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Abstract

The electric double layer (EDL) structure, is a physical framework for
understanding electrochemical reactions, and revealing and controlling its
structure in advancing electrochemical fields such as batteries, capacitors,
and sensors. It has been believed that mass transport, which is related to the
faradaic current, has no relation with the EDL structure so far. Recently, the
diffusion-controlled faradaic currents in a short time can be suppressed by
the EDL. The suppression of the diffusion-controlled faradaic currents is
caused by one kind of capacitive current on the EDL, which is charging the
dipole moment of the solvent molecules to compensate for the newly
generated dipole moment of a pair of oxidant or (reductant) and the counter
ion. The orientation of the new dipole moment is opposite to that of the
solvent dipoles through the faradaic reactions. When the current by the newly
dipole moment exceeds that of the solvent dipoles, the observed capacitance
has a negative value, which is called the negative capacitance (NC). This
concept has been confirmed by using the AC impedance and stripping
voltammetry. Also, fast-scan cyclic voltammetry 1is a suitable
electrochemical technique for detecting the NC because it shows voltage-
variations at a short time response. It provides not only the properties of the
NC but also the determination of reaction mechanisms.

The NC for the one-electron transfer reaction of a ferrocenyl derivative
was evaluated to be 64 pF cm for 1 mM redox concentration. The values
were found to be proportional to their concentrations. It was shown that the
NC leads to a larger peak separation in the voltammograms. It should be not
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related to the heterogenous kinetics of the electrode transfer reactions.

The concept of the NC was extended to the two-electron reduction of
hydrogen ions. The voltammograms showed two peaks, the first of which
was attributed to the reduction of adsorbed hydrogen ions. The second one
showed the NC behavior, similar to the ferrocenyl derivative. The NC causes
the potential shift at high scan rates owing to the relaxation of the electric
field for the faradaic reaction. The values of NC were twice more than that
of the ferrocenyl derivative at the same concentration.

The NC was extended further to the four-electron transfer such as the
oxidation of hydroxide ion. The voltammograms showed the diffusion-
controlled one-electron rather than four-electron transfer reaction. The
product could be assigned to hydrogen peroxide in the adsorbed state. The
anodic peak current being lower than the diffusion-controlled one was
ascribed to the NC rather than the heterogeneous kinetics. The values of NC
were invariant to the concentrations of hydroxide ions because of the
destruction of dipoles by agitation of hydroxyl radicals.

The EDL capacitance (EDLC) is known to have the properties of power
law. The similarity of the NC to the EDLC was obtained with the comparison
of the two in power-law by chronoamperometry. The chronoamperometric
curves for the oxidation of the ferrocenyl derivative showed diffusion-
controlled currents less than the theoretical ones. This deviation was ascribed
to NC not the heterogeneous kinetics. The NC was proportional to the time
of the power of -0.9, which is close to that of EDL capacitive currents. As a

result, the NC can be ascribed to the orientation of solvent dipoles triggered
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by the faradaic reactions. Ultimately, the effects of NC lead to a decrease in
reaction rates, which can be considered as one of the factors contributing to

the slow generation rates in water electrolysis in practical applications.
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Chapter 1

Introduction

1.1.Electrode|Solution interface

Electrochemistry is the research field that focuses on the chemical
changes when electric currents pass through the electrode|solution interface
[1,2,3,4]. Even if currents are observed to be zero, electric potentials often
provide thermodynamic information on chemical reactions at the interface.
Since electrochemical processes occur at the interface between these
different phases, they belong to heterogeneous reactions rather than
homogenous ones [1,4].

Electrochemical processes are classified into a faradaic and a non-
faradaic process [1,2,4,5,7]. The former is accompanied by charge transfer
reactions at the interface, called oxidation or reduction. In contrast, the latter
1s caused by charging or discharging at the interfacial capacitor without
oxidation or reduction. Electrochemical processes are always carried out
with the assistance of electrodes for the input and output of electrical energy,
where the interface is a site of the electrode reaction [6]. The electric current
flowing through the faradaic reaction is a measure of the time-variation of
the electric charge or rate of charge transfer, while the potential is a measure
of the possibility of electrochemical charge transfer [7,8,9,10]. When an
electrode is inserted into a solution, a chemical potential within the electrode

phase is always different from that in the solution phase [11,12]. Unless any



faradaic reaction occurs, the equilibrium is maintained by the generation of
electric potential in each phase so that a sum of the chemical potential and
electric potential in the electrode, called an electrochemical potential, is
common to the two phases in equilibrium [1,3,4,5,11,12,13,14,15].
Obviously, the applied electric potential is inevitable. When an electric
potential is applied to an external circuit so that the equilibrium may not be
maintained, currents flow [1-12,16,17]. Currents vary the concentration of
species relevant to the electrochemical reactions to make the non-uniform
distribution of concentrations. Then mass transport occurs to make currents
flow again so that the concentration may tend to be uniform gradually [1-
8,18]. As a result, concentrations near the interface vary with time. The
potential region with any currents or any faradaic reaction is called an
unpolarized potential domain, whereas the region without currents is called
a polarized potential domain [19,20,21,22].

I consider potential variations near the interface when the external
voltage is applied to the interface. Then, a solution phase with the potential
energy Us comes in contact with an electrode with the potential energy Up,
the energy varies drastically at the boundary, as shown in Fig.1.1. The

electric field acting on one particle was distributed the difference of the

: = . : U .
potential energy U with respect to the distance x, — e The maximum

force should lie at the interface, where a particle would be transferred to the
other phase associated with changing the molecular structure including the
transfer of electric charge [23,24]. The transfer (faradaic reaction) makes the

particle-stabilized in the transferred phase [24,25,26,27]. The change in the



molecular structure at the interface is nothing but an electrode reaction. Even
if no molecular change or transfer occurs (non-faradaic reaction), the strong
electric field of more than 10° V c¢m™ at the interface may vary the
distribution of ions and/or orientation of solvents [1-6,28,29]. The interface
without any current can be regarded as in thermodynamic equilibrium [30].

Electrochemical work has been advanced from not only the
thermodynamic equilibrium viewpoints, but also the kinetic ones
[1,2,4,5,12,14,15,31]. The former has been directed experimentally to the
polarized potential domains. Since the equilibrium potentials represent
concentrations of redox species through the Nernst equation [32], they can
work as potentiometric detectors. The concept of the equilibrium is helpful
for the identification of redox species even for electrochemical dynamics if
one pays attention only to potentials near zero currents. The polarized
domains have been utilized for study on EDLC, which are responsible for
functions of electrode reactions at the interface from a physicochemical
viewpoint, as will be described in the next section.

In contrast, the kinetic behavior in unpolarized potential domains is a
main concern in electrochemistry. Since heterogeneity of redox species near
the interface is caused by currents, it is relaxed with mass transport and/or
chemical reactions to yield temporal variations of the related components.
Therefore, the electrochemical responses should vary not only with currents
and voltages but also with time. One of the three variables is controlled
externally in conventional electrochemical experiments. For example: 1)

Chronoamperometry at which voltage or potential is controlled to measure



current vs. time curves; 2) Chronopotentiometry at which current is
controlled to obtain voltage vs. time curves, and 3) Steady-state method at
which mass transport is controlled sufficiently enough to maintain steady-
state to measure current vs. voltage curves. There are also other techniques
for combining the two variables into one, such as linear sweep voltammetry,
pulse voltammetry, and alternating current voltammetry. They have been
often utilized for conveniently electrochemical tools. These electrochemical
techniques have been used in the field of fuel cells [8,33,34,35], medical tests
[36,37,38], the characterization of biological neurotransmitters [39,40], and
the detection of gases and toxic substances involving sea-water electrolysis
called soda industry [41,42,43], the generation of hydrogen and oxygen from
water electrolysis [44,45,46], the electrowinning of copper or the extraction
of aluminum, and alkali metals [47,48], electrochemical processing through
the dissolution of metals [49,50], the development of electrical energy
storage devices known as batteries [51,52,53,54] or capacitors [53,55,56],
and the preparation of electroanalytical sensors [57,58], to name a few.

In general, the simplest electrochemical system is in equilibrium
without charge transfer steps. There is no charge transfer reaction at the
electrode|solution interface under the control of specific electrochemical
parameters, but rather the structure of its interface is altered during the
electrochemical reaction. This is realized in the EDL, which exhibits
abnormal behavior owing to the heterogeneity at the interface. An
electrochemically accessible measure is capacitance. It will be described in

the Section.1.2, along with its history. It will be extended to faradaic



processes caused mainly by diffusion relevant to the EDLC.

Potential energy U/ J

oUg .
= —2-=0 Solution
fe F
aUs
—_ — 0
s 0x
Electrode

x/nm

Fig.1.1 Illustration of the potential energy distribution between electrodes and solutions.
The X-axis is the distance from the electrode surface, and the Y-axis is the potential

energy.



1.2.Electric double layer (EDL)
1.2.1. Helmholtz model

The term of the “electric double layer” was first introduced in the early
works from Helmholtz, dating back to 1853 [59] and 1879 [60]. This concept
hypothesizes that the arrangement of charges at the electrode surface forms
a tightly packed monolayer, as illustrated in Fig.1.2, while a parallel layer

with opposite charges forms in the solution relative to the electrode surface.

Helmholtz believed that the interface structure of the EDL adhered to the

Helmbholtz layer Bulk solution

@@ Solution
DO
DO

Electrode @ @

Fig.1.2 Schematic diagram of Helmholtz model of the electric double layer

v

theory of interfacial charge separation [60]. Then, the total amount of charges
stored, O, at the electrode|solution interface is governed by the equation O =
CV, where C represents the interfacial EDLC, and V' is the voltage difference
between the two phases. This assumption is akin to a parallel-plate capacitor.

The stored energy in the Helmholtz model, U, is related to the ideal

capacitance as follows [61]:



U= f, Qdv = [lcvav = ~cv? (1.2.1)

Herein C is a constant value. It applies to ideal capacitors. However, it is
important to note that in real systems. The ionic composition of the solution
could influence the values of the C, thereby making it a variable rather than

a constant.

1.2.2. Gouy-Chapman (GC) model

Experimental data have shown that the value of the EDLC is not
constant but varies with the potential and also increases with the rise in
concentration of the ionic solution. Building upon the foundation laid by the
Helmholtz model, a French electrochemist Maurice Gouy and a British
electrochemist David Chapman significantly refined Helmholtz’s model
around 1910 [62,63], leading to what is now known as the Gouy-Chapman
(GC) model. This model acknowledges that the charge at the electrode
surface attracts ions near the electrode|solution interface due to electrostatic
attraction. The EDL becomes very rigid. However, the GC model accounts
for the thermal motion of ions, which increases the entropy of the system and
results in the formation of a diffuse layer. This makes the GC model less
compact compared to Helmholtz's one. Gouy and Chapman introduced the
concept of a diffuse layer of charged solution, marking a significant
advancement in our understanding of electrochemical interfaces. Fig.1.3
illustrates the schematic of the GC model for an ionic distribution caused by
an electric field and thermal balance by electrostatics and statistical
mechanics. The former is governed by the Poisson equation, which is related

to the Galvani potential, while the latter follows the Boltzmann statistical



equation. By conceptualizing the solution as several thin layers parallel to
the electrode, each with a thickness of dx, and assuming thermal equilibrium
among all layers, the distribution of ions can be analyzed in detail. According
to electrostatic mechanics, the charge density p(x) and the electrostatic
potential ¢(x) at any distance x from the electrode surface are expressed by
the Poisson equation:

Pp(x) _ p(x)
dx? g€,

(1.2.2)

Here, ¢ represents the dielectric constant of the solvent in the solution, and
g0 is the vacuum permittivity with a value of approximately 8.9 x 102 C2 N-

1 m—Z.

Diftuse layer Bulk solution

‘@ @ Soluton
@O e

o D O

Electrode @ @ @ @

Fig.1.3 Schematic diagram of GC model of the electric double layer

»
»

On the assumption that the solution includes monovalent cation and
anion with concentrations of ¢, and c_, respectively. In the region of larger
potential, particularly near the electrode|solution interface, the charge
density of cations decreases while that of anions increases. The charge

density of all ions is governed by the following equation:



p(x) = (c; — c_)e (1.2.3)
Where e is the elementary charge. The concentration of 1ons at any distance

with the electrostatic potential ¢(x) follows Boltzmann statistical mechanics

and is expressed as:

_Fo(x)

c.(x) = cpe RT (1.2.4)
Fo(x)

c_(x) = coe RT (1.2.5)

Here, ¢ is the standard ionic concentration, F is the Faraday constant, R is
the gas constant and 7'is the temperature. If the value of F¢ is close to zero,

the total charge density can be approximated as:

Fo(x) Fo(x) Fo(x
p(x) = cpee” RT —cypee RT = 2c,e (Zg" ) (1.2.6)
Integrating this into Equation 1.2.2, we derive:
d?p(x Fo(x
() = 2cqe o) (1.2.7)
dx? ggoRT
Fo(x)
—2 = L2 1.2.8
Co€ e RT @(x) ( )
Where L, the Debye length, is defined as:
eggRT E€gRT Ny
L = = 1.2.9
\/ZCOGZFZ \/ 2¢cyF? ( )

Under the boundary conditions where ¢ = ¢y as x tends to 0 and x approaches

infinityoco, ¢ = 0, the solution to the Equation becomes:



p(x) = woe_% (1.2.10)

Fig.1.4 illustrates the distribution of the electrostatic potential across
this interface. The relationship between the potential and the charge density

of the diffuse layer is given by the following equation:

d
o= seo( 2103?0) = (8RTegycy) /2 sinh(
x=

eF‘PA,o)
2RT

Ppo = Qo— Ps=E (1.2.11)

With the approximation in Eq.(1.2.6), the expression for o is given by:

dao 2e€0C
= . = F 2.

Here, o denotes the surface charge density of the diffuse layer. The

potential ¢, defined as the difference between the electrode potential ¢
and the potential in the bulk solution ¢g, is equivalent to the polarized
potential £, as shown in Equation (1.2.11). The polarized potential usually is
controlled by the applied electric potential. This relationship crucially links
the electrostatic properties of the electrode|solution interface with the applied
electrochemical potential. Ultimately, the variation of the total charge stored
on the interface with the applied potential can be described by differential

capacitance.
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@ /V (Potential in the solution)

Solution
po(Interface)

Electrode @, (Bulk solution)

v

x / nm (Distance from the interface)
Fig.1.4 Potential contribution of GC model of the electric double layer
Differentiating the expression for the surface charge density yields the
differential capacitance, denoted as Cgc. This can be expressed as the

derivative of the surface charge density with respect to the potential:

do 2eg5coe2F? eFppro\ €€ eFpap
Coc = = cosh( : ) = ( ' )

- — % cosh
900 RT 2RT L O\ 2Rt

(1.2.13)
Numerical values of Cgc at conventional values of the parameters are
calculated from:

EE eFE
Coc = Tocosh (ﬁ) = 228 /¢, cosh(19.5E) (1.2.14)

This equation indicates that the capacitance of the GC model exhibits a “V-
shaped” curve as a function of the polarized potential £ as well as the ionic
concentration c. This characteristic behavior is illustrated in Fig.1.5.

The differential capacitance by the GC model tends to increase
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Fig.1.5 Differential capacitance Cgc against the polarized potential

and ionic concentration.

infinitely with an increase in potential. This model assumes that the position
of ions in solution is not spatially restricted and is treated as point charges
that can approach the electrode surface arbitrarily closely. The assumption
of a point charge causes ions to get unreliably high concentrations near the
electrode. In reality system, ions have a finite size and cannot be so close to
the surface as to be smaller than its radius. A significant limitation of the GC
model is its failure to account for the physical dimensions of the ions, which
plays a crucial role in determining the actual behavior of the
electrode|solution interface. Thus, the capacitance by the GC model does not
include the extra amount of charge by the nearest electric force at the

electrode.

1.2.3. GC-Stern (GC-S) model

The experimental data on NaF NaCl, NaF, Na,SOs, and NaOH
electrolyte solutions were measured and interpreted by David C. Granhame

in detail, as shown in Fig.1.6. The capacitance observed at lower concertation

12



of electrolyte was close to the GC model assumed. However, no "trough"

was observed at high one, suggesting the GC model seemed to have

drawbacks [64].

