the difference in the charge transfer rate
of Fc between crystalline ITO and amorphous 1ZO since amorphous 1ZO
does not contain above mentioned defects.

Additionally, relative amount of indium hydroxide species and
oxygen defects at the surface of ITO and 1ZO can be responsible for the
difference in the charge transfer rate. Figure 3.2 shows AFM height images
and conductive tip AFM (C-AFM) images of the surface of ITO and 1ZO.
The C-AFM images suggest that there is a noticeable difference in the
surface electroactivity between 1ZO and ITO. Since indium oxide is the
predominant component for both ITO (ca. 90%) and 1ZO (ca. 80%), the
presence of In(OH); was expected at the surface of 1ZO as it was present on
the surface of ITO. The indium hydroxide species on the surface of 1ZO can
be a cause of the electroinactivity as in the case of ITO. Additionally, in 1ZO
electrodes, the free charge carriers (electrons) have been thought to be
produced by oxygen defects as they are in the case of ITO.***° Thus, If the
amount of indium hydroxide species at the surface of 1ZO is relatively
higher and/or the amount of the oxygen defects at the surface of the 1ZO is
relatively lower, the surface of 1ZO can be more electroinactive than the

surface of ITO. Gliboff et al. analyzed the x-ray photoemission spectroscopy
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(XPS) data of oxygen plasma treated amorphous 1ZO ( > 90% In) surface
using a O (1s) model that was used for analysis of the ITO surface in the
previous study.® *?° From the XPS data, they observed the peak that can be
attributed to the hydroxide species (INOOH / In(OH)3). Additionally, the
relative percent composition of the hydroxide species was higher than that of
the oxygen vacancy-like species. On the other hand, Donley et al. showed
that the air plasma treated crystalline ITO surface has more oxygen vacancy-
like species than the hydroxide species.® However, a quantitative comparison
for the amount of In(OH); and oxygen defects at the surface of 1ZO and ITO
Is not available from those results. Moreover, details of the
cleaning/pretreatment method, the manufacturer of ITO, and the wt. % of
In,O3 vs. ZnO of 1ZO in the literature are not exactly same for those in this
study. Thus, XPS measurements on the exact electrodes used in this study
are necessary to determine if In(OH); and oxygen defects at the surface of
I1ZO and ITO are responsible for difference in electroactivity.

Among the previously discussed factors that could possibly be related
to the charge transfer rate of Fc, indium hydroxide species is associated with
0 in Equation 2.1 while the others are more likely associated with k° In

other words, when a completely electroactive ITO is compared to a



completely electroactive 1ZO, it is possible that there is still a difference in

the charge transfer rate of a solution probe.
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Figure 3.2 AFM images of ITO (a) and 1ZO (b). The images on the left are

contact mode height images, and the images on the right are C-AFM

89
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characterizations. (Images were provided by Ajaya Sigdel at National

Renewable Energy Laboratory).

3.3.2 Adsorbed layers on 1ZO

FcCA and FcPA were used to modify the surface of 1ZO. CVs were
conducted after modification to investigate the electroactive surface
coverage, redox potential and charge transfer rate, of the adsorbed layers.
The results are summarized in Table 3.1, and compared with the results of

the same modifiers on ITO.

Table 3.1 Summary of adsorbed FCCA and FcPA layers on 1ZO vs. ITO.

10 ITO
FcCA FcPA FcCA FcPA
10T (mol/cm?) 0.640.2 23+05 0.740.1 29403
Binding constant (M™) | (1.1£0.7)x 10" | (3.0£0.8)x10° |(3.840.7) x 10°| (2.8 + 0.5) x 10°
Eyp (V) 0.25+0.04 | 0.04%0.02 0.32+0.01 0.1+ 0.02
Chrage transferrate (s)|  0.5% 0.3 17104 3t1 20102

The binding affinity, binding orientation, and electroactivation, which
were evaluated for the electroactive modifier films on ITO, were also

investigated for the electroactive film of FCCA and FcPA on 1Z0. The
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electroactive surface coverage of FCPA was approximately four times larger
than the electroactive surface coverage of FCCA, and the binding constant of
FCcPA on 1ZO was noticeably greater (> x 10%) than FcCA. Based on the
observation, the binding constants of the modifiers on 1ZO seem to be
correlated with the electroactive surface coverages. However, the correlation
may not be vaild if the other modifiers are additionally investigated. In case
of ITO, no clear dependence of the binding constant on the electroactive
surface coverage was observed when all modifiers were compared (Section
2.3.2.2).

The effect of the binding orientation on the electroactive surface
coverage was evaluated using the theoretical surface coverage of the close-
packed monolayers of FCCA and FcPA in Table 2.2. The ranges of the close-
packed monolayer coverages suggest that the binding orientation can vary
the coverage. However, the binding orientation was not considered as the
only factor that determines the electroactive surface coverage since the
electroactive surface coverage measured for FCPA was ca. 4 times larger
than FCCA while the maximum theoretical surface coverage of a close-
packed monolayer of FCPA is only ca. 1.4 times larger than the minimum

theoretical surface coverage of a close-packed monolayer of FCCA.
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The electroactivation of the surface of 1ZO was also assumed to be
related to the electroactive surface coverages of FCCA and FcPA. The
degree of the electroactivation by FCCA and FCPA was expected to be
estimated from the solution probe experiments in Section 3.3.3 since the
electroactivation of the surface can alter the charge transfer rate of the
solution probe. However, like as the case of ITO, the electroactivation and
the electrocatalytic effect of the modifiers could not be distinguished. Thus,
an evaluation of the relationship between the electroactivation and the
electroactive surface coverage could not be assessed.

Redox potentials of both FCCA and FcPA adsorbed layers on 1ZO are
ca. 70 mV less positive than those on ITO (Table 3.1). During a CV
measurement, the Fermi level of the electrode can be altered by applying
potential, and the oxidation of the modifier can occur when the Fermi level
of the electrode is aligned with the HOMO level of the modifier. Since the
Fermi level of electrode is defined by applied potential in CV experiment,
the difference in redox potential suggests that the HOMO level of the
adsorbed modifier on 1Z0 is different from the HOMO level of the adsorbed

modifier on ITO. It is assumed that the electronic structure of adsorbed
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modifier varies because the modifier-1ZO interaction is different from the
modifier-1TO interaction.

The difference in the charge transfer rate of adsorbed modifiers was
thought to be due to the difference in the electronic coupling strength
between the adsorbed modifier and the electrode depending on binding
group, as mentioned in Section 2.3.2.4. Based on the results in Table 3.1,
FcCA seems to have a weaker electronic coupling with 1ZO relative to the
electronic coupling of FCPA with 1ZO while the strength of the electronic
coupling of FCCA and FcPA are assumed to be similar in the case of ITO.
The degree of the electronic coupling is assumed to vary with different
binding modes.*** The binding modes of phosphonic acid on 12O was

120\while bidentate was

suggested as a mixture of bidentate and tridentate
assumed as a major binding mode of phosphonic acid on ITO in Section
2.3.2.2. From this, the binding mode of carboxylic acid on 1ZO is thought to
be possibly different from that on ITO. Thus, the relative electronic coupling
strength of FCCA and FcPA on 1ZO can be different from those on ITO.

The electroactive surface coverages of FCCA and FcPA on 1ZO were

comparable to those on ITO (Table 3.1). The binding affinity, binding

orientation, and the electroactivation were considered as possible factors that
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vary the electroactive surface coverages on both 1ZO and ITO. Based on the
comparable electroactive surface coverages, it was assumed that the
summation of the effect from each factor for the modifiers on 1ZO is similar
with that on ITO even though the effect of each individual factor could not
be compared.

The electroactive surface coverages of adsorbed FCCA and FcPA on
1ZO decreased as more sequential scanning conducted, which was
previously observed in the case of ITO. As shown in Figure 3.3, the FCPA
adsorbed on 1ZO is more stable than the FCCA adsorbed on 1ZO. As it was
mentioned in Section 2.3.2.2, the main binding mode of the modifier was
assumed to be related with the stability. Using near edge x-ray absorption
fine structure (NEXAFS) spectroscopy, polarization modulation infrared
reflection absorption spectroscopy (PM-IRRAS), and x-ray photoelectron
spectroscopy (XPS), Gliboff et al. investigated the adsorption of
phenylphosphonic acid on amorphous 1Z0s.*® They suggested that the
binding modes of the phosphonic acid are a mixture of bidentate and
tridentate. Assuming that the binding mechanisms of carboxylic acid on 1Z0
surface are similar to those of phosphonic acid on 1ZO surface, the binding

modes of carboxylic acid on 1ZO can be expected to be a mixture of
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monodentate and bidentate. Since multiple bonds are expected to immobilize
the modifiers more tightly onto the surface than a single bond, the FCPA on
1ZO can be more stable than the FCcCA on 1Z0.