Mag Ty 4 I i

1
Bar | ae[
L] 1I'E O
i i | 1
: \
eo LT
| it
|
£ i a0

DIFFERENTIAL CAPACITY 1N MICROFARADS PER SQUARE CENTIMETER

T
W 1 Eh 2
y:?:; ] L "'—.==-=-"‘".ym.cu, ]
A ) —oA -GB L 5 e 3 [ - a—

POTENTIAL RELATIVE TO ELECTROCAPILLARY MAXIMUM

Fig.1.6 Differential capacity of the electric double layer between mercury and aqueous

solutions of the salts named for NaCl, NaF, Na,SO4, and NaOH solution, 7= 25°C [64],

One critical aspect overlooked by the GC model is the solvation of ions
near the electrode surface. It is essential to consider the thickness x of the
solvent shell layer, which is added to the effective radius of the ion. In a low
electrolyte concentration, the solvation of the ions has a negligible effect on
the capacitance due to the significantly larger thickness of the diffuse layer
compared to x. Conversely, the charges at very high concentrations of

electrolyte accumulate to the interface at xo, resembling the Helmholtz model

13



more closely. The plane of xj is known as the Helmholtz plane, xy, becomes

a critical factor.

Compact layer _
(Helmoholtz layer) ~ Diffuse layer

P
9 @e ©

XH

v

Fig.1.7 Schematic diagram of GC-Stern Model of the electric double layer.
In 1924, Stern [65] proposed a model of the interface that incorporated

principles from both the Helmholtz and GC models. It describes a compact
layer extending from the electrode surface to the Helmholtz plane and an
additional diffusion layer, as shown in Fig.1.7.

@ /V (Potential in the solution)

1
|
|

@o(Interface) : Solution
i
|
U

@u (Helmholtz layer)

Electrode
@5 (Bulk solution)

»

x / nm (Distance from the interface)

Fig.1.8 Potential contribution of GC-Stern model of the electric double layer
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In the compact layer of the GC-Stern model, potentials are linearly
distributed to the freedom of charge movement. Conversely, the potential
contribution in the diffuse layer aligns with the predictions of the GC Model.
Fig.1.8 illustrates the potential distribution across these two interfacial layers
in the GC-Stern model.

Mathematical derivations suggested that the capacitances in the
compact layer (Cp) and in the diffuse layer (Cp) are effectively connected in
series. Hence, the reciprocal of the total capacitance in the GC-Stern model

(Cac-stem) 18 the sum of the reciprocals of Cy and Cp, expressed as:

1 1 1 «x L
7+

ggy cosh (

(1.2.15)

_— = — 4 — =
CGC—stern CH CD €&y eF(pA,O)

2RT

In this model, Cy is considered independent of the potential, whereas
Cp exhibits a V-shaped with potential, as discussed previously. The total
capacitance demonstrated complex behavior, varies with electrolyte
concentration or the polarized potential, as illustrated below (Fig.1.9).

It is expected to exhibit a V-shaped characteristic near zero potential,
primarily influenced by Cp at low electrolyte concentration. At higher
electrolyte concentrations, it is attributed to the Cp becoming so pronounced
that it virtually makes no contribution to the total capacitance. The GC-Stern
model effectively reproduced key features of real systems and provided an
explanation for the observed V-shaped differential capacitance versus
potential behavior in the mercury electrode, as shown in Fig.1.6. However,

there may be deviations due to Cy owing to the failure of the GC theory.
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Importantly, this theory of the GC-Stern model does not account for the
effects of ion-ion interactions within the EDL and the non-specific strong
interactions between ions and electrode surface. Additionally, the chemical
adsorption at the electrode surface may also influence the measurement of

capacitance [66].

High ionic
concentration

Low ionic
concentration

Cec.stem ! UF cm?

Dip due to Cp

+ 0 -
EIV

Fig.1.9 The variation of capacitance Cgc-stem With the polarized potential.

1.2.4. Grahame’s model

In 1947, Grahame simultaneously considered ions that exhibited
specifically adsorpted ions on the Helmholtz layer, and those solvated shell-
lost 1ons (typically anions). The latter ions have smaller radii to approach
closer to the electrode surface [64]. Consequently, the Helmholtz layer
presented distinct demarcations. These two separate boundaries are referred
to as the Inner Helmholtz Plane (IHP) and the Outer Helmholtz Plane (OHP).
Overall, the EDL structure is primarily divided into three regions,

encompassing the IHP, OHP, and the Diffuse layer, as depicted in Fig.1.10
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below. Within the IHP, there were small-sized ions without a hydration shell
and adsorbed anions. Despite the potential repulsion between the adsorbed
anions and the opposite charge or anions in the solution, the adsorbed anions
remained stably adhered due to the predominance of adsorptive forces over
electrostatic repulsions. Furthermore, the OHP is typically characterized by
solvated ions. Electrode redox reactions occur in this layer. The Diffuse layer
mentioned here is consistent with the descriptions provided in the preceding
sections. This section does not elaborate further on it. On the other hand, the

(Inner Helmohotz Plane)  (Outer Helmohotz Plane)

IHP OHP Diffuse layer
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Fig.1.10 Schematic diagram of Grahame-Model of the electric double layer.

test species used in this thesis have no specially adsorption behavior. There

will be not considered for adsorbed ion in the latter Chapter.
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1.2.5. BDM model
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Fig.1.11 Schematic diagram of BDM model of the electric double layer.

Currently, our depiction of the model of the electric double layer is

based on the BDM (Bockris, Devanathan, and Muller) model, as shown in

Fig.1.11. BDM hypothesized that a layer of orientated adsorbed water

molecules existed at the electrode surface due to high hydration-free energy

or the strong association of most anions with water molecules [ 67 ].

According to their model, the inner layer is constituted by solvent dipoles

and specifically adsorbed ions. The outer layer, meanwhile, aligns with the

GC model. It is important to note that the observed capacitance is not solely

dependent on the polarized potential but also influenced by the distribution

of ions near the electrode|solution interface and the types of solvents in the
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solution. This aspect of the model allows for an explanation of the variations
in capacitance observed at different electrolyte concentrations and the

polarized potential.
1.2.6. Further development

Prof. Cheng from Xiamen University in China and colleagues have
simulated the Pt(111)laqueous solution interfacial structures at various
potentials [68]. They proposed a scientific viewpoint that the change in the
coverage degree of chemisorbed water at the point of zero charge (PZC),
contributes negatively to the interface capacitance. A simple model is used

to describe this concept, as illustrated in Fig.1.12.

€n
h'( 0 Adsorptﬁﬁ’

N CWater adsorption

{\ ?H {‘H
on 0 0 5 i

/44424222222

Fig.1.12 Schematic model used to describe the water adsorption-induced change in

. t
e 4 L AHE

COrientated Solvent molecular

Helmholtz electric capacitance from Ref.[68].
The total differential capacitance in this model, Cy, of the Helmholtz
layer 1s composed of the capacitance due to water chemisorption, C,gs, and
the capacitance due to orientated water molecular as solvent dipoles, Cs,

connected in series [68]:

1 1 1
+ (1.2.16)

CH COrientated Solvent molecular CWater adsorption
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Since the dipole orientation of chemisorbed water is opposite to the
direction of the applied electric field, the value of Cyqs is negative, reaching
its maximum at the PZC. This accounts for the observed "bell-shaped"
differential capacitance curve in electrochemical experiments, offering a
coherent explanation [69,70].

Recently, a groundbreaking research by the team of Professor Marc T.M.
Kopper, a member of the Royal Society of Chemistry working at Leiden

University, discovered that the values of the measured capacitance in an

o (] Cec
predictions by Cy
o Gouy-Chapman-5Stern d
g .
Q C=36 * _I
attractive C
ion - surface aft
interaction predictions including /
0 ion - surface interaction ions attracted to the interface

increase capacitance
close to PZC

Fig.1.13 Schematic model of the mean-field model used to describe attractive ion-surface

interaction from Ref.[71].

ideally polarized Pt(111)-aqueous electrolyte system were higher than those
predicted by the GC-S model, especially at low electrolyte concentrations
[71]. This deviation appeared to be independent of the nature of the ions.
Following a fitting to the Parsons-Zobel curve, they proposed an updated
version of the advanced EDL model. Their model primarily considered the

presence of organized, adsorbed water molecules on the electrode surface,
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aligning with the BDM model with the weak attractive interaction between
ions and the electrode surface. Further, they considered the variation in the
hydration energy of water molecules with ions, leading to a non-uniform ion
concentration near the electrode surface. The revised model perfectly
matched the calculated one by the theory with experimental values across
different electrolytic solutions and concentrations and more. Fig.1.13
demonstrates this model and its corresponding electric circuit diagram. The

formula for the EDLC adheres to the following [71]:

1 1 1

== —+ =—FF— 1.2.17

C  Cu Coect Can ( )
1 1 1

_— +

CH COrientated Solvent CWater adsorption

These works provided a new perspective for understanding and simulating

the EDL structure of electrochemical interfaces.
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1.3.EDL capacitance (EDLC)

The determination of EDLC is of significant importance to the
understanding of electrochemical interfacial structures from a microscopic
viewpoint, greatly enhancing our knowledge of microstructures. The models
discussed previously provided insights into the inherent potential
dependence of EDLCs. They also served as basic theoretical support for the
electrochemical behavior of charge transfer reactions and specific adsorption
occurring at the electrode|solution interface. However, they still cannot
maintain validity with experimental results of properties of the interface,

such as frequency dependence [72].
1.3.1. Constant Phase Element or frequency dispersion of EDLCs

In the early 1970s, electrochemists have discovered the frequency
dependence of EDLCs at solid-liquid interfaces [73,74,75,76,77]. It
describes how its value differs from an ideal capacitor, changing with the
frequency of the applied electric field. Those works, integrating equivalent
circuits and specific electrochemical impedance measurement methods,
allowed for the electrode impedance (Z) of an ideal polarizable electrode
(“ideal” means Cq is independent of AC voltage and AC frequency) to be
represented by a series connection of solution resistance (Rs) and ideal

double-layer capacitance (Cy) [78]:

7= R+ (1.3.1)

lWCd

where i is the imaginary unit, and o is the angular frequency, representing
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the ideal double-layer capacitance. Variations of the imaginary impedance,
—Z> (= 1/iwCy) with the real one, Z; (= R;) yield a Nyquist plot. The Nyquist
plot for an ideal capacitor element shows a line vertical to the x-axis at R,

point as shown in Fig.1.14(a). However, a real EDLC with frequency

100——————
(a) ideal capacitor
E (b) CPE
£ | @
o
;:u (b)
R 50 1700

Z,/ ohm

Fig.1.14 Nyquist Plot of Eq. (1.3.1) for an ideal capacitor and Eq. (1.3.2) for the CPE.
The following parameters are Rs =25 Q, a =1 or 0.9.

dependence showed a sloped line rather than a vertical one in Fig.1.14(b).
This "constant phase angle" behavior, which was first named by Fricke [79],
led to the real EDLC component being called a "Constant Phase Element"
(CPE). The concept of CPE has been widely applied in various field date,
playing a significant role in the study and interpretation of complex
electrochemical behavior [72,80,81,82]. The impedance Zcpr can be

expressed with the help of a parameter a, by [83,84]:

Zcpe = Rs+ W) a0 (1.3.2)
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Here Q is a constant with a conventional unit of F s*! or F cm*? s*!. The
parameter of Q does not scale with the electrode surface area. Consequently,
the use of CPE impedance which implies proportionality to surface area, is
inappropriate for this context [85]. If the numerical values of a are close to
unity, those of Q are similar to the values of the EDLC. The real and
imaginary components in Eq. (1.3.2) are R + 0! w™“cos (an/2) and —Q!
%sin (am/2), of which the ratio yields:

—7Z>/(Z1 — R,)=tan(an/2) (1.3.3)
This accurately captures the variation depicted in Fig.1.14(b). The condition
of o=1, corresponds to an ideal capacitor. Conversely, it corresponds only to
the resistance circuit of R + O'at 0=0. This encapsulates the fundamental
concept of the CPE. Currently, CPE behavior is also referred to as the
frequency dispersion [86,87,88,89,90,91,92] of EDLCs or the power law of
frequency [93,94]. The variation is due to differing perspectives on the issue.
In detail, the CPE behavior has been attributed to surface heterogeneity,
roughness, or other electrochemical phenomena. Compared to this, the
concept of frequency dispersion is more encompassing, acting as a general
term for experimental outcomes. The power law as described is merely an
articulation of a mathematical relationship, offering a refined description of
the variations in EDLCs. The Aoki’s group has provided scientific insights
into the interrelation among the frequency dispersion. They have pointed out
a lack of description regarding the physical significance of Q in Eq. 1.3.2
within the CPE concept. The concept is based on the time derivative of

charge, g (= It) = CV, which also serves as a theoretical basis for the general
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phenomenon of frequency dispersion [95,96]. Extensively experimental
results elucidated the origin of CPE or frequency dispersion of EDLCs.
These experimental findings have been supported by different
electrochemical techniques, such as ac-impedance [72,87,88,89,90,93,97,98]
and chronoamperometry [99 Jand chronopotentiometry [ 100]. The next
section will describe the results obtained by means of AC-impedance and

chronoamperometry.
1.3.2. EDLCs by means of AC impedance

AC 1impedance, also known as Electrochemical Impedance
Spectroscopy, is a technique for analyzing resistance (which impedes the
flow of electric current) and capacitance (the ability to store electric charge)
within a system by applying AC signals of varying frequencies to obtain
dynamic responses. It typically spans frequencies from a few Hertz to several
thousand Hertz or higher. The key to AC impedance is to find the
correspondence between equivalent circuits and the interfacial and chemical
properties. However, to date, the equivalent circuits have only been
determined empirically or by trial and error to lead significant uncertainty
when interpreting the experimental data obtained. The Aoki’s group
proposed a mathematical technique for demonstrating the frequency
dispersion to address this issue [72,90]. The frequency dependence, which is
defined by dC/dw or dC/dt, is obtainable from the time derivative of the
charge ¢ accumulated in the capacitor, where ¢ = CV, and V' is the applied

AC voltage. The time derivative of g gives the AC current, i.e.
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/- d(Ccv) c dV_I_VdC
oAt T dt o dt
When the AC voltage is represented as Ve’ with an amplitude Vj, the first

(1.3.4)

term on the right side of the Eq.1.3.4 is given by iwCV. For the final term,
introducing a new time ¢’ is necessary, which can help transform time into
frequency. Obviously, it differs from the 7 in the Eq.1.3.4. Conceptually, the
reciprocal of frequency or angular velocity should correspond to time such
as @ = 1/t' = 2nf or ambiguous by a constant. The term of dC/d¢ can be

represented through variable transformation as:
dC  dC dw df dcC

= — 2 = onwi— 1.3.5
dt _ dw df dt 0 dw (13:5)
Then, the Eq.1.3.4 can be written as:
dc , dc
I =iwCV - 2nw?V—=1V [le — 2nw?— (1.3.6)
dw dw

The Eq.1.3.6 here shows that the equivalent circuit is a parallel
combination of the capacitor, C, =iwC and the resistance, R,' =
—[2rw?(dC/dw)]!, as illustrated in Fig.1.15, where the subscript p means

the parallel combination.

Go
—— =
— —W\W—
—-wW— -

Ry

c Rs Equivalent

Fig.1.15 Equivalent circuit for the frequency-dependent capacitance. The EDL

impedance as demonstrated by the CPE concept is shown on the left hand side.

The linearity in Fig.1.14(b) implies that the —w?(dC/dw) (come from
—Z,) should be proportional to wC (come from R,-subtracted, Z;). The

negative slope was defined as 1. That means the [w*(dC,/dw))/wC, =/ as a
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real constant in the real system. The differential equation by a mathematical

solution for EDLCs, C, with respect to @ can be written as:

Co=kw™ =Cpp, f* (1.3.7)
This expression is called the power-low of capacitance. The conclusion

can be demonstrated in accurate experimental results. The plot of logC,

against logf obtained by Hou, Wang et al was represented in the figure below

[87,88,89,93].
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Fig.1.16 Plots of log (Cp) against the logarithm of the f'in the 0.5 M KCl solution at the
Pt electrode.

When the electrode materials are platinum and HOPG, the values of 4
from the slopes are all close to 0.1, whereas are from 0.001 to 0.1 at PANI-

coated electrode experimentally.
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log( Cp / uF cm?)

0'60 M % M é " 1
log(f/ Hz)

Fig.1.17 Plots of log (Cp) against the logarithm of the fin the 0.5 M KCl solution at the
HOPG electrode. The inset is the variation of C, with the ¢ which is equal to 1/2xf.

1.3.3. EDLCs by means of chronoamperometry

According to experiment result by the AC impedance as described in

Section.1.3.2, the capacitance has been empirically expressed by C, =
Coanz f ~2 where f'is the AC-frequency, A is a positive constant variously,

and Cp 1y, 1s the EDLC at /= 1Hz. An important concept is to replace

frequency with the chronoamperometric time ¢, through 2rnf = 1/t, the
time variation of the capacitance yields:

Cp = Cp,lHZ f_/1 = Lp,1s t=* (138)
Where C, 15 is the capacitive value at 7 = 1s, given by Cis = (2n)* Cp.11.. The

expression indicated that the EDLCs can be simply evaluated over a time

scale of 1s. The assessment of the power law, A, was experimentally
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determined through the observation of the plots of logarithmic
chronoamperometric currents against the time. He, ef al. have found that the
current initially decreases linearly for times shorter than 0.1 milliseconds,
and subsequently follows a power-law plot in the millisecond domain. The
results are shown in Fig.1.18. The theoretical expression can be derived

through the differential equation with respect to #:

d (cv d(C, {t*V
I = (dt ) _ (p'cll; ) _ AV Gy 15?1 (1.3.9)

log I =10g(AVC,15t*™1) = (A — Dlogt + log(AVC, 45) (1.3.10)

4 3 2 1 0 1

Fig.1.18 Plots of the logarithm of the chronoamperometric current against the logari-
thm of time observed at the 0.1 V step in the solution of the concentration of 0.01 M
KCL

The EDLCs followed a power number near 0.1 by the theory and
chronoamperometric curves aligning with AC impedance. The assigned
value of 0.1 may reflect the ratio of the equilibrium energy of the orientation

to the activation energy of the kinetics. The following section will focus on
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interpreting the frequency dispersion of EDLCs from a molecular level in

the viewpoint of thermodynamics.
1.3.4. Origin of frequency dispersion of EDLCs

It is important to know what the variable controlling the EDLCs is
before exploring the cause of frequency dispersion. In 2013, Hou, et al. had
measured the impedance in 13 kinds of solvents, providing effective answers
[88]. Fig.1.19 shows variation of (C,)ein, with the inverse of the length of

the oriented molecules, d,, for these 13 solvents.

O 6 8 10 12

1/(d__/ nm)

Fig.1.19 Variation of the EDLCs with the inverse of molecular diameter obtained from
the solvent molecule.

The EDLCs are inversely proportional to the length of a solvent
molecule along the dipole moment. From this, it can be understood that the
EDLCs are primarily influenced by the localization of charge of solvent
dipoles in response to the external electric field. Further, the Aoki’s group

has considered the origin of frequency dispersion or time dependence of
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EDLCs based on several experimental results as follows:

An externally applied electric field seems to orient solvent dipoles in a
uniform direction to decrease electrostatic energy, as illustrated in Fig.1.20.A.
If the solvent dipoles were to be arranged only by electric field, it would take
a period of the nano-second scale owing to the orientation of the dipoles. The
actual relaxation time is as long as second-order, as experimental results have
shown in Fig.1.16, Fig.1.17 and Fig.1.18. It should be composed of other
interactions in pair energy as play. The interaction energy of hydrogen bonds
(Solvent-solvent interaction) on electrodes is ten times larger than field-

oriented (Solvent-electrode interaction) energy, and thus neighboring water

dipoles are alternately oriented, as shown in Fig.1.20.B.

(A) (B) (C)

Fig.1.20 Illustrations of the orientation of solvent dipoles responding to positive voltage
at an electrode when A) the interaction only by external field, B) the interaction among
the dipoles is stronger, and C) it is balanced with the latter energy and thermally
fluctuated.

As a result, the reason for the frequency dispersion is that the external
field cannot orient uniform solvent dipoles on the electrode owing to the
solvent-solvent dipole interaction which is ten times larger than the field-

oriented dipole energy. It caused the relaxation time is not uniform. Then,
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the thermal fluctuation agitates the turnover of the solvent dipoles to yield

an average value of the two-directional orientation. This value provides the

EDLC following the model which is as shown in Fig.1.20.C.
1.4.Faradaic reaction

A faradaic reaction is caused by charge transfer steps triggered with
application of applied voltage. Then, under the influence of an applied

voltage, the faradaic current dynamically flows until the equilibrium is
established. The exploration of this step is called electrochemical kinetics. A

comprehensive understanding of the electrochemical behavior occurring at
the electrode|solution interface during faradaic reaction necessitates the

viewpoint of both equilibrium and kinetics.
1.4.1 The view of equilibrium

Zero current is observed either in an equilibrium state of a single charge
transfer reaction or in a balanced current state with a mixed potential of two
or more reactions. The former potential is determined by the equality of the
electrochemical potential of a reduced species with that of an oxidized one.
For an n-electron transfer reaction, R <>O + ne", the equilibrium incorporated

with the electrode potential, E.q, 1s given by the Nernst equation:

RT Ox
Eeq=E°+ R Yol OxL
nF Vred [Red]

where E° is the standard electrode potential of the redox couple, [Ox] and

(1.4.1)

[Red] are the concentrations of oxidized and reduced species at the electrode

surface. In particular, they are the same as the bulk concentration under the
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equilibrium conditions. y is the activity coefficient. In case of difficulty in
evaluationg y, which is usually assumed to be unity in dilute solutions, it is
convenient to express the Nernst equation with a uniform one. Replacing E°-

(RT/nF)In(%ox/ %eq) by the formal potential, £, yield:
RT  [0x]
Eeq = E¥ + —1
ea = 50T 0F " [Red]

When the potential scan past the equilibrium potential by the voltage-step

(1.4.14)

method, the oxidation or reduction of electroactive species is initiated and
detected as peaks. The values of the peak potential can provide us with the
means to determine the position of the reaction equilibrium. These concepts

will be used in the latter chapters.
1.4.2 The view of Kkinetics

An electrochemically kinetics perspective informs us of the rate at
which electrode reaction occurs to reach the equilibrium. Then, the Nernstian
behavior does not hold and the electrode is kinetically limited [101]. We have
used conventionally the Butler-Volmer (BV) equation to describe the
potential dependence of electron transfer reactions at the electrode|solution
interface. For a first-order heterogeneous oxidation and reduction reaction
[66,102,103]:

Ox + ne” = Red™” (1.4.2)
The rate constants for oxidation and reduction reactions are represented by

kox and kieq, respectively. Their equations are given by:

(1—-a)nF

pr— (E—E%) (1.4.3)

kox = koexp
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—anF
RT

Here, ko is the standard rate constant. It is due to the equilibrium conditions

kieq = ko exp (E — EO)] (1.4.4)

where koyCroq = kredCox» leading to koy = kieq = ko. The physical
significance is that it reflects how quickly the reaction reaches a new
equilibrium through mass transport when the applied external voltage is
changed. a is the transfer coefficient, generally close to 0.5. The value of a
changes with the voltage strictly speaking.

The dynamic current equals the difference in the reversible reaction,
which can be expressed as [102,104]:
I = nFA[keqCox(0,t) — koxCrea(0,1)]

—anF(E-E°) (1-a)nF(E-E®)

= nFAk,|c,x(0,t)e  RT — Creq(0,t)e RT (1.4.5)

This is the renowned BV equation.

1.5.EDLC:s involving the faradaic reaction

1.5.1 The basic concept

When discussing EDLC involving faradaic reaction, both EDL
capacitive current and faradaic current flow through the real system. The
mechanism of the faradaic current is a charge transfer step for a Lithium
battery, while the EDL causes a time variation of accumulated charge.
Faradaic current arises from a chemical process, typically generating direct
current (DC), whereas the EDL involves a physical process. The basic
difference between these mechanisms indicates that two currents are

essentially independent of each other. As early as 1933, Frumkin predicted
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possible “dependence” if electrolyte concentration was low. He thought that
the observed faradaic currents may depend on concentrations of salt or
structure of EDL which associated with EDL capacitive current. However,
Frumkin’s concept has not been supported experimentally. This is due to the
difficulty in measurements at experimental conditions.

In addition, when exploring the relation between faradaic current and
EDL capacitive currents from the perspective of practical applications, the
focus often shifts towards supercapacitors, hybrid capacitors, or pseudo-
capacitors. Supercapacitors, as the name implies, refer to capacitors capable
of storing a large amount of electrical energy. The first device resembling a
supercapacitor was designed by H.I. Becker in 1954 [105]. His design
allowed the capacitor to achieve very high capacitance even at low voltages.
In that era, the designed supercapacitors were all based on the properties of
EDLC. It was not until 1970 that researchers commercialized standard
supercapacitors by using a high surface area of activated carbon as electrode
material. It has been realized that the performance of supercapacitors, such
as energy density (the ability to store energy), power density (the ability to
charge and discharge quickly), and cycle life, greatly depend on the electrode
materials. This discovery inspired Brian Evans Conway to give attention to
electrode materials such as transition metal oxides (e.g., RuO,, IrO,, MnQO,)
from 1962 to 1990 [ 106, 107 ]. The introduction of these materials
significantly increased the energy density of capacitors. This type of
capacitive behavior is caused by charge transfer through a faradaic reaction

on the electrode interface, rather than being purely a physical phenomenon
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like EDLC. Conway defined this capacitive behavior involving faradaic
reactions as pseudo-capacitance. Later, conductive polymers (e.g.,
polyaniline or polythiophene derivatives) were also found to exhibit pseudo-
capacitance behavior through doping into electrodes accompanied by
intercalation or electrical adsorption reactions and were used in the
development of pseudo-capacitors. The collective term for EDLC and
pseudo-capacitors as supercapacitors was first proposed by Conway in 1999
and has been in use ever since. In recent years, due to market demand,
researchers have developed hybrid capacitors that combine the
characteristics of supercapacitors and batteries. For example, hybrid ion
supercapacitors contain an activated carbon electrode (as a EDL capacitive
type electrode) and a lithium-based intercalation compound electrode (as a
battery electrode); another type consists of an asymmetric supercapacitor
made of an activated carbon electrode (as a EDL capacitive type electrode)
and a composite electrode based on pseudo-capacitive active material (as a
pseudo-capacitive type electrode). Both of the above capacitors have been
widely used in electric vehicles, renewable energy storage systems, mobile
devices, and other chemical fields.

The development history is based on practical commercial applications
of EDLC involving faradaic reactions, as described in the previous
paragraphs. The performance parameters of faradaic capacitors such as
energy density, power density, and capacitance values can be determined by
some testing techniques, for example, cyclic voltammetry and constant

current charge-discharge. The measured values of faradaic capacitance have
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been reported which are hundreds to thousands of times higher than those of
EDLCs alone. From a fundamental conceptual standpoint, the understanding
of the mechanism for energy storage encompasses not only the accumulation
of non-faradaic charges at the electrode|solution interface but also the storage
of charges through faradaic reactions. In fact, the interpretation of the
accurate mechanism varies among researchers.

Since the faradaic reaction often involves multiple steps of charge
transfer, mass transport, or adsorption behaviors, understanding the
mechanism of faradaic reactions in EDL structure is highly challenging. The
approach to resolving this is through the use of an equivalent circuit, which
can simplify the analysis of the entire electrochemical process and also allow
for precise, independent analysis of each step. This enables the exploration
of whether a faradaic reaction in the EDL structure offers a high energy

density similar to that of pseudo-capacitance.
1.5.2 The equivalent circuit when a faradaic reaction occurs

The equivalent circuit for EDLC, C,, is mentioned in Section 1.3. Here
our initial focus is on establishing an equivalent circuit when a faradaic
reaction occurs. In this thesis, we only involve redox species that are
controlled by diffusion. Therefore, the faradaic reactions considered here are

only subjected to control by the charge transfer steps and diffusion steps. The

. Rt
Equivalent

Fig.1.21 Equivalent circuit for the faradaic impedance.
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resulting faradaic impedance, Zp, includes the resistive component, R,
representing the charge transfer resistance, and a general impedance, Zy,
caused by the diffusion step, known as the Warburg impedance on the EDL
impedance [108].

It is necessary to consider the relationship between faradaic impedance
and EDLC impedance. According to the description in the previous section,
it 1s intuitively suggested that in supercapacitors undergoing faradaic
reactions, the electrical energy is expected to surpass the sum of only the
energy from the EDL capacitive behavior and that from the faradaic reactions
alone. In other words, the observed current, /,,s, must be greater than the
simple sum of the capacitive current, /¢, and the faradaic current, /. If one
considers these components to be in series in an equivalent circuit, the total
current, /s s, mathematically equals to /cl¥/(Ic+1r), which would necessarily
result in /s s being less than their sum, a proposition that cannot stand. Thus,
they would be in parallel, where the observed current, /ys,, should be the
simple sum of /c and /r. The parallel relationship physically signifies that
both are generated at the interface but functionally, the faradaic impedance
and its EDL impedance are independent. This leads to the currents induced
by each one to be independent as well [96].

In earlier years, Warburg and others have demonstrated through
diffusion equations that the real and imaginary parts of the Warburg
impedance are equal [109,110,111]. The Aoki's group has utilized this cruci-
al finding as a foundation to elucidate the relationship between faradaic

impedance and EDL impedance.
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This exploration into the interplay between faradaic and EDL capacitive
responses not only enriches our understanding of electrochemical interfaces
but also guides the right mechanism of supercapacitors for enhanced
performance. The extensive experimental data from the Aoki’s group have

yielded contrary results.

1.5.3 AC-impedance of determining the negative capacitance

R
_ —WW—

Equivalent

— =

W .
— & —WW—

Fig.1.22 Equivalent circuit when the diffusion-controlled faradaic reaction occurs, which

includes the EDL impedance and faradaic impedance.

The equivalent circuit, where the faradaic impedance is in parallel with
the EDL impedance, is shown in Fig.1.22. The EDLC current density, jepr,
and its faradaic AC current density, jr, are given by the following Equation,

respectively [22,95,112].
dColac _ Codlac | YacdC,

JepL = i~ e a4z (1.5.1)
-1
je =1+ )c*FA/DwV,, [\/ERT cosh? (%)] (1.5.2)
dc — RT WO,

39



Where the AC voltage V,. = Voe™ was applied to the electrode, ¢” is the
sum of the bulk concentration of the oxidized and reduced species and D is
the diffusion coefficient. Since the concept of admittance is typically
analogous to the current, the admittance of EDLC, when considering its

property of frequency dependence, can be depicted as follows:

_1 .
YEDL = Z = (/1 + l)(,l)Cp (154‘)
When the EDL impedance is considered to be independent of the Warburg
impedance, the observed current is a simple sum of the currents through the

EDL and the Warburg impedance. Then, the real admittance Y; and the

imaginary admittance Y, are given by:

Y1 = AoC, + Yy = Ak f=4 + kyf~1/2 (1.5.5)
Y, = oCy+ Yoy =kaf ™+ kyf Y2 (1.5.6)
Here,

Yo = c*F?VDw [\/fRT cosh? (%)]_1 (1.5.7)

The Aoki’s group conducted AC impedance measurements on the
ferrocene derivatives, 1i.e. ferrocenylmethyl tetramethylammmounium
involving simple one-electrode transfer faradaic reaction. They plotted the
relationship between log Y and log Y> against log f, as shown in Fig.1.23. A
clear trend of deviation at high frequencies was observed. Tang. et al. in their
measurements on different redox species (hexaamineruthenium and
hexachlorirridium), observed a similar phenomenon [112]. This

phenomenon is characterized by decreased EDLCs. Therefore, it is referred
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Fig.1.23 Variations of log Yi(a) and log Y>(b) with log f at the unpolarized potential in the
solution of 1 mM FcTMA™ + 0.5 M KCL

to as the “Negative Capacitance” phenomenon.
1.5.4 The concept of negative capacitance

When a faradaic reaction occurs at the electrode|solution interface, a
positive charge is generated electrochemically. It is easy to be neutralized
with the negative one from the solution or partial charge of solvent molecules.
It is called the redox charge dipole. This diploe is oriented in the direction
opposite to that of the field-oriented solvent dipoles [22,95,112,113].
Therefore, it works to suppress EDLC, as shown in Fig.1.24. When its
contribution overcomes the EDLC current, the observed capacitance has a
negative value. This is an explanation of the phenomenon of negative

capacitance (NC).
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The new evidence for the explanation of the physical meaning behind
the phenomenon of NC had been provided in 2019 and 2023. The anodic and
cathodic stripping voltammetry were used to investigate the deposition and
stripping of silver ions [114,115]. An imbalance of charge was observed
between the deposition and stripping. The formation of redox charge dipoles
from silver ions (Ag") and counter ions (NO;~) was the fundamental cause
of this imbalance. It was clearly demonstrated that as the concentration of
NOs™ increases, the values of NC also increase [116]. The effect of NC is

closely related to the lifetime of the redox charge dipoles.

L LW J
% L
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Fig.1.24 Tllustrations of the orientation of solvent dipoles responding to the positive
voltage at an electrode when the redox charge dipole generated through the faradaic
reaction.