Even though the major binding mode of phosphonic acid on ITO was
suggested as bindentate® while that on 1ZO was suggested as a mixture of
bidentate and tridentate,® the stability of FCPA on 1ZO was comparable to
the stability of FCPA on ITO (Figure 3.3). 1ZO and ITO have difference
chemical compositions. Additionally, ITO is crystalline, which has long
range order for its constituents whereas 1ZO is amorphous that has no long
range order for its constituents. Thus, the binding energy of a modifier can
be different for ITO and 1ZO even if the modifier adsorbs on both TCOs
with the same binding mode. On the other hand, the binding energy of the
modifier can be comparable with different binding mode on each TCO,

which can lead to the comparable stability of the modifier on ITO and 1ZO.
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Figure 3.3 Surface coverage loss at 10" scan of CV for adsorbed layers on

1ZO vs. ITO prepared from 24 hour adsorption.

3.3.3 Charge transfer rate of solution probe (Fc) with modified electrodes

96

In order to assess the impact of the modification on 1ZO electrode and

to compare it with the modified ITO electrodes, CVs were conducted with
modified 1ZO electrodes in the presence of the solution electroactive probe

(Fc). The charge transfer rate constant (k°) of Fc for FcCA modified 1ZO

was (2.9 +0.7) x 10 cm/s, and it was (1.3 + 0.3) x 10 for FcPA modified

1ZO. Both of the values are greater than the k° of Fc with unmodified 1ZO,

(1.4 +0.5) x 10" cm/s. The result suggests that the modification of the 1ZO

electrode is effective to improve the surface charge transfer reaction, which
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Is consistent with ITO data discussed in Section 2.3.3. The enhancement of
the charge transfer rate of Fc for FcPA modified 1ZO was noticeably greater
than the enhancement for FCCA modified 1Z0 while the enhancement for
FcCA modified ITO was comparable to FcPA modified ITO (Section 2.3.3).
The relatively higher degree of the enhancement for FcPA modified 1ZO is
assumed to be either because the electroactivation by FCPA is greater than
FCcCA or because the electrocatalytic effect of adsorbed FcPA is greater than
the adsorbed FCCA. However, as discussed in Section 2.3.3, the
electrocatalytic effect and the electroactivation can concurrently be involved
in the enhancement of the charge transfer rate, and the discrete evaluation of
each effect could not be assessed based on the given data. The experiments
using non-electroactive terminal group containing modifiers that were
discussed in Section 2.3.3 would likely allow us to determine which effect is

more responsible for the different degree of the enhancement.

3.3.4 Nano-structured 1ZO (nano-1Z0O)
A brief investigation was done to examine the adsorption of FCPA on
nano-1Z0O. Nano-1ZO electrodes were made and provided by collaborators

(Akram Amooali Khosroabadi in College of Optical Sciences at University
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of Arizona and Ajaya Sigdel at NREL). As shown in Figure 3.4,
polyacrylonitrile (PAN) pillars were used to alter the surface morphology of
the 1Z0O electrode. The hypothesis to be examined was that the morphology
of the surface of 1ZO affects the surface coverage of the modifier and
possibly the charge transfer rate of adsorbed modifiers.

The results of adsorbed FCcPA on nano-1Z0O are summarized in Table
3.2. For comparison, the results of adsorbed FcPA on regular I1ZO are also
listed in the table, which is marked as “regular.” In the cleaning procedure
for nano-1Z0O, solution cleaning and sonicating steps were omitted to avoid
possible delamination or degradation of the polymer (PAN) layer. Because
of this, additional experiments were conducted with regular 1ZO, which was
cleaned using the same procedure used for the nano-1Z0O. The results for
those experiments are marked as “control.”

As shown in the Table 3.2, the electroactive surface coverages and
the charge transfer rates of FCPA on “flat” 1ZO with different cleaning
procedures are comparable. Thus, it is assumed that the effect of a different
cleaning procedure is not significant. The electro active surface coverage of
FcPA on nano-1Z0 is about 8 (“control”’) — 10 (“regular”) times higher than

that on 1ZO. The difference in the electroactive surface coverage of FCPA is
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close to the difference in the exposed surface between nano-1ZO and “flat”
1ZO. Using the ImageJ program, it was estimated that the surface area of the
nano-1Z0 is about 7.6 times higher than the surface area of the “flat” IZO
(data provided by Akram Amooali Khosroabadi in College of Optical
Sciences at University of Arizona).

The charge transfer rate of the FCPA on nano-1ZO was noticeably

lower than the charge transfer rate of FCPA on 1ZO. The conductivity of the

nano-1ZO is ~ 1700 S/cm, which is lower than the conductivity of 1ZO

(~ 2500 S/cm). If the surface electroactivity is directly correlated with the

bulk conductivity, the difference can be a reason for the lower charge
transfer rate of FCPA on nano-1Z0. However, there are other factors that
may be related to the charge transfer rate such as indium hydroxide species,
surface oxygen defects, and heterogeneity of the surface. Additionally, the
compatibility of 1ZO layer to PAN pillars used in nano-1ZO may not be the
same as the compatibility of 1ZO layer to glass substrate. More
investigations on nano-1Z0O regarding those factors would likely give more

information to explain the slow charge transfer rate of FCPA on nano-1Z0.
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(a) (b)
Figure 3.4 FE-SEM images of nano-structured 1ZO. (a) is the top view and
(b) is the side view of an 1ZO substrate. (Images were provided by Akram
Amooali Khosroabadi in College of Optical Sciences at University of

Arizona).

Table 3.2 Summary of electroactive surface coverages and charge transfer

rate constants of FCPA on “flat” and nano-structured 1Z0O.

120 type [ (x10"°mol/cm?) k. (S_l)

Regular® 2.3+ 0.5 1.7 + 0.4

Control® 3.0+ 0.5 1.9+ 0.1
Nano-structured 24.3 £ 5.3 0.8+ 0.3

2 “Flat” 1ZO using regular cleaning procedure. ° “Flat” 1ZO using the cleaning procedure for nano-

structured 1ZO.
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3.4 Conclusion

In this chapter, the electrochemical properties of indium zinc oxide
(1Z0O) and the effect of the 1ZO modifications using FCCA and FcPA have
been studied. The results from CV measurements on 1ZO were also
compared with those on ITO. Additionally, the adsorption of FCPA on
nano-structured 1Z0O was investigated.

The charge transfer rate of a solution redox probe (Fc) with
unmodified 1ZO was much lower (< x 0.1) than that with ITO. The bulk
conductivity, the indium hydroxide species at the surface, and the oxygen
defects at the surface were considered as possible factors that cause the
difference in the charge transfer rate of Fc for ITO and 1ZO.

Adsorbed layers of FCCA and FcPA on 1Z0O were investigated and
compared with those on ITO. The electroactive surface coverages of the
modifiers on 1ZO were comparable to those on ITO. The redox potentials of
the adsorbed FCCA and FcPA on 1Z0O were ca. 70 mV more negative than
those on ITO. It can be either because of the difference in the work function
of ITO and 1ZO or because of the difference in molecule-electrode
interactions. Thus, the measurement of the work function of both electrodes

is desirable.
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The charge transfer rate of the solution probe (Fc) was higher with
modified 1Z0s using FCCA and FcPA than that with unmodified 1ZO. The
charge transfer rate of Fc with FCPA modified 1ZO was greater than that
with FcCA modified 1ZO while comparable charge transfer rates of Fc were
observed for FCCA modified ITO and FcPA modified ITO. The
electroactivation and the electrocatalytic effect of the modifiers were
assumed to generate the enhancement in the charge transfer rate of Fc.
However, the evaluation of the individual effect could not be assessed.
Investigations on the modifications using modifiers having non-electroactive
terminal groups may allow us to analyze the individual effect separately.