1.6.0bjectives

Electrochemical processes including non-faradaic and faradaic
reactions (Section 1.1) at the electrode|solution interface have been
understood by analyzing electrochemical behaviors under various
experimental conditions. For non-faradaic reactions, the EDLC can be
observed at the thermodynamic equilibrium primarily due to the arrangement

of solvent dipoles rather than the non-uniform of ions. It exhibits both the
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voltage (Section 1.2) and time dependence (Section 1.3.1). The voltage
dependency is typically governed by the electric field generated by the
applied external voltage, while the time dependency arises from cooperative
phenomena among solvent dipoles. These findings have been substantiated
by extensive experimental evidence in our Lab (Section 1.3). Traditionally,
faradaic reactions have been considered to be independent of the behavior of
the EDLC. However, the arrangement of dipoles by the field is akin to the
formation of redox species, as shown in Fig.1.24. Faradaic currents at a short
time should include the capacitive currents, of which sign is opposite to the
EDLC currents. It is caused by the generation of “a redox charge dipole”,
which is by the redox species and a counterion. Its capacitance is called NC.
Our research group has attempted to measure faradaic capacitance
suppressed with a kind of EDLC using the AC impedance and stripping
voltammetry (Section.1.5). The formation of NC has braked the conventional
understanding of independence. Since the NC decreases observed faradaic
currents, it looks like a delay or blocking of currents owing to heterogeneous
kinetics. This thesis aims to disclose the significance of the NC for
measurements of time-dependent curves and to offer a scientific explanation
at a molecular level. The experimental techniques are fast-scan cyclic
voltammetry or chronoamperometry to measure the faradaic reactions
involving different electron transfers. It also aims to obtain the explanation
by investigating the time-dependence of NC from the viewpoint of
thermodynamics and kinetics. The step-by-step objective is enumerated in

terms of hypothesis and advantages of techniques:
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11.

1il.

1v.

An extensively used technique with the time-voltage dependence is

fast-scan voltammetry. It can also reveal the kinetic information. A

simple one-electron transfer reaction (FCTMA* — FcTMA?") is

used for demonstration of the NC in contrast with the heterogenous
kinetics.

Fast-scan cyclic voltammetry can manifest reaction mechanisms if the
NC effect is subtracted. The classic half-reaction of water electrolysis,
where the reduction of H" (H™ — H,), involves two-electron transfer
steps. Our research aims to extend the aforementioned studies on a
simple one-electron transfer reaction to this complex one. A question
arises whether the generation of intermediates might influence the
values of NC.

Dioxygen in basic solution has been recognized to arise from the
reaction, 4OH— O, + 2H,O + 4e~. The four-electron transfer
indicates some complications by various stepwise involving unknown
intermediates in adsorbed states or dissolved ones with irreversible
reactions. Intermediates can be detected by analyzing fast-scan cyclic
voltammetry in light of the effects of the NC.

The redox charge dipole causes a time-delay in faradaic reactions as
long as the EDLC. It is interesting to examine a possibility of whether
the time dependence of EDLCs is reflected in the NC or not. The
electrochemical technique such as chronoamperometry is the simplest

ones. The similarity will be examined for FCTMA™ species.
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1.7.Scope of the study in this thesis

Chapter 1 describes the significance of the electrode|solution interface.
Several physical models related to the interfacial structure are discussed. The
EDLC in the presence of faradaic reactions is addressed from both
thermodynamic and kinetic scientific perspectives as the background of this
thesis.

Chapter 2 introduces the electrochemical methods used in this research
work, such as fast-scan cyclic voltammetry and chronoamperometry, related
theoretical parts, and derive equations for these methods.

Chapter 3 focuses on determining the phenomenon of the NC using fast-
scan cyclic voltammetry, with one single electrode transfer redox reaction as
the oxidation of FCTMA™.

Chapter 4 applies the theoretic concept of the NC to the reduction of
hydrogen ions, H*, which is one of the half-reactions in water electrolysis.

Chapter 5 deals with another half-reaction in water electrolysis, the
oxidation of hydroxide ions, OH" involving adsorptive ions. The fast-scan
voltammetry method was used to confirm adsorptive substances and also to
verify the NC.

Chapter 6 verifies the frequency dependence of the EDLC and the NC
using chronoamperometry, where the capacitance exhibits a power law of
0.9. The faradaic reaction makes solvent molecules rearrange exhibiting a
total power law of 0.4.

Chapter 7 is the conclusion part of the thesis.

References for Chapter 1 are given at the end of the first section. References
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for the remaining chapters are given at the end of the thesis.
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Chapter 2

Theory of Measurement of Negative Capacitance

2.1.Fast-scan cyclic voltammetry

We characterize theoretically the property of the negative capacitance
using fast-scan cyclic voltammetry. The dynamic variation of the redox
charge density o, which is generated from the faradaic current density, jr,
brings about the negatively capacitive current density, jx = do/d¢. Since the
two current densities are in logical conjunction, the inverse of the observed
capacitive current density, j., is a sum of the inverse of the two:
1/je = 1/jr + 1/jix (2.1.1)

The surface charge density for the oxidized species is followed by the
Nernst equation like for the volume concentration at the surface. Therefore,
we can write
o=0o /(1+¢%) (2.1.2)

where o is the sum of the surface charge of the oxidized and the
reduced species, and = F(E — E°)/RT. Then j is given by
Jix = do/dt = o (Fv/ART) sech?({/2) (2.1.3)

Since the faradaic current here is controlled by diffusion of FcTMA™ by

fast-scan cyclic voltammetry, we have
* ¢ 2 X
j# = (FEI4)(FDVIRRT)2[; ({— x) 2 sech? (5) dx (2.1.4)

where i, i1s the dimensionless initial potential. Since the observed
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current density j is given by jr - je, it is represented by j = jr - jrjix/(F + jix)-
The dimensionless current density into which Eq. (2.1.3) and (2.1.4) are

inserted is expressed as

. [rT _ 1 1
% o 4\/_f§ (&—x)2 sech2 ( )dx{l — 1+h@} (2.1.5)
where

h($) = \/_G* /RTFD fg (C—x)~ zsechz( )dx/sechz(g72) (2.1.6)
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Fig.2.1 Voltammograms calculated from Eq. (2.1.5) for (¢'/c"*v/RTFD = (a) 0.0,
(b) 0.09, (¢) 1.0, (d) 4.0, (e) 16.0, and () 49.0. The inset shows voltammograms of
(A) jr, (B) je, and (C) j, calculated for (¢/c")*v/RTFD = 4.

Fig.2.1 shows the dimensionless voltammograms calculated from Eq.
(2.1.5) and (2.1.6) for various values of (o /c")y>v/RTFD. The negative
capacitive current makes the observed peak not only decrease by the
magnitude [1+4(<)]"! but also shift in the positive direction. The potential

shift is caused by the term of sech?(¢{72) with the bell shape (B), as shown in
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the inset of the figure.

Voltammetric peaks of j; were detected for various values of
(o'/c")*V/RTFD by computation of Eq. (2.1.5) and (2.1.6). Fig.2.2 shows the
variation of the peak potential with the logarithmic, dimensionless scan rate.
The peak potential increases with an increase in log[(o/c¢")*/RTFD], and

the plots fall on a line for log[(o'/c")*/RTFD] > 3, expressed by

E,— E°=52 log[(c'/c"Yv/RTFD] + 41 2.1.7)
100}
2
— 80
u:lo_ 60
B o®
400_0000000"". ’
-2 -1

log[(o /¢ )’v/RTFD]

Fig.2.2 Dependence of the peak potential on logarithmic scan rates, calculated from
Eq. (2.1.5) and (2.1.6). Lines (a) and (b) have slopes of 52 mV and 120 mV,
respectively.

Where units of 52 and 41 are mV. This slope (line (a)) is smaller than
that by the BV equation, which is 120 mV at the transfer coefficient of 0.5
(see (b)). It is close to the averaged value of eleven points (53+12) mV with
the later type of Fig.3.3. If the voltammogram at the anodic scan is symmetric
with that at the cathodic one, the difference in the peak potentials at v=1V

s'! is represented by
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Eon—Epc =104 log[(o'/c")*/RTFD] + 82 (2.1.8)

The intercept of the plots of Eps and E,c against log vatv=1V s!is
equivalent to the left term in Eq. (2.1.8). Then we evaluated o to be (4 £
2)x10”° C cm™ for values of ¢*= 1mM, D = 0.76x10 cm?s™!. This value of
o, corresponding to the surface concentration of the adsorbed species o/F
= (4 £2)x1071° C cm™, might be close to the monolayer-adsorbed density of
FcTMA™.

Fig.2.3 shows the dependence of the dimensionless peak current on the
square root of the dimensionless scan rate. The peak currents at slow scan
rates ((o/c")(v/RTFD)'? < 0.2) are proportional to v!/2, whereas those at high

scan rates ((o'/c")(v/RTFD)"? > 1) take a linear relation exhibiting an

o 1
30.8
& L
~ 0.6
x |
7 04
e
= 0.2
)

=
—

2
(c/c)(v/RTFD)""?

Fig.2.3 Dependence of the dimensionless peak current density on logarithmic scan
rates, calculated from Eq. (2.1.5) and (2.1.6). Lines (a) and (b) have slopes of 0.446
and 0.35 (=0.496x0.5'%) at the transfer coefficient of 0.5, respectively. Line (c) is an
extrapolation for (& /¢ )(v/RTFD)"? > 1.0.
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intercept ((c) in Fig.2.3). The latter variation is different from the BV type in
which the current should be proportional (zero intercept) to v'2. The
variation is close to the experimental result of Fig.3.2 except for the absence
of the current at v = 0. It is unpractical to realize the conditions of
(c/c")(v/RTFD)"? > 1 at conventional experiments.

Amounts of the theoretical peak currents divided by v'? were plotted
against v'?in Fig.2.4. The variation for (o’/c")(v/RTFD)"? < 0.3 shows a line,
expressed by
Jo/V?=0.446¢"F(FD/RT)"* - 0.161 F*v'?/RT (2.1.9)
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Fig.2.4 Variation of dimensionless j,v'""? with v!"2, calculated from Eq. (2.1.5)
and (2.1.6).

The plot deviates only at very fast scan rates, e.g. 40 V s
((6°/c")(v/RTFD)"? > (.2). Therefore, the plot in Fig.3.4 can be justified. The

comparison of Eq.(2.1.9) with the empirical equation (3.3) yields the equality
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C=0.166F/RT = Cpy (2.1.10)
This is the negative capacitance at the reaction peak. A value of & calculated
from Cp (64 uF cm™? at ¢ = 1 mM) is 1.0x10” C cm™, which corresponds
to 1.1x107'° mol cm™ if one redox molecule is responsible for one elementary
charge. This value is equivalent to (1.3 nm)? per area of one redox molecule.
FcTMA™ molecules look as if they were adsorbed in mono-molecular form

only at the peak potential.

2.2.Chronoamperometry

The concept of the power law of the negative capacitance by
chronoamperometry is outlined here. When an oxidation potential is applied
to an electrode in a solution containing a redox species, the Nernst equation
determines the activity of the redox species on the electrode surface. If the
activity is equivalent to a concentration on the electrode, the difference
between the surface concentration and bulk concentration causes diffusion,
the flux of which is observed as current. The current values are specific to
applied potentials. This logic is valid for the assumption of the equivalence
of the activity to the concentration. The activity is a measure of such an
effective concentration that the energetical balance is formally satisfied via
the Nernst equation. In contrast, concentration is the number density of the
redox species without considering any energetical concept. It is the
concentration rather than the activity that can control diffusion equations.

If the dipole-dipole interaction in solvents, for example, hydrogen
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bonding energy, is larger than the standard chemical potential term (the
product of the chemical potential times the exchanged charge), the activity

value calculated via the Nernst equation is different from concentration.

[B]

=
a—
G

Fig.2.5 Arrangements of redox charge dipoles (black arrows) and solvent dipoles
(blue). Since dipole interactions are canceled (a,a’) with the solvent dipoles, the dipole
interaction in (A) is the same as (B). The activity of (A) is the same as in (B). Dipoles
of (b,b") work as EDLC.

Fig.2.5 shows an illustrative example of the difference between when a
redox species Fc is partially oxidized compared to Fc™ by applying an
oxidation potential. The oxidation is associated with charge neutrality via a
counterion (CI") to form a redox dipole (indicated as two parallel arrows).
Water dipoles neighboring Fc'-Cl™ are oriented in the direction opposite to
the orientation of F¢*-C1™ (in imaginary cells (a) and (a’)) in order to decrease

the dipole—dipole interaction energy. Those next to (a) should be directed
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toward the electrode in (b), which can participate in the formation of EDLC.
The dipolar structure in (a’) is similar to that in (a). If F¢* in (a') is not
oxidized, the neutral form of Fc has no effect on the orientation of the
neighboring water diploes in (b’), which may be thermally fluctuated,
reaching the sum of the dipoles and the zero dipole moment in (b’). The
interaction energy in [A] is the same as that in [B] for dipole-dipole
interactions, resulting in the same chemical potential in [A] as in [B].
Consequently, the concentration on the electrode is different from the activity
controlled by the Nernst equation, as described in Section. 1.4.

We describe the time dependence of EDLC, which is not only reflected
in heterogeneous kinetics but also helpful for subtracting the EDLC
components from the observed components. When voltage V' is applied in a
step form to EDLC, the chronoamperometric current density at ¢ > 0.3 ms
can be calculated as follows [1]:
jepL = AVCyst?t (2.2.1)

where Ci; is the EDLC per area at = 1 s, and A is the number close to
0.1, according to previous results [1]. It is not in the form of exp(—#/R,C) for
a solution resistance, R and C in the EDL structure, because it largely
deviates from an ideal capacitance due to frequency dispersion. Since no
point of zero charge has been found on a platinum electrode in various

aqueous solutions [2,3], V' is the step voltage independent of the formal

potential of a redox species. Although the decay speed (1~°?) is larger than

the Cottrell’s decay value (¢%°), the EDLC current still survives even at 1 s.
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This long relaxation caused by the power laws may be involved in the
heterogeneous kinetics via dipole interactions.

We consider a faradaic current via a one-electron transferring Nernstian
redox couple dissolved in a solution. The mass transport of the redox species
is assumed to be controlled by time-dependent one-dimensional diffusion via
the diffusion coefficient, D, common to reduced and oxidized species. When
a potential is stepped from a fully reduced domain to a given oxidized
potential E, a solution of the diffusion equation provides the relationship
between the surface concentration, c;, and the observed current density, jqb

[4] as follows:

1t 1

cg =c*— F‘l(nD)_ff Jop (W) (t —u) 2du (2.2.2)
0

where c¢* is the bulk concentration of the redox species, and F is the

Faraday constant. The observed current density is the result of subtracting

the negatively capacitive density, ji, from Cottrell’s current density, jc:

Job(t) = Jjc = Jix (2.2.3)
where:

jc = c*F(D/mt)*/? (2.2.4)

Jix = PV Cpyth 1 (2.2.5)

Here, u is a positive number close to zero because the behavior of u
seems to be similar to that of A in the mechanisms, and Ci is the capacitance
associated with a redox reaction. The functional form of j is assumed to be
similar to that of EDLC (Equation (2.2.1)) because of the similarity of the

current source by the dipole-dipole interaction. Inserting Equation (2.2.3)
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into Equation (2.2.2) and carrying out integrations via the Beta function

formula Eq.(6.2.1) in [5] We have:

1

cs(t) = ((WVCr) /(FDYV2 )T (W) /T (1 + 1/2) 372 (2.2.6)

where I' is the gamma function. This equation states that the surface
concentration decreases with #'? dependence. Although sufficiently
oxidized electrical potential is applied to the electrode, the concentration of
the reduced species may not instantaneously reduce to zero. The observed
currents lower than the Cottrell’s current mean that the concentration values
on the electrode are detectable.

Observed currents always include the EDLC current, i.e., Ic — Iix + IgpL.
Each contribution is examined here in order to find which current contributes
the most to ¢;. Chronoamperometric curves were calculated using Equations
(2.2.1), (2.2.4), and (2.2.5) for our experimental values of c¢* D, A and u,
where the gamma functions were evaluated with the use of the approximate
Eq. (6.1.35) in [5]. They are shown in Fig.2.6.A, and the Cottrell plots (7 vs.

12) are shown in Fig.2.6.B. The lower deviation of the current, Ic— I, from
the Cottrell equation is noticeable at a time shorter than 0.1 s (+'2 > 3 in

Fig.2.6.B) and is a kinetic effect. The time-dependent current must include
the DLC current (c). The observed current, /c — Irx + Iepr, 1s predicted to be
curved (d), which is close to the Cottrell equation without the capacitive
current. When c* is less than 0.1 mM, values of Ic — I;x are close to those of
Iepr. Thus, pulse voltammetric currents for low redox concentrations always

suffer from capacitive currents [6,7,8].
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Fig.2.6 Chronoamperometric curves (A) and their variations with £ (B) for (a) Ic,
(b) Ic — I, (¢) IepL, (d) Ic — Ix + IepL, calculated from Equations (1), (4) and (5) at ¢*
=1mM,D=0.7x10"cm?s !, u=0.1, A=0.1, ¥=0.2V, C1s=30 pF cm 2, Crx = 70
uF cm 2 and the electrode area 1.77 mm?.

It is interesting to compare negative capacitance with Butler-Volmer

kinetics, which is expressed in chronoamperometry as [9,10] :

1
jpv = c*FDY2 A exp(A®t) erfc (/ltf) (2.2.7)
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where,
A = koD™"?*{exp[B(Eq. — E°F/RT)] + exp[—a(Eqc — E°F/RT)]}
(2.2.8)
Here, k° is the standard rate constant for the charge transfer reaction,
and a and f are the cathodic and anodic transfer coefficients, respectively.
Fig.2.7 shows (A) Cottrell plots and (B) their logarithmic plots calculated
using Equation (2.2.3) and BV kinetics for three values of E4 — E°. The
Cottrell plots for BV kinetics exhibit a nonlinear shape for Egc.— E° <0.10 'V,
while those for negative capacitance fall on each line with almost zero
intercepts. These two kinds of kinetics can be distinguished from the
logarithmic plots more clearly than from the Cottrell plots at the two points:
(1) the plotted lines for negative capacitance are shown, and (ii) the slopes of

the lines are independent of Ej..

o

R N 2 1 0
t /s log(t/ s)

Fig.2.7 Variations of (A) Iy (bold solid curves) and Ic — Iix (dashed curves) with 72

for Eqc — E° = (a) 0.15, (b) 0.05 and (c) 0.0 V, and (B) their logarithmic plots when ko

=0.005cms !, a=B=0.5.
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Chapter 3

A Single Faradaic Reaction as the Oxidation of
FcTMA™ by Fast-Scan Cyclic Voltammetry
Method

3.1 Motivation

A fundamental parameter in faradaic impedance, R, represents the
resistance to electron transfer at the electrode|solution interface and serves
as an indicator of the rate of heterogeneous reactions, ko, as mentioned in
Chapter 1. Theoretical estimates of &y can be derived by analyzing Nyquist
plots showing faradaic responses at high frequencies, where the plot
typically exhibits a semi-circle [11,12,13]. The diameter of this semi-circle
can be used to calculate the value of k. However, experimental results for
species undergoing extremely fast electron transfers did not display a semi-
circle [14,15], indicating that the AC impedance method has limitations in
assessing ko. Hence, considering alternative electrochemical measurement
methods is necessary.

Fast-scan cyclic voltammetry allows for rapid response measurements
of current within ms and is employed to determine rates of heterogeneous
reactions [16,17,18,19,20] and to detect intermediates involved in electrode
kinetics [21]. As the scan rate v increases, so does the voltammetric current,

because both the diffusion current and adsorption current are proportional to
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v'2 and v, respectively. The fast-scan voltammograms obtained at very high
scan rates are complex and may include:

A) Slow charge transfer reaction rates, B) Peak potential shifts caused
by solution resistance, C) Delays in electrochemical equipment, and D) EDL
currents. This research work conducts a qualitative study based on the
dependencies of peak current, /,, and peak potential, £, on v, addressing the
aforementioned factors.

For A), Professor Matsuda previously derived mathematical expre-
ssions for charge transfer kinetics [22]. When the mass transfer coefficient is
0.5, the kinetically controlled current decreases, and the peak potential
changes linearly with logv.

For B), the solution resistance, R;, causes deviations in peak potential
due to ohmic drops, significantly reducing the time-correspondent, /,Ry/v,

resulting in 1, derivated from the proportional curve with v!”2

. Subsequently,
the peak current empirically correlates linearly with £, [23].

For C), An instrumental delay is revealed in the depression of observed
currents at a short time, which can be estimated using virtual electric circuits.

For D), EDL current is always involved in the observed current and is
generally proportional to the v. As the increase in v, the rapid rise in EDL
current blurs the peak shape. This effect is opposite to those of A) and B). In
summary, (B) and (C) underestimate the observed currents, whereas (D)
overestimates. (A) is not necessary to be earnestly considered unless a rate

constant can be obtained by ultramicroelectrode voltammetry. However, the

effect of heterogeneous reactions is important historically.
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As observed in the faradaic currents of ferrocene compounds [15],
anodic [24] and cathodic stripping voltammetry [25]results for adsorbed
silver ions show that capacitive currents are suppressed due to the rapid
formation of redox dipoles, known as the NC effect [26], which is similar to
effects A), B), and C). Considering short time scales as equivalent to high
scan rates and differentiating these factors by measuring diffusion-controlled
ferrocene derivative species at high scan rates, it is predicted that the
observed current at high scan rates should be less than the theoretical
diffusion-controlled current. Specifically, using fine-wire microelectrodes
not only reduces the current to a few microamperes but also prevents floating
capacitance at the boundary of an electrode and an insulation wall. Finally,
the measured results are compared with BV kinetic outcomes to elucidate the

reasons for limitations in assessing ky.
3.2 Experimental

The electrochemical solution here had varying concentrations of
(ferrocenylmethyl)trimethyl ammonium (FcTMA™) and 0.1 M (M= mol dm
3) KCI. All of the chemicals were analytical grade, and the water was distilled
and deionized.

A delay of the potentiostat, Compactstat by Ivium (Netherlands), was
investigated by employing a dummy cell with a carbon resistance of 1 kQ
and applying cyclic voltammetry in the voltage domain of 1 V. The
maximum variation in current between the forward and reverse scans was

3% at 8 kV s™!. Our voltammetry for FcTMA™ was performed at scan rates
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of less than 7 kV s,

The working electrode was a 30 um platinum wire in diameter. The tip
was put into the solution about 1 mm. The precise length was determined
using an optical microscope. The electrode was processed by immersing it
in a mixture of 0.26 M acetic acid, 0.33 M nitric acid, and 0.73 M phosphoric
acid for 1 minute. The reference and the counter electrodes were Ag|AgCI(1
M KCl) and platinum coil, respectively. The normal-sized Pt electrode (1.6
mm in diameter) was used for fast scan voltammetry by activating the
positive feedback at selected values of the variable resistance. The resistance
values not only altered peak currents and peak potentials but also deformed
the voltammograms. Therefore, the /R-compensation was not useful for the

present work.
3.3 Results and Discussion

Cyclic voltammograms at several scan rates have been displayed in Fig.
3.1 in the aqueous solution of 1.0 mM FcTMA* (M = mol dm>) + 0.1 M KCI
at the thin wire platinum electrode. Since the solution resistance was at least
50 Q based on ac-impedance techniques, the /R-drop (< 0.1 mV) for all peak
currents of less than 2 pA could be ignored. The voltammograms at slow
scan rates are close to the steady-state or sigmoidal (a) in Fig.3.1),
characterizing the cylindrically diffusion-controlled voltammogram [27].
Peak potential changed at slow rates in the backward direction ((a) to (b)) as
a result of increasing scan rates, and at fast scan rates in the forward direction

((b) to (d)). The former shift is in accord with the theoretical estimation [27],
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whereas the latter is close to the behavior of the heterogeneous kinetic
control. The background current (¢') has no effect obviously on the redox

components (c).

02 04 06 08

E IV vs. Ag|AgCI

Fig.3.1 Voltammograms in 1.0 mM FcTMA" + 0.1 M KCI at the Pt wire 30 um in
diameter 1 mm in length at scan rates of (a) 0.01, (b) 0.1, (¢) 1.0 and (d) 4.0 Vs, (¢

1s the background voltammogram for (c).

Fig.3.2 shows a variation of the peak currents with v, exhibiting a
line-like convex curve without passing through the origin. This variation is
different from the diffusion-controlled peak current at a planar electrode,
which is proportional to v’ (passing through the origin). We shall take into
account the presence of the extrapolated line's intercept in addition to the
convex curve. The expression for the peak current at a cylindrical electrode

is given by Ref. [27]:

I, = (AFc"D/a)[0.446(Fv/RTD)"2a + 0.335(Fv/RTD)"%"a%15] (3.1)
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where A is the geometrical area of the wire electrode, ¢* is the bulk
concentration of the redox species, F' is Faraday's constant, R is the gas
constant, 7'is the temperature, and a is the radius of the cylindrical electrode.
Under our experimental conditions, the dimensionless peak current, I,
/(AFc*Da"), as calculated from Eq. (3.1) has an essentially linear
relationship on v'2 for values of @ and D, as shown in the inset of Fig. 3.2.
Along the plots of the experimental data at the lower scan rates, we draw an
extrapolated line, the intercept of which is designated as /. The intercept
should be apparent due to the visual extrapolation and may tend to zero
current at quite slow scan rates, as can be seen in the inset. The physical

appearance of the convex form is what interests us, not the intercept.

1
V1l2 / V1/2 S-1/2

12

Fig.3.2 Variation of the peak currents with v~ at the cylindrical Pt electrode 1 mm in
length in the aqueous solution of () 1 mM FcTMA" + 0.1 M KCl and (A) 2 mM
FcTMA" + 0.1 M KCI. Lines were drawn for the square-marked points. The
dimensionless currents in the inset was calculated from Eq. (3.1) for 2a = 30 pm, ¢* =
1 mM, D =103 cm? s™. Dashed curves are theoretical ones calculated [28] for ko = (a)

0.05 cm s and (b) 0.01 cm s™!, respectively, and the transfer coefficient o= 0.5.
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Interestingly, the BV-type kinetics causes the downward deviation from
the proportionality of 7, vs. v!/> with an increase in v [22]. Additionally, 7, vs.
v curves for values of the heterogeneous rate constants, ko that comprise
the experimental values for 1 mM FcTMA™ are shown in Fig.3.2, which are

covered by using the analytical equation [28] at the transfer coefficient, o of

0.5.
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Fig.3.3 Dependence of the peak potentials under the conditions in Fig.3.2 for ¢" = 1

mM on the logarithms of the scan rates for (o) the oxidation and (A) the reduction.

The experimental variation of I, (circles) with v!? is different from the
theoretical one in that the disagreement of /, at fast scan rates was found for
any value of the rate constants. The plots for high concentration (triangles)
also cannot be fitted to any theoretical curve. The charge transfer reaction
rate constant at 1 nm electrode is larger than 10 cm s™!, which corresponds to
v =21 MV s at a large electrode [29], as we have demonstrated based on
the invariance of the half-wave potential shift of steady-state

voltammograms of FCTMA™ to radii of nanodisk electrodes [29]. Thus, the
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convex curve in Fig.3.2 cannot be caused by the charge transfer kinetics.

Examining the relationship between the peak potential and scan rates
will yield more convincing proof. Fig.3.3 shows variations of the anodic and
the cathodic peak potentials, £, with the logarithms of the scan rates. The
peak potentials at v < 30 mV s (log(v /V s') < —1.5) were vague because
of the steady state-like wave form. The difference between the anodic and
the cathodic potentials decreased with an increase in v until 1 V s! owing to
the contribution of cylindrical diffusion [27]. For both the reduction and the
oxidation waves, a further rise in v shows linear relationships in £, vs log v.
Values of the slopes for the oxidation and the reduction were (55 £ 15) mV
and (—52 = 13) mV, respectively. These are close to the frequently observed
potential shift, + 2.3R7/F (= 60 mV). The slopes for the oxidation and
reduction, where o is the transfer coefficient, should be 2.3RT/oF and
—2.3RT/(1 —a)F, respectively, if the slope were brought on by a slow
heterogeneous rate. These values are 60 mV and —60 mV, respectively, for
the transfer coefficient 0.5. However, the BV heterogeneous kinetics
provides the values of the transfer coefficient are diverse. It can be proved
the peak potential shift is not caused by the heterogeneous kinetics (effect
(A)) from the viewpoint of the kinetic potential shift.

The potential shift by the [R-drop (effect (B)), which causes a
downward deviation of the peak current from the predicted diffusion current,
can be neglected owing to the peak currents as low as 1 pA. The delay of the
potentiostat (effect (C)) has demonstrated not to influence the lower

deviation of the currents by seeing the experimental section.
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The other possibility of the downward deviation is the contribution of
the NC associated with the redox reaction [14,15,24,25]. It is based on the
concept of the formation of NC, as the Chapter 1,2 of this thesis. It is
primitively assumed that the cylindrical diffusion current for v> 10 mV s!
can be approximated as a sum of the linear diffusion current and a constant,
I, empirically supported by experimental results (Fig.3.2). Since the

observed peak current includes the NC current, it is represented by
L=1sr + Io— Ix=0.4464Fc"D(Fv/IRTD)"*+ I,y — Civ (3.2)

where —Ci is the NC and the detail of the subscript rx in Cx means a source
of the redox reaction such as FcTMA*[FcTMA?*. Then, Eq. (3.2) can be

rewritten as:

(I, — Io)v'"»=0.446AFc’D(F/RTD)" + Civ'? (3.3)
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Fig.3.4 Variation of (I,—I) v''? with v’ (a) for [FCTMA*]= 1 mM and (b) 2 mM in
0.1 M KCl solution.
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The plots of (I — I) v''? against v'"? are displayed in Fig.3.4, where a
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line that was expected from Eq (3.3) was seen. It is implied by the negative
slope that a NC is appropriate. Values of —Cx were determined for some
areas (0.1-0.3 mm?) of cylindrical electrodes to be — (64 + 8) uF cm for
¢ =1 mM, where the error is the standard deviation. The average negative
value is twice the EDLC at platinum electrodes in aqueous solutions [2,3].
As such, its magnitude is greater than that of traditional EDLCs.

Values of the NC were roughly linear to concentrations of FCTMA™ in
the domain from 1 mM to 3 mM, as shown in Fig.3.5. This variation has been
demonstrated for the capacitance values by AC-impedance techniques [15].
The linearity indicates that NC should be caused by the redox reaction. No
capacitance value at ¢° = 0.5 mM was determined unequivocally. The

appearance of the intercept in Fig.3.5 indicates that EDLC by solvent dipoles

410——m8m8M8m™ —/————T————7—

c /| mM

Fig.3.5 Variation of the NC with the concentrations of FCTMA™.

1s predominant to the redox capacitance.
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3.4 Conclusive and Remarks

The peak currents in the cyclic voltammograms for the redox couple,
FcTMAY|FcTMA?", showed a linear relationship with the square of the scan
rate in the low scan rate domain, indicating that the current is diffusion-
controlled. At higher scan rates, the peak currents were less than the
theoretical ones. Additionally, the peak potential shifted and showed a linear
relationship with the logarithm of the scan rate, which was not caused by
solution-resistance effects. This can be explained by the NC currents rather
than heterogenous charge transfer kinetics.

Capacitive currents result from the dynamic formation of redox charges,
which inhibits the faradaic reaction as if suppressing the external electric
field. This behavior is inconsistent with the conventional concept of the
independence between the capacitance and faradaic reactions, but is
consistent with the thermodynamic rule of evolution towards the lowest
energy state. Ultimately, the observed capacitive values caused by the
faradaic reaction are contrary to the EDLCs, which are suppressed by the

orientation of solvent dipoles to inhibit the electric field.
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Chapter 4

Reduction of Hydrogen Ions by means of Fast-

Scan Cyclic Voltammetry

4.1 Motivation

The electrochemical evolution of hydrogen gas is a key technique for
replacing fossil-based transportation fuels [30,31,32]. It offers economic ad-
vantages such as (a) producing pure hydrogen, (b) portability when
combined with solar cells, and (c) on-demand generation capabilities.
However, the reaction is complex due to kinetic barriers associated with
activation, and its heterogeneous rate depends on the electrode materials
[33,34]and catalysts used [35,36]. The activation involved is equivalent to

the irreversibility of the reaction:
2H" +2¢ <> H; (4.1)

The key steps reported in the process are [37,38,39,40,41,42]:

H,O+e <> Hy+OH™ (Volmer step)
2Ha. < Hy (Tafel step)
Hyg+H,O+e” < H,+OH™ (Heyrovsky step)

Here, Huq represents the hydrogen atom adsorbed on an electrode. Currently,
there is some disagreement in the literature regarding the proposed

mechanisms [43,44,45,46]. These models are primarily based on the analysis
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of almost steady-state current-voltage curves [43,47,48,49,50], which
fortunately block electrode reactions due to the formation of gas phases. To
circumvent the blocking effect, it is essential to measure currents at a short
time before the formation of the gas phase. Short-time responses have
complicated the voltammetric studies on the reduction of H" [44,51]and the
oxidation of H; [52], due to their involvement in capacitive effects.
Adsorption can be detected and analyzed using fast-scan cyclic
voltammetry by leveraging the proportionality of the absorbed current to
scan rates. However, it faces drawbacks such as the deformation of
voltammograms caused by solution resistance at enhanced currents and by
capacitive currents of EDL. There is another source of capacitive current
caused by faradaic reactions, which suppresses the faradaic current
[14,15115,25]. We address these drawbacks individually. /R drop can be
minimized by reducing observed currents to less than 10 pA using
microelectrodes even at fast scan rates. A boundary between a micro-
electrode and an insulator can cause large floating capacitance, interfering
with accurate measurements of faradaic currents during short-time responses.
Since a thin wire electrode has no boundary with an insulator, it does not
suffer from capacitive currents at high scan rates. This enables us to conduct
fast-scan cyclic voltammetry of H" without /R drop or floating capacitive
currents, as evidenced by previous work at scan rates over 1 V s.[53,54]
Here, we perform fast-scan cyclic voltammetry of reduction of H" at a Pt
wire electrode 30 pA in diameter for scan rates ranging from 0.01 to 8 V s°!

in solutions with various concentrations of HCI less than 5 mM. A key
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objective is to identify adsorption species and evaluate their amounts in the
context of NC. The observed behaviors may be valuable for the development

of industrial hydrogen gas generation and/or fuel cells.
4.2 Experimental

The test solution comprised various concentrations of hydrochloric acid
and 0.5 M (M = mol dm¥) KCI. A commercially concentration-calibrated
HCI solution (Fuji Film, Osaka) was used. All the chemicals were of
analytical grade, and water was distilled and deionized. The diluted
concentration of HCI was confirmed to agree almost with the measured value
of pH.