The adsorbed layer of FCPA on nano-structured 1Z0O was investigated.
The enhancement in the electroactive surface coverage compared to the
adsorption on “flat” IZO was comparable to the enhancement in the exposed
surface area between nano-1Z0 and “flat” IZO. The charge transfer rate of
adsorbed FcPA on nano-1Z0O was significantly lower than that of FCPA on
1ZO. Even though a conclusive explanation for the cause was not found, the
results suggest that the change in the surface morphology can alter the
electroactive surface coverage and the charge transfer rate of adsorbed

modifiers.
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4. CONCLUSION AND FUTURE DIRECTIONS

4.1 Conclusion

Several substituted ferrocenes, which have different acidic functional
groups as substituents, were used to modify TCO (ITO and 1Z0O) surfaces.
Using an electrochemical technique (cyclic voltammetry), the modified
electrodes were evaluated to see whether the modifications alter the charge
transfer kinetics at the surface of the electrodes. For both ITO and 1ZO, the
charge transfer rate of a solution probe (Fc) was greater on modified
electrodes than that on unmodified electrodes. The presence of indium
hydroxide species at the surface of electrodes is assumed to generate
electroinactive regions on the electrodes. The indium hydroxide species is
thought to be complexed with modifiers and removed from the surface
(electroactivation of the surface of the electrode). The electroactivation can
be contributed to the enhancement of the charge transfer rate of a solution
probe on modified electrodes. However, the electrocatalytic effect of the
adsorbed modifiers can also be responsible for the enhancement of the
charge transfer rate of the solution probe. Because the two effects could not
be evaluated separately, the relative degree of the electroactivation by each

modifier could not be determined. Nevertheless, the results suggest that the
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modification of TCO has a potential to enhance the charge collection

efficiency of TCO electrode.

4.2 Future directions

Adsorptions of the modifiers that have a non-electroactive terminal
group are desirable. Using a solution electroactive probe, the charge transfer
rate at the electrode before and after the modification could be compared.
When adsorbed modifiers do not have an electroactive moiety, the change in
the charge transfer rate of the solution probe could be attributed to the
electroactivation. The results from the non-electroactive modifiers would be
compared to the previously obtained results from the solution probe
experiments of ITO and 1ZO. The impact of electrocatalytic effect of Fc
containing modifiers might be evaluated from the comparison. The distance
between a solution probe and the electrode needs to be taken into account for
the comparison since the distance may vary depending on the terminal group,
and the electron transfer rate is dependent on the distance. Binding
orientation of each modifier and the distance between a solution probe and
the electrode would possibly be investigated using a spectroscopic technique

such as photoelastic modulation infrared reflection absorption spectroscopy
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(PM-IRRAS). More information on the electroactivation and the binding
orientation of each modifier would then be used for seeking a determining
factor that varies the electroactive surface coverage of different modifiers.

The surface of ITO and 1ZO will be investigated using x-ray
photoemission spectroscopy (XPS). Quantitative data might be obtained for
the indium hydroxide species and the oxygen defects at the surface of ITO
and 1ZO. This would allow us to have a better understanding about the
difference in the charge transfer rate of a solution probe and adsorbed
modifiers between ITO and 1Z0.

Adsorptions of the other modifiers on nano-1ZO will be performed.
Solution probe experiments will also be performed on modified nano-1ZO to
see if the modification has a similar effect for the electrode that has a
controlled morphology. PM-IRRAS and XPS studies will also be conducted
for modified nano-1ZO.

In addition to the modifiers that used in this study, the modifiers
containing different length of alkyl chains in between Fc and binding group
will be studied. Different results might be observed in many aspects such as
the binding orientation, electroactive surface coverage, and the contact

resistance depending on the length of the spacer. The impact of the
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modification using new modifiers on the charge transfer rate at the electrode

would be evaluated using CV and compared to the previous data.
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APPENDIX A. ANALYSIS OF DISSOLVED MOLECULE CV
EXPERIMENTS
Figure A.1 illustrates a typical cyclic voltammogram observed for a
diffusion controlled experiment. E,, and Eg in the diagram represent the
anodic peak potential and the cathodic peak potential. In this study, all CV
experiments were controlled by CHI420A software. The peak potentials can
be determined using the program. The redox potential was determined as the
midpoint potential between Ey, and E,.. Additionally, peak separation (AE))

was determined as |Ep, — Ep.|.