The performance of the potentiostat, Compactstat by Ivium
(Netherlands), especially a delay was examined by using a carbon resistance
of 1 kQ for a dummy cell, to which cyclic voltammetry was applied in the
voltage domain of 1 V. The maximum difference in the currents at the
forward and the reverse scan was 3% at 8 V s,

The working electrode was a platinum wire 30 pum in diameter. The tip
was inserted into the solution by a given length (1 mm) of which value was
measured with an optical microscope. This length had no effect on
complications at the wire|solution|air interface. The active area of the
electrode was 0.095 mm?. The electrode was pretreated by being soaked in
the mixed acid (0.26 M acetic acid + 0.33 M nitric acid + 0.73 M phosphoric
acid) for 1 min. The reference and the counter electrodes were Ag|AgCl (sat.

KCl) and platinum coil, respectively. The potential scale of the
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voltammograms presented here was represented as a standard of NHE. A
commercially available platinum disk electrode 1.6 mm in diameter (BAS,
Tokyo) was used for steady-state voltammetry.

The solution resistance was evaluated using ACimpedance to be ca. 250
Q. This value was negligible in terms of its impact on the voltammograms
distortion from the viewpoint of the /R drop when currents were below 8 pA

in magnitude.
4.3 Results and Discussion

Fig.4.1 shows voltammograms of the deaerated solution of 1.0 mM HCI
at the 1.6 mm Pt disk electrode for several scan rates, v, with the scan staring

at 0.40 V vs. Ag|AgCl. The voltammogram at v = 0.01 V s’! exhibited the

I/ pA

04 02 0 02 04 06

-50-
E/V vs. NHE

Fig.4.1 Voltammograms of 1.0 mM HCI + 0.5 M KClI solution at the Pt disk electrode
1.6 mm in diameter for v = (a) 0.01, (b) 0.1, (c) 0.5 and (d) 1.0 V s’ The dotted wave
is in 0.5 M KCl solution at v=1.0 V 5.,

reduction peak at —0.23 V vs. NHE and the oxidation peak at —0.16V. Since
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the mid potential, —0.19V, is close to {0 + 0.06 log[HCI]} V= —0.18 V vs.
NHE, and hence the waves may be attributed to Reaction (4.1). In contrast,
scan rates higher than 0.1 V s! made the voltammograms be complicated
with waves at more positive potentials. Peak currents at v > 1.0 V s! were
over 50 pA, resulting in potential shifted owing to the /R-drop. Therefore,
we used a thin wire electrode 30 pm in diameter in order to ignore the /R-
drop effect. Two peaks of voltammograms reported so far at highly acidic
concentrations correspond to the voltammograms in Fig.4.1 (a) or (b). There
1s no effect of chloride ion on the redox reactions, as shown for the dotted

wave of Fig.4.1 in only 0.5 M KCl solution.

E |V vs. NHE

Fig.4.2 Voltammograms of 1.37 mM HCI + 0.5 M KCl solution at the Pt wire electrode
for v=1(a) 0.1, (b) 2, (c) 4, (d) 6 and (¢) 8 V s\

Voltammograms at several scan rates at the Pt wire electrode are
displayed in Fig.4.2. Since the maximum peak current at v <8 V s! was less

than 10 pA in magnitude, the /R drop distortion of the voltammograms can
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be disregarded. There appeared two reduction waves at v> 1V s! and one
oxidation wave for any scan rate. The first reduction wave was not clearly
defined for v<0.2 V s''. However, it was identified for v>1V s, A diffusion
tail-like drawn out of the second wave was seen. In contrast, the oxidation

wave peaked and then became less intense as the voltage increased.
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Fig.4.3 Scan rate dependence of the peak potentials of (b) the first and (a) the second

reduction waves and (c) the oxidation wave at the 30 um wire electrode.

A plot of the peak potentials, £}, versus logarithmic scan rates, as seen
in Fig.4.3, which are used to specify a voltammetric characteristic. The
values of E, both for the reduction of the oxidation waves remain constant
for v<2 Vsl indicating the lack of kinetic complications. For v<1V s,
no peak of the first reduction wave (b) was observed. E, of the second
reduction peaks (a) was shifted linearly with log v for v>3 V s’!, exhibiting

the slope, —60 mV, which will be covered subsequently concerning the NC
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later. The shift of the oxidation (c¢) for v>2 V s™'is caused by the participation
in the reaction relevant to the first reduction wave. Confirmation of the rate-
determining step needs quantitative analysis of variations of peak currents

with the scan rates.

vivs®

Fig.4.4 Scan rate dependence of /,1(wire) at the wire electrode in 1.46 mM HCI + 0.5
M KCI solution.

Here we denoted the reduction peak currents for the Pt wire electrode
at the first and the second wave as /,,; and I, respectively. Fig.4.4 shows the
variation of /,1(wire) with v, exhibiting the proportionality. Therefore, the
first reduction wave should be attributed to the reduction of adsorbed species.
Since the peak current was independent of HCI concentrations above 1 mM,
it may be caused by the saturation of the adsorbate. Assuming no interaction
among the adsorbates, the peak current density is expressed by j, = F2/V/4RT,
where 71s the surface concentration, F is the Faraday constant, R is the rate

constant and 7 is the room temperature. The proportionality constant from
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the plot of j, versus v yields 77 = 1.2x10®° mol cm? or (0.38 nm)* per
adsorbate, which is close to the density for monolayer adsorption. Since this
value includes the charge by the NC as has been observed for adsorbed
species at stripping voltammetry [24,25], the net redox charge should be less
than this value. When the species to be reduced is adsorbed before the
voltage scan to the negative, the adsorbate should be hydrogen ion, H.4",
rather than H,g. Although our detection appears similar to the Volmer Step
(H" + ¢ <> Hyy), the difference lies in the charged state (H,q") of the adsorbate.
By letting the hydrogen ion in the solution take the form of a hydronium
ion (H30"), the reduction involving the adsorption is written as:
H30" — H20 + Hyg', Had" + € — Hag (4.3.2)
Since H,q" is saturated on the electrode as demonstrated by the invariance of
the peak currents to the bulk concentration of H" (¢p), [Hag'] is much higher
than c¢,. The Nernst equation describes that the reduction potential of H,q" is

shifted in the positive direction by 0.059 log([Haq']) V. The potential shift of
the first wave from the second one, —0.14—(-0.28) V in Fig.4.3, may be
caused by the enhancement of [H,q']. Therefore, we have

—0.14 — (-0.28) V=0.059 log([Hada T/cv) V (4.3.3)

Then we can estimate [H,q"] = 0.34 M. This value is equivalent to 1x10°
mol cm™ or (1.7 nm)? per Hyq" on the electrode. This surface concentration
smaller by one order in Fig.4.4 can be attributed to the drawn-out peak of the
first wave (in Fig.4.2) owing to the adsorption of the reaction (4.3.2). A

question is which chemical step H.q can take after the reaction (4.3.2).
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According to the Tafel step, two Hag would be dimerized on an electrode to
yield a hydrogen molecule. Since the generated H, is dispersed to the
solution, H" should be supplied back from the solution by diffusion. As a
result, the observed current should be diffusion control rather than
adsorption-control. This logic is inconsistent with the experimental result of
the absence of diffusion control at the first reduction. Therefore, the Tafel

step in the Motivation as Section 4.1 does not occur at an electrode.
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Fig.4.5 Variations of the peak currents, /2, at (a) the 1.6 mm disk and (b) the 30 um
wire electrode with v’ in the solution of 1.37 mM HCI.

The dependence of I,,(disk) at the 1.6 mm disk electrode on v!"* for slow
scan rates is shown in Fig.4.5(a). The peak currents (a) were proportional to
v'2 for v < 0.15 V 57!, indicating a diffusion-controlled step. The slope was
consistent with the value of 0.465F>?c*(D/RT)"? for the diffusion current of
the one-electron transfer reaction at D = 9.3x10° cm? s°!, as predicted from

reaction (4.1) per H". The lower deviation from the proportionality at v >
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0.15 V s! may be ascribed to a contribution of the NC [53,54], which
diminished 7,5(disk) at v =1V s by 40%.

The peak current, —I,(wire), increased with v!’2, as shown in Fig.4.4(b),

but deviated below the line drawn for slow scans, exhibiting an intercept.
The intercept, 12,0, should be caused by cylindrical diffusion under the quasi-
steady state [27]. The lower deviation from the linearity can be attributed to

the NC. Then the peak current is represented as [53]:

]pz - Ip2,0 = klvl/z + kov (434)

where k; 1s the contribution of linear diffusion, and 4 1s of the NC as —C.
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Fig.4.6 Variations of (Io—I,2°)v''"? with v for (a) 1.0 mM and (b) 2.0 mM HCI

solutions.

12

The plot of (Ipy—Iy0)v''"* against v'”> showed a linear relation, as demon-

strated in Fig.4.6. Since the slope has a positive sign, the term kv (=CV)

makes the negative values of the diffusion-controlled current large, where

the subscript rx in Cix means a source of the redox reaction. The value of 4,
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at c, = 1 mM is twice that at 2 mM. Twice the slope indicates that the NC

should be associated with the reduction of H.

In terms of the dimension of —Cv, which is equal to the current, the

physical meaning of —Ci1s undoubtedly a NC. The capacitive current works

as suppressing the redox current so that /,,Cx > 0. As seen in Fig.4.7(A), the
dipole moment, P; of a solvent molecule is oriented so that an applied electric
field, E; may decrease because of the amount proportional P; when E; is
applied externally to an electrode|solution interface. Then, it is noticed that
the measured capacitance rises by the permittivity amount or that the field
intensity decreases by the inverse of the relative permittivity. When a field
E, large enough to cause an electrode reaction is applied to the interface, a
charge at the electrode is transferred to the solution in an ionic form, as
shown in Fig.4.7(B). The redox dipole moment P, associated with a
counterion is generated by the ion. Since the ion contacts the electrode at its
moment of generation, the dipole is oriented in the same direction as E,. The
observed field intensity is then enhanced by the amount linear to the P;. As
a result, the construction of P, reduced the EDLCs, making it appear as
though a conventional EDLC would take a negative value. A hydrogen ion
1s accompanied by a counterion to form P; to keep electric neutrality and
reach the electrode just before the reduction in Fig.4.7(C). The difference
between the two fields is kP; (k = 1/&,), which is the same as the difference
between (A) and (B), as the P; is extinguished after the reduction (D).

The P; is exhibited as a result of the charge transferred to the solution
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to make the energetic gradient smooth. The smoothing is brought about

generally by entropic dissipation. Therefore, the suppression of faradaic

(A) (B)
E; Eobs= E1-kps Eobs= E2-kps+kpr
Ps Ps Pr
(C) (D)
E> Eobs= E2-kps-kpr E> Eobs= E2-kps
@ﬁ O i l reduction @pﬂs l

Fig.4.7 Illustration of the contribution of dipole moments of redox species to the
effectively electric field (A) without redox reaction, (B) with the reduction, (C) with a

hydrogen ion coupled with a counterion, and (D) after the reduction, where k = 1/&,.

currents by the NC is based on the thermodynamic principle. Since kP;
includes the electrode potential, its value may be proportional to log(cy) as

well as the logarithmic reduction current, as predicted from the Nernst
equation. Then, the effective field, E,—kPs—P,, in Fig.4.7(C) has been
observed to be shifted logarithmically with v in Fig.4.3(a).

To verify if —Cioriginates from reaction (4.3.1) or not, we assessed Cix

across various ¢, values at the wire electrode. The voltammetric
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characteristics observed were consistent with those shown in Fig.4.1 and 4.2.

12 were similar to those in Fig.4.5 and Fig.4.6. Fig.4.8

Variations of 1, with v
displays the dependence of Ci thus obtained on ¢y, indicating that C\ should
be caused by the reduction of H". This behavior has also been found in the

last Chapter in (ferrocenylmethyl)trimethyl ammonium (denoted as

FCTMAY), as shown in Fig.4.8. The twice the value of slope H' species could
be attributed to the variance in dipole intensity between H*-CI” and Fc'-CI".

Since the NC arises from the charge transfer reaction, it is not directly linked
to a degree of adsorption. The slope value, 150 pF cm? mM (H)!
significantly exceeds the conventional EDLC values (ca. 30 puF cm™).
Comparing these values without considering unit differences is not
meaningful. The hydrogen bond exhibits the energy ten times larger than the
field-orientation energy of water dipoles in EDLs. Therefore, only a small
part of water dipoles can participate in the EDLCs. In contrast, all the
reacting hydrogen ions on the electrode cause the NC with a minor effect on
the hydrogen bond. The NC, akin to pseudocapacitance, is associated with
faradaic reactions. However, as capacitive current inhibits faradaic currents,
it is impractical for the development of energy storage.

There are some reports [55,56]on NC related to EDLs. A necessary
condition of a NC is an enhancement of the applied field rather than a
relaxation of the field. Since electrostatic interaction-driven adsorption
serves as the relaxation, it fails to produce the NC. Potential origins of the
NC include charge generation by faradaic reactions, by electromagnetic

waves, by adsorption through chemical bonds, and also by turbulence flow.
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We considered in this Chapter not only thermodynamics but also the
kinetics effect of the reduction of hydrogen ions. Simply, although BV
kinetics also deviates theoretically from the linearity of peak currents with

v'2 and provides a linear potential shift with log(v) [4], it is not valid for real

8

Cb/mM

Fig.4.8 Variation of Cx with bulk concentrations of (a) HCI and (b) FcTMA.

electrochemical reactions [57,58]. Our experimental results in Fig.4.3, 4.6,
and 4.8 are inconsistent with the behavior complicated by the BV kinetics.

It is interesting to examine whether the present data are satisfied with
the Heyrovsky step (H,a + H" + € <> H») or not. The Heyrovsky step does

not apply at the first reduction potential, as H, is not yet generated at this
potential. If H,q is alive at the second reduction potential, H" in the solution
may react at the electrode to yield H, without inconsistency through the
Heyrovsky step. However, at the second reduction potential, if H,q persists,
H" from the solution could feasibly react at the electrode to form H, via the

Heyrovsky step without contradiction. A required condition is to keep the
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generation of Hag through reaction (4.2) during the formation of H,. Given
the high concentration of H.q (0.34 M), the Heyrovsky step is likely to
proceed readily, making it a plausible mechanism.

The oxidation of H, does not simply reverse the reduction of H', as
suggested by the asymmetric voltammograms in Fig.4.1 and 4.2. The
difference in peak potentials between the oxidation and reduction shown in
Fig.4.3 indicates that oxidation does not proceed via a two-electron transfer

step. Since the oxidation peak aligns closely with the potential of the first

reduction peak for H" + e~ — Hyq, the oxidation process involves the step of

Hug-Has — Hag-Hag™ + €7. When H,y" gets high enough density for the

saturation density, it is desorbed into the solution, facilitating further
oxidation of the remaining H,q. Since a loss of H,q" is compensated by
diffusion from the solution, it can be used to explain why the oxidation peak

2 at lower scan rates. The peak

currents were roughly proportional to v!
potential for v >2 V s was shifted positively with increasing in v as shown
in Fig.4.3. This may be attributed to the kinetics of the desorption relevant
to interaction among H,'. It is difficult to analyze the oxidation
voltammograms, partly because the certain concentration of reactant, Hy,

depends on the reduction process and partly because a gas state of H,,

whether as bubbles or hydrated, remains unclear.
4.4 Conclusive and Remarks

The reduction peak current of H" to H, is composed of the diffusion
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current proportional to v'? and of the NC proportional to v. The observed
current is smaller than the diffusion-controlled current by the capacitive
contribution. Since the capacitance values are proportional to the
concentration of H', they should be brought about with the redox reaction.
They are twice the NC values of FCTMA™. The NC causes the potential shift
with v. Only the Heyrovsky step of the three suggested steps can be realized
voltammetrically. This conclusion has not resulted from ambiguous potential
shifts complicated by adsorption but has been done from the dependence of
the peak currents on the scan rates. The reduction of H" to H, occurs as the
second wave at the one-electron transfer reaction under the diffusion-control
through the Heyrovsky step. In contrast, the adsorbed species H,q" is reduced
at the potential more positive than the equilibrium potential for H'/H,

because of adsorbed concentrations as high as 0.3 M of Hug".
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Chapter 5

Irreversible Oxidation of Hydroxide Ion in Light

of Negative Capacitance

5.1 Motivation

Electrocatalytic water splitting is accompanied by the classical oxygen
evolution reaction [59,60,61]. In alkaline solutions, dioxygen has been
recognized as being a product of the reaction 4OH™— O, + 2H,O + 4e”
[62,63]. The four-electrode transfer indicates that various steps involving
unknown intermediates present some complications. On the other hand, there
are occurrences of sluggish kinetics which consequently limit the overall rate
of of oxygen generation. The complications can be partially overcome by the
use of catalysts of Co3O4 [63] RuO; [64,65,66], and 1rO,.[67,68,69] in the
structures of perovskite [70,71], spinel [72,73] and layers [74,75,76]. In
contrast, a common dissolved intermediate like hydrogen peroxide [77,78],
which may take other forms of radicals or anions, has been identified both
spectroscopically and voltammetrically [79,80]. It suggests that the four-
electron oxidation of hydroxide ions should be considered a highly
significant overall reaction.

Intermediates can be detected or estimated electrochemically by
analyzing rapid responses in cyclic voltammetry, often appearing as a new

wave in a reverse scan [81]. However, electrochemical responses recorded
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in a short time present certain challenges. These include rounded-off
voltammograms due to delays of the potentiostat and contributions from
EDLC currents and /R-drop. Unlike exponential decay, the EDLC currents
are proportional to " for 0.9 <v <1 [1,3,26], while faradaic currents relate to
£ for 0 <v< 0.5 [53]. Thus, the shorter time responses may lose accuracy in
determining faradaic currents. Additionally, the enhancement of current at a
short time can cause a potential shift due to solution resistance, affecting the
control over the applied voltage.

The capacitive current arises not only from the EDLC but also from the
formation of dipoles generated by faradaic reactions along with counterions.
It has been mentioned in Chapter 1. Since its magnitude is greater than that
of the EDLC currents, the observed current is less than the predicted faradaic
current by the amount of the NC current. NC has been assessed using AC
impedance techniques [14,25,54] and linear sweep voltammetry [53,54].

This work aims at obtaining a rate-determining step of the oxidation of
OH™ in the context of NC using fast-scan cyclic voltammetry. Accurately
detecting intermediates requires overcoming the aforementioned challenges,
which are mentioned above. The [R-drop can be addressed by using
microelectrodes or a high concentration of supporting electrolyte. An
electrode shielded with an insulator often exhibits unstable floating
capacitance due to the crevice between the electrode and the insulator. To
avoid floating capacitance, we will employ a thin wire electrode without any

shield for fast-scan cyclic voltammetry [53,82].
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5.2 Experimental

A stock solution of sodium hydroxide, NaOH with ca. 10 mM (M = mol
dm™) was prepared by dissolving a given amount of solid NaOH. The
concentration was determined with a pH meter and titration of a known
concentration of hydrochloric acid, HCl (Fuji Film, Osaka). Hydrogen
peroxide, H,O, (30 wt% in H,O) was purchased from Fuji Film, Osaka. All
the chemicals were of analytical grade, and water was distilled and deionized.

A delay of the potentiostat, Compactstat by Ivium (Netherlands), for
fast scans was examined by using a carbon resistance 1 kQ for a dummy cell
by applying the voltage with a 1 V span. The maximum difference in the
currents at the forward and the reverse scan was 3% at 8 V s,

The working electrode was a platinum wire 30 um in diameter, of which
a tip was inserted into the solution by approximately 1 mm deep. The
accurately inserted length was determined with an optical microscope. The
electrode was pretreated by being soaked in the mixed acid (0.26 M acetic
acid + 0.33 M nitric acid + 0.73 M phosphoric acid) for I min and washed
with distilled water. The reference electrodes were a commercially available
Ag|AgCl (sat. KCI) and the Ag|Ag,O which was prepared by oxidizing a Ag
wire. The latter was used in case of avoiding leakage of chloride ions from
the former. The counter electrode was a platinum coil. A commercially
available platinum disk electrode 1.6 mm and a microdisk 10 um in diameter
(BAS, Tokyo) were used for low-scan voltammetry to examine redox effects
of other than oxidation of hydroxide ion.

The solution resistance was evaluated by AC impedance to be ca. 250
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2, which had negligible effects on the deformation of voltammograms from

a viewpoint of the /R drop when currents were less than 8 HA in magnitude.
5.3 Results and Discussion

The oxidation potential of OH™ is slightly more cathodic than the
oxidation potential of the chloride ion, CI". It was shifted positively with
addition of CI™ to the solution, and hence the oxidized products may interact
with CI". We used NaNO; as an electrolyte instead of KCl to avoid the
interaction. Reference electrodes often contain CI-, which leaks to test
solutions, to vary ionic conductivity during measurements [83]. Effects of
CI” on oxidation of OH™ were examined by use of a commercially available
Ag|AgCl (sat. KCI) and a surface-oxidized Ag-wire called AgO.
Voltammograms obtained at the Ag,O were more stable in long experimental
runs than those at the Ag|AgCl (sat. KCI), probably because of leakage of
CI” from the reference electrode. However, they varied with pH values. Open
circuit voltages of the Ag,O were measured with respect to the Ag|AgCl (sat.
KCl) in some concentrations of deaerated NaOH solutions. Here we used the
Ag|AgCl (sat. KCI) for most voltammograms in which the effects of C1~ were
examined to be negligible by use of the Ag,O.

Fig.5.1 shows voltammograms in 0.42 mM NaOH solution at the Pt thin
wire electrode for some potential scan rates, v. The oxidation wave rose at
1.05 V, and exhibited a limiting current for £ > 1.2 V. Since the limiting
current was proportional to concentrations of NaOH in the domain from 0.4

mM to 3.0 mM, the wave should be caused by the oxidation of OH™. The
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one-electron transfer of OH™ would yield an unstable hydroxyl radical.
Although the oxidation can be expressed by several reaction mechanisms in

overall steps, an elementary step may lie in the one-electron transfer.

04 06 08 1 12 14
E |V vs. Ag|AgClI

Fig.5.1 Voltammograms at the Pt wire electrode in 0.42 mM NaOH + 0.5 M NaNO3
for v=(a) 0.01, (b) 0.1 and (c) 0.7 V 57!, and (d) in 0.5 M NaNOs for v=0.1 V s\,

The voltammogram at the lowest scan rate in Fig.5.1 takes almost the
steady state like observed at microdisk electrodes. This is due to the
cylindrical diffusion, exhibiting the quasi-steady state current [52]. With an
increase in the scan rates, the voltammograms get hysteresis by linear
diffusion. A notable point is a loss of any reduction wave indicating that the
electrochemically oxidized product should be unstable through some
following chemical reactions. The voltammogram at the platinum disk
electrode 10 um in diameter (2a) showed almost a steady state. The value of
the limiting current, /1, given by 4FcDa, yielded the diffusion coefficient, D
= (8.3+1.0)x107° cm? s! for the bulk concentration ¢ = 0.42 mM of NaOH.
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This is close to that of hydrogen ions [84], and is eight times larger than that
of water. The closeness inspires us to imagine that the diffusion is caused by
H' via the Grotthus mechanism combined with the equilibrium of H" and
OH". A possible mechanism is illustrated in Fig.5.2, in which H" dissociated
from H,O diffuses toward OH™ to form a new H,O molecule. Under the
equilibrium of OH™ with H", diffusion of OH™ cannot be discerned from that
of H" except for the opposite directions of diffusion. The fastest of the two
diffusing species ought to be observed, and hence diffusion of H" be a rate-

determining step of the oxidation of OH™ [85].

H\ H\ = H -
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Fig.5.2 Grotthus mechanism of diffusion of OH~, combined
with the equilibrium of H" and OH".

An oxidized, stabilized product of OH™ has been reported to be H,O,
rather than O,, according to the spectroscopic study [80]. In order to confirm
the presence of H,O,, we attempted to reduce the oxidized product in the
cathodic potential domain. Fig.5.3(b) shows the reverse voltammogram after
the formation of the product at 1.3 V, exhibiting a cathodic peak at —0.25 V.
The negligible change in iterative voltammograms indicates that the
decomposition of H,O, during the voltammetry could be insignificant. The

peak potential was close to that of the cathodic wave of H,O, (Fig.5.3(a)).
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The peak current at —0.25 V in the NaOH solution was proportional to v

rather than v"2, as shown in the inset of Fig.5.3.

@) 0yVs S
_-20.5””0””0.5””1'
E [V vs. Ag|AgCl

Fig.5.3 Cyclic voltammograms of (a) 0.5 mM H:0: (b) 0.42 mM NaOH including 0.5
M NaNOj3 solutions for v=0.1 V s’!. The inset is the variation of the peak current of
(b) at —0.25 V with v.

Furthermore, the value of the peak current at v =1V s! was ten times
larger than that theoretically calculated from the diffusion-controlled
equation. As a result, the reduction wave was due to the adsorbed H,O,,
which was oxidized from OH™. The adsorption behavior was examined as to
whether it would be observed in H>O; bulk solution or not. The cathodic peak
current in the H,O, solution without NaOH was proportional to v!? for v < 1
V 5!, as shown in Fig.5.4(a), whereas it deviated from the v!"*-linearity to v-
linearity for v > 1.5 V 57!, as was seen from the plot of Z,v'"? vs v''’? on the
right ordinate. The proportional constant in Fig.5.4(a) was ten times larger
than the theoretically diffusion-controlled one. This extra-supply of H,O,

over the diffusion is evidence of the adsorption of H,O, generated from the
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oxidation of OH™ in Fig.5.3(b).
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Fig.5.4 Variations of (a) the peak current, /,,, at —0.25 V and (b) I,v"''? with v for the
cathodic scan reversed at 1.0 V in 0.5 mM H>O> including 0.5 M NaNOs solution for
v=0.1Vs".

The peak potential of the oxidation wave of OH~ was almost
independent of the scan rates for 0.1 <v <2 V s’! (shown later). If a product
immediately after the oxidation was decomposed through the first-order
reaction, the peak potential should be shifted linearly with log v with the 30
mV slope [86]. The following chemical reaction should obey mechanisms
other than the first-order decomposition. The limiting or peak currents of the
oxidation of OH™ were plotted against v'"? in Fig.5.5 in expectation of the
diffusion-control of OH". The currents for v < 0.5 V s were linear to v'’%.
The plot showed an intercept, /0, under the quasi-steady state, which should
be caused by cylindrical diffusion at thin wire electrodes [52].

A slope of the line fitting to , for v< 0.5 V s agreed with the theoretical

diffusion-controlled current calculated for given concentrations of NaOH,
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the diffusion coefficient obtained above, and the geometrical surface area of
the thin wire electrode. The lower deviation of the plot from the line may be
ascribed to the BV charge transfer kinetics, especially the transition from the
reversible reaction at slow scan rates to the irreversible one at high scan ones.
We attempted to evaluate the variations of the 7, with v for various
combinations of transfer coefficients and standard rate constants so that they

may fit the experimental variations in Fig.5.5 (triangles).
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Fig.5.5 Variation of the limiting or peak currents with the square root of the scan rates
observed at Pt wire electrode in 0.42 mM NaOH + 0.5 M NaNO:s. Triangles are from
the electrode kinetics for the transfer coefficient 0.5 and the transfer rate constant 0.01

cm s,

The effect of the charge transfer kinetics disagreed with the
experimental results for any values of the kinetic parameters. Voltammetric
features of the oxidation of OH™ depend not only on time scales but also on
concentrations of OH™ and materials of electrodes. For example, cobalt oxide
electrodes at high concentrations of OH™ showed adsorption currents at

catalytically low potentials [87,88]. Therefore, the results in Fig.5.5 are not

107



universal behavior.

A possible reason for the lower deviation from the line is the NC as
described previously, which is remarkable at high scan rates because it is
proportional to v. It is assumed that the observed current density is the sum
of the diffusion-controlled current density of OH™ and the capacitive one
[53,54,82]:

Jo=Jjpo +0.446Fc (DF/RT)" 2+ Cixv (5.1
where c is the bulk concentration of OH™, and C is the NC associated with
the faradaic reaction. Eq. (5.1) suggests the linearity for the plot of (j,-jp0)Vv"
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Fig.5.6 Plots for separating two components of the v-dependence and v'?-one in
(circles) 0.66 mM and (triangles) 1.32 mM NaOH including 0.5 M NaNOj solutions.

Fig.5.6 shows the plots at two concentrations, exhibiting each line. The
slope, being a negative value, should be Ci, values of which were 100 pF

cm? and 150 uF cm? for the 0.66 mM and 1.32 mM OH~ solutions,

108



respectively. The values of Cix were a few times larger than those of the
EDLCs (ca. 30 uF cm™).

The NC is expected to be brought about through the following steps. An
OH to be oxidized comes in contact with the electrode for the charge transfer

reaction. The oxidation energy should be minimized electrostatically so that

(A)

E; - pcleo = Es

[@1ia

+ electrode +

(B)

E.; - pclan = Ee

laR118-

+ electrode +

Fig.5.7 Illustrations of the formation of (A) Na'- OH™ and (B) Ag"™- NO;~ dipoles
[24lcaused by the oxidation.

a cation Na" may approach the OH™ up to the closest separation, forming a
Na'- OH™ dipole as illustrated in Fig.5.7(A). The dipole moment, p, with the
surface concentration of OH™, ¢, decreases the applied electric field E,, by
pcl/& to yield the effective field, Es = Eap — pc/& [89], where & is the
permittivity of the vacuum. The electrochemical oxidation varies the field
from E.f to E,, to acquire the difference, AE = E,, — (Esp — pc/ &) = pc/&.
This difference 1s the same as for the metal oxidation, with the distinction
between the initial and the final stages, as shown in Fig.5.7(B). The potential

scan causes the capacitive current, the direction of which is opposite to the
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faradaic current as well as the EDLC current.
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Fig.5.8 Variation of the NC with concentrations of OH™.

In order to confirm whether Ci 1s caused by the oxidation of OH™ or
not, we evaluated Cix at several concentrations of NaOH with the expectation
that Cx would be proportional to the concentrations. The dependence of (/-
Io)v''? on v!”? for the other concentrations was linear as shown in Fig.5.6.
Fig.5.8 shows the variation of C with [OH], exhibiting invariance to
concentrations higher than 1.5 mM. This result indicated that the effect of
NC currents on the oxidation of OH™ was very small even at high
concentrations of hydroxide ions. The loss of energy remains constant at a
certain value of applied voltage, which was more favorable for the
development of energy storage. The proportionality of Cx to the
concentrations for H [82], FcTMA [53], and hemin [54] has demonstrated

that the NCs have been caused by the faradaic reactions, irrespective of
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EDLCs. However, the oxidation of OH™ was different from the redox
reaction mechanisms reported so far.

We discuss here possible reaction mechanisms in detail. They may be
revealed in variations of peak potentials and currents with scan rates and
concentrations. Fig.5.9 shows assembly of voltammograms at several scan
rates in (A) low and (B) high concentrations. The cathodic peak-shift at (A)
the low concentration with a decrease in v suggests participation in the
following chemical reaction. An inverse variation was found for the high
concentration (B), indicating that products by the following chemical
reaction should be oxidized at potentials more anodic than those of OH™. In
order to confirm the potential shift by the concentrations, we showed in Fig.5.
9(C) dependence of the voltammograms normalized with the peak currents
at v= 0.1 V s on concentrations. Since an increase in the concentrations
causes the anodic potential shift, there may be the formation of new redox
species at a more positive potential. This prediction suggests the following

example of reaction mechanisms:

OH — eOH + ¢ (5.2a)
OH +2¢OH— HO,+ H,0O (5.2b)
HO,+ H,0—-3/2 H,O, + ¢ (520)

where e¢OH and HO, are hydroxyl radical and hydroperoxyl anion,
respectively, which can be replaced by others. The determination of the
mechanism will be further explained using the concept of Lewis Structures,
which is displayed in the Appendix Information. Since the addition through
{2x(2a)+(2b)+(2¢)}/3 yields OH™ — (1//2)H,0; + €, both «OH and HO,~
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are intermediates. Dipoles of OH™-Na" and HO, -Na", which are required to
decrease the oxidation energy, generate the NC. Thus, the magnitude of Cy

should increase with an increase in the oxidation currents or concentrations

8 1
1k i
< > o
3 1< J
~ ~ [ -}
o 1 o
= =4 0.5

L 1 L 1 0 L 1 L 1 L 0 1 L 1 L 1 L
1 1.2 1.4 1 1.2 1.4 1.6 1 1.2 14 16
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Fig.5.9 Voltammograms in (A) 0.66 and (B) 3.03 mM [OH"] solutions for v=0.01,
0.1, 0.3, 1.0 and 1.5 V s! from smaller to larger ones, and (C) voltammograms
normalized by peak currents for concentrations of 0.66, 1.21, 1.98 and 3.03 mM

from the left to the right for v=0.1 V s’!. Dashed lines are connections for peaks.

of OH™ in the mechanism (5.2). However, this prediction is inconsistent with
the concentration-dependence of Cyx in Fig.5.8.