Current (A)

Potential (V)

Figure A.1 A typical cyclic voltammogram for the diffusion controlled

experiments.
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In 1965, Nicholson introduced a method to evaluate the charge
transfer rate of diffusion controlled electroactive species.'?? He described the
relationship between the standard rate constant (k°) and the dimensionless

parameter y as shown in the following equation.

(D_O)a/ZkO
S —nFv/RT) (A1)
U} 2o (a=n :
where D, n, F, v, R, and T are diffusion coefficient, number of charges
involved in the reaction, Faraday’s constant, scan rate, gas constant, and
temperature respectively. Additionally, the variation of the value of y as a

function of peak separation (AE,) was provided (Table A.1).
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Table A.1 Variations of the kinetic parameter depending on the peak

potential separation.’? (Adapted from Ref. 122).

As shown in Figure A.2, the data was plotted using the Origin8

program, and the equation for the fitted curve was determined to be

v = 24.248/(nAE, — 59.785)
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(A.2)
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Figure A.2 The plot of the kinetic parameter (y) vs. peak separation (AE;)

based on the data provided in Nicholson’s paper.*?

Thus, the value of y can be extrapolated from the experimental AE, value.

When constants of Equation A.1 are summarized in a parameter C, the

equation can be written as

y = CkOv05 (A.3)
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The plot of y vs. v®° can be generated by varying scan rates, and the value
of k° can then be obtained from the slope of the linear plot. Figure A.3,

shows example plots for dissolved molecules.

0.14 -
0.12 - R2=0.9978
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0.08
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Figure A.3 Plots of y vs. v®* for dissolved FCCA (top) and FcPA (bottom).
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APPENDIX B. ANALYSIS OF ADSORBED LAYER CV
EXPERIMENTS

Figure B.1 illustrates a typical cyclic voltammogram observed for a
strongly adsorbed electroactive species on the surface of an electrode. E,
and Ey in the diagram represent the anodic peak potential and the cathodic
peak potential. In this study, all CV experiments were controlled by
CHI420A software. The peak potentials can be determined using the
program. The redox potential was determined as the midpoint potential
between E,, and E,.. Additionally, peak separation (AE,) was determined

as|Epa — Epc|. Additionally, the electroactive surface coverage of the

adsorbed molecules on the surface can be calculated using the following

equation.*

I = Q/nFA (B.1)

where I' is the electroactive surface coverage, Q is the charge involved in the
reaction that can be determined by integrating the area under the peak, n is
the number of electrons transferred, F is Faraday’s constant, and A is the

electrode area.
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Current
(A)

Potential (V)

Figure B.1 A typical cyclic voltammogram for the strongly adsorbed

electroactive species.

In 1979, Laviron introduced a method to evaluate the charge transfer
rate of strongly adsorbed electroactive species.” He described the
relationship between the heterogeneous rate constant (k) and the

dimensionless parameter m as shown in the following equation.

RT
m = () (ky/nv) (B.2)
where R is the gas constant, T is temperature, F is Faraday’s constant, n is

the number of electrons, and v is the scan rate. Additionally, the variation of
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the value of 1/m as a function of peak separation (AE;) was provided (Table

B.1).

1/m nAE, (mV)
0.5 18.8
0.75 27
1 34.8
1.5 48.8
2 61.2
2.5 72.2
3 82.4
3.5 91.8
4 100.6
6 130
7 142.4
8 153.8
9 164
10 173.4
11 182
12 190
13 197.6
14 204.6

Table B.1 Variations of the dimensionless parameter depending on the peak

potential separation.’® (Adapted from Ref. 123).
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As shown in Figure B.2, the data was plotted using the Microsoft

Excel program, and the equation for the fitting curve was determined to be

1
= —1.12 x 10713x% + 8.11 x 107 1x> — 2.02 x 10~ 8x* +
2.79 x 1076x3 — 2.75 x 107°x? + 2.81 X 107?x —

3.39 x 1072 (B.3)

(X =nAE))

Thus, the value of 1/m can be extrapolated from the experimental AE, value.
The heterogeneous rate constant (ks) can then be determined using Equation

B.2.
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Figure B.2 The plot of the dimensionless parameter (1/m) vs. peak

separation (AE,) based on the data provided in Laviron’s paper.*®
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