The inconsistency can be explained in terms of two ways (i)
compensation of Cx with the EDLC of H,O, and (ii) destruction of stable
dipoles. (1) If H>O,, a product of the oxidation of OH", is adsorbed and
oriented in such a direction that the external field may be relaxed, like the
behavior of solvent dipoles for conventional EDLCs, it would partially

cancel C. We evaluated the EDLC in 1 mM H,0O, solution in the polarized
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potential domain from 0.1 to 0.4 V by AC impedance and cyclic voltammetry.
The values were independent of [H,O,] to have ca. 80 puF cm™. The
independence cannot break the predicted proportionality of Ci to [H2Ox].
Furthermore, the value is too small to compensate C.. Therefore, it is
reasonable to consider case (ii). A series of reactions (5.2) includes the
generation of the hydroxyl radical, the free energy of which is too high to
keep the dipoles unoriented. Then, values of Cix may be determined by

fluctuation of orientation agitated by the radical.
5.4 Conclusive and Remarks

A product of the anodic oxidation of OH™ at a platinum electrode is
hydrogen peroxide in the adsorbed state, which is further decomposed
spontaneously to dioxide. This is consistent with the conventional four-
electron transfer oxidation of OH™. The oxidation current is controlled by
diffusion of OH™ in solution without any participation in heterogeneous
kinetics. The truly diffusing species is H" rather than OH™ because of the
equilibrium of OH™ and H' in the discussion of values of the diffusion
coefficients. The oxidation is followed by the decomposition involving
radical reaction, which is not of the first-order reaction of OH™ so that the
peak potential is almost invariant to the scan rates and varies with [OH™].
The radical reactions may deteriorate membranes and electrodes for long use
in applications of water electrolysis.

172

The peak current obeys a linear relation to v''~ at low scan rates, whereas

does to v at high ones. The latter can be responsible for the capacitive current,
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the values of which are negative. The NC is theoretically caused by the
formation of dipole, OH -Na", during the oxidation of OH~. However,
hydroxyl radical may make the life time of the dipole too short to observe
the capacitance. As a result, it causes the values of the NC to be nonlinear to
[OHT] or be constant. The NC currents may have a minor effect in highly

alkaline solutions.
5.5 Appendix Information

When considering whether or not to produce H>O,™ ions in the second
reaction step (5.2(b)) or not, the Lewis structure of H,O,™ ion is drawn. Each
hydrogen atom has one valence electron, and each oxygen atom has six ones.
It results in a total of 15 valence electrons for the H>O, ion. Upon verifying
the “octet rule” for the two hydrogen atoms and two oxygen atoms, it is
observed that both hydrogen atoms have two electrons, and the oxygen atoms
also satisfy the octet rule, maintaining stability. There is no apparent
arrangement for the fifteenth electron in the current Lewis structure for
H,0; ion, as shown in Figure below. It indicates that the H,O,™ ions cannot

be produced in the second step of oxidation of OH™.
ce e No possibility
H:O:0:H e
Regarding another reaction, the oxidation of OH™ can be represented as
follows:
OH™ — OHj + ¢,
OH™ + 20H, — HO* + H,0.
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The HO?™ ion contains a total of 14 valence electrons. Calculating the
formal charges, an O atom in the HO* ion carries a formal charge of —1. The
possible products following the second step are the HO?*™ ion and water. The

arrangement for the electron of each molecule and molecule ions to reach the

H::C:)'—> H:dmé%H—» HOO +H,0

+

H::C:);

Octets rule in the Lewis structure 1s shown in Figure below. Subsequently,

HO? ions react with H,O to form H,O,.
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Chapter 6

What is the essence of Negative Capacitance?
6.1 Motivation

EDLC is characterized by frequency dispersion, a phenomenon where
the actual capacitance deviates from the ideal due to the dielectric response
of polarized structures [90,91]. This dispersion is quantified using the
constant phase element [92,93,94,95,96] and power laws [1,2,3,26],
revealing a wide observable frequency range from 0.01 Hz to 10 kHz [97].
Such dispersion is not solely due to dipole inversion from an external field,
but rather, it may involve complex interactions among a huge number of
dipoles, termed cooperative phenomena [98,99].

When an external voltage is applied to the electrode|solution interface,
solvent dipoles are oriented by an electric field to decrease electrostatic
energy. However, the interaction energy of hydrogen bonds at the electrode
surface is significantly stronger than field-oriented energy [100], causing
alternating orientations for neighboring solvent dipoles. The parts of dipoles
oriented by the field, and thus overcoming thermal fluctuations, can
participate in the EDLC, where the time domain is as long as 1 s. A redox
charge dipole is generated through faradaic reactions. It is oriented in the
direction opposite to the field-oriented solvent dipoles [101]. Thus, it works
to suppress the EDLC and lead to observed capacitance as a negative value

[14,15,24,25,26,53,54,82,102]. Since suppressing the EDLC takes an unpre-
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dictably long time to establish the stable, macroscopic, two-dimensional
structure of oriented dipoles, faradaic reactions may have a behavior similar
to the delay of EDLCs.

The kinetics of these reactions, including the delay in reaching Nernst
equilibrium, is typically described using the Tafel equation or BV equations,
which highlight the exponential dependence of reaction rates on an applied
voltage. Exponential dependence refers to the rate-determining step, which
involves a transfer of electrons through an electric field, studied via transition
state theory [103,104,105], without any influence of alterations of charge
neutrallization, solvation, chemical complications, or adsorption. These
influences have been incorporated by integrating reorganization energy into
reaction-free energy curves [106,107]. However, evaluated charge transfer
rate constants depend on practical conditions, such as measurement
techniques [108], curve-fitting methods [109], and sometimes research
groups. In contrast, real-world measurements and theoretical models indicate
that other factors like solvent dynamics [110], hydrodynamic radius [111],
and viscosity [112] significantly influence these rates. Since the various
effects, ie, dipole arrangement, are significantly slower than the motion of
electrons through an electric field, the exponential dependence of reaction
rates mentioned previously is unlikely to present actual rates. One approach
that can be attempted is to control the overall rate through a pre-exponential
factor preceding the transient state. This method may aid in proposing a new
form of heterogeneous kinetics, incorporating time variables rather than

solely voltage-dependent exponential dependence as in the BV equation.
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It is essential to recognize that the analysis of faradaic reactions on the
EDL structure incorporates both the EDLCs and the charge transfer reactions.
Both of them participate in dipole-dipole interactions. The former is
characterized by frequency dispersion or power law, while the latter is
assessed using NC. To explore potential similarities in their interactions, we
employed chronoamperometry to measure a ferrocenyl derivative. Here, we
derive equations for the chronoamperometric curves and design a suitable
potential step experiment. We also attempt to separate EDLCs and NCs

through data processing and by setting experimental conditions.
6.2 Experimental

The potentiostat used for the cyclic voltammetry and
chronoamperometry was a Compactstat (Ivium, The Netherlands). The
working electrode was a platinum wire 0.5 mm in diameter, the 1 mm long
tip of which was inserted into the solution. This structure has the advantage
of an exposed electrode area that is unaffected by floating capacitance caused
by a crevice between the electrode and its insulator during area control [53]

The accurate length was controlled using a Z-stage with the help of an
optical microscope. The counter electrode was a platinum wire with an area
100 times larger than that of the working electrode, and the reference
electrode was Ag|AgCl in saturated KCl solution. The test solutions were
dearerated for 15 min before each experimental measurement.

All the chemicals were of analytical grade. Aqueous solutions of 1 mM

(mM = 10 mol dm™?) (ferrocenylmethyl)trimethyl ammonium (FcTMA™)

118



and 0.5 M KCI were prepared in distilled and then ion-exchanged water
using an ultrapure water system, CPW-100 (Advance, Tokyo, Japan). All the

measurements were recorded at room temperature.

6.3 Results and Discussion
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Fig.6.1 Cottrell plots of the observed chronoamperograms in the solution of 0.5 M KCl
(a) with and (b) without 1 mM FcTMA™ for the potential stepped from 0.26 V to 0.489
V and for (d) the calculated potential of D =0.7 x 107> cm?s'. Plots for the subtracted
current against ¢ 2 are shown in (c). The inset shows the current-voltage curve in the
solution of 1 mM FcTMA and 0.5 M KCl at a scan rate of 0.015 Vs™!. The arrow means
that plots (b) follow the right ordinate.

Fig.6.1 shows Cottrell plots for the observed chronoamperometric
curves in solutions (a) with and (b) without FECTMA™ when the potential was
stepped from the reduced domain (0.26 V) to the limiting domain (Ey. =
0.489 V). The cyclic voltammogram is shown in the inset to specify the
potential domain. The difference in the currents of the sweep voltammogram

and the chronoamperogram is caused by the large difference in the time scale.
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The solution resistance was evaluated using Nyquist plots via AC impedance
and was found to be 100 Q. [f4 mV of /R-drop is added to the applied voltage,
the effectively maximum current, 40 pA, corresponds to the

chronoamperometric time 0.006 s according to the Cottrell equation for D =
0.7x10~° ¢m? s~!. On the other hand, the longest and most efficient time
deviation from the Cottrell equation is the incidence time for cylindrical

diffusion. The current at a cylindrical electrode of radius a is approximately

expressed as a(nDf)~"2+0.422 [113]. If 3% errors are allowed to be involved

in the current, the longest time, 7, satisfying a(nD# )12 > 0.422 x 0.03 is 7.

< 0.2 s. Consequently, the time domain for the analysis is 0.006 s <¢<0.2 s.

The observed chronoamperometric current in the Cottrell plots
exhibited a linear relationship with passing through the origin (a). Since the
EDLC current (b) was as much as 1/10 of the observed current (a), it was

subtracted from the observed current and is shown (c) in Fig.6.1. The

subtracted current shows a still linearity with #~ 2. The Cottrell plot

theoretically calculated for ¢*=1 mM and D = 0.7 x 10 cm s~! is shown

in Fig.6.1(d). The EDLC-included current (a) is ironically close to the
Cottrell current (d), indicating that the contribution of kinetics should be
numerically similar to the EDLC current. The difference between (d) and (¢)
seems to lie in the contribution of the NC. This resembles the deviation of
the plots of the peak current against the square root of potential scan rates in

cyclic voltammetry [53].
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Fig.6.2 Logarithmic plots of the NC current against time for the current—time curves
observed at the stepped potential from 0.26 V to Eq4c = (a) 0.440 and (b) 0.489 V.

Eq. (2.2.5) described in Chapter 2 predicts that the negatively capacitive
current, which can be evaluated from Iy = Ic+Igpr. — Iob, has #~! dependence.

In order to examine the power law in Iy, we logarithmically plotted /x against
t for two values of E, as shown in Fig.6.2. All the points at each E fell on
each line, of which slopes were common and determined to be ¢ = 0.1.
Values of VC,x were obtained from the intercept, as shown in Fig.6.2, and
were plotted against E, as shown in Fig.6.3. They fell on a line, the slope of

which represents C, according to Equation (2.2.5). The value was Cix = 67

uF em™, which is close to 64 uF cm~2 [15] and was obtained via AC

impedance and 60 puF cm~2 [53] using fast-scan cyclic voltammetry.

We numerically evaluated ¢ using Equation (2.2.6) for the determined
values of zand Ci at ¢* = 1 mM. Fig.6.4 shows the calculated time variation

in ¢ and a dotted line averaged over ¢ < 0.2. The value of ¢; might be almost

121



04 05
E/V vs. Ag | AgCl

Fig.6.3 Variations in VCix with E, obtained from the intercept of the plots shown in
Fig.6.2.

zero without any interaction.

The average concentration is 0.1 mM, suggesting that it is ineffective in
oxidation. Although the potential is in the limiting current domain, the
concentration of the reduced species on the electrode is not zero, as
illustrated in Figl.24. Oxidation energy is consumed by decreasing the
dipole-dipole interaction on the electrode until the interaction becomes stable.
This interaction is also a source of NC, and hence the non-zero surface
concentration is equivalent to NC. The times at which the concentration at
the surface becomes 5% and 2% of the bulk concentration are 0.5 s and 5 s,
respectively. This slow relaxation is close to the frequency dispersion of the

EDLCs.
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Fig.6.4 Time variation of the concentration on the electrode surface, calculated using
Equation (2.2.6) for £ = 0.1, Cx =67 uF cm > and D = 0.7 x 107° cm? s ! at Eq4. =
0.489 V vs. Ag|AgCl. The dashed line is the average concentration for 0 <¢<0.2 s.

6.4 Conclusive and Remarks

The level of depression in the current caused by the Cottrell current,
being proportional to the power of the time, corresponds to the NC current
brought about by the redox reaction in the physical experiment. It exhibited
almost the same form as EDLC caused by solvent dipole-dipole interaction.
This similarity indicates that kinetics should be ascribed to the dipole-dipole
interactions activated by the generation of the redox dipole, whereas EDLC
is activated by the applied electric field. Since dipole interactions on the
electrode widely vary and thermally fluctuate, it takes a macroscopic time
rather than a microscopic inversion time of one dipole to establish a stable
structure both for the kinetics and EDLC. Therefore, both the faradaic

reaction and EDLC have a similar power law of the time.
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Chapter 7

Conclusions

This thesis is devoted to the time dependence of the diffusion-controlled
faradaic reactions on the EDL structure by fast-scan cyclic voltammetry and
chronoamperometry. My experimental evidence has verified the concept of
the NC to yield the interpretation at the molecular-level with time
dependence close to the frequency dispersion of the EDLC.

Fast-scan cyclic voltammetry was applied to reactions of FCTMA™, H',
and OH™ to exhibit a decrease in the theoretical diffusion-controlled peak
currents at a short time domain. The decrease can be attributed to the NC
currents. The data analysis has provided me the additional information such
as the adsorbed species of uncharged H’ and OH radicals, associated with
potential shifts.

My molecular perspective is that the thermal fluctuation of solvent
dipoles in the Helmholtz layer suppresses the EDLC by faradaic reactions up
to negative values, called the NC. This suppression occurs until the
interaction energy among the dipoles may attain the lowest energy state in
the EDLC. Since dipole interactions on the electrode widely vary and
thermally fluctuate, it takes a macroscopic time rather than a microscopic
inversion time of one dipole to establish a stable structure both for the
kinetics and EDLC. The determination of macroscopic time is achieved by

chronoamperometry.
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The observed chronoamperometric NC current was proportional to time
to the power of -0.1. The power law for the NC is similar to that of the EDLC.
This similarity indicates that NC should be ascribed to the dipole-dipole
interactions activated by the generation of the redox dipole, which can be
equivalent to a new kind of heterogeneous kinetic. The prophet concluded
that the EDLC is activated by the applied electric field. We can see that the
NC 1s different from the EDLC in a trigger, comparing the NC and the EDLC.

The values of NC obtained for the reduction of H" were twice that for
oxidation of FCTMA™. Both values of the two reactions were linear to the
concentration of the species. However, the NC for the oxidation of hydroxide
ions was not linear with hydroxide ions and even remained constant. The
difference in the former can be attributed to the variance in dipole strength
between H'-CI™ and FcTMA™-CI". The latter involves the generation of
radicals.

Verifying the NC with fast-scan cyclic voltammetry for three different
redox species was highly successful. Determination of complex reaction
mechanisms can also be achieved by fast-scan cyclic voltammetry, it was
determined that through electrochemical analysis, for example: 1) Adsorbed
hydrogen ions were identified as reaction intermediates, contradicting the
conclusion of H,’ in the Volmer step; 2) H' reduction to H, occurs as a
second step through a Heyrovsky step controlled by single-electron transfer
under diffusion control; 3) The calculated concentration of adsorbed
hydrogen ions reached up to 0.3 M, causing a potential deviation from the

more correct potential of H'/H.,.
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The four-electron reaction of OH™ was difficult to detect from the peak
shape. The voltammogram of hydroxide ion oxidation observed was
irreversible, and the peak potential was almost invariant with the scan rate.
According to the relationship between peak current and the square of scan
rate, the calculated diffusion coefficient for hydroxide ions was balanced
with that of hydrogen ions. This indicates that the true diffusion substance
for the faradaic reaction is H" not OH". The product of the anodic oxidation
of hydroxide ions on a platinum electrode is adsorbed hydrogen peroxide,
which further spontaneously decomposes into dioxide. The instability of

radicals affected the determination of peak shape and NC.
